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FOREWORD

The Central Hardwoods Forest Conference is a biennial meeting previously hosted by universities
and USDA Forest Service research stations in the Central Hardwood forest region in the eastern
United States. The objective of the conference is to bring together forest managers and scientists to
discuss research and issues concerning the ecology and management of forests in the Central
Hardwood Region. This, the 14 Conference, included presentations pertaining to forest health and
protection, silviculture, forest biometrics and mensuration, harvesting and utilization, forests and
wildlife management, fire in central hardwood forests, soils, hydrology and nutrient cycling, forest
management, forest ecology, tree physiology and genetics, forest products and economics, forest
stand dynamics, and field tours of forest ecosystems and state-of-the-art secondary manufacturing
facilities in northeastern Ohio. The Conference consisted of 71 oral and 31 poster presentations
resulting in the 66 peer-reviewed papers, 36 research notes and abstracts published here.

REVIEW PROCEDURES

Manuscripts from oral presentations were assigned to one of the editors and peer-reviewed by at least
two professionals unless otherwise indicated. Reviews were returned to authors to revise their
manuscripts and resubmitted electronically to the Northeastern Research Station, USDA Forest
Service, for final editing and publishing. A proceedings editor or an associate editor reviewed the
research notes and abstracts. Authors are responsible for the accuracy and content of their papers.
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CONTINUING FORESTRY EDUCATION

For attending the conference, each registrant was eligible for 15 hours of Continuing Forestry
Education (CFE) credit through the Society of American Foresters.
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APPENDIX I: METRIC TO ENGLISH CONVERSIONS

Convert from:

bar (106 dynes/cm?)
bar (bar)

calorie

Centigrade (C)
centimeter (cm)
centimeters, square (cm?)
centimeter, cubic (cm?)
gram (g)

gram (g)

grams/liter (g/L)
hectare (ha)

kilogram (kg)
kilogram/hectare (kg/ha)
kilometer (km)
kilometer, square (km?)
kilometer, square (km?)
liter (L)

liter (L)

liter (L)

liter/hectare (L/ha)

lux (Ix)

meter (m)

meter (m)

meter? (m?)
meter’/hectare (m?/ha)
meter® (m?)

meter’ (m?)
meter’/second (m?/s)
meter’/hectare (m?/ha)
milligrams/liter (mg/L)
millimeter (mm)

ton (t) or megagram (Mg)
ton/hectare (t/ha)

To:

pound/inch?* (psi)
atmosphere (atm)
British thermal units (Btu)
Fahrenheit (F)
inch (in)

inches, square (in?)
inches, cubic (in?)
pound (Ib)

ounces (0z)
percent (%)

acre

pound (Ib)
pound/acre

mile (mi)

miles, square (mi2)
acre

ounce (fluid oz)
quarts (qt)

feet, cubic (ft?)
quarts/acre (qt/acre)
candle-foot? (ft-c)
yard (yd)

feet (ft)

feet2 (ft?)
feet2/acre (ft*/acre)
feet3 (ft))

board feet, International 1/4"

gallons/second (gal/s)
feet?/acre (ft3/acre)
parts per million (ppm)
inch (in)

ton (U.S.)

ton/acre (t/acre)

Multiply by:

14.5
0.9869
0.00397
1.80C + 32
0.394
0.155
0.061
0.002205
0.0353 (for water density)
0.100 (in water)
2.471
2.205
0.893
0.621
0.386
247.1
33.8
1.057
0.0353
0.428
0.0929
1.094
3.281
10.76
4.356 (basal area)
35.31
287.4
264 (flow)
14.29
1.000 (in water)
0.0394
1.102
0.446
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FIRST-YEAR EFFECTS OF MICROSTEGIUM VIMINEUM AND EARLY GROWING
SEASON HERBIVORY ON PLANTED HIGH-QUALITY OAK (QUERCUS spp.)
SEEDLINGS IN TENNESSEE

Christopher M. Oswalt, Wayne K. Clatterbuck, Sonja N. Oswalt, Allan E. Houston and Scott E. Schlarbaum®

ABSTRACT.—Continuing difficulty in the successful natural regeneration of economically
important oak species (Quercus spp.) on highly productive sites has led to considerable research
regarding the use of artificial oak regeneration to ensure recruitment of oak as an important
component of future stands. Two obstacles to the success of some oak plantings in Tennessee are
herbivory by white-tailed deer (Odocoileus virginianus (Boddaert)) and competition from an
invasive non-native grass, Nepalese browntop (Microstegium vimineum (Trin.) A. Camus). We
examined the effects of both deer herbivory and the Nepalese browntop on the first-year growth of
outplanted, high quality, locally adapted, 1-0 northern red oak (Q. rubra L.) seedlings on the Ames
Plantation in Tennessee. Northern red oak seedlings were outplanted under four overstory
treatments (no cut, high grade, commercial clearcut, and two age). Seedling growth, deer browse
pressure (defined as browse on terminal or lateral shoots), and herbaceous biomass were monitored
monthly through the 2002 growing season. Browse pressure accounted for approximately 67
percent of the variation in total seedling height growth, and exhibited a strong negative relationship
with total growth (r = -0.82; slope= -0.48). Additionally, Tukey-Kramer multiple comparison tests
detected seedling height differences between the no-harvest treatment as compared with the three
harvest treatments. Herbivory was prevalent early in the growing season when the seedlings first
flushed, then declined during the remainder of the growing season. Analysis indicated that
seedlings with a height of 148 cm or greater escaped browse. Thus, with larger seedlings planted, it
may be expected that many seedlings will surpass this “browse line” in the first or second growing
seasons. Linear regression revealed a strong negative relationship between Nepalese browntop
biomass production and mean seedling height growth (r = -0.74; slope= -0.0046). No differences
in Nepalese browntop biomass production were found between treatments (P = 0.29) with first
year results, but means ranged from 45 percent in the two-age treatment to 23 percent in the no
cut treatment. This range may broaden with additional time and significant differences arise. These
results still suggest that canopy disturbance may encourage a growth flush of this competitive
species.

Introduction
The problem of successful oak (Quercus spp.) regeneration on higher quality sites (S.I. > 65, base age 50)

has attracted considerable attention and generated numerous research papers over past decades. However,
the successional replacement of oak as a major forest component persists as a major concern in eastern
deciduous forests, particularly on mesic or highly productive hardwood sites of the Central Hardwood
Region (CHR). Studies indicate that promoting abundant large oak advance reproduction prior to
overstory removal will aid in successfully regenerating oak on these sites (Sander 1971, Loftis 1982, 1990).
However, the altered disturbance regimes of the CHR combined with short-term economic factors that
constrain management options do not often produce conditions favorable to the development of such
advanced reproduction. Therefore, some researchers have shifted focus to a post-harvest approach utilizing
artificial means to maintain oaks on these sites.

Over the past ten years, a number of research projects have attempted to use nursery-grown seedlings to
enhance post-harvest oak composition with varying results (Lorimer 1994, Demchik and Sharpe 1999,
Buckley 2001, Spetich et al. 2002). Deer herbivory (Buckley et al. 1998), herbaceous competition
including non-native species (Dubois et al. 2000) and competition from other woody species has hindered
success. Through genetic selection, use of proper seed source, and optimal nursery techniques, high-quality

TGraduate Research Assistant (CMO), Associate Professor (WKC), Research Associate (SNO), Research Associate
Professor (AEH) and James R. Cox Professor of Forest Genetics, The University of Tennessee, Department of
Forestry, Wildlife and Fisheries, 274 Ellington Plant Sciences Building, Knoxville, TN, 37996-4563. CMO is
corresponding author: to contact, call (865) 974-7126 or email at coswalt@utk.edu

Proceedings of the 14th Central Hardwoods Forest Conference GTR-NE-316



artificial oak reproduction has been developed (Kormanik et al. 1994a, 1994b, Schlarbaum et al. 1998) to
address these matters. Although initial growth results appear positive (Oswalt et al. 2003), deer herbivory
and competition by nonnative vegetation still present problems. Large deer populations throughout the
eastern deciduous forest continue to affect planted oak seedlings (Demchik and Sharpe 1999, Ward et al.
2000, Buckley 2001, Romagosa and Robison 2003). In addition, an invasive Asian C4 grass, Nepalese
browntop (Microstegium vimineum (Trin.) A. Camus.), has been identified as a potentially severe problem
on productive sites in the southeast (Barden 1987, Simberloff 2000, Romagosa and Robison 2003).

This study investigates the potential impacts of early season deer herbivory on the first-year growth of high-
quality northern red oak (Q. rubra L.) seedlings developed by the University of Tennessee Tree
Improvement Program, outplanted within four overstory treatments. In addition, we explore the
relationships among nonnative invasive Nepalese browntop biomass, other herbaceous biomass, and first-

year planted seedling height growth.

Materials and Methods
Study Site

The study site is located along an intermittent stream in the headwaters region of the North Fork of the
Wolf River (NFWR) in southwest Tennessee (35°09°N, 89°13’W) on the Ames Plantation. The site
encompasses approximately 100 acres of mixed bottomland and riparian hardwood forest dominated by
various oak species. Two distinct landforms were identified within the study site: a minor bottom,
infrequently impacted by flooding, near the confluence of the stream with the NFWR and ancestral terraces
of the minor stream (Hodges 1997).

The headwaters region of the NFWR is located within the Mississippi Embayment of the Gulf Coastal
Plain. The geology is dominated by the highly erodible Wilcox and Claiborne formations overlain by loess
deposits common in western Tennessee (Fenneman 1938). The principal soil groups are Grenada-Loring-
Memphis on the terraces and Falaya-Waverly-Collins within the minor bottom (USDA 1964). Average site
index, base age 50 yr, was estimated to be 75 for oaks, 85 for yellow-poplar (Liriodendron tulipifera L.) and
70 for sweetgum (Liquidambar styraciflua L.) on both sites (Carmean et al. 1989). Average age for the
dominant and co-dominant stems across the study site was 70 yr.

Study Design

In the fall of 2001, three experimental blocks were identified based on differences in average basal area
(p<0.05), landform and position. Twelve 2-ac treatment units were designated within the experimental
blocks, four units located within the minor bottom (bottom block) and eight units located within the
terrace sites upstream from the minor bottom (four each within the east and west blocks). Species
composition was dominated by cherrybark oak (Q. falcata var. pagodifolia Ell.), yellow-poplar and

sweetgum in the bottom block and several species of red and white oaks on the ancestral terraces.

Four overstory treatments, including a control (no harvest), with 3 replications were randomly assigned to
the 12 units using a randomized complete block (RCB) design. Harvesting for all treatments was completed
in the winter of 2001-2002. Overstory treatments are described below.

* Commercial clearcut: defined by the removal of all stems greater than 6 in. diameter breast height
(DBH). This treatment is designed to represent a common practice on industrial forestland.

* High-grade: standard diameter limit harvest where all stems greater then 14 in. DBH are removed.
This treatment is designed to represent a common and persistent practice on NIPF lands.

* Two-age: residual stand basal area of 15-20 ft*/ac targeted. Residual stems were chosen based on
spacing criteria and the desire to leave stems of desirable species with an opportunity to increase in

value. Desirable species included oaks, hickories (Carya spp.) and yellow-poplar.

* No-cut: no harvesting; is designed to act as the study control.

Proceedings of the 14th Central Hardwood Forest Conference GTR-NE-316



Seedlings

Northern red oak seedlings originating from acorns collected from a seed orchard on the Ames Plantation
(Schlarbaum et al. 1998) were chosen for planting following harvest. The seedlings were grown at the
Georgia Forestry Commission’s Flint River Nursery under fertilization and irrigation protocols developed
by Kormanik et al. (1994a). The seedlings were lifted in February 2002 and were graded using procedures
developed by Kormanik et al. (1994a, 1994b), as modified by Clark et al. (2000). The seedlings were
measured for height and root collar diameter (rcd) growth and the number of first-order lateral roots (folr)
(Ruehle and Kormanik 1986) were counted. Seedlings were visually graded based on initial height, rcd and
number of folr. Approximately 50 percent of the seedlings were culled. Mean initial rcd, initial shoot height
and number of folr for planted seedlings (n=720) were 1.14 cm (0.45 in.), 114 cm (3.74 ft) and 19
respectively. Sixty seedlings were planted by shovel ata 6.1 by 6.1 m (20 by 20 ft.) spacing in March 2002
within each of the 12 units for a total of 720 seedlings.

The planted seedlings were monitored monthly (35-45 days) throughout the growing season for four
periods (beginning = 5/02, early = 6/02, mid = 7/02 and late = 8/02). Seedling mortality, defined as lack of
green tissue along the primary stem, and herbivory were monitored for all seedlings in all four periods.
End-of-season mortality and shoot growth data were obtained in January 2003 for all seedlings after the
onset of dormancy.

Herbivory

In order to investigate the effects of deer herbivory, a “browse pressure classification” was used (Buckley
2001). Browse pressure was classified into one of 4 categories; no browse, terminal browse, lateral browse
and complete browse. No browse was defined by no visible signs of herbivory, lateral browse was defined as
herbivory limited to lateral shoots only, terminal browse was herbivory limited to only the terminal shoot
and complete browse was defined as observed herbivory on both lateral and terminal shoots.

Nepalese browntop

During pre-harvest sampling, Nepalese browntop was observed in all units and identified as a possible
future problem. Therefore, the response, after overstory disturbance, of understory biomass production was
also measured, focusing on Nepalese browntop. Five randomly placed 0.46 m* samples were collected in the
four sample periods during the growing season and during end-of-season data collection, within each unit
for a total of 60 samples per sample period. All material was clipped at ground level, divided into 12
categories (Table 1), dried and weighed according to Mueller-Dombois and Ellenberg (1974). Woody
species were removed from all analyses.

Table 1.—Mean biomass (kg/ac) by category for the 12 treatment units during
the 2002 growing season for the oak regeneration study on the Ames Plantation,
Fayette County, Tennessee.

Biomass Category Mean Biomass
(kg/ac)
Poison ivy 19.78
Japanese honeysuckle 73.46
Forbs (18+ spp.) 634.73
Smartweeds 52.95
Semi-woody plants 5.42
Ferns and fern allies 7.44
Sedges 42.08
Nepalese browntop 670.13
Woody shrubs and seedlings 43.64
Vines 45.09
Grasses 67.42
Rushes 14.85
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Analyses

Statistical analyses were conducted using both SAS (SAS Institute Inc. 1989) and NCSS software (Hintze
2001). Mixed-model analysis of variance and Tukey-Kramer multiple comparison tests were used to discern
differences in height growth, herbaceous biomass production and browse pressure among treatments.
Simple linear regression was used to determine possible relationships between early growing season
herbivory (calculated as percent of seedlings incurring any browse in each unit) and mean end-of-season
seedling height growth with and without the control data. The category “any browse” includes pooled data
from the complete, terminal and lateral browse categories. Logistic regression techniques, using pooled data
of terminal browse and complete browse, referred to as terminal shoot removal, and chi-square were used to
explore the possible effect of initial seedling height on observed patterns of herbivory. Stepwise variable
selection and multiple regression analyses were used to test associations between mean seedling height
growth and end-of-season herbaceous biomass production of the twelve different biomass categories and to
select the most influential variables. Independent simple linear regression analyses were used to further
explore the strongest associations with and without the control data. Statistical significance for all analyses
were selected at the a = 0.05 level.

Results
Seedling Growth and Survival

First-year mortality was greatest for the no-cut treatment with mean percent mortality of 33 percent or 59
seedlings (n = 180, p = 0.004) followed by the high-grade and two-age treatments with 5 percent each. The
commercial clearcut experienced no seedling mortality.

Eighty-one percent of all seedlings experienced only one growth flush. First-year end-of-season height
growth was greater for the no-cut treatment (P = 0.0005). Mean total growth was observed as 12.43 cm,
13.48 c¢m, 9.18 cm and 22.33 cm for the commercial clearcut, high-grade, two-age and no-cut treatments,
respectively (Table 2). Tukey-Kramer multiple comparison tests resulted in no differences between the three
harvest treatments. No significant interactions were indicated.

Table 2.—Mean initial height, average height growth for each sampling period and mean total height growth (cm) of 1-0
high-quality northern red oak (Quercus rubra L.) seedlings for each sampling period during the 2002 growing season for
each treatment and block for the oak regeneration study on the Ames Plantation, Fayette County, Tennessee.

Growing Season

Treatment Initial! Early Mid Late Total
Commercial clearcut  110.49  (180)° 12.40 A* (89) 3.17A  (41) 0.92 (43) 12.43 A (180)
High-grade 108.78 (180) 11.46 A (91) 342 A (30) 6.14 (33) 13.48 A (171)
Two-age 109.61 (180) 8.73A (92) 0.00B (27) -2.79 (28) 9.18A (170)
Control (no-cut) 110.70  (180) 26.21 B (90) -0.18 B (20) -0.20  (30) 22.33 B (121)
P=0.89° P <0.001 P <0.01 P=0.52 P <0.001
Block
East 109.69 (240) 16.68 (119) 2.87 (38) 1.00 (40) 17.72 (222)
West 110.26 (240) 15.60 (121) 1.64 (57) 0.58 (65) 16.35 (213)
Bottom 109.73 (240) 11.82 (122) 0.29 (23) 774 (29) 9.00 (207)
P=0.92 P <0.04 P=0.85 P=0.98 P <0.001

! Sample Dates — Initial = 2/08/02, Early = 6/10/02, Mid = 7/14/02, Late = 8/25/02, End = 1/04/03

* Sample size (n), 50% of seedlings were randomly measured at each period during the growing season with n representing the number
of actual seedlings in the sample cross-referenced directly from previous sample. Total height growth was measured at the end of the
growing season for all seedlings.

3 Mixed model ANOVA results

*Mean separation by Tukey-Kramer multiple comparison tests. Means followed by the same letter are not significantly different at the
alpha 0.05 level.
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Herbivory

Herbivory was concentrated in the early part of the growing season and was not recurrent. No additional
browse was observed after the May observation date. Observed browse pressure was concentrated within the
harvest treatments. The three harvest treatments experienced similar pressure with 32 percent, 33 percent
and 27 percent of seedlings being completely browsed for the two-age, high-grade and commercial clearcut
treatments, respectively. Browse pressure was least severe for the no-cut treatments with 77 percent of
seedlings experiencing no browse and only 13 percent being completely browsed. Browse levels for lateral
bud browse only and terminal bud browse only were similar among all treatments. Analysis of the pooled
dataset (any browse) suggested differences in observed seedling browse pressure among treatments (P <
0.02) primarily due to the lower amount of browse pressure experienced by the no cut treatment. No
differences in browse pressure were observed between the three harvest treatments. When examined
independently of all other variables and across all treatments, browse pressure (any browse) accounted for
approximately 67 percent of the variation in total seedling height growth (R* = 0.6720, P = 0.011). Browse
pressure exhibited a strong negative relationship (r = -0.82) with total growth. Because seedling growth
differences occurred between the no-cut treatment and the three harvest treatments, and no differences were
found among the harvest treatments, the data was reanalyzed without the controls. The reduced data model
resulted in a slightly weaker fit (R? = 0.64), although the new model was still significant (P < 0.01) and a
strong association was still observed (r = -0.80). A logistic regression model using initial seedling height
indicated a relationship with terminal shoot removal (P < 0.001). In an attempt to identify “browse height”,
chi-square was used to test 4 categories of initial height and terminal shoot removal. No seedling with an
initial height greater than 148 cm experienced terminal shoot removal (P <0.001).

Nepalese browntop

Nepalese browntop was the dominant herbaceous vegetation in most plots at the end of the growing season.
Analysis of the 12 biomass categories, through stepwise variable selection and multiple regression across all
treatments, revealed that Nepalese browntop appeared to be of greatest importance (Table 3). The overall
model was significant (R* = 0.97, P < 0.001), but model fit was reduced by 83 percent with the removal of
the Nepalese browntop term (Table 3). Therefore, simple linear regression techniques were used to explore
the potential relationship between Nepalese browntop production and mean seedling height growth within
individual units. Although a strongly negative relationship was found, Nepalese browntop biomass
appeared to be a moderate to weak predictor of end-of-season seedling height growth (R? = 0.63, P = 0.003,
r =-0.80).

Interestingly, with the removal of Nepalese browntop from the analysis, the relationship between
herbaceous biomass production and mean seedling height growth did not exist. Simple linear regression of
mean end-of-season height growth and mean herbaceous biomass production without Nepalese browntop

Table 3.—Reduction of R? from multiple regression of mean biomass (selected significant biomass
terms from stepwise regression - kg/ac) and mean seedling height growth (cm) for the 12 individual
treatment units for the oak regeneration study on the Ames Plantation, Fayette County, Tennessee.

Term R? Sum of Squares P
Full model 0.97 2473.08 0.0009
Error 0.03 12.94

Smartweeds 0.19! 90.04 0.002
Sedges 0.24 113.01 0.0012
Nepalese browntop 0.83 394.28 0.0001
Woody shrubs and seedlings ~ 0.18 86.85 0.0022
Grasses 0.05 22.97 0.0308
Poison ivy 0.11 54.29 0.0059

! The reduction in R*when the term is removed from the model.
Example: when the Nepalese browntop term is removed, the remaining terms explain approximately 14
percent of the variation in seedling height growth.
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resulted in no association (R? = 0.008, r = -0.09, P = 0.78). Although no differences in Nepalese browntop
production occurred among treatments (P = 0.10), mean biomass production of Nepalese browntop ranged
from 1422 kg/ac in the two-age treatment followed by the commercial clearcut, high-grade and no-cut
treatments with 888 kg/ac, 324 kg/ac and 47 kg/ac (Figure 1), respectively. When the data were reanalyzed
without controls, the reduced data model resulted in a stronger fit (R* = 0.75, P < 0.003), and an overall
stronger association (r = -0.87). Analysis of all herbaceous material resulted in similar associations as the
Nepalese browntop- only analysis. Total end-of-season herbaceous biomass production and end-of-season
(total) height growth were significantly negatively related among treatments (r = -0.74, P = 0.006, R* =
0.55). Mean end-of-season herbaceous biomass production differed across treatments (P = 0.003).
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Figure 1.—Mean end-of-season height growth (cm) of 1-0 high-
quality northern red oak (Quercus rubra L.) seedlings (a) and mean
end-of-season Nepalese browntop biomass (kg/ac) (b) for each
treatment for the oak regeneration study on the Ames Plantation,
Fayette County, TN. Mean seperation by Tukey-Kramer multiple
comparison tests. Means followed by the same letter are not
significantly different at the alpha 0.05 level.
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Discussion and Conclusions
Browse Pressure

In this study, browse pressure, when examined independently, significantly impacted first-year seedling
shoot growth, accounting for 67 percent of variation. However, one of the key benefits in using large, high-
quality seedlings with a greater initial height at the time of outplanting is the capability of these seedlings to
exceed browse height rapidly, escaping damage from herbivory. Conventionally, “browse lines” have been
loosely defined at approximately 137 cm (4.5 ft). Results from this study indicate the browse line for this
particular site is at 148 cm (4.9 ft), slightly greater. Additionally, results from logistic regression analysis
suggest that a strong relationship exists between initial planting height and browse pressure, further
indicating that larger seedlings may be more likely to escape browse.

After the first growing season, heights of many seedlings have already approached or surpassed the “local
browse line”. If second year growth is similar to the first year, it is reasonable to suggest that a majority of
seedlings will have surpassed this limiting height. Therefore, high-quality seedlings like those used in this
study have a greater initial advantage over commonly available seedling stock due to the larger initial
planting height.

For this study, seedlings were planted on 6.1 by 6.1 m (20 by 20 ft) spacing. Planting on such a wide
spacing was consistent with enrichment plantings and was not an attempt to establish an oak plantation.
Such a wide spacing was hypothesized to reduce seedling apparency and minimize herbivory. Although
browse levels were greater early in the growing season, herbivory on all seedlings decreased with the onset of
herbaceous vegetation growth. The measured herbaceous biomass for the mid growing season increased by
approximately 300 percent from the early growing season. This marked increase in herbaceous material
occurred concomitantly with a cessation of browse pressure. No detectable shoot browse was observed
following the first observation period (beginning) while clear signs of herbivory were observed on surrounding
herbaceous material. Therefore, the flush of herbaceous material either provided protection through concealment
or offered an alternative food source for herbivores. Further empirical investigations are needed in addition
to this correlative study to address the question of spacing influences on seedling apparency.

Herbaceous Biomass Production

Although herbaceous growth appeared to offer seedling protection from herbivory, herbaceous biomass
production appeared to have a significant competitive effect on the development of the oak seedlings used
in this study. When examined independently, herbaceous biomass production accounted for approximately
55 percent of the variation in end-of-season height growth. Herbaceous biomass production and seedling
growth were also negatively correlated.

Both the stepwise variable selection and multiple regressions suggested that one particular herbaceous
species had a greater influence than all other herbaceous material. Nepalese browntop, an introduced
invasive, appeared to influence seedling development and at times comprised 50 percent or more of the
herbaceous material sampled. Nepalese browntop, when analyzed independently, accounted for the same
amount of variation as total herbaceous biomass. When Nepalese browntop was removed from the analysis,
all other herbaceous material accounted for less than 1 percent of the variation in mean seedling height
growth. Therefore, the results suggest that Nepalese browntop was the overwhelming competitive influence,
in terms of herbaceous biomass, in this study during the first growing season. The post-harvest release of
this non-native grass appeared explosive due to the species’ ability to completely overwhelm the invaded
site. In this study, although no significant relationship between Nepalese browntop biomass production and
overstory treatment was observed, Nepalese browntop appeared to be affecting seedling growth. In
treatment units where the greatest Nepalese browntop response, in terms of biomass accumulation, were
observed, the lowest seedling growth was also observed. For example, the two age treatment units
experienced the largest Nepalese browntop explosion and the least amount of first-year seedling growth.
This suggests that Nepalese browntop could be having a significant impact and due to its growth strategies
could continue to impact both artificial and natural regeneration within the study.
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Trends and associations observed in the first year of this study have potential implications. It appears that
seedlings herbivory by white-tail deer may be overcome by the planting of taller seedlings. Additionally, the
observed relationship between seedling growth and Nepalese browntop may persist, further retarding
seedling development. However, it is important to note that this is first-year data, yet the first year after
planting can be viewed as very critical in establishing artificial reproduction.

Low first-year mortality and the ability to surpass browse levels were observed with seedlings in this study.
As a result, these data can be seen as positive. Yet, further empirical investigations are needed to clarify the
impacts of both non-native Nepalese browntop and deer herbivory on planted oak seedlings in the CHR.
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OAK SEED PRODUCTION, WEEVIL (COLEOPTERA: CURCULIONIDAE)
POPULATIONS, AND PREDATION RATES IN MIXED-OAK FORESTS
OF SOUTHEAST OHIO

Cynthia L. Riccardi, Brian C. McCarthy and Robert P Long'

ABSTRACT.—Oaks have dominated much of the central hardwood forest region for thousands of
years. However, there have been geographically widespread reports of its failure to regenerate on
many types of sites for many decades. Most studies have approached the oak regeneration problem
through the examination of direct effects. There are many indirect ecological effects that have not
been well studied. Anecdotal evidence suggests that Native Americans may have used fire for many
reasons including control of insect predators and/or pathogens. We chose to examine how fire and/
or thinning may directly influence oak seed production and how those treatments may indirectly
impact seed quality by influencing the major species of pre-dispersal oak seed predators
(curculionid weevils). Weevils have been known to destroy > 90% of a typical acorn crop. Two
mixed-oak forests were selected for study in southeastern Ohio. Within each forest, four stands
were selected and randomly assigned a control and a treatment: prescribed fire, thinned, thinned &
followed by fire. Thinning treatments were executed during the fall-winter of 2000-2001, followed
by controlled burns in the spring of 2001. After the treatments were executed, we selected two
species for study: black oak (Quercus velutina) and chestnut oak (Q. prinus). We selected nine trees
of each species (144 trees total) within each unit and erected two 0.25 m?* seed traps beneath each
tree. Traps were sampled monthly throughout the growing season and for a period after leaf drop
(August-December) during 2001 and 2002 to collect seeds. Acorns were destructively sampled and
scored as sound, aborted, weevil-depredated, or other. Treatments did not appear to strongly
influence seed production or predation rates in the first growing season (floral buds had already
initiated and treatment effect was likely minimal). However, during the second season, treatment
influence was dramatic. Both oak species responded by producing considerably more seeds in the
combined thin-burn units. Any unit receiving a burn also produced a significantly greater number
of sound acorns (weevil depredation was lowest in burn units). Long-term studies are continuing to
help work out the details of how silvicultural treatments may influence periodic seed-producing
(masting) species such as oaks.

Based on stand composition and structure, numerous studies have concluded that there is the potential for
large-scale conversion of mixed oak forests in the central Appalachians to domination by more mesic
species. In stands where the overstory is dominated by oaks and hickories, the understory is often
dominated by more shade tolerant maples and beech (Lorimer 1984, McCarthy and others 1987, Crow
1988). In addition, recent studies have begun to document the decline of oak in the overstory. The cause of
decline in the overstory appears to be multi-causal and is likely the result of combined factors such as
drought, acid deposition, atmospheric pollution, two-lined chestnut borer, and Armillaria fungi (Millers
and others 1989, LeBlanc 1998). The seriousness of the overall problem has been recognized for almost two
decades and examined in considerable detail (Loftis and McGee 1993); however, few immediate solutions
have been forthcoming and many details are still not well understood.

The failure of oak to regenerate naturally has prompted an interest in the role of prescribed fire as a
silvicultural tool. The suppression of fire for the past 60-80 years is correlated to the period of oak
regeneration failure (Loftis and McGee 1993). The role of fire is still not well understood and there may be
a variety of direct and indirect effects. Moreover, during this same time frame, there have been dramatic
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shifts in wildlife populations (e.g., deer, turkey, and squirrel). The direct role of wildlife in the hardwood
regeneration has been fairly well studied. Deer can have an enormous negative impact when their densities
are sufficiently high (Harlow and others 1975, Marquis and others 1976, Tilghman 1989, Gill 1992, Healy
and others 1997, Horsley and others 2003). Rodents may have a remarkable effect on pre- and post-
dispersal seed mortality, often > 90% (Barnett 1977, Sork 1983, McCarthy 1994). And likewise, insects
may negatively influence oak regeneration via pre- and post-dispersal seed depredation (Gibson 1972,

Galford et al. 1991).

The relationship between fire, wildlife, and oak regeneration has received considerably less attention. With
the exception of one study by Wright (1986) we are unaware of any other work that has experimentally
evaluated the role of prescribed fire in controlling insect populations in mixed oak forests with the goal of
increasing oak regeneration. While Galford et al. (1991) found that there were a number of acorn predators
including acorn weevils (Conotrachelus posticactus), nitidulids (Stelidota octomaculata), and acorn moths
(Valentia glandulella) that destroy great numbers of acorns in Pennsylvania oak stands, we concentrate here
on the role of acorn weevils as they have been observed (BC McCarthy, personal observation) as being
particularly problematic in southeastern Ohio mixed oak stands.

Several studies have examined the masting nature of seed production in oaks and hickories (Collins 1961,
Christisen and Kearby 1984, Sork and Bramble 1993, Healy and others 1999, Greenberg 2000, Kelly and
Sork 2002). Factors that influence mast production in oaks include weather during anthesis (Sharp and
Chisman 1961, Cecich and Sullivan 1999), tree onotogeny (Greenberg 2000), genetics and site quality
(Wolgast 1978, McCarthy and Quinn 1989), weather during maturation (Sharp and Sprague 1967), and
predators (Gibson 1972, Short 1976, Barnett 1977, Lewis 1980, Gibson 1982, Weckerly and others 1989,
Galford and others 1991). The effects of management strategies, e.g., mechanical thinning and prescribed
fire, on seed production are not as clear. Healy and others (1999) suggest seed production is influenced
more by individual tree and annual variation than by thinning. Additionally, the increased acorn
production in thinned areas was a short term response and production returned to unthinned levels in ca. 6
years.

Historically, fire has been an integral component of the disturbance regime of many central Appalachian
mixed-oak forests (Rouse 1986, Abrams 1992, Sutherland 1997, Brose and Van Lear 1998). Forest fire
suppression since the turn of the century has changed the natural disturbance regime and may very well
turn out to play a pivotal role in oak regeneration and forest conversion. What is less clear is whether fire
plays a direct role or an indirect role in oak regeneration. Certainly, wildland fires open up the midstory,
allow more light penetration, produce a flush of nitrogen in the system, and reduce herbaceous
competition. Several large studies have been launched in Missouri (MOFEP) and Ohio (USES) to better
understand the role of fire in oak regeneration. The role of fire may involve a variety of direct and indirect
effects.

We hypothesize that the role of fire in oak regeneration may be strongly tied to acorn weevil population dynamics
and a concomitant increase in the availability of viable seed. Weevils have been found to kill up to 90% of oak
(Barnett 1977, Galford et al. 1991, Gribko 1995) and hickory (McCarthy and Quinn 1989, McCarthy
1994) seed crops and have been implicated as a primary cause of oak regeneration failure (Marquis and
others 1976, Weckerly and others 1989) in certain forests. The Curculio weevil life-cycle begins while the
acorn is developing on the tree. The adult weevils emerge from late spring to early summer, after pollination
has occurred. Females drill a hole into the developing nutmeat and eggs are deposited into a channel
(Gibson 1969). The larvae consume the remaining nutmeat generally before the acorn detaches from the
tree (Marquis and others 1976). Full-grown larvae hatch in 5 to 14 days (Brooks 1910). The Curculio larvae
emerge from the acorn after it has fallen and will burrow up to 20 cm into the soil to over-winter. The
adults emerge the following year and the process repeats. Adult Conotrachelus weevils tend to emerge later
and will not oviposit through an acorn shell (Gibson 1964). Oviposition occurs in damaged, cracked,
sprouted or previously infested acorns. Interestingly, the prime time for forest fires in southeastern Ohio is
the autumn and spring—the same time that weevil larvae are emerging from the nuts (autumn) or from the
soil as adults (spring). Fires during this time would result in major population declines for the weevil and
decreased nut predation during fruit ripening in the summer and fall. Thus, the role of fire may be in
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controlling the major seed predator of oak. If we are to manage oak forests for maximum wildlife
abundance, we must begin to understand the relationship between fire, weevils (and other arthropods), and
oak mast.

The objectives of this research are to examine the role of fire and thinning with respect to acorn production
and to Curculio and Conotrachelus populations and survival. Specifically, we wish to test several hypotheses.

To test the effects of silvicultural treatments on acorn production the null and several alternative hypotheses
are:

H,: Silvicultural treatments do not affect oak seed production.

H;a: Thinning treatment will increase production vs. the control due to increased light.

H,p: Burning treatment will increase production vs. the control due to increased nutrients.

H,c: Thinning and burning combined will produce a greater effect than either thinning or burning alone.

To examine factors affecting the variability of acorn production and the silvicultural treatments, the null
and alternative hypotheses are:

H,y: Reproduction among trees will be more or less uniform due to population masting habit.

H,a: Considerable variability among trees in seed production because of genetics or differences in moisture
levels (Integrated Moisture Index: IMI (Iverson and others 1997)).

H,p: Variability will be greater in treatments vs. the control due to the interaction of genetics and patch
effect.

To examine the effect of treatments on weevil acorn depredation we tested the hypotheses that:

Hj,: Weevil predator abundance will be similar among silvicultural treatments.
H;,: Weevil abundance will be lower in burn treatments due to mortality incurred by weevils.

Finally, we wanted to test the effect of treatments on viable acorn production and the hypotheses that:

Hyp: Proportion of sound seed produced will be similar among treatment applications.
Hia: Proportion of sound seed will be greater in treatment units because of increased resources.
H.p: Proportion of sound seed will be greater in burn treatments because of fewer weevils.

Study Areas

This study was conducted in Vinton County, OH in the mixed-oak forests of the Raccoon Ecological
Management Area (REMA: Vinton Furnace Experimental Forest) and Zaleski State Forest (ZAL). The
region lies within the unglaciated Allegheny Plateau physiographic province (Fenneman 1938) of Ohio and
has been designated as part of the Mixed Mesophytic Forest Region by Braun (1950). Southeast Ohio
exhibits a humid continental climate with mean yearly temperatures of 12.2°C (NOAA 2003). July is the
warmest month (mean 23.7°C), and January is the coldest (mean -0.5°C). Mean annual precipitation is
106.7 cm with October being the driest month and July the wettest month.

Methods

The study areas are part of a landscape-scale ecosystem restoration project, Fire and Fire Surrogate Study
(FES), using mechanical thinning and prescribed fire as management tools to restore ecosystem structure,
function and composition. Within each forest, four stands ca. 20 ha each were selected and were randomly
assigned into three treatments and a control (control unit). The treatments consisted of a shelterwood thin
aimed at reducing basal area by ca. 30% (thin), prescribed fire (burn) and a combination thin and
prescribed fire (thin & burn).

Seed Traps

To assess the level of seed predation and to evaluate treatment effect on acorn production, 288 seed traps
(36 traps in each unit) were placed under mast trees of black (Quercus velutina Lam.) oak (BO) and
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Table 1.—Number of chestnut oak and black oak acorns collected during 2001 and 2002 at two
forests in southeast Ohio. Category 1: sound & filled; 2: unfilled/aborted (immature & small); 3:
depredated (weevil or exit hole present); and 4: other (e.g., fungi).

Year Species Category Total
1 2 3 4

2001 Chestnut oak 1 3 10 3 17

Black oak 1029 704 2160 64 3957

2002 Chestnut oak 332 680 267 47 1326

Black oak 57 958 553 68 1636

chestnut (Q. prinus L.) oak (CO). Two 0.25 m* conical seed traps were placed ca. 1.5 m aboveground under
each oak tree and every four weeks, the seeds were collected and returned to the laboratory. Seed traps were
installed in July and mid-month sampling occurred from August—December during 2001 and 2002. Seeds
were identified and scored as (1) filled and sound, (2) unfilled/aborted (immature and small), (3)
depredated (weevil or exit hole present), and (4) other (e.g., fungi).

Emergence Traps

To elucidate the phenology of weevil populations, several methods were employed during 2001 and 2002 to
capture weevils as they emerged from the soil. First, 10 white oak (Q. 2/ba) and 10 black oak (Q. velutina)
in each unit (160 trees total) were selected and a 15-20 cm ring of Tanglefoot™ was applied to each bole.
Trees were monitored at weekly intervals to see if weevils were trapped in the Tanglefoot™. Second,
emergence traps were built (Raney and Eikenbary 1969) and placed under 3 white oak and 3 black oak
trees in each unit for a total of 48 traps. To avoid confounding effects, different trees were used for each
study. Emergence traps were placed in the field in late February 2002 and checked on a weekly basis
through June 2002. Captured weevils were returned to the laboratory and identified.

Statistical Analysis

Mixed model analysis of variance (ANOVA) with orthogonal contrasts (Hintze 1997) was used to test for
treatment effects on acorn production. Orthogonal contrasts included the control vs. thin, control vs. burn,
and thin and burn combination vs. thin and burn only, respectively. Log-linear analysis (Hintze 1997) was
utilized to test seed viability among sites, treatments and oak species. Data collected during 2001 was not
included in the analysis because treatments were applied after bud formation so any effect of treatment
would have been missed. ANOVA (Hintze 1997) was used to test for treatment effects on weevil
populations and to examine differences between collection methods. The study areas were treated as
random while treatments were fixed effects. All data conformed to normality and equal variance
assumptions.

Results

In 2001, a total of 3974 chestnut oak and black oak acorns were collected of which only 17 were CO
acorns (table 1). One sound and 10 weevil depredated CO acorns were recorded. Of the 3957 BO acorns
produced, 26 percent (1028) were sound and 54.6 percent (2160) were weevil depredated. The remaining
19.6 percent (769) were inviable for other reasons (aborted, fungi, etc.).

In 2002, a total of 2962 CO and BO acorns were collected, 1326 were CO and 1636 were BO acorns
(table 1). More CO acorns were sound than weevil depredated (25.0 vs. 21.0 percent, respectively) but
more BO acorns were weevil depredated than sound (33.8 vs. 3.5 percent, respectively).

Chestnut oak acorn production responded significantly to the silvicultural treatments (table 2). CO acorn
production increased in response to thinning and burning (fig 1A). Greater variability was recorded in CO
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Table 2.—Analysis of variance testing for differences in Q. prinus and Q. velutina acorn production
among site and treatment units in 2002. C: control, T: thin; TB: thin and burn; and B: burn.
Significance (P < 0.05) is indicated by an asterisk.

Quercus prinus Quercus velutina
Source df MS F r df MS F r
Unit 3 0.55 4.24 0.007* 3 0.197 291 0.037*
Cvs. T 1 0.65 0.516 1 0.59 0.553
Cvs.B 1 0.37 0.711 1 2.83 0.005*
TB vs. T+B 1 3.23 0.001* 1 0.92 0.358
Site 1 0.05 0.40 0.528 1 0.586 8.62 0.004*
Total 114 138

Table 3.—Log-linear analysis of chestnut and black oak acorn
seed viability in 2002 at two forests in southeast Ohio subjected
to three treatments. S:site; T: treatment; and O: oak species.

Effect df  Partial Chi-Square Probability
Site 1 51.48 0.0001
Treatment 3 127.55 0.0001
Oak species 1 46.45 0.0001
SxT 3 11.26 0.0104
SxO 1 1.16 0.2818
TxO 3 144.72 0.0001
SxTxO 3 62.16 0.0001
20
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production in the burn vs. the thin & burn unit. CO acorn production responded differently at each site in
the control and thin units (fig. 1A).

Black oak acorn production responded significantly different at each site and to the silvicultural treatments
(fig. 1B). BO acorn production increased in response to the thinning and burning and was greater than CO
production.

Log-linear analysis indicated that seed viability at each site, for each treatment and between oak species was
significantly different (table 3). More sound seeds were produced in the thin and burn and burn units than
in the control and thin units (287 vs. 102 acorns, respectively).

A total of 35 Curculio weevils were trapped representing eight species and one unknown (table 4). Fourteen
of the 25 were caught in the emergence traps (ET). The remaining Curculio weevils serendipitously
appeared in the seed mast traps (ST). The dominant species was Curculio strictus with 15 individuals. Two

rare species, C. fowensis and C. orthorhynchus (L.P. Gibson, personal communication), were collected only
from Zaleski.

A total of 16 Conotrachelus weevils were caught representing 3 species (table 4). The most abundant was
Conotrachelus naso with 11 individuals while the least abundant was C. carinifer represented by only one
individual. C. naso weevils found in seed traps were generally associated with chestnut oak trees.

There was no difference in the number of weevils caught between the forests (= 0.90, 2 = 0.379) or
among the units (¥ = 0.86, P = 0.529). There was no difference in the number of weevils caught in
emergence traps or weevils found in mast traps (F = 0.61, P = 0.465). No weevils were caught using
Tanglefoot™ on tree boles.

Discussion

Many factors influence seed production. Increased seed production results from increased crown area
(Greenberg 2000) and potentially from fire (Abrahamson and Layne 2002). We found that seed production
increased in response to prescribed fire and to thinning combined with prescribed fire. Thinning reduced
standing basal area, creating more space for existing oak trees; however, we did not record increased acorn
production in thinned units.

Studies indicate that there is a high level of variability in acorn seed production among individual trees and
even populations (Healy and others 1999, Greenberg 2000). McCarthy and Quinn (1989) suggest that
most variability results from individual and annual variation in trees, rather than as a response to thinning
(Healy and others 1999). While Healy and others examined the effects of thinning, our study combines the
results of increased light produced by thinning with increased nutrients produced by fire. We found a great
deal of variability among trees and forest sites but our data indicate that thinning and prescribed fire
combined increased variability of acorn production greater than thinning alone.

Acorns are an important food source for wildlife. Native Americans also consumed acorns as part of their
diet. McCarthy (1993) suggests that Native Americans in California burned in order to control invertebrate
acorn infestation rates. Wright (1986) found evidence to support the role of prescribed fire in controlling
acorn weevils in southeastern Ohio. We found that weevil populations were distributed evenly throughout
the units but that sound seeds increased in the burn & thin relative to the control and thin units. Indeed,
prescribed fire may decrease Curculio populations as a result of mortality. Since most weevil emergence
occurred after the spring prescribed fire season in Ohio, weevil mortality is more likely to occur as a result
of fall burning. During the fall fire season, generally October to November, there is an increased likelihood
that weevils would be killed while exiting from fallen acorns or while in the forest floor layers while
attempting to reach the soil. However, it may be possible for spring fire to have an effect on weevil survival
as well. Some weevils may overwinter in the acorn and emerge the following spring (Gibson 1969).
Likewise, absence of a litter layer due to burning in any season may influence predation rates.

1
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Table 4.—Curculio and Conotrachelus species emergence dates, unit locations and collection method in two forests in
southeastern Ohio. C: control, T: thin; TB: thin and burn; B: burn; ET: emergence trap; and ST: seed trap.

Species Date Site Unit Qty Collection Method ~ Associated Oak mast tree
Curculio strictus Casey. 05/15/02 REMA T 2 ET
05/20/02 ZAL TB 4 ET
05/20/02 ZAL B 3 ET
05/24/02 ZAL TB 1 ET
05/26/02 REMA B 1 ET
05/29/02 ZAL T 1 ET
08/15/02 ZAL TB 1 ST Black
08/19/02 REMA T 1 ST Chestnut
10/12/02 ZAL C 1 ST Black
Total 15
Curculio confusor Horn. 05/24/02 ZAL B 1 ET
05/26/02 REMA TB 1 ET
Total 2
Curculio proboscideus Fab. 05/26/02 REMA T 1 ET
10/05/02 ZAL C 1 ET
10/09/02 REMA TB 1 ST Chestnut
10/12/02 ZAL C 1 ST Black
Total 4
Curculio iowensis Casey. 08/15/02 ZAL B 1 ST Chestnut
Total 1
Curculio pardalis Chten. 09/09/02 REMA C 1 ST Black
09/09/02 REMA B 1 ST Chestnut
10/09/02 REMA T 1 ST Black
Total 3
Curculio sulcatulus Casey. 09/09/02 REMA C 1 ST Black
09/10/02 ZAL C 1 ST Black
10/05/02 ZAL TB 1 ET
0/09/02 REMA T 1 ST Black
Total 4
Curculio orthorhynchus Casey. 09/10/02 ZAL T 1 ST Chestnut
09/25/02 ZAL B 1 ET
10/12/02 ZAL C 1 ST Black
Total 3
Curculio nasicus Say. 10/05/02 ZAL C 1 ET
10/05/02 ZAL TB 1 ET
Total 2
Curculio sp. 10/12/02 ZAL B 1 ST Chestnut
Conotrachelus naso Lec. 04/17/02 REMA B 1 ET
05/26/02 REMA TB 2 ET
06/04/02 ZAL C 2 ET
06/04/02 ZAL T 2 ET
08/15/02 ZAL B 1 ST Chestnut
08/19/02 REMA TB 1 ST Chestnut
09/09/02 REMA TB 2 ST Chestnut & black
Total 11
Conotrachelus posticatus Boh. 04/17/02 REMA B 1 ET
05/26/02 REMA C 1 ET
05/26/02 REMA TB 1 ET
08/19/02 REMA C 1 ST Chestnut
Total 4
Conotrachelus carinifer Casey  09/09/02 REMA C 1 ST Black
Total 1
Total Curculio 35
Total Conotrachelus 16
16 .
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The position of the weevil larvae in the soil/litter horizons during a fire may be the key to their survival.
Weevils that emerge from acorns earlier in the fall and descend into the soil will most likely escape the
effects of an autumn fire. Prescribed fire temperatures in mixed-oak forests of southeast Ohio rarely exceed
30°C 2 cm below the soil surface (Riccardi and McCarthy, unpublished data) and will not cause weevil
mortality. Weevils present in the forest floor litter layer during a fire will most likely be killed since forest
floor fuels are the major fuel sources of prescribed fires in mixed-oak forests of southeast Ohio.
Consumption of the forest floor removes potential hiding areas for weevils and could lead to greater
predation by small forest mammals, also resulting in a reduction of weevil populations.

Three species of Conotrachelus are known to infest acorns in the United States (Gibson 1964) and we
recorded all three species in our study. Conotrachelus weevils began emerging in April, before Curculio
weevils. Conotrachelus weevil populations potentially would be affected by spring fires; however, because
they infest damaged or otherwise open acorns, their effects on acorn viability are probably less crucial than
Curculio weevil damage.

Our data suggest that the combination of thinning, to increase light levels and to increase spatial availability
for tree crowns, coupled with a flush of nutrients resulting from prescribed fires can increase acorn oak
production. Furthermore, prescribed fire, particularly during the autumn, may result in weevil mortality
leading to an increase in the production and survival of sound acorns.
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FOREST DYNAMICS AT THE EPICENTER OF AN OAK DECLINE EVENT IN THE
BOSTON MOUNTAINS, ARKANSAS - YEAR ONE

Martin A. Spetich'

ABSTRACT.—Oak decline is a significant problem in the Boston Mountains and Ozark Highland
region of Arkansas and Missouri which recently has resulted in mortality of oaks across thousands
of hectares of forest. However, research plots at oak decline sites usually are established after the
decline event is visually evident. Results of a case study in which we serendipitously established
research plots at what became the epicenter of an oak decline event are presented. In August of
2000, standing trees greater than 14 cm in diameter were inventoried on twenty-four 0.3025 ha
plots. By late summer of 2001 oak decline symptoms became visually evident at the site. In
November 2001, overstory trees on six of those plots were remeasured. I compare survival and
structural changes on those six plots. For instance, an average of 38 trees per ha died by the fall of
2001. In addition, basal area of standing dead trees (hereafter referred to as snags) increased from
1.8 m?/ha in 2000 to 4.4 m?*/ha in 2001 (p = 0.019). Correspondingly, basal area of live trees
decreased from 24.1 m*/ha in 2000 to 21.2 m?/ha in 2001 (p = 0.022). Mean values for diameter
of snags increased from 20.4 cm DBH in 2000 to 24.3 cm DBH in 2001 (p = 0.015). All 24 plots
are scheduled for remeasurement in 2004. The serendipitous establishment of permanent study
plots on this site will provide a unique opportunity to examine an oak decline event before, during
and long after visual evidence of the event has occurred, providing potential insights that are rarely
available for such a disturbance event.

From 1856 to 1986, there had been 57 oak mortality events recorded in the eastern United States (Millers
and others 1989). This included one in 1959 in the Ozark Mountains of Arkansas (Toole 1960), one in
1980-1981 in Northwestern Arkansas (Bassett and others 1982, Mistretta and others 1984), and an event
in Missouri from 1980 to 1986 (Law and Gott 1987). The current oak decline event in Arkansas and
Missouri is severely affecting up to 120,000 ha in the Ozark National Forest of Arkansas alone (Starkey and
others in press).

Stresses that lead to oak decline in the eastern US are complex interactions of many factors (Wargo and
others 1983). Manion (1991) describes oak decline as the outcome of the interaction of three major groups
of factors: predisposing factors, inciting factors and contributing factors. Predisposing factors include
physiologic age and oak density; inciting factors include a long drought; and contributing factors include
opportunistic insects such as oak borers and diseases like Hypoxylon canker.

In 1998-2000, a three-year drought occurred across the region. Drought is defined as an “inciting factor” of
oak decline by Manion (1991) and by Starkey and others (in press). This, coupled with a forest of high tree
density and old mature trees, has made Arkansas upland hardwood forests more vulnerable to oak decline
(Oak and others in press). Drought, density and maturity likely were important factors in the current oak
decline event in Arkansas and Missouri.

An oak decline event, such as we have now, has the potential to significantly alter forest structure and
species composition. Based on previous oak decline events (Tainter and others 1984, Oak and others 1988,
Starkey and others 1989), it is likely that oaks will remain an important component of these forests at the
regional scale. Within many stands, however, oaks will no longer be the dominant tree without active
management to encourage oak regeneration and recruitment. On sites where oak reproduction exists but
competing species have the advantage, active management will be necessary to successfully grow a new
cohort of oak into the tree canopy. An understanding of how species and forest structure are changing will
aid our understanding of how to address these issues in the future.

TResearch forester, Southern Research Station, USDA Forest Service, PO. Box 1270, Hot Springs, AR 71902,
(501)623-1180, e-mail: mspetich@fs.fed.us
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One year after measuring vegetation on permanent plots at a site in the Boston Mountains of Arkansas, oak
decline symptoms became visibly evident. Although this meant the temporary loss of one replication of
another study, it provided a serendipitous and unprecedented opportunity to establish a case study
examining the dynamics of an oak decline event in which detailed early data are available for comparison.

The objective of this paper is to evaluate mortality by species and changes in forest structure one year after
the first woody vegetation measurements were taken. The long-term objective is to compare stand dynamics
among areas treated with a growing season prescribed fire, a dormant season prescribed fire and a control area.

Study Area

The study site is a 32 ha area in an upland oak-hickory stand which is approximately 80 years old. It is
located in the Boston Mountains of Arkansas, part of the southern lobe of the Central Hardwood Region
(Merritt 1980). More specifically the study is located in the northwestern corner of Pope County,
approximately 3 kilometers southeast of Sand Gap, Arkansas. The forest stand is dominated by oak
(Quercus spp.) and hickory (Carya spp.) and is now the epicenter of an oak decline event. In 2000, prior to
identification as an oak decline site, basal area for all standing trees was 25.9 m*/ha and there were 417
standing trees/ha, of which 1.8 m?/ha of basal area and 53 trees/ha were standing dead trees (hereafter
referred to as snags). Stocking for this stand was 88 percent in August of 2000.

The Boston Mountains are the highest and most southern member of the Ozark Plateau Physiographic
Province. They form a band 48- to 64-km wide and 320-km long from northcentral Arkansas westward
into eastern Oklahoma. Elevations range from about 275 m in the valley bottoms to 760 m at the highest
point. The plateau is sharply dissected. Most ridges are flat to gently rolling and generally are less than 0.8
km wide. Mountainsides consist of alternating steep simple slopes and gently sloping benches. Vegetation
across the landscape is a forest matrix with inclusions of non-forest.

Methods

In late winter of 2000, twenty-four 55 x 55 m overstory plots (0.3025 ha) were established across the study
area. During the summer of 2000, all standing live trees and snags > 14 cm DBH (1.37 m above ground
level) within each plot were measured, and azimuth and distances from plot center to each tree were
recorded. Diameter was measured to the nearest 0.1 cm. Species, log grade, crown class, and multifactor

damage codes were also recorded for each tree. A Hewlett Packard 200LX palmtop computer was used to
record all data in the field.

In each of the twenty-four 55 x 55 m plots, four circular 0.01 ha plots were established to inventory
midstory trees. Within each 0.01 ha plot, all trees from 5 cm to < 25 cm dbh (1.97 to < 9.84 in dbh) were
measured in July of 2000. Diameter at breast height (1.37 m above ground level) was measured to the
nearest 0.1 cm and recorded.

In each of the 0.01 ha plots, five circular 0.00054 ha plots were established to inventory regeneration.
Within each 0.00054 ha regeneration plot, all trees < 5 cm dbh were measured in spring of 2000.

These plots were intended to be part of one replication of a periodic fire study, but by the late summer of
2001, oak decline symptoms were visibly evident at the site. At that point, this site became the start of a
long-term case study of oak decline. In November and December of 2001, the overstory on six of the 24
plots was remeasured. Three plots are located at the northwest end and three at the southeast end of this
southwest facing slope. These plots were chosen because they are located in areas where a growing season
prescribed fire (southeast end) and dormant season prescribed fire (northwest end) will be applied in the
near future. Only six plots were remeasured due to time constraints. This site is now the epicenter of a
severe oak decline event covering hundreds of hectares.

The data were analyzed using the following methods. First a t-test was used to compare 2000 plot values
with 2001 plot values. For one measure (mean DBH of snags) the equal variance test (Levene Median test)
failed. In this case the Mann-Whitney Rank Sum Test was used. To model survival, logistic regression was
used to estimate tree survival probability. A model building approach was used as described in Hosmer and
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Lemeshow’s (1989, p. 82) text on applied logistic regression. Logistic regression has been used in studies to
predict growth and success of regenerated oak stems (Lowell and others 1987), to estimate the contribution
of planted hardwoods to future stocking (Johnson and Rogers 1985), to model regeneration of oak stands
(Dey and others 1996), and to model the competitive capacity of trees underplanted in shelterwoods
(Spetich and others 2002).

Results

Changes in forest structure occurred within one year of the first measurements. For instance, an average of
38 trees per ha died by the fall of 2001. In 2000, the percent of all standing trees that were snags was 13
percent. This increased to 20 percent by 2001. Basal area of snags increased from 1.8 m*/ha in 2000 to 4.4
m?/ha in 2001 (p = 0.019). Correspondingly, basal area of live trees decreased from 24.1 m?*/ha in 2000 to
21.2 m*/ha in 2001 (p = 0.022). Mean values for diameter of all snags also were statistically different,
increasing from 20.4 cm DBH in 2000 to 24.3 cm DBH in 2001 (p = 0.015).

The number of snags increased across all diameter classes from 2000 to 2001, with a corresponding
decrease in standing live trees (figs. 1A and 1B.). The percent of snags generally decreased with increasing
diameter class in 2000 (fig. 2). By 2001 this percent increased over most diameter classes with a peak at the
diameter class of 60 cm.

Northern red oak (Quercus rubra L.) had the highest mortality rate. In only one year (from 2000 to 2001),
the number of northern red oak snags per ha more than doubled, increasing from 23 trees per ha to 51 trees
per ha respectively (p = 0.029) (fig. 3). Other species (white oak, Quercus alba L.; hickory, Carya spp.; black
gum, Nyssa sylvatica Marsh.; post oak, Quercus stellata Wangenh.; red maple, Acer rubrum L.; and black
maple, Acer nigrum Michx. £.) remained near their 2000 levels. The increase in northern red oak mortality
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Figure 1.—A) Live and dead (snags) standing trees per ha in 2000 — all species. B) Live trees and snags
per ha in 2001 — all species.
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occurred over all diameters from 2000 to 2001 with the greatest number of dead trees increasing in smaller
diameters (figs. 4A and 4B). Based on these results, a first-year survival probability model was developed for
northern red oak using logistic regression (fig. 5). This model indicates that by the end of the first year
(2001) of visible oak decline symptoms, survival was highest for large diameter trees while smaller trees
were more likely to succumb to mortality.
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Figure 4.—A) Number of standing northern red oak trees per ha in 2000 by diameter class and status.
B) Number of standing northern red oak per ha in 2001 by diameter class and status.

24

1
>
= 09
=
S 08 /
o
a 07 Figure 5.—Survival probability of northern
— g P Y
$ 06 red oak one year after oak decline symptoms
S 4 were visually evident.
3 0.5
n

0-4 T T T T T

20 30 40 50 60 70 80
Diameter (cm)

Proceedings of the 14th Central Hardwood Forest Conference GTR-NE-316



Discussion

Although the decline event wasn’t visually identified in this stand until 2001, stresses on the stand began
much earlier. These stresses included the three-year drought from 1998 to 2000 and stand density (364
trees/ha and basal area of 24.07 m?/ha in 2000). Forest structure had been significantly altered by 2001.
Increases in the number of snags along with corresponding changes in density will likely allow a greater
amount of light through the canopy. Without intervention, many regenerating red oaks will be
outcompeted by faster growing co-occurring species. However, because this is a xero-mesic site, some of the
more drought tolerant advance regeneration white oak should survive on dryer microsites. On moister
microsites, white oak will be more likely to succumb to competitors that exhibit more rapid height growth.

The percent of standing trees that were dead (snags) decreased from the 20 to 50 cm diameter classes in
2001. However, there was a dramatic increase around the 60 cm diameter class. This is likely due to the
much smaller number of trees at larger diameters (fig. 1) and the corresponding increase in variability with
a smaller sample size. For instance at the 60 cm class in 2000 there was an average of 2 standing live trees
per ha and zero snags. The loss of only one tree per ha would result in a 50 percent increase in mortality in
that diameter class.

It isn’t surprising that northern red oak represented the majority of the mortality since, of the oak species at
this site, it is the species most sensitive to drought. Figures 4A and 4B indicate that most of the mortality in
red oak occurred in trees of relatively small diameter classes. These small trees are typically under more
competitive stress than larger diameter trees and mortality rates for small trees are typically higher than for
larger diameter trees (Harcombe 1987). At this site, this could lead to displacement of northern red oak by
other co-occurring species.

Northern red oak in larger diameter classes generally survived through the first year of the oak decline
event. However, overall mortality will likely increase for larger trees by the 2004 inventory since many
overstory trees were already showing signs of stress by the fall of 2001.

In future inventories of this stand, we hope to have the resources to take more detailed measurements, as we
did in 2000. These included litter weight, tagged regeneration, midstory trees, and down deadwood. We
also plan to examine the effectiveness of summer season prescribed fire, dormant season prescribed fire and
no fire options. Following forest dynamics of this site starting at a time before it was identified as an oak
decline site should increase our understanding of oak decline dynamics.
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FACTORS ASSOCIATED WITH OAK MORTALITY IN MISSOURI OZARK FORESTS

John M. Kabrick, Stephen R. Shifley, Randy G. Jensen, Zhaofei Fan, and David R. Larsen’

ABSTRACT.—Forest management to improve stand vigor and growth requires foresters to
distinguish between trees that will respond favorably to treatment and trees that are likely to grow
poorly or die. The Missouri Ozark Forest Ecosystem Project provided an opportunity to quantify
factors associated with oak mortality in mature, fully-stocked, second-growth forests. We
monitored more than 24,000 permanently-tagged oak trees from 1992 to 2002 and identified key
factors associated with their survival or mortality. Factors considered included tree characteristics
such as species, crown class, and diameter as well as site characteristics such as slope, slope position,
aspect, and ecological land type. Classification and Regression Tree (CART) analyses showed that
species and crown class were more important than site factors in identifying cohorts with high
mortality. For a given diameter and species, tree mortality decreased with improved crown position,
but mortality rates increased sharply with increasing diameter for dominant and codominant
scarlet and black oaks. Mortality rates for dominant and codominant white and post oaks were
stable or increased only slightly with increasing tree diameter. Mortality of black and scarlet oaks
exceeded 20 percent per decade for dominant and codominant trees > 8 inches dbh. Managers can
use these results to identify groups of trees with a high probability of mortality.

Forest management designed to improve stand vigor and growth requires distinguishing between trees that
will respond favorably to treatment and trees that are likely to grow poorly or die. In doing so foresters
must try to identify the tree and site characteristics that best indicate whether or not an individual tree will
remain healthy or will die before the next treatment opportunity. Of course tree mortality is a normal part
of forest dynamics. Most of the mortality in stands arises from competition for growing space and is largely
the result of self thinning (Johnson and others, 2002). As trees get larger and require more growing space to
survive, some trees are periodically crowded out and die. Events such as wildfire, drought, windstorms, and
insect and disease epidemics also cause trees to die and often at rates exceeding those caused by competition
alone (Johnson and others 2002).

Although mortality is fairly predictable at stand scales, it is more difficult to predict which individual trees
are likely to die. However, this is precisely what foresters attempt to do when marking trees for harvest.
While marking, they consciously (or perhaps subconsciously) evaluate the form and quality of each tree and
look for characteristics that indicate whether or not an individual tree will survive and grow vigorously.
They also consider many other factors such as stand density and site quality that influence tree growth and
mortality. In Missouri, there is considerable concern about oak decline. Red oak group species (Quercus spp
L.; subgenus Erythrobalanus) appear to be particularly susceptible, especially those that are large or
physiologically mature, and growing on droughty sites (Law and Gott 1987; Starkey and Oak 1989).
Because of concern about oak decline, foresters in Missouri are more likely to remove red oak group species
during stand improvement operations, especially those that are large (>18 inches DBH) or on poor sites
even if the trees have no visible symptoms of decline (Kabrick and others 2002). However, these marking
decisions are based upon the forester’s intuition or experience rather than upon documented evidence.

Quantifying factors associated with the mortality of individual trees is challenging because it requires
monitoring the survival of many individual trees for long periods. The Missouri Ozark Forest Ecosystem
Project (MOFEP) afforded a rare opportunity to better quantify mortality rates of oaks. MOFEP is a long-
term study to quantify the effects of forest management on upland oak systems. As such, a large number of
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individual trees were marked and are closely monitored. Here we report the results of our analysis of more
than 24,000 oak trees monitored for ten years to determine if tree, stand, or site variables routinely
collected during forest inventories could be used for predicting the survival of individual trees in second-
growth oak forests.

Study Areas

The MOFEP study and experimental design is described elsewhere in detail (Brookshire and Shifley 1997,
Shifley and Brookshire 2000, Shifley and Kabrick 2002). The study consists of nine sites ranging in size
from 772 to 1,271 acres, primarily within the Current River Oak Forest Breaks and the Current River Oak-
Pine Woodland Hills landtype associations of the Ozark Highlands. The Current River Oak Forest Breaks
has narrow ridges and steep sideslopes with relief of 300-450 ft, which exposes the Roubidoux, Gasconade,
and Eminence bedrock formations. The Current River Oak-Pine Hills has broad ridges with relief <300 feet
and exposes only the Roubidoux and Gasconade bedrock formations. Upland soils of these landtype
associations are primarily Ultisols and Alfisols formed in hillslope sediments or residuum; soils in upland
waterways and bottomlands are primarily Ultisols and Alfisols formed in gravelly alluvium (Kabrick and
others 2000, Meinert and others 1997).

Methods

Information about individual tree characteristics (e.g., species, crown class, diameter, diameter increment)
were derived from 648 permanent vegetation plots distributed roughly equally among the nine MOFEP
sites. Since the first inventory completed in 1992, these permanent plots have been re-inventoried
approximately every three years to document the condition of woody vegetation. Characteristics recorded
for each tree include species, DBH, or size class for trees < 1.5 inches DBH, and status (e.g., live, dead, den,
cut, blow-down), and crown class (e.g., dominant, codominant, intermediate, suppressed) (Jensen 2000).
Site characteristics (e.g., slope, land form, aspect, soil type, ecological land type, and land type association)
for each plot were derived from a detailed landscape-scale soil mapping project conducted on MOFEP in
1994-1995 (Kabrick and others 2000, Meinert and others 1997).

Oaks are the dominant trees on the MOFEP sites and four oak species, white oak (Quercus alba L.), black
oak (Q. velutina Lam.), scarlet oak (Q. coccinea Muenchh.), and post oak (Q. stellata Wangenh.) comprise 71
percent of the basal area (Kabrick and others, in press). Other oaks found at MOFEP include chinkapin
oak (Q. muehlenbergii Engelm.), blackjack oak (Q. marilandica Muench.), Shumard oak (Q. shumardii
Buckl.), and northern red oak (Q. rubra L.), but in combination they comprise only 1 percent of the basal
area. Shortleaf pine (Pinus echinata Mill.) (8 percent), pignut hickory [Carya glabra (Mill.) Sweet] (4
percent), black hickory (C. texana Buckl.) (4 percent), mockernut hickory (C. romentosa Poir. Nutt.) (4
percent), flowering dogwood (Cornus florida L.) (3 percent), and blackgum (Nyssa sylvatica Marsh.) (2
percent) also are in the study area.

Data Analysis

We monitored 24,000 permanently-tagged oak trees from the initial inventory completed in 1992 to the
inventory completed in 2002 and identified factors correlated to mortality. We limited our analysis to the
four most abundant oaks (white oak, black oak, scarlet oak, and post oak) and trees that were > 4.5 inches
DBH during the initial inventory. We analyzed data from all nine MOFEP sites but only from stands that
were not harvested during the past ten years. Data from plots were converted to an acre basis for analysis.
We evaluated a suite of individual tree characteristics (tree DBH, species, crown class), stand condition
characteristics (stand density and basal area), and site variables (aspect, slope, soil type, ecological land type,
land form, land type association) for their ability to predict individual tree mortality.

Because there is a hierarchical structure and interdependence among certain variables, we used the
nonparametric, hierarchical model— classification and regression tree (CART) — (Breiman and others
1984) to study the relationship of these variables to individual tree mortality. The binary response variable
is whether a tree is dead (0) or is alive (1). We used CART to recursively partition the data into paired
nodes (subsets) such that one node contained as many dead trees as possible, and the other node contained
as few dead trees as possible based on a cutoff value of one of the explanatory variables. Therefore, the
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distribution patterns of dead trees in the data and factors (or factor interactions) and factor values
associated with these patterns were revealed and explicitly represented by the regression “tree” or diagram
showing the hierarchy among variables.

We used the 10-fold cross-validation to construct the best CART model which minimized the overall
misclassification rates (Steinberg and Colla 2000). With the best CART model for each data set, we
bootstrapped each node 1000 times and calculated the mean and 95 percent confidence interval (CI) of the
probability of dead trees as a measure of mortality rate and variation within that node (risk group).

For cohorts identified by the CART model, we calculated the mean mortality per decade and ranked
cohorts by mortality rate from highest to lowest. Once ranked, we calculated the cumulative mortality (i.e.,
the mortality rate for the remaining trees if all cohorts with a higher mortality rate are harvested) so that we
could estimate the mortality rate for the residual stand. We also calculated the mortality change as the
difference between successive cumulative mortality rates. Large differences in mortality change indicated
where large reductions in mortality in the residual stand if the indicated cohort is removed. For
simplification when summarizing results to provide guidance to managers, we selected a single threshold
diameter (i.e., 12 inches DBH), the approximate midpoint between the 8-inch and 15-inch DBH
thresholds identified by the CART model. By doing so, we were better able to use our findings to make
practical recommendations to managers.

We also graphed mortality rates by species, crown class, and 2-inch dbh classes to illustrate trends and to
compare results from the MOFEP site to those previously observed in Missouri (Shifley and Smith 1982).

Results

Of the 24,000 white oaks, post oaks, black oaks, and scarlet oaks that we monitored, more than 3,300 died
during the 10-year sampling period for an overall mortality rate of 13.9 percent per decade (or 1.5 percent
per year'). The variables most correlated to oak mortality, in order of importance, were: species, crown class,
environmental variables (i.e., site location and ecological land type), and DBH (fig. 1; table 1). The order of
importance varied slightly by species group.

Figure 1 also shows that approximately 21 percent of the red oak group species (scarlet oak and black oak)
died and their mortality rate was four times greater than for white oak group (white oak and post oak)
species. Red oak group species in the suppressed and intermediate crown classes had mortality rates 2.7
times greater than for those in the co-dominant or dominant classes and suppressed red oak group species
had mortality rates that were 1.5 times greater than those in intermediate crown classes. Overall, mortality
was greater for suppressed and intermediate red oaks located in sites within or near the Current River Oak-
Pine Woodland Hills land type association. This particular land type association is dominated by droughty
and nutrient-poor soils and is considered particularly susceptible to oak decline.

Within the white oak group, suppressed trees had mortality rates that were 3.4 times greater than for the
other crown classes. Suppressed post oaks were twice as likely to die and intermediate post oaks were 3 times
more likely to die as white oaks in these respective crown classes. Suppressed white oaks were more likely to
die in ecological land types having higher site quality such as in bottomlands or on north-facing slopes.

For all species within each crown class, mortality increased with increasing diameter. Our analysis suggested
that there were threshold diameters beyond which mortality increased significantly. These threshold
diameters differed by species and site conditions (table 1). For example, mortality increased significantly for
dominant and codominant white oak group species > 13 inches DBH regardless of environment. However, the
threshold diameter for red oak group species was only 8 inches DBH for trees in sites within or adjacent to the
Current River Oak-Pine Woodland Hills land type association, but was 15 inches DBH in the other sites.

'Tn general the periodic mortality rate for a period of n years is equal to 1 minus the periodic survival rate.
Annual survival rates are computed from periodic rates as one would compute compound interest: annual survival
= (periodic survival)(1/n). Likewise periodic survival over n years = (annual survival)n. Similar conversions for
mortality rates must be computed in terms of corresponding survival rates and then determined by subtraction.
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Table 1. —Nodes for the CART partition of MOFEP mortality data (see fig. 1) with node population size,
description of the partition threshold, and the 95 percent bootstrap confidence interval (CI) of the mortality rate
(percent per decade) within each node. Terminal nodes are indicated by bold type.

Node#  Node size (%) Description 95 Percent CI
1 24000(100)  All white, post, black and scarlet oak 13.5-14.4
2 13188 (55)  Black and scarlet oak 20.1-21.5
3 10812(45)  White and post oak 5.0-5.9
4 3608 (15)  Intermediate or suppressed black and scarlet oak 36.7-39.8
5 9580 (40) Dominant or codominant black and scarlet oak 13.6-14.9
6 1961 (8)  Suppressed white and post oak 11.5-14.7
7 8851 (37)  Dominant, codominant and intermediate white and post oak 3.4-4.2
8 2016 (8)  Intermediate or suppressed black and scarlet oak on sites' 2-6, 9 29.1-33.1
9 1592 (7)  Intermediate or suppressed black and scarlet oak on sites' 1,7, 8 44.9-50.1

10 4658 (19)  Dominant or codominant black and scarlet oak on sites' 6-9 16.9-19.1
11 4922 (21)  Dominant or codominant black and scarlet oak on sites' 1-5 9.9-11.6
12 266 (1) Suppressed post oak 20.3-31.2
13 1695 (7)  Suppressed white oak 9.7-12.6
14 4424 (18)  Intermediate white and post oak 4.6-6.0
15 4427 (18)  Dominant and codominant white and post oak 1.9-2.8
16 298 (1) Suppressed black and scarlet oak on sites' 2-6,9 41.6-53.0
17 1718 (7)  Intermediate black and scarlet oak on sites! 2-6,9 26.3-30.2
18 249 (1)  Suppressed black and scarlet oak on sites' 1,7,8 60.2-71.9
19 1343 (6)  Intermediate black and scarlet oak on sites' 1,7,8 41.4-46.7
20 689 (3) Dominant and codominant black and scarlet oak < 8 inch DBH on sites' 6-9 7.0-11.1
21 3969 (15) Dominant and codominant black and scarlet oak > 8 inch on sites' 6-9 18.4-20.7
22 4263 (18)  Dominant and codominant black and scarlet oak < 15 inch DBH on sites! 1-5  8.2-10.1
23 659 (3) Dominant and codominant black and scarlet oak > 15 inch DBH on sites! 1-5 17.5-23.7
24 877 (4)  Suppressed white oak on ELT* 11,17,19-23 5.6-9.1
25 818 (3)  Suppressed white oak on ELT? 5,6,7,15,18 12.8-17.7
26 780 (3)  Intermediate post oak 10.0-14.7
27 3644 (15)  Intermediate white oak 3.1-4.4
28 3096 (13)  Dominant and codominant white and post oak <13 inch DBH 0.9-1.8
29 1331 (6) Dominant and codominant white and post oak > 13 inch DBH 3.5-5.7
30 2120 (9)  Intermediate white oak on ELT? 7,11,15,17,19-23 1.3-2.4
31 1524 (6)  Intermediate white oak on EL'T?5,6,18 5.3-7.7

!Site refers to Missouri Ozark Forest Ecosystem Project study sites 1-9.
*Ecological land types (Miller, 1981): Dry bottomlands (5); dry-mesic bottomlands (6); mesic toeslopes (7); dry, narrow
ridges (11); dry, broad ridges (15); dry south slopes (17); dry-mesic north slopes (18); glade savanna (19); dry-mesic

limestone forest (20); glade (21); xeric limestone forest (22); dry limestone forest (23).

30

Across all diameter and crown classes mortality rates per decade for white oak (5 percent) were < post oak
(9 percent) < scarlet oak (19 percent) < black oak (22 percent). Mortality rates decreased with increasing
crown class. Within a crown class mortality rates increased with increasing diameter; the increase was small
for white and post oaks, but mortality rates for dominant and codominant scarlet and black oaks increased
dramatically (to approximately 40 percent) with increasing tree diameter (fig. 2). Mortality rates for white
and post oaks on the MOFEP sites were at or below historical rates for all Missouri; mortality rates for
black and scarlet oaks exceed historical state-wide rates, most notably for large diameter trees (fig. 3).

The CART analysis provides direct guidance to forest managers. This is most easily seen when the terminal
nodes in the CART Diagram (fig. 1, table 1) are rearranged in order of decreasing mortality probability
(table 2). Table 2 clearly shows which subpopulations are most likely to die (e.g., suppressed black and
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scarlet oaks with mortality rates of 56 percent per decade) and which are most likely to survive another
decade (e.g., dominant white and post oaks < 12 inches DBH with 1 percent mortality per decade).

Discussion

Tree species and crown class were the two most important predictors of tree mortality. Species in the red
oak group had higher mortality rates than those in the white oak group as has been shown elsewhere in
Missouri and the Central Hardwood Region (Shifley and Smith 1982, Smith and Shifley 1984). For a given
diameter, trees in dominant or codominant canopy classes had substantially lower mortality rates than those
in lower canopy classes: this was especially true for species that are shade intolerant such as scarlet oaks and
post oaks (fig. 2). However, the population of trees larger than 12 inches DBH is comprised almost
exclusively of dominant and codominant trees. The mortality rate of dominant and codominant black and
scarlet oaks increased dramatically as tree diameter increased. A 20-inch dominant or codominant scarlet
oak was no more likely to survive for 10 years than an intermediate scarlet oak in the 4- to 12-inch DBH
range.

Environmental variables indicative of site quality played a secondary role and their effects differed by
species. For example, on the more-productive ecological landtypes, there was higher mortality of
intermediate canopy class white oaks. This suggests that on more productive ecological land types,
competition-induced mortality occurred at higher rates than on less productive ecological land types. We
anticipated greater oak mortality, particularly of red oak group species, in poorer, less-productive stands. As
indicated by the CART regression tree (fig. 1, table 1) site location (in this case MOFEP experimental sites
or compartments spanning about 900 acres each) did have a statistically significant relationship with
mortality rates for black and scarlet oak (fig. 1 nodes 8,9,10,11). Thus, site location played a role in
mortality rates for these species, and we know there are differences among sites in the types of soil that
occur, topography, and the mix of ecological landtypes. However our attempts to further identify specific
site characteristics by including variables such as slope, aspect, soil map unit, or ecological landtype
provided little additional explanatory power to the analysis.

1
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Table 2.—Categories (subpopulations) of trees and related mortality rates in rank order from highest to
lowest mortality probability. In general, removing cohorts in order starting at the top of the list will
minimize the overall mortality rates for the remaining stand. However, cohorts such as suppressed trees
are rarely cut and simply left to die through self-thinning. Mean mortality per decade indicates the mean
mortality rate for that cohort. Cumulative mortality is the combined mortality rate for that cohort in
combination with all those listed below it, and can be used to estimate the mortality rate for the residual
stand. The column labeled mortality change is the difference between successive cumulative mortality
rates; large values indicate the potential for large reductions in mortality in the residual stand if the
indicated cohort is removed.

Mean mortality ~ Cumulative Mortality

Categories per decade (%)  mortality (%)  change (%)
Suppressed black and scarlet oaks 56 14 1
Intermediate black and scarlet oaks 35 13 3
Suppressed post oaks 26 10 1
Dominant and codominant black and scarlet oaks 20 9 3

> about 12 inches dbh
Intermediate post oaks and suppressed white oaks 9 6 1
Dominant and codominant black and scarlet oaks 9 5 2

< about 12 inches dbh
Intermediate white oaks 4 1
Dominant and codominant white and post oaks 2 1

> about 12 inches dbh 2
Dominant and codominant white and post oaks 1 1 1

< about 12 inches dbh

Our analysis suggested that variables representing stand density such as stems or basal area per acre were not
correlated to increased mortality. Our findings are consistent with those of Starkey and Oak (1989) who
also found no correlation between stand basal area and oak decline and oak mortality throughout the
Central Hardwood Region. Although we cannot conclude whether reducing stand density will reduce oak
mortality, we conclude that crown class alone is a better measure of an individual tree’s ability to compete
for light, water, and nutrients than are measures of stand density, thus explaining the high correlation
between oak mortality and crown class in our analysis. Gottschalk and others (1998) found that crown
vigor was a better predictor of oak mortality than crown class in stands that were defoliated by gypsy moth.
However, crown vigor was not measured in our study so we were not able to evaluate its importance for
predicting mortality in our stands that were not defoliated and where gypsy moth does not occur. We do
note that Dwyer and others (1995) stressed the importance of crown vigor and measures of crown dieback
for predicting oak mortality in the Missouri Ozarks. While measures of crown vigor undoubtedly are useful
for predicting mortality of individual trees, foresters often conduct inventories during the dormant season
and are unable to judge crown health or vigor. Our analysis identified the variables from a list of those
routinely measured by foresters that are most useful for predicting mortality.

No attempt was made to determine the cause of death for the 3,300 trees that died. Such determinations
are complex when multiple agents such as drought, competition, insects, and Armillaria root disease are
involved. We can only speculate that the mortality that we observed was attributable to a combination of
mortality induced by competition and mortality induced by other mechanisms including disease and oak
decline. Trees in smaller diameter classes or lower crown classes most likely died from competition (self
thinning of the stand) because they were shaded by dominant and codominants. This is particularly evident
in the high mortality rates for intermediate and suppressed shade-intolerant species such as scarlet oaks,
post oaks, and black oaks. However, we suspect that the disproportionately large number of scarlet oaks and
black oaks in dominant or codominant crown classes that died most likely did so because of oak decline.
This is evident for dominant and codominant black and scarlet oak on the MOFEDP sites in the high
mortality rates that increase with increasing tree DBH (fig. 2). Mortality rates for these two species are
uncharacteristically high relative to rates for all Missouri from 1959 to 1972 (fig. 3).
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For thinning and stand improvement operations table 2 provides a priority list for trees to remove.
Operationally there is little reason to harvest suppressed (or in some cases even intermediate) trees. They
will be eliminated naturally through competition and the associated mortality rates in table 2 simply
indicate how many trees are likely to be gone at the end of the next decade. Table 2 clearly indicates the
value in removing dominant and codominant black and scarlet oaks larger than 12 inches DBH. Those
subpopulations of trees have mortality rates of about 20 percent per decade. Dominant black and scarlet
oaks that are smaller in diameter have a 9 percent mortality rate. That is in contrast to dominant or
codominant post oaks or white oaks that have mortality rates in the range of 1 to 2 percent per decade. The
cumulative mortality column in table 2 indicates the expected mean mortality rate for that line and all
groups listed below it (i.e. the rate of all classes above are harvested). The cumulative mortality values are
based on averages for all trees and all sites. In application the species composition and tree size structure will
vary among individual stands as will the associated mortality. The column of table 2 labeled mortality
change is the difference in the cumulative mortality for successive entries. Large values indicate, based on
the MOFEP data, which categories listed in the table have the greatest impact on the overall mortality rate.

Our findings substantiate the actions of many foresters in Missouri who have began the practice of marking
for removal most sawlog-sized scarlet oaks and black oaks during stand improvement cuttings in even-aged
stands or during selection harvesting in uneven-aged stands. Recent experience has taught them that large
individuals of these species are not likely to survive until the next re-entry. This is a reasonable management
strategy even if the individual tree is not showing dieback symptoms or other indications of decline because
the onset of symptoms and mortality can occur rapidly and affect dominant and codominant scarlet and
black oaks. Healthy white and post oaks with good crown structure and competitive position are good
candidates for retention in a thinning or stand improvement operation.
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DECLINE OF RED OAKS IN THE MISSOURI OZARKS: THE STORY CONTINUES

Steven L. Voelker and Rose-Marie Muzika'

Recent studies and anecdotal evidence indicate an increase in the occurrence and persistence of oak
decline in many of the regions formerly dominated by shortleaf pine in the Missouri Ozarks. It is
yet uncertain whether growth declines and tree dieback are most influenced by stand density, age,
drought stress or biotic factors such as Armillaria root disease or insects. A survey of tree condition
and growth rates was conducted in southeastern Missouri to ascertain which conditions may
interact to predispose the current and future forests to oak decline. In order to compare individual
tree growth declines, four stand-level considerations were held relatively constant: (1) species
composition (2) stand density (3) cohort age and (4) site index. The upland oak-pine forests of the
Missouri Ozarks have undergone dramatic and continual change since the exploitative logging
period of a century ago. Within oak-dominated stands in this study, evidence such as shortleaf pine
remnants or shortleaf pine stumps indicates a more prominent historic role for pine in stands
occurring on upper slope positions and exposed sites. Increment cores were analyzed to establish
age-structural relationships for the upland oak-pine stands. As expected, most stands are either even
aged or two-aged. Dendrochronological modeling was used to establish growth declines (basal area
increment) of individual trees. Tree condition and dendrochronological analysis indicate that
although aspect and slope position affect site index or tree growth rate, symptoms of decline at the
stand level are not exclusively associated with exposed sites. Symptoms of decline vary widely
within most stands due to competitive position and tree age.

TSteven L. Voelker Department of Forestry 203 ABNR University of Missouri Columbia, MO 65211
Phone: 573-884-3435 Fax: 573-882-1977 Email: slvww4@missouri.edu
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EFFECT OF CROWN RELEASE ON TREE GRADE AND DBH GROWTH OF WHITE
OAK SAWTIMBER IN EASTERN KENTUCKY

Gary W. Miller and Jeffrey W. Stringer"

ABSTRACT.—Forest managers need information on the effect of stand density on residual tree
growth and quality to prescribe effective thinning treatments in hardwood stands. Crop tree release
treatments were applied in 70- to 75-year-old upland oak stands located in eastern Kentucky. Two
treatment levels, applied as a complete crown release of 20 and 34 sawtimber-sized crop trees per
acre, were compared to unreleased controls. Data were collected on 12 permanent 0.5-acre plots,
with 4 plots randomly assigned to each of the two treatment levels and untreated controls. Tree
quality and DBH growth were monitored for 17 years on 148 white oak crop trees. Average DBH
growth of released trees in both release treatments was 27 percent greater than that observed for
unreleased controls. After 17 years, 89 percent of selected crop trees were in grades 1 or 2,
compared to 53 percent at the beginning of the study. No significant differences were found
between tree grade distributions on the treated and control plots, indicating that a complete crown
release did not adversely affect tree grade.

Numerous studies have shown that commercial thinning in hardwood stands 1) concentrates growth on the
most desirable residual trees, 2) reduces the time required to yield products of a desired size, and 3)
increases the total yield by harvesting and utilizing trees that would die in the absence of thinning (Miller
1997; Nowak 1996; Oliver and Larson 1996). Although thinning to an appropriate residual density clearly
increases growth and yield, some observers caution that thinning too heavily or removing desirable crop
trees during thinning can reduce the value yield of hardwood stands by adversely affecting the average
quality of the residual trees (Dale 1972).

Current thinning guidelines for upland oaks recommend leaving a residual stand density of 60 to 70
percent of full stocking to maximize wood volume production (Roach and Gingrich 1968). The guidelines
also recommend removing poorer quality trees and retaining better quality trees to allow value growth to
accrue on trees with the highest potential rate of return. The traditional method of applying a thinning
treatment involves removing less desirable trees throughout the stand on an area-wide basis to achieve the
target level of average residual stand density. This study tested an alternative method of thinning by
applying a crown-release treatment to individual crop trees with the potential for yielding high-quality,
high-value sawtimber and veneer logs. The crown-release method of thinning involves removing only
competing trees whose crowns are touching the crowns of selected residual crop trees.

Area-wide and crown-release treatments differ with respect to two important questions. 1) Is the focus on
finding undesirable trees to cut or desirable trees to retain? 2) Is the focus on reducing competition
throughout the stand or reducing competition around individual trees? In area-wide treatments, the
emphasis is on searching for and removing trees of poor quality, poor form, or low vigor to achieve a
recommended average residual stand density. Note that area-wide treatments distribute removals
throughout the stand, thus reducing competition over a relatively large area. A disadvantage of the area-
wide approach is that little direct effort is made to improve the microsite conditions around the best
residual trees, thus some desirable trees may receive little or no benefit from the thinning operation.
Alternatively, the emphasis in crown-release treatments is on identifying the most promising residual trees
and then removing competing trees in their immediate vicinity. This approach assures that site resources
(sunlight, water, and soil nutrients) freed by the thinning treatment are directly allocated to the designated

"Principal Research Silviculturist (GWM), Northeastern Research Station, USDA Forest Service, 180 Canfield Street,
Morgantown, WV 26505; and Associate Extension Professor of Hardwood Silviculture, Department of Forestry, 223
Thomas Poe Cooper Building, University of Kentucky, Lexington, KY 40546. GWM is the corresponding author: to
contact, call (304) 285-1521 or e-mail at gwmiller@fs.fed.us.
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crop trees. An advantage of the crown-release approach is that the residual crop trees, selected because they
best meet management objectives, fully benefit from the thinning operation.

In practice, control of average stand density can be used in conjunction with the crown-release approach by
varying the number of crop trees released per acre (Perkey and others 1994), thus providing a means for
managing the allocation of site resources at both the stand and individual-tree levels.

The objective of this study was to determine the effect of crown-release treatments on the growth and
quality of desirable white oak crop trees. Preliminary results on DBH (diameter at breast height) growth
and the cost of treatments were reported by Stringer and others (1988a).

Stand Description

The study was conducted at the University of Kentucky’s
Robinson Forest in eastern Kentucky. The 70- to 75-year-old
stands were dominated by upland oaks. The initial basal area
averaged 111 ft*/ac (stems = 1.0 inch DBH), and white oak
(Quercus alba L.) occupied 58 percent of the initial stand (fig.
1). Other stand components included black oak (Q. velutina
Lam.), yellow-poplar (Liriodendron tulipifera L.), American
beech (Fagus grandifolia Ehrh.), and hickories (Carya spp.). The
overstory included an average of 67 dominant and codominant
trees/ac that were either large pole or small sawtimber with an
average DBH of 13 inches. White oak site index averaged 73
(base age 50 years). There was no evidence of recent disturbance
and the stands were essentially 100 percent stocked before
treatment (Roach and Gingrich 1968).

Study Methods

The long-term management goal for the study sites was to have
a fully stocked stand in which codominant trees averaged 22 to
24 inches DBH at final harvest and occupied approximately 80
percent of full stand stocking (Gingrich 1967). Understory trees
were expected to occupy the remaining 20 percent stocking.
Equations developed by Gingrich (1967) indicated that the
number of 24-inch trees needed to occupy 80 percent of full
stand stocking varied from 20 to 35 trees per acre, depending on the degree of crowding and its effect on
crown size. Two release treatments, defined as 20 and 34 crop trees per acre, and an untreated control were
replicated 4 times each and randomly distributed among 12 experimental areas. Each area was two acres in
size, and a square 0.5-acre measurement plot was centered in each area. All trees > 1.0-inch DBH within the
0.5-acre measurement plot were tagged for long-term monitoring. Crop trees within each area were selected
based on the following criteria:

Figure 1.—White oak crop trees were
monitored for 17 years in eastern Kentucky.

Dominant or codominant crown class.
White oak.

Potential grade 1 or 2 butt log.

Even spacing within the stand.

LR e

Crop trees were released by felling competing trees with a chain saw. Competing trees were defined as
adjacent trees whose crowns touched those of the selected crop trees. After release, crop trees were free to
grow on all sides. Crop trees selected in control areas were monitored but not released. DBH, crown class,
tree grade (Hanks 1976), and remarks were recorded for each crop tree before treatment and again after 17
years. Additional data on epicormic branches and length of clear sections on the 16-foot butt log also were
recorded for each crop tree during the final inventory.
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A one-factor repeated measures ANOVA was used to examine the effect of crown release treatments on
DBH growth. The fixed effect model has the form:

Yij = }l +0; + BJ + ((XB)IJ + 8”

where Y is DBH growth; p is the overall mean; o is the effect of release treatment; [ is the effect of time;
and € is the random error. The general linear models procedure in SAS was used for all statistical analyses
(SAS Institute Inc. 1998). The Tukey-Kramer HSD mean separation test was used for all multiple
comparisons. Treatment effects were considered to be statistically significant when P<0.05. For each
analysis, the residuals were tested for normality using the Shapiro-Wilk test and for homogeneity of
variance using the Levene test.

The counts of sawtimber trees (= 11.0 inches DBH) in each tree grade for released and control plots were
compared before and 17 years after treatment using a Pearson Chi® test to determine if the grade
distributions were not equal due to the release treatment.

Results and Discussion

The crown-release treatments reduced residual stand stocking to an average of 76 percent (table 1), which
was a relatively light thinning treatment as defined by Roach and Gingrich (1968). As competing trees were
felled to release selected crop trees, a relatively small amount of basal area was damaged (Stringer and others
1988b). The 34-and 20-crop-tree treatments removed an average of 75 trees/ac and 54 trees/ac, respectively.
The 34-crop-tree treatment also removed more basal area, cubic volume, and relative density compared to
the 20-crop-tree treatment (tablel). Removals are usually positively related to the number of crop trees
released per acre (Perkey and others 1994). In this case, however, the number of crop trees released per acre
did not have a significant effect on residual stand stocking because plots in the 34-crop-tree treatment were
slightly overstocked when the study began. The additional trees removed in the 34-crop-tree treatment were
mostly smaller poletimber trees, thus releasing additional crop trees did not have a proportional effect on
residual stand density. After treatment, all crop trees were free to grow on all sides.

The initial DBH of crop trees ranged from 8.3 to 18.9 inches. Released trees grew an average of 3.1 inches
DBH, while unreleased trees grew 2.4 inches DBH over the 17-year study, an average increase of 27 percent
due to crown release (table 2).

A total of 153 crop trees were selected at the beginning of this study, and 148 trees were still alive after 17
years. Of the 5 trees that died, 3 were in control plots and 2 were in treated plots. There was no indication
that the release treatments affected mortality.

A summary of the changes in tree grade for the surviving 148 crop trees is presented in Table 3. DBH is a
main factor that determines tree grade (Hanks 1976), so changes in tree grade were stratified into size
classes that correspond to minimum DBH requirements for each tree grade: 9.6 inches DBH for grade 3,
12.6 inches DBH for grade 2, and 15.6 inches DBH for grade 1. Several strata had sample sizes large
enough to extract some meaningful results. For example, 10 control trees and 26 treated trees were initially
limited by DBH to grade 3 and then grew large enough to enter grade 2. Note that 7 of 10 control trees
and 25 of 26 released trees improved in grade as they grew large enough to enter a higher grade. Similarly,
the majority of trees in initial size class 2 that grew to ending size class 1 improved in grade for both control
and released trees.

The release treatments did not reduce tree quality or prevent otherwise good trees from increasing in grade
as they grew. Although the release treatments resulted in relatively small reductions in overall stand density,
the full crown release resulted in maximum reductions in density in the immediate vicinity of selected crop
trees. The data indicated that among desirable crop trees with excellent initial quality and vigor, a full
crown release stimulated faster DBH growth but did not diminish the quality of the butt log, thus there
was no adverse effect on tree grade.
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Table 1.—Per acre stand data by thinning treatment for upland oaks in eastern Kentucky.

Number of stems Basal area Volume RD?
Inventory ~ 2>1.0" >5.0 211.0 21.0 =>5.0 211.0 =>5.0 >11.0? 21.0
No./ac ft*/ac fe/ac bf/ac %
34 Crop Trees Per Acre (n=4 plots)
Initial 782 180 42 109.0 93.4 48.2 1,982 6,274 107
Cut 74 57 18 35.3 34.8 20.2 776 2,489 30
Residual 708 123 24 73.7 58.6 28.0 1,206 3,785 77
17-year 753 155 39 104.6 83.5 51.0 1,790 7,287 104
20 Crop Trees Per Acre (n=4 plots)
Initial 732 160 47 103.4 90.5 51.6 1,975 6,679 100
Cut 55 39 15 29.6 29.0 18.3 677 2,578 25
Residual 677 121 32 73.8 61.5 33.3 1,298 4,101 75
17-year 657 123 40 95.4 76.6 51.4 1,711 7,462 94
Control (n=4 plots)
Initial 654 138 60 110.6 99.1 71.6 2,296 10,045 102
17-year 643 128 67 128.1 112.7 92.6 2,705 13,849 115
"Minimum DBH of trees included in total.
2Sawtimber volume, International 1/4-inch rule.
3Relative density, or stand stocking as measured by Gingrich (1967).
Table 2.— Average 17-year DBH growth of white oak crop trees in eastern Kentucky.
Initial Size Class Treatment N Initial DBH 17-yr'DBH Growth'
inches

DBH < 9.6 Control 3 8.6 251a

20 Crop Trees/ac 2 8.8 249 a

34 Crop Trees/ac 21 8.3 2.84b
9.6<DBH < 12.6  Control 12 114 249 a

20 Crop Trees/ac 17 11.3 3.51b

34 Crop Trees/ac 17 10.7 3.12b
12.6 <DBH < 15.6 Control 20 13.9 2.53a

20 Crop Trees/ac 11 13.9 3.26b

34 Crop Trees/ac 19 13.8 2.88b
DBH > 15.6 Control 15 17.2 2.27 a

20 Crop Trees/ac 5 18.9 3.10 b

34 Crop Trees/ac 6 17.3 3.20b
All Crop Trees Control 50 14.0 2.44 a

20 Crop Trees/ac 35 13.1 3.32b

34 Crop Trees/ac 63 11.5 2.96 b
"Means followed by the same letter are not significantly different at the 5 % level of significance.
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Table 3.—Change in tree grade for white oak crop trees after 17 years in eastern Kentucky.

Control Thinned
Initial  Ending Initial
Size Size Tree Change in Grade Change in Grade
Class Class Grade N Increase Same Decrease N Increase Same Decrease

number of trees

4 4 4 1 0 1 0 4 0 4 0
4 3 4 1 0 1 0 16 12 4 0
4 2 4 1 1 0 0 3 3 0 0
3 3 3 2 0 2 0 1 0 1 0
4 0 — — — 1 1 0 0
3 2 3 10 7 3 0 26 25 1 0
3 1 3 0 — — — 5 5 0 0
2 2 2 3 0 3 0 3 0 3 0
3 3 2 1 0 1 0 1 0
2 1 2 6 6 0 0 18 16 2 0
3 8 6 2 0 9 7 2 0
1 1 1 3 0 3 0 6 0 6 0
2 11 9 2 0 4 3 1 0
3 1 1 0 0 1 0 1 0

1Size Class 4 (DBH < 9.6); Size Class 3 (9.6 < DBH < 12.6); Size Class 2 (12.6 < DBH < 15.6);Size Class 1 (DBH >
15.6); Size classes represent DBH thresholds for tree grades 4,3,2,1, respectively. Grade 4 collectively represents trees
below sawlog quality.

A total of 103 crop trees were sawtimber size (> 11.0 inch DBH) before treatment. The grade distributions
of released versus control trees were compared before and after treatment. The percentage of crop trees in
grades 1, 2, and 3 did not differ significantly before (P = 0.813) or 17 years after (P = 0.568) the crown
release treatment (table 4). Due to size limitations, the percentage of trees in grade 1 did not exceed 10
percent when the study began. After 17 years of growth, the percentage of trees in grade 1 was nearly 50
percent for both control and released crop trees. The percentage of trees in grade 2 was slightly greater for
released crop trees compared to controls, probably because more released trees reached the minimum size
for grade 2 due to faster growth. The data suggested that faster growth following release reduced the time
required for crop trees to reach the minimum DBH required to enter higher grades compared to controls.

In addition to DBH, surface characteristics of the 16-foot butt log of the tree are also important factors that
affect grade. Epicormic branches that form on the butt log can diminish quality and value because they
reduce the yield of defect-free wood. Logs with no branches or defects are much more valuable because they
can yield high-quality lumber or even veneer, the highest value product. The formation of epicormic
branches can occur when the quantity or distribution of auxins produced by the tree is altered by a change
in light, moisture, nutrients, or temperature after a disturbance (Bowersox and Ward 1968). In this study,
thinning did not increase the number of epicormic branches on white oak crop trees (table 5). Note that the
crop trees observed in this study were the most vigorous and highest quality trees available when the release
treatments were applied. Such trees usually do not lose quality after crown release treatments (Miller 1996;

Ward 1966; Dale 1972).

The average number of epicormic branches on the butt log 17 years after thinning was related to the initial
DBH of crop trees; small trees had more branches, while large trees had less. Trees that were > 15.6 inches
DBH before treatment averaged < 1 epicormic branch 17 years later (table 5). The proportion of crop trees
with at least one 8-foot clear section (all four faces) on the butt log also increased as initial DBH increased.
For trees > 12.6 inches DBH at the beginning of the study, the percentage of trees with at least one 8-foot
clear section on the butt log was 69 percent for control trees and 73 percent for released trees 17 years after
release (table 5). This result supports the finding that crown release did not diminish the butt log quality of
vigorous, desirable crop trees.
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Table 4.—Pearson Chi-square comparison of tree grade distributions for white oak crop trees before and 17 years
after thinning in eastern Kentucky.

Tree Grade Tree Grade
Distribution ~ Treatment 1 2 3 Total 1 2 3 Total X2 Prob
—Number of trees— —DPercents by row—
Original Control 3 20 20 43 7.0 46.5 46.5 100 0.414 0.813
Thinned 6 25 29 60 10.0 41.7 41.7 100
17-year Control 21 16 6 43 48.8 372  14.0 100 1.130 0.568
Thinned 28 27 5 60 46.7 45.0 8.3 100

Table 5.—Characteristics of the 16-foot butt logs of white oak crop trees 17 years after crown release: average
number of epicormic branches and number of trees with at least one clear 8-foot section.

Initial Size Class Treatment N Mean number Crop trees with 8-foot
of epicormic clear section
branches/tree

—no. of branches— —no. of trees—

DBH < 9.6 Control 3 6.7 1

20 Crop Trees/ac 2 8.5 0
34 Crop Trees/ac 21 5.4 3
9.6<DBH< 12.6 Control 12 3.7 5
20 Crop Trees/ac 17 3.0 8
34 Crop Trees/ac 17 2.0 12
12.6<DBH < 15.6 Control 20 3.1 14
20 Crop Trees/ac 11 1.1 7
34 Crop Trees/ac 19 2.8 14
DBH > 15.6 Control 15 0.9 10
20 Crop Trees/ac 5 0.0 4
34 Crop Trees/ac 6 1.0 5
All Crop Trees Control 50 2.8 30
20 Crop Trees/ac 35 2.3 19
34 Crop Trees/ac 63 3.3 35
42 )
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Conclusions

This study shed some light on the effect of thinning on residual tree quality. Results indicated that full
crown release of 70- to 75-year-old white oak sawtimber crop trees did not have an adverse effect on butt
log quality and tree grade 17 years after the thinning treatments. One reason is that the thinning treatments
reduced stand density to an average of 76 percent, thus the removals were relatively light (table 1). Although
a slightly lower residual density is recommended (Roach and Gingrich 1968), each released crop tree was
free to grow on all sides after release. As a result, the environment around each crop tree was characteristic
of a much lower average stand density. Note that released crop trees responded to additional free growing
space, and their DBH growth increased by an average of 27 percent compared to unreleased crop trees

(table 2).

Although growth increased, no crop trees decreased in grade following release (table 3). The grade
distribution for released trees was similar to that of unreleased trees (table 4), and surface characteristics on
the butt logs were similar to that of unreleased trees (table 5). However, the data suggested that crop trees
with smaller initial DBH had more epicormic branches and fewer clear 8-foot sections after 17 years. Initial
vigor, as evidenced by relative DBH or relative crown position, is an important factor that determines the
risk of developing epicormic branches (Miller 1996; Brinkman 1955; Smith 1965). It is logical to conclude
that the results would have been dramatically worse if the larger, more vigorous trees had been removed
during the thinning and smaller, less vigorous trees had been chosen as residual crop trees.

The results support two major recommendations of Roach and Gingrich (1968): 1) The best quality trees
of desired species should be retained and trees of poor quality or undesirable species should be removed. 2)
The residual stand density should be reduced to approximately 60 to 70 percent stocking as measured by
the upland hardwood stocking guide (Gingrich 1967). They also recommended that an effort should be
made while marking the cut trees to provide desirable residual crop trees with a full crown release. A general
conclusion of this study is that releasing approximately 35 crop trees per acre in sawtimber white oak stands
similar to the study area would result in a residual stand density consistent with current recommendations,
provide a significant increase in DBH growth, and produce no adverse effect on butt-log quality or tree
grade of the released crop trees.
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EFFECT OF SEASON OF CUTTING ON THE PRODUCTION AND GROWTH OF
WHITE AND SHUMARD OAK STUMP SPROUTS IN TENNESSEE

David S. Buckley and Richard M. Evans'

ABSTRACT.—The effect of season of cutting on the stump sprouting of white and Shumard oaks
was investigated. Replicate plots were cut at 2-month intervals from January through November,
2001. The number of sprouts and the heights and basal diameters of the three tallest sprouts per
stump were recorded bi-monthly after cutting. After 4 months of growth following cutting, mean
heights of white and Shumard oak sprouts were substantially greater in the September, November,
and January cutting treatments than in the May treatment, with nearly a two-fold difference in
mean height of Shumard oak sprouts between the September and May treatments. Similarly, mean
basal diameters of Shumard oak sprouts were significantly greater in the September and November
cutting treatments than in the May treatment. The greatest mean numbers of white and Shumard
oak sprouts were produced in the July, September, and November treatments, but differences were
not statistically significant. These patterns likely resulted from seasonal differences in stored
carbohydrate reserves, and suggest that late summer, fall, and winter cutting is preferable to spring
and early summer cutting in order to regenerate oak by coppicing, or to maximize the growth of
sprouts from stems damaged during harvesting.

Oak stump sprouts are an important means of regenerating oak stands whenever oak advance reproduction
from seed is lacking and survival of oak seedlings and saplings into larger size classes is low due to
interspecific competition and additional factors such as deer browsing. The rate of height growth in oak
stump sprouts often exceeds that of oak seedlings and saplings originating from seed as a result of the
extensive residual root systems of stcumps, which contain large amounts of stored carbohydrate reserves
(Johnson 1979, Reich et al. 1980, Cobb et al. 1985). The rate of height growth in oak sprouts is very
important during the first growing season for establishing their competitive position in the regeneration
layer, and also influences the amount of time they are near the ground and are most susceptible to deer
browsing and late frosts. The relationship between stump diameter and the rate of stump sprout growth has
been investigated in several studies. Sprout growth generally increases as stump diameter increases (Sander
1971, 1972, Johnson, 1979, Reich et al. 1980). The correlation between stump diameter and sprout growth
can weaken, however, at diameters greater than 10-20 cm (Johnson 1979, Reich et al. 1980). Working with
sprouts from large oak advance reproduction, Sander (1971) recommended ground-line diameters of oak
advance reproduction between 1.27 and 2.54 ¢m in order to produce sprouts with sufficient growth rates to
be competitive with sprouts and saplings of other species, yet limited in number. Oak species have a very
large number of buds or bud bank that facilitates regrowth of stems, branches, and foliage following a
variety of injuries (Ward 1964, Wilson and Kelty 1993). The ability of oak stumps to produce desirable
sprouts, however, diminishes with increasing stump diameter and age (Johnson 1977, McGee 1978, Weigel
and Johnson 1998). Long-term survival of hardwood stump sprouts is influenced by a number of factors,
including intra- and interspecific competition, the type and location of buds producing sprouts, and the
ability of the overall sprout clump to maintain the residual root system (Wilson 1968, Kramer and
Kozlowski 1979, Johnson et al. 2002). A number of stcump sprout thinning or grooming studies (Haney
1962, Lamson 1983, Johnson and Rogers 1984, Lowell et al. 1989) have been conducted to explore means
of increasing the growth, form and survival of one or a small number of sprouts on a single stump.

Due to the apparent correlation between stump sprout growth and amounts of carbohydrate reserves stored
in residual stump root systems, it can be hypothesized that additional factors affecting amounts of stored
reserves could also affect sprout growth, regardless of stump diameter and the associated size of the residual
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root system. For example, cutting during months when stored carbohydrate reserves are at their peak should
result in the greatest sprout growth rates. Observations of vigorous sprout growth following cutting of oak
stems in late summer and early fall provided the impetus for formally testing effects of seasonal differences
in cutting on the number and growth of oak stump sprouts produced by sapling-sized white oak (Quercus
alba 1..) and Shumard oak (Quercus shumardii Buckl.).

The general objective of this research was to compare effects of cutting in January, March, May, July,
September, and November on the production and growth of oak stump sprouts. Specific objectives were to:
1) Test the hypothesis that greater growth per sprout would be obtained with cutting in the fall months
(September through November) than in the remaining seasons, 2) To compare the sprout growth response
of two congeneric species, white oak and Shumard oak, to cutting in different months, and 3) To
investigate relationships between the growth of sprouts and stump basal diameter, and between sprout
growth and the point of attachment on the stump.

Study Areas

This study utilized monocultures of 240 white and 240 Shumard oak planted in 1992 for another study in
a41.48 x 75.64 m area located within a level, mown field on the University of Tennessee, Cumberland
Forestry Experiment Station (CFES) in Morgan County, Tennessee. The portion of the CFES utilized for
this study lies near the base of Little Brushy Mountain, which falls within the Cumberland Mountain
section of the Appalachian Plateau Province (Fenneman 1938). Annual weather records for CFES from
1957 to 1989 indicate that the study site receives, on average, 1,462 mm of precipitation annually, and that
daily average temperatures in January and July are typically 2.6 and 24.4 °C, respectively. Soils belong to the
Lily Loam Series, and are classified as Fine-loamy, siliceous, mesic, Typic Hapludults.

Methods

In 1992, nursery seedlings of each species were planted on a 2.44 x 2.44 m spacing within each 20.74 x
75.64 m rectangular half of the overall 41.48 x 75.64 m area planted. Stems for both species averaged 6 cm
DBH prior to implementation of treatments for the present study. Eighteen plots of 10 stems (2 x 5 trees)
were delineated within each monoculture (white or Shumard oak) in fall 2000. Prior to treatment
implementation, there were no statistically significant differences in mean DBH or mean basal diameter at
17 cm above the ground between any of the 18 white oak or 18 Shumard oak plots. Treatments consisted of
6 cutting dates (January, March, May, July, September, and November 2001) that were assigned at random
to the 18 plots for each species. All treatments were assigned to three replicate plots of 10 trees for each
species, creating a completely randomized design. Cutting was carried out during the last week of each
cutting month. All stems were cut with a chainsaw approximately 15 cm above the ground.

Prior to treatments in fall 2000, DBH of all white and Shumard oak stems was measured to the nearest mm
with a diameter tape, and basal diameter of all stems 17 cm above the ground was measured to the nearest
cm with calipers. Following implementation of a given treatment and the emergence of stump sprouts,
sprout and sprout clump characteristics were quantified during the 2001 and 2002 growing seasons (May-
September) on a bimonthly schedule patterned after the treatment schedule. The total number of sprouts
produced by each stump were counted, and the 3 tallest sprouts per stump were tagged and measured.
Sprout height was measured with a meter stick to the nearest cm between the point of sprout origin on the
stump and the terminal bud of the terminal leader. Sprout basal diameter was measured to the nearest mm
with vernier calipers 4 cm above the point of sprout origin on the stump. Locations of sprouts on stumps
were qualitatively categorized as low, intermediate or high if sprouts originated on the lower third, middle
third, or upper third of the stump, respectively.

One-way ANOVA was used to detect differences between treatments in sprout height, basal diameter, and
numbers of sprouts after four months of post-cutting growth. Tukey’s Honestly Significant Difference
(HSD) was used to compare cutting treatment means. Analyses of the effects of cutting treatments on
sprout heights, basal diameters, and numbers of sprouts were carried out using plot-level means
corresponding to each replicate. Differences between species in sprout heights, basal diameters, and
numbers of sprouts were also analyzed within a given cutting treatment using one-way ANOVA and plot-
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level means. Simple linear regression was used to investigate relationships between stump basal diameter
and height of the tallest sprout on each stump. Regression analyses were run both within cutting treatments
and with data pooled over all cutting treatments. Analyses of sprout height in relation to position of sprouts
on the stump were conducted using plot-level means for each type of sprout (low, intermediate, or high on
the stump). Data were pooled over cutting treatments for this analysis, and only height of the tallest sprout
on each stump and only plots containing all three types of sprout were included in the analysis. One-way
ANOVA was used to detect differences in sprout height between low, intermediate, and high positions on
stumps. Tukey’s HSD was used to compare treatment means. Fourth-month measurements of sprouts
originating from stumps cut in May 2001 were missed due to the use of a slightly different measurement
schedule in the first year of the study. As a result, all analyses of sprout heights and basal diameters
described above were conducted using estimates of height and basal diameter for white and Shumard oak
sprouts for the May treatment. These estimates were calculated by averaging height and basal diameters
taken 3 and 6 growing-season months after cutting. All statistical analyses were carried out with alpha equal
t0 0.05.

Results

After 4 months of post-cutting growth, mean heights of white oak sprouts were greatest in the September,
November, and January cutting treatments (Figure 1a). Mean height of white oak sprouts was least in the
May cutting treatment, and significantly less in this treatment than in the January and September cutting
treatments. Mean height of Shumard oak sprouts in the September cutting treatment was nearly twice that
of mean height in the May treatment (Figure 1a). Mean heights of Shumard oak sprouts were significantly
greater than those of white oak within the July, September, and November cutting treatments, and the trend
in heights of Shumard oak across treatments was similar to that of white oak, with the exception of the July
cutting treatment.

No statistically significant differences in mean basal diameter of white oak sprouts were indicated by
ANOVA and Tukey’s HSD, but mean basal diameters of Shumard oak sprouts in the September and
November treatments were significantly greater than in the January, March, May, and July treatments
(Figure 1b). The greater basal diameter growth of Shumard oak sprouts on stumps cut during the dormant
season than on stumps cut during the growing season and a similar trend in white oak were consistent with
height growth in these species (Figures 1a, 1b). Mean basal diameters of Shumard oak sprouts were
significantly greater than those of white oak within the July, September, and November cutting treatments.

White oak produced roughly twice the mean number of sprouts per stump produced by Shumard oak
across most treatments (Figure 1c). This difference in sprout production between the two species was
statistically significant within the March, May, July, and November treatments. Differences in the mean
number of sprouts between cutting treatments were not statistically significant for either species, although
the trend toward the least number of sprouts produced in the March and May treatments was fairly
consistent with the patterns of sprout height and diameter growth in each species.

In all treatments combined, there were significant positive linear relationships between mean sprout heights
of white and Shumard oak and stump basal diameter (Figures 2a, 2b). Coefficients of determination,
however, were fairly low (Figures 2a, 2b). Regression analyses conducted within cutting treatments also
indicated significant positive relationships between sprout heights and stump basal diameters within most
cutting month treatments, and coefficients of determination ranged from 0.30 to 0.52. Overall, mean
height of Shumard oak sprouts increased more rapidly with increases in stump basal diameter than mean
height of white oak sprouts (Figures 2a, 2b).

In all treatments combined, mean height of white oak sprouts was significantly greater in sprouts
originating high on the stump than those originating low on the stump near the root collar (Figure 3). The
pattern of Shumard oak sprout heights in relation to position on the stump was very similar to that of
white oak, but differences were not statistically significant.
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Discussion

The patterns of height growth, basal diameter growth, and numbers of sprouts observed across cutting
months suggest that the overall sprouting capacity of white and Shumard oak stumps was greatest in
individuals cut in late summer, fall, and winter. These results are consistent with patterns observed in the
sprouting of blackjack oak (Quercus marilandica Muenchh.) girdled in different months of the year in
Missouri, which Clark and Liming (1953) attributed to differences in the amount of stored carbohydrate
reserves available for sprout growth over the course of the year. Wendel (1975) observed greater height
growth of red oak (Quercus rubra L.) sprouts from stumps cut in the dormant season than sprouts from
stumps cut during the growing season, although this difference diminished and was not statistically
significant after 10 years.

White and Shumard oak responded similarly to the treatments, but not identically, as evidenced by
significantly fewer and larger sprouts produced by Shumard oak than white oak in some treatments. Little
(1938) noted a similar difference in which white oak and post oak (Quercus stellata Wangenh.) stumps
produced greater numbers of smaller sprouts than members of the Red Oak Group, which includes
Shumard oak. In addition, height growth of Shumard oak sprouts was significantly greater in the
September than in the January cutting treatment, whereas this was not the case in white oak. The greater
height and basal diameter growth of Shumard oak in the September and November cutting treatments
supports the hypothesis that greater growth per sprout will be obtained if this species is cut in these fall
months.

Although coefficients of determination were fairly low, results of the regressions indicate that stump basal
diameter is a reasonable predictor of sprout growth in white and Shumard oak. The distribution of data
points around the regression line for white oak across the range of stump diameters included in the study
indicates that the relationship between stump diameter and sprout height did not weaken as white oak
stump diameters approached the 10 cm range, in contrast to results reported by Reich et al. (1980).

The significantly greater height growth of white oak sprouts located high on the stump compared with
those low on the stump and the similar but non-significant differences in Shumard oak in relation to stump
position suggest that sprouts originating high on the stcump were supplied with greater amounts of resources
for growth than those originating low on the stump near the root collar. Dormant buds closer to the root
collar are older than those higher up on the bole, and the chances of breaks in bud traces tend to increase
with age (Smith et al. 1997). Sprouts high on the stump were much more rare than those with low and
intermediate points of attachment. Many plots contained only 1-3 measured sprouts that were high on the
stump, so these results are based on relatively few sprouts high on the stump per plot and should be
interpreted with caution. Although the possibility of greater initial height growth of sprouts originating
high on the stump exists, these sprouts are more likely to produce trees with poor form and decay than
sprouts lower on the stump (Smith et al. 1997).

Whether sprouts of hardwood competitors of the oak species studied respond similarly to season of cutting
remains an important question. Schier and Zasada (1973) documented a positive relationship between the
mass of trembling aspen (Populus tremuloides Michx.) suckers and amounts of stored reserves. Wilson
(1968) observed more rapid growth in red maple (Acer rubrum L.) sprouts from stumps cut in the winter
than during the growing season, although levels of overstory competition for the two sets of red maple
sprouts were described as being very different. Much heavier overstory competition may have contributed
to reduced growth of sprouts from stumps cut during the growing season (Wilson 1968). Wenger (1953)
observed a different pattern in sweetgum (Liguidambar styraciflua L.) in which sprouting was also reduced
late in the growing season despite large amounts of stored reserves in the roots, and attributed this to the
action of growth regulators.

An important component of the Brose and Van Lear (1998) shelterwood-burn technique for favoring oak
over competitors such as yellow-poplar (Liriodendron tulipifera L.) and red maple is to burn in the spring in
order to maximize the sprouting disadvantage of these species relative to oak species, which invest more
heavily in root systems and stored reserves. If cutting alone is used to regenerate stands and yellow-poplar

Proceedings of the 14th Central Hardwoods Forest Conference GTR-NE-316

49



50

and red maple behave similarly to the oak species we have studied in their response to season of cutting, it
may be beneficial to cut the oak in the fall and delay cutting of these competitors until the spring. Such a
technique may be difficult to implement, however, due to potential damage to the developing oak sprouts
and other practical concerns. If sweetgum is a dominant competitor and behaves consistently as in Wenger’s
(1953) study, cutting both oak and sweetgum in the fall would maximize height growth of oak sprouts and
coincide with the period of reduced sprouting in sweetgum.

Clearly, these results are short-term, and the long-term survival of sprouts and persistence of these
differences in height growth over time remain to be quantified. Shifts in the dominance of red oak sprouts
on the same stump have been observed, as well as diminishing differences over time between the heights of
red oak sprouts originating from stumps cut during the dormant season and those originating from stumps
cut during the growing season (Wendel 1975). It can be argued, however, that rapid first-year height growth
of oak stems is critical for subsequent survival of sprouts and sprout clumps on many sites, particularly
when competition for light, browsing, and frost damage are intense near the ground. Continued
monitoring is planned.
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RESPONSE OF EASTERN BLACK WALNUT TO HERBICIDE STUMP TREATMENT

W.D. “Dusty” Walter, H.E. “Gene” Garrett and Larry D. Godsey'

ABSTRACT.—In both managed plantations and managed forests, thinnings are often required to
maintain or enhance productivity. In managed plantations especially, resulting stump sprouts may
be deemed undesirable for aesthetic reasons, as well as inhibiting other management activities, such
as harvesting nuts and mowing. Herbicide applications can be an effective method for eliminating
sprouts that may develop following tree thinning operations. This study was established during the
thinning of an eastern black walnut (Juglans nigra L.) plantation, with stumps treated immediately
following tree felling. Four treatments, including three herbicides (Garlon 3A®, Banvel® and
Roundup®) and a control (no stump treatment) were applied in a randomized complete block
design to 36 stumps. Treatments were applied during April of 2001. For 2 years following stump
treatment, sprouts were counted. Stumps treated with Garlon 3A® provided the best results with
no sprouting over the 2-year study period.

Introduction

Of all the hardwood species, eastern black walnut (Juglans nigra L.) is one of the most likely to be planted in
a monoculture (single species) plantation setting. As a tree with production opportunities for growing both
nuts and timber of high value, it has been widely planted in agroforestry practices seeking diversified
production, as well as resource stewardship. However, embodied within the goals of stewardship and
productivity is the maintenance of healthy trees and forests. In both managed plantations and managed
forests, thinnings are often required to maintain or enhance productivity.

When striving to promote healthy forest stands of desirable species, while at the same time maximizing
individual tree growth, timely thinning operations become an invaluable tool for forest managers. In
hardwood forest stands, thinnings are usually accomplished by either mechanical means that include
cutting or girdling tree stems, by chemical release using injection and/or basal bark spray treatments, or by
some combination of the two that will ensure removal of select stems and prevent further regrowth.
However, in managed plantations thinning methods that result in stump sprouts may be especially
undesirable because of their potential hindrance to other management activities, such as harvesting nuts and
mowing. Herbicide applications can be an effective method for eliminating sprouts that may otherwise
develop following tree thinning operations.

To best ensure the realization of forest management goals and optimize the use of personnel time, thinnings
should be designed to reduce the competition between trees for limited site resources (light, moisture and
nutrients). Thinnings that do not eliminate resource competition do not optimize the investment of time,
or the likelihood of achieving management goals. This can occur when trees identified for removal during a
thinning practice either, do not suffer loss of upper-stem growth, have upper-stem die-back but resprout
from the stump, or the main stem is killed but the tree suckers from the root stock. In all cases, the
competition for light may have been eliminated, yet competition for moisture and nutrients continues. This
does not optimize the outcomes associated with thinning activities. Proper application of herbicides can
effectively minimize the likelihood that thinned trees remain in competition for on-site resources.

While other studies, including those by Miller (1993) and Van Sambeek et al. (1995), have identified the
effectiveness of injection and basal spray treatments as measured by crown reduction and/or tree mortality,
they did not measure herbicide effectiveness based on cut-stump application and a count of resulting stump

Senior Research Specialist, University of Missouri Center for Agroforestry, 203 ABNR, Columbia, MO 65211.
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sprouts. However, these studies have identified differences in effectiveness based on species, and diameter
within a species. The Miller study looked at the response of sweetgum to applications of Pathway, Garlon
3A, and Arsenal AC, while the Van Sambeck study was more generally applied to hardwoods and compared
herbicides containing Glyphosate, Dicamba, and Dicamba+2,4-D. Both studies reported varied success
depending on the application method, and neither reported specifically on the response of eastern black
walnut. Additionally, the Walnut Council Bulletin has published at least two landowner reports that detail
the use of Roundup® in thinning operations (Pannill (1997) and Merrill (2002)). These reports provided
results that also seem to present limited success at completely deadening selected trees through herbicide
application.

Due to the number of chemicals available to landowners and professionals, and the various methods by
which they may be applied, a controlled comparison of the effectiveness of chemicals can be useful to land
managers. This study was designed to evaluate the effectiveness of three herbicides to control stump
sprouting after the conventional thinning of a black walnut plantation. Following tree felling with a
chainsaw, cut surface application of 3 herbicide formulations was carried out according to label
recommendations. It is important, for safety and to maximize the effectiveness of the herbicide on the
intended target plant, that label recommendations should always be followed.

Study Site

Located in Southwest Missouri, the Sho-Neff Black Walnut Farm was established in 1975. It is currently
owned and managed by the Hammons Products Company of Stockton, Missouri. The farm totals 480 acres
and is divided into 25 areas. The stump treatment thinning was applied in area 16B which was planted to
black walnut in 1976. With the primary goal of nut production, trees were planted at an initial spacing of
20 by 40 feet. Agroforestry was practiced on the site in years 1 through 11, with plantings of soybean,
wheat and milo produced in the 40-foot alley ways. A thinning was conducted in 1998-99 to remove
inferior trees, with an additional thinning occurring in 2000 to maintain growth rates on the residual trees.

Methods

Four treatments were assessed for their effectiveness in minimizing stump sprouting following thinning.
These included (1) a control with no chemical stump treatment, (2) Garlon 3A® having 44.4% Triclopyr
as the active compound, (3) Banvel® having 48.2% Dicamba as the active compound and (4) Roundup®
having 41% Glyphosate as the active compound. Herbicide sprays were applied full strength in order to test
the maximum effect that each would have on stump sprouting and the growth of adjacent trees.

Located across seven rows (40 feet between rows) within a black walnut plantation, 36 trees previously
marked for removal during a thinning were cut in April of 2001, and one of the four sprouting control
treatments applied. Trees were cut with a chainsaw, and application of the treatment occurred immediately
following each cut. At the time of felling, the DBH (diameter at breast height, 4.5 feet above ground line)
of each study tree was measured. Each stump was cut low to the ground, at an approximate height of no
greater than 3 inches. Using an adjustable spray bottle that held 1-quart of chemical, herbicide was sprayed
to cover the outer 2 inches of tree growth. Thinned trees ranged in size from 6.6 inches to 12.3 inches in
diameter at breast height (DBH). However, the difference in mean DBH across all treatments varied by
approximately 1-inch or less (Table 1).

Using a randomized complete block design, treatments were applied to the trees marked for thinning. As
many replicates as possible were applied within each tree row. A replicate consisted of all herbicide stump
treatments and a stump not treated (control), each randomly ordered within a row. This was done nine
times and represents three blocks of treatments. Although slope is very slight (3% or less), micro-site
variability and the unbiased assignment of each herbicide treatment to a stump is best ensured through use
of the randomized complete block design and layout. Each cut-stump treatment was applied a total of nine
times over seven rows.

Sprouts from the stump of each tree were counted twice, first in July of 2001 and again in January 2003.
Statistical analysis was conducted using GLM (general linear means) as computed by SAS (1999), to
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Table 1.—Comparison of the mean number of stump sprouts during years 1 and 2 for walnut trees of a given
mean Diameter at Breast Height (DBH) following felling and stump treatment of either Garlon 3A®, Banvel ®,
Roundup ®, or left untreated (Control).

Mean Number

DBH of Stump Sprouts?

Cut Stump Treatment' Active Ingredient Mean Range Year 1 Year 2
inches

Control no chemical treatment 10.47 9.3-12.1 5.7 A 5.7B
Garlon 3A® 44.4% Triclopyr 10.92 9.6-12.3 0B 0C
Banvel® 48.2% Dicamba 9.83 8.7-11.6 2.3B 2.8B
Roundup® 4 % Glyphosate 10.56 8.4-12.3 0.2B 298

'n for all treatments is nine
*Mean number of sprouts followed with the same letter within a given year are not significantly different at alpha =
0.05 as compared by Duncan’s Multiple Range Test.

determine whether one stump treatment was superior to the others at reducing the number of stcump
spouts. Means of the number of sprouts occurring in year 1 and year 2 were compared using Duncan’s
Multiple Range Test at alpha = 0.05.

Results

The control treatment (no herbicide applied to the cut surface) had the greatest number of sprouts in both
years 1 and 2, with a range of 2-18 sprouts in year 1 and 2-10 sprouts in year 2. By comparison, stcumps
treated with Garlon 3A® produced no sprouts during the two-year study.

Due to the fact that Garlon 3A® had zero sprouts on all stumps for years one and two of the study, the
mean and variance for both years was also zero. This made statistical comparison to other treatments
difficult. However, it is obvious that when compared to treatments that developed stump sprouts, the
complete control of sprouting by Garlon 3A® is significantly different.

Removing Garlon 3A® (with zero mean and variance), the influence of DBH and chemical treatment on
sprouting were assessed using GLM. The model output identifies only the chemical treatment as being
significant at an alpha=0.05, or 95 percent confidence level. In year one, no significant differences were
found between the other two treatments receiving herbicides, yet both were significantly different from the
control (no herbicide) (Table 1). The same trend held for year-two, with the Banvel® and Roundup®
treatments identified as similar, yet significantly different from the control. As the mean number of sprouts
per stump increased for tree stumps in the Banvel® and Roundup® treatments, the difference with Garlon
3A® also increased as compared to all other treatments (Table 1).

Discussion

Properly applied, herbicides can be an effective tool for optimizing a thinning operation by eliminating, or
reducing, the sprouting of stems cut during a thinning. Numerous studies have examined the use of
chemicals for their effectiveness when applied as cut-surface, injection (of which “hack and squirt” is a
form) and basal sprays. Thomas et al. (1988) used several cut-surface treatments on sugar maple stumps in
an effort to eliminate sprouting. They identified a change over time in the number of sprouts, with stumps
that initially appeared dead (without sprouts), developing sprouts in the second year. Tordon RTU® and
Garlon 3A® were identified as maintaining good control of sugar maple for at least two years in the study.

However, in plantings of like-species trees, there should always be a concern with flashback when applying
herbicides to thin trees in plantations. Personal communication with various forest resource professionals
resulted in recommendations to avoid Tordon RTU® in black walnut plantations due to flashback
potential. Flashback is the unintended negative impact of chemical application on trees adjacent to those
treated during the thinning process. This occurs when a chemical translocates from the stem into the root
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system and via root grafting, moves into an adjacent tree. Often flashback is first evidenced by the dieback
or yellowing of the foliage of adjacent trees. We observed flashback in two separate cases. One resulted from
a stump treated with Banvel® and was evidenced by approximately 20% crown dieback of the adjacent
tree. The second occurred with Roundup® and caused 30-40% crown dieback. Neither tree died, but when
a thinning is designed to enhance growth and development of released crop trees, their foliage dieback due

to flashback is undesirable. Only the control and Garlon 3A® treatments did not result in any incidents of
flashback.

Our study demonstrates significant differences between herbicides in controlling walnut stump sprouting.
Furthermore, it is clear from our results that 1 year is an insufficient timeframe within which to evaluate the
effects of herbicides. While all three herbicides tested were found to greatly reduce sprouting after 1 year
from that observed when no herbicide was applied (control), no differences were identified between the
herbicides. However, as a result of the recovery of stumps treated with Banvel® and Roundup®, both had
an increase in stump sprouts occurring after 2 years, and results then indicated differences with the absence
of sprouts on stumps treated with Garlon 3A®. Clearly, Garlon 3A® was the superior herbicide tested in
this trial and a minimum of 2 years following the application of the chemical was required to make a valid
comparison.
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SILVICULTURAL TREATMENT EFFECTS ON HARDWOOD TREE QUALITY ON THE
VINTON FURNACE EXPERIMENTAL FOREST

John Brown, Janice K. Wiedenbeck, Rado Gazo, and Daniel A. Yaussy'

ABSTRACT.—This study examined the effects that silvicultural treatments have on the tree grade
distribution of a mixed hardwood stand located on the Vinton Furnace Experimental Forest. Four
stand treatments were established: a commercial clearcut, a commercial clearcut with timber stand
improvement (TSI), a selection cut, and a selection cut with TSI. Trees were found to be of better
quality in the selection cuts, where the odds of a tree being classified into the same reference grade
or higher grade vs. lower than the reference grade were found to be 1.5 to 12.3 times the odds of a
tree in the commercial clearcut being classified into the same reference grade or higher grade vs.
lower than the reference grade. As a group, stands where TSI was applied had different odds for
better quality trees than did stands without application of TSI. Within the commercial clearcut
treatments, TSI had a significant positive effect on tree grade odds, but TSI did not prove
beneficial within the selection cuts. Past potential tree grade measurements were also examined to
determine their effectiveness in predicting future grade. It was found that between one-half to two-
thirds of the trees in this study had the same potential tree grade in 2000 as they did in 1989.

In addition to quantitative tree measures such as DBH and height, managers of hardwood timber have the
additional concern of determining the impact of silvicultural treatment upon tree grade. Much value can be
lost if the system has detrimental effects on tree grade distribution, as lower quality trees will have lesser
amounts of usable volume and/or poorer quality lumber extracted per unit tree. Understanding how
specific treatments affect tree grade distribution can help to at least maintain or even improve quality in
treated stands.

Erickson et al. (1990) found that a light improvement cut showed the greatest gains in grade 1 and 2 trees
in a Michigan northern hardwood stand as compared to several diameter limit and selection system
treatments. In a 40-year study of a Wisconsin northern hardwood stand, Strong et al. (1995) found that a
medium intensity selection cut had the greatest improvements in tree grade versus light and heavy selection
cuts, control, crop tree, and diameter limit treatments.

The first objective of this study is to examine any possible differences in potential tree grade (PTG)
distribution between four silvicultural treatments: commercial clearcut, commercial clearcut with TSI,
selection cut, and selection cut with TSI. Within this broad objective, there are several specific comparisons
of interest. These PTG contrasts are: selection cut stands vs. clearcut stands; TSI stands vs. non-TSI stands;
within commercial clearcuts, TSI vs. non-TSI; and within selection cuts, TSI vs. non-TSI. A second
objective of this study is to examine how well past PTG measurements predicted current PTG
measurements.

Study Site

The four plots included in this study are located on the Vinton Furnace Experimental Forest, near
McArthur, Ohio with approximate coordinates of 39° 11.4” N. lat., 82° 24’ W. long. Plot elevations range
between 800 and 900 ft. Soils are Germano-Gilpin complex on southerly aspects and Steinsburg-Gilpin
complex on northerly aspects. The pre-treatment stand was established in 1864 after clearcutting of timber
for use as fuel for iron smelting. From this stand, six adjacent rectangular five-acre plots were assigned
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treatments as part of a study of management intensity on upland forests, with each plot having a 66-ft
buffer zone surrounding it on all sides. Two plots were later removed from that study. The four remaining
plots consisted of the following treatments:

* Commercial Clearcut — All trees containing at least one eight-ft log with a 10-in diameter inside bark

(dib) top were harvested.

* Commercial Clearcut with TSI — Same treatment as Commercial Clearcut with all remaining trees of
undesirable form or species being girdled, poisoned, or cut for pulpwood.

* Selection Cut — Mature, over-mature, diseased or damaged trees with at least one eight foot log (10
inches dib top) were harvested such that basal area was not reduced below 50 square feet per acre.

* Selection Cut with TSI — Same treatment as Selection Cut with all remaining trees that were diseased,
non-commercial species, attacked by insects, or considered cull were girdled, poisoned, or cut for
pulpwood. Additionally, crop trees were released from grapevines.

Treatments were installed between 1955 and 1957. Both Selection Cuts were treated in 1961, 1971-72, and
1985.

Material and Methods
Field Measurements

In 2000, four half-acre subplots were selected from each plot for ease of measurement. For each tree the
following measurements were taken: dbh, actual tree grade (Hanks 1976), potential tree grade (Hanks 1976
without diameter restrictions), height to 4 in. and 8 in. top diameters, total height, sweep, and crook.
Previously in 1989, these same measures were taken on the same trees. A total of 401 trees were included in
the analysis.

Statistical Methods

A cumulative logistic regression model (CLR) was utilized to test for differences in treatment effects, due to
the ordinal structure of PTG. The CLR model is a subset of the generalized logistic regression (GLR)
model. Several forestry studies have utilized GLR models. For example, they have been used to estimate tree
grade distribution for Northeast forests (Yaussy 1993), to predict veneer bolt grade for loblolly pine (Lynch
and Clutter 1999), and to examine the relationship of dbh and bark nitrogen to beech bark disease severity
(Latty et al. 2003).

For ordinal response variables with more than 2 levels, a dichotomy is introduced such that probabilities are
modeled for only two classes: a same or increasing value class and a decreasing value class. A cumulative
logistic regression model is of the form:

g(py)=t;
where:

J=number of classes (ordinal)

i=1...]=4 (1)

j=1...J-1 )
i,

pi= Pr(Y < i|x) alternatively pr 3)
i=1

pi =probability of being classified into the i category
Bi=regression coefficients (k=0 to n, with n=number of independent variables)
f; =an additive function of the independent variables that is linear in its parameters,
ie. fi=Bio + B:X; + ...B.X, (4)
£,=B + B X, + ...B.X, etc. (functions differ only by intercept)
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pj

g(e)=logit function= log 1— P 5)
P
1— P =odds; (6)
odds j
odds . » =0dds ratio (j#) (7)
J
Note:
pi=p:’ 8)
J *
20 -1 )
-
ps=1- Z{P./ (10)
=
S0
Pr(Y=1|x)=p, (11)
Pr(Y=2[x)=p, =Pr(Y<2|x)-Pr(Y<1|x) (12)
Pr(Y=3|x)=p; =Pr(Y<3|x)-Pr(Y<2]x) (13)
Pr(Y=4|x)=ps = 1-Pr(Y<3|x) (14)

In a CLR model, the odds ratio (OR) incorporates the ordinal nature of the response variable PTG, and is
used to examine differences between categorical independent variables. The OR represents the ratio of the
odds for one treatment vs. the odds for another treatment that a tree will be in a selected grade or better,

e.g., the odds that a tree from the selection cut treatment will be categorized as grade 2 or 1 vs. the odds
that a tree from the commercial clearcut treatment will be categorized as grade 2 or 1. The odds in this
example are the dichotomy of the probability of being in grades 2 and 1 vs. the probability of being in grades
3 and 4. Note that since the model is a CLR model, these odds are uniform regardless of which grade is
selected for a reference; in the example the selected grade is 2. Thus, the grades can simply be dichotomized
as same or increasing (SI) and decreasing (D). Reference to these odds will be noted as SI/D.

When the confidence limit (CL) for the odds ratio estimate includes the value one, there is essentially no
statistical difference in the probabilities between two treatments. For this study, interest centered on specific
contrasts, as noted in the objectives. Tests of contrasts were Bonferroni adjusted in order to maintain the
family-wide experimental error rate.

Cohen’s Kappa statistic is utilized to determine the level of agreement between past PTG and current PTG.
This statistic, which generally ranges from 0 to 1 but may result in a slightly negative value in rare
instances, describes the strength of agreement between two raters of categorically defined cases. The statistic
accounts for those cases of agreement that are due to random chance. The formula for Cohen’s Kappa
statistic is:

PA_PC

1- P

P =proportion of cases for which raters agree
Pc=proportion of cases for which agreement is expected by chance, computed from marginal
proportions.

where:

All statistical analyses were performed using SAS®(SAS, Cary, NC).
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Results and Discussion
Establishment Conditions

Data in Table 1 indicate the pre- and post-stand conditions at establishment. Greater numbers of stems
larger than 12 inches and a concomitant amount of basal area were left in the two selection cuts than in the
clearcuts, as would be expected. Compared to the other treatments, the commercial clearcut with TSI had
the greatest reductions, with just a few stems and a very small amount of basal area left.

Previous Stand Removals

Beyond the establishment report, detailed stand records prior to 1976 were lost; only general summaries
remain. Thinnings did occur in 1961 and the winter of 1971 and 1972. A third thinning occurred in 1985
(table 2). Thinnings in the commercial clearcut removed somewhat lower amounts of basal area, 17.2 ft*/ac,
as compared to the two selection cuts: 27.6 ft*/ac for non-TSI and 23.2 ft*/ac for TSI. Stems removed from
the commercial clearcut stand had a mean dbh of 13.6 in, which is larger than those from either of the two

selections cuts, which had dbh means of 8.9 in (non-TSI) and 9.1 in (TSI).

Table 1.—Original stand data (1953)".

Treatment No. Trees >4” dbh No. Trees = 12” dbh Basal Area Trees >4”
(per acre) (per acre) (ft*/ac)

Pre-treatment 1953

Commercial Clearcut 151 55 93.4
Commercial Clearcut with TSI 123 60 95.8
Selection Cut 116 46 77.8
Selection Cut with TSI 101 52 87.5

Post-treatment 1956

Commercial Clearcut 99 11 37.9
Commercial Clearcut w/TSI 7 1 3.7
Selection Cut 90 31 53.4
Selection Cut w/TSI 49 32 44.0

'Russell Walters, unpublished establishment report, 1958

Table 2.—Harvest removals and mortality (1985).

Treatment Status Trees per acre  Basal Area (ft*/acre)  Mean DBH (in)
Commercial Clearcut Harvest 16.8 17.2 13.6 (0.13)
Logging Damage 7.2 1.7 6.4 (0.30)
Total 24.0 18.9
Selection Cut Harvest 53.2 27.6 8.9 (0.25)
Logging Damage 3.2 0.8 6.5 (0.49)
Total 56.4 28.4
Selection Cut with TSI Harvest 34.8 23.2 9.1 (0.47)
Logging Damage 5.6 1.9 7.1 (0.64)
TSI 0.2 0.0 4.9
Total 40.6 25.1 21.1
Commercial Clearcut with TSI N/A N/A N/A N/A
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Current Stand Conditions

Major species in each of the stands consist of oaks (northern red, white, and chestnut), red maple, yellow-
poplar, and some hickories. There is no dominant species on any stand. The greatest frequency of any
species is red maple, which represents 41.3 percent of the commercial clearcut stand (fig. 1). Percentage
representation by basal area (fig. 2) is generally similar in value to tree count percentage. The most notable

exception is for white oak, which had an approximately 10 percent greater representation by basal area than
by frequency count.

Commercial Clearcut Commmercial Clearcut w/TSI
6.5% 8.2%
7 5.9%
27.6%
6.2%
A
/
41.3%
9.0% 16.5%
|

= —|

1

|

\
13.7% |
".
\ 21.2%
20.6%
17.7%
Selection Cut Selection Cut w/TSI
6.0% 3.9%

13.4%

18.1%

P74
13.4% P
16.5%
% Black oak Chestnut oak | Hickory spp g Northern red oak L[] Red maple
Sourwood White oak Yellow-poplar Other Hardwoods

Figure 1.—Year 2000 percentages of trees (> 4.5 in. dbh) for each treatment summarized by
counts.
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Mean dbh across all species is lowest in the commercial clearcut stand, 9.6 in, and is highest in the selection
cut stand, 12.9 in (table 3). The greatest density of stems (> 4 in dbh) is found in the commercial clearcut
treatment, with 161 trees per acre (tpa). The selection cut with TSI had the least number of stems, having
64 tpa. Basal area ranged from 64.2 ft*/ac to 88.5 ft*/ac, for the selection cut with TSI and commercial
clearcut treatments respectively. However, the number of stems (> 12 in dbh) was similar across treatments,
ranging from 14-18 tpa.

Commercial Clearcut Commmercial Clearcut w/TSI
3.24% 4.04%
4.499% 8.20%
5.34% 1] I
[
5.51%
A\ 33.01%
37.19% 15.36%
/[

8.92% ¥ .

D N

14.88%
16.67% 4
20.44% 22.72%
Selection Cut Selection Cut w/TSI
1.97% 2.28%
5.21% 5.10%
8.06% 8.40% 1 24.49%
A o
[/ I 31.30% / \
8.19%
\’\ ] 11.38% | \
"""" i — ————
19.11% 12.95% ““L 20.17%
15.23%
% Bigtooth aspen Black oak M Chestnut oak % Hickory spp m Northern red oak
Red maple White oak Yellow-poplar Other Hardwoods

Figure 2.—Year 2000 percentages of trees (= 4.5 in. dbh) for each treatment summarized by
basal area.
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Table 3.—Current stand conditions (2000).

No. Trees 24” dbh (per acre) No. Trees 212”7 dbh (per acre)
Treatment n Mean se n Mean se
Commercial Clearcut 4 161 20 4 18 1
Commercial Clearcut w/TSI 4 85 14 4 17 3
Selection Cut 4 75 14 4 18 4
Selection Cut w/TSI 4 64 11 4 14 1
Basal Area (Trees >4”) DBH (Trees >4”)
Treatment n  Mean (ft*/ac) se n Mean (in.) se
Commercial Clearcut 4 88.1 6.3 322 9.6 0.17
Commercial Clearcut w/TSI 4 76.8 11.4 170 11.7 0.42
Selection Cut 4 78.8 11.9 149 12.9 0.43
Selection Cut w/ TSI 4 63.7 7.3 127 12.3 0.50

Statistical Results

The score test for the proportional odds assumption was non-significant, p=0.775, indicating that
proportional odds were satisfied. There was a significant effect of treatment on PTG, p<0.001.

In the tests of the four contrasts, only one contrast was non-significant, the comparison of TSI vs. non-TSI
within selection cuts, p=0.601. The contrast of selection cut stands vs. commercial clearcut stands, of TSI
stands vs. non-TSI stands, and of TSI vs. non-TSI within commercial clearcuts were all significant,
p<0.001.

The first contrast to be considered is that of the selection treatments vs. the commercial clearcuts
(significant at p<0.001). The odds ratio (table 4) for this contrast indicates that the SI/D odds of a tree in
either of the selection cuts are 4.3 times the SI/D odds for a tree in either of the commercial clearcuts.
Significantly greater SI/D odds for the selection cuts indicate the potential for better quality trees when
utilizing selection cuts vs. commercial clearcuts. The PTG distribution for the commercial clearcuts
contains twice as many grade four trees as do the selection cuts, while the selection cuts have twice as many
grade 1 trees as do the commercial clearcuts (fig. 3).

The contrast between TSI and non-TSI stands is significant, p<0.001. The SI/D odds of the TSI stands are
5.9 times the odds of the non-TSI stands (table 4). There are 17 percent fewer grade 4 trees in the TSI
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2
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R
3 B R R R S
4
1 1t 1 Figure 3.—Potential grade
0 10 20 30 40 distribution of commercial clearcut
Percent (Within Treatment) stands vs. selection cut stands.
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stands than in the non-TSI stands and nearly twice as many grade 1 trees in the TSI stands as than in the
non-TSI stands (fig. 4).

Within commercial clearcuts, the contrast of TSI and non-TSI was also significant, p<0.001.

The SI/D odds of a tree in the commercial clearcut with TSI were 5.1 times the SI/D odds of a tree in the
non-TSI commercial clearcut (table 4). There are approximately 25 percent fewer grade 4 trees and nearly
20 percent more grade 1 trees in the TSI stand than in the non-TSI stand (fig. 5).
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Figure 5.—Potential grade
distribution of individual stands.
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The lack of significance for the comparison of TSI vs. non-TSI within selection cuts is readily
understandable. Selection cutting by definition attempts to remove trees of all sizes to achieve a uniform
distribution of trees across age classes. As there was a harvest code to indicate TSI removed trees in 1985,
scant trees were removed in order to apply TSI (table 2). The majority of removals were done for harvesting
purposes, so a lack of difference in PTG within selection treatments is not surprising.

In order to assess the strength of agreement between 1989 PTG and 2000 PTG, Cohen’s Kappa statistic
was used. For this data, Kappa was equal to 0.42 (table 5), which would be rated moderate using Landis
and Koch’s (1977, p165) strength of agreement scale (see Appendix). As an alternative measure, a 95-
percent CL on the proportion of matching PTG records is 0.48, 0.66, indicating that from one-half to two-
thirds of the cases measured in 1990 were identical to those in 2000. Therefore, while PTG is a rough guide
to future tree quality, additional measures could be useful to properly estimate future tree grade.

Table 4.—Odds Ratio estimates for selected contrasts.

Contrast Odds Ratio* Lower Limit Upper Limit
Within Commercial Clearcuts, TSI vs. Non-TSI 5.1 2.5 10.2
Within Selection Cuts, TSI vs. Non-TSI 1.2 0.5 2.5
Selection Cuts vs. Commercial Clearcuts 4.3 1.5 12.3
TSI vs. Non-TSI 5.9 2.1 16.8

* Boldface odds ratios indicate significant differences at 0=0.05

Table 5.—Potential tree grade frequency counts.

2000

PTG 1989 1 2 3 4
1 27 4 0
2 13 14 8 2
3 1 12 19 5
4 0 1 4 10

K= 0.42

Conclusions

Results from this study indicate two successful strategies for improving grade in stands of similar
composition. First, TSI improved grade distribution when comparing across the two silvicultural treatments
and also within the commercial clearcut options. Second, selection cutting demonstrated marked increases
in grade over commercial clearcutting, with SI/D odds between 1.5 to 12.3 times those for the commercial
clearcuts. Future studies including other silvicultural treatments would be of great utility in determining
additional comparisons of treatments.

In addition, judging from data spanning eleven years, estimating future tree grade using PTG appears to be
only moderately successful. While slightly over half of the trees maintained their original grade, the
remainder demonstrated quality changes over this time period. Adding PTG measurements to ongoing
inventories would provide further opportunities to determine the scope of these changes.

Acknowledgments

The authors would like to thank the staff at the USDA Forest Service RWU-4153 for long term monitoring
of these stands and also two former Purdue University students, Rhett Steele and Jeff Page for taking field
measurements.

Proceedings of the 14th Central Hardwood Forest Conference GTR-NE-316



Literature Cited

Erickson, M.D., D.D. Reed, and G.D. Mroz. 1990. Stand development and economic analysis of
alternative cutting methods in northern hardwoods: 32-year results. Northern Journal of Applied
Forestry 7:153-158.

Hanks, L.E. 1976. Hardwood tree grades for factory lumber. Res. Pap. NE-333. Broomall, PA: U. S.
Department of Agriculture, Forest Service, Northeastern Research Station. 81 p.

Landis, J.R., and Koch, G.G. 1977. The measurement of observer agreement for categorical data.
Biometrics 33:159-174.

Latty, E.E, C.D. Canham, and PL. Marks. 2003. Beech bark disease in northern hardwood forests: the
importance of nitrogen dynamics and forest history for disease severity. Canadian Journal of Forest

Research 33(2):257-269

Lynch, T.B. and M.L. Clutter. 1999. Predicting loblolly pine plywood bolt grade with a multinomial logit
model. Forest Products Journal 49(5):56:61.

Strong, T.E, G.G. Erdmann, and J.N. Niese. 1995. Forty years of alternative management practices in
second-growth, pole-size northern hardwoods. I. Tree quality development. Canadian Journal of Forest
Research 25:1173-1179.

Yaussy, D.A. 1993. Method for estimating potential tree-grade distributions for northeastern forest
species. Res. Pap. NE-670. U.S. Department of Agriculture, Forest Service, Northeastern Research
Station, 12 p.

APPENDIX
Landis & Koch (1977, p.165) have suggested the following benchmarks for interpreting Kappa:
Kappa Statistic Strength of Agreement

<0.00 Poor
0.00-0.20 Slight
0.21-0.40 Fair
0.41-0.60 Moderate
0.61-0.80 Substantial
0.81-1.00 Almost Perfect
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COMPARISON OF GROWTH MODELS FOR WHITE AND RED OAK 10 YEARS
AFTER RELEASE AND FERTILIZATION

Steven A. Knowe, Allan Houston and Scott Twillman'

Crop tree enhancement (CTE) treatments promote stand growth and quality while also providing
an opportunity to maintain or improve wildlife habitat and aesthetics in hardwood forests.
However, the response to crop tree release and fertilization treatments needs to be quantified for
specific sites in order to assess the economic consequences of such treatments. Several methods of
modeling forest growth have been proposed and utilized, but direct comparisons of these methods
and models are not available for upland hardwoods. Including live crown ratio improves the
performance in individual-tree growth models for western conifers compared to other modeling
approaches. In addition, crown variables other than live crown ratio have not been considered for
inclusion in forest growth models. Data from a CTE study in upland hardwoods at Ames
Plantation, Grand Junction, Tennessee, are used to compare a relative size (stand table) projection
system and an individual-tree diameter growth method. The predominant species in this study are
white oak, red oak, and black cherry, with white oak being designated as the preferred crop tree
species. The goal of CTE at this site was to promote volume growth and to improve the value of
lumber produced. Treatments included an untreated control, fertilization only, release only, and
release with fertilization, and were replicated 5 times. Measurements of dbh, total height, and
crown dimensions were obtained for up to 36 crop trees in each treatment plot in 1992-93 and
2002-03. All trees included in a 10-factor prism sweep around each crop tree were designated as
competitors. Total height, dbh, crown dimensions, azimuth, and distance from the crop tree were
recorded for each competitor tree. Distance-dependent expressions of competition for
consideration are the Hegyi index and a modified area potentially available based on basal area and
crown dimensions. Distance-independent expressions of competition include: basal area of larger
trees; crown diameter of larger trees; crown area of larger trees; live crown ratio of larger trees;
crown volume of larger trees; and relative crown diameter, crown area, live crown ratio, and crown
volume. The importance of crown variables in both modeling approaches will be evaluated.

Steve Knowe Department of Forestry, Wildlife, and Fisheries, Institute of Agriculture, University of Tennessee
Knoxville, TN 37996-0001 Phone: 865-974-1557 Fax: 865-974-4714 email: sknowe@utk.edu
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PRESCRIBED SURFACE-FIRE TREE MORTALITY IN SOUTHERN OHIO:
EQUATIONS BASED ON THERMOCOUPLE PROBE TEMPERATURES

Daniel A. Yaussy, Matthew B. Dickinson, and Anthony S. Bova'

ABSTRACT.—In the spring of 2001, experimental prescribed burns were conducted on three 20-
ha treatment areas in the Ohio Hills of southern Ohio. Each treatment area contained ten 20- 50-
m plots on which every tree >10 cm in diameter at breast height was inventoried before the burns.
The plots also were instrumented with thermocouple probes which recorded probe temperature
every 2 seconds during the burn. Tree mortality on the plots is described and compared with
predictions from a series of physically based equations describing the flames, stem heating, tissue
necrosis, and stem death. Equations for bark thickness and crown volume were developed for 13
species to help predict the ability of a tree to survive the heat from a fire. Fire effects are inferred
from thermocouple probe temperature regimes and a calibrated probe heat budget. The equations
provide a means of linking an important fire effect (stem death) with fire behavior and
thermocouple data.

Prescribed fire has been suggested as a method to ensure the sustainability of the upland oak ecosystem of
the Central Hardwoods region by controlling thin-barked, competing species such as red maple (Sutherland
1997). Bark serves as insulation, but thinner bark, present on smaller trees or thin-barked species makes a
stem more susceptible to mortality from the heat applied to the lower bole by surface fires. Heat from
intense flames penetrates the bark and kills the cambium, often resulting in fatal injuries. Research in
western conifer forests has shown that cambium damage and crown scorch due to surface fires are closely
associated with tree mortality (Reinhardt and Ryan 1989). It is assumed that bark thickness is the
mechanism by which species differ in resistance to heat from surface fires.

Smoldering duff can heat root systems to the point of necrosis and subsequent mortality (Sackett and Haase
1992). Few models relate fire behavior to tree mortality in eastern hardwood forests. Absent a severe spring
drought in this region, the duff does not dry sufficiently to allow burning or smoldering. After placing
probes 1 cm below the soil surface, Iverson and Hutchinson (2001) recorded a maximum temperature of
27.6°C. In this paper we investigated only mortality due to aboveground heat from surface fires.

Bark thickness equations exist for tree species in the Central Hardwoods region, but most predict diameter

inside bark given diameter outside bark at heights at or above 1.37 m (Hengst and Dawson 1994; Hilt and

others 1983). We developed models for bark thickness below 1.37 m and crown diameter for 13 hardwood
species. Stepwise logistic regression was used to estimate tree mortality based on measured or calculated tree
variables, fire variables (derived from thermocouple readings), and combinations of the two.

Methods

The data used here were collected for two separate studies: the Ohio Hills site of the Fire and Fire Surrogate
(FES) study and the Ohio Hills National Fire Plan project (OHNEFEP). As part of the OHNFP, we used a
digital micrometer to measure the thickness of three bark wedges chiseled from trees at 0, 15, 50, and 137
cm. Minimum and maximum crown width were measured by laser range finder for each tree to develop a
linear equation for estimating average crown diameter based on DBH for each of the 13 species (Table 1).

A two-stage estimation process was used to develop an empirical model of lower bole bark thickness based
on DBH since the measurements for an individual tree are not independent. In the first stage a nonlinear
model of bark thickness by height for each tree was developed. In the second stage, DBH was used to
predict the coefficients of the stage-one model for each species. Combining these models results in an
equation for predicting species-specific bark thickness based on DBH for any height near the base of a tree.

TSupervisory Research Forester (DAY), Research Ecologist (MBD), and Physicist (ASB); Northeastern Research
Station, USDA Forest Service, 359 Main Road, Delaware, OH 43015. DAY is corresponding author: (740)368-
0101 or dyaussy@fs.fed.us.
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The FFS study encompasses 13 sites throughout the United States. At each site the same core variables are
collected to evaluate the mechanical removal of biomass to simulate the effects of fire in ecosystems that
developed with low-intensity, high-frequency fire regimes (Weatherspoon 1999). At each site, four
treatments (control, mechanical removal, prescribed fire, and a combination of prescribed fire and
mechanical removal) were replicated 3 times. The replications at the Ohio Hills site are in southern Ohio
on the Raccoon Ecological Management Area (REMA), and the Tar Hollow (TAR) and Zaleski (ZAL) State
Forests. Each 20-ha treatment area within each replication contains ten 20- by 50-m plots on which
vegetation is sampled. Pretreatment measurements were taken in the summer of 2000 and prescribed
burning was conducted in late March and early April of 2001. Post-treatment data were collected in 2001
and 2002. Because we are concerned with the effect of heat from prescribed fires on the mortality of
overstory trees, we have included only the data from the areas that were burned but not thinned to reduce
the confounding of mortality associated with factors such as logging damage and compaction. Only plots
and trees with the full range of variables were used.

On the vegetation plots, we recorded the species of each tree more than 10 cm DBH as well as DBH,
mortal status, height to the base of the live crown (hbc), total height, and three crown variables before
treatment (Table 2). Two years after treatment, we recorded mortal status, and height of bark char. Crown
assessment measurements were adapted from the North American Maple Project and consisted of:

Fine twig dieback, i.e., branch mortality that begins at the terminal portion of a limb and progresses
inward:

0 = no or trace dieback present
1 = less than 10 percent

2 =10 to 25 percent

3 =26 to 50 percent

4 =51 to 75 percent

5 =76 to 100 percent

Defoliation — an estimate of the amount of foliage removed by chewing insects or foliar pathogens.
The same scale for crown dieback was used.

Vigor — an impression of overall crown health. Vigor differs from dieback and defoliation in that it
estimates what is not present. For example, a recent windstorm may have caused crown breakage and
removed a portion of a crown:

1 = 10 percent or less branch or twig mortality, foliage discoloration, crown area missing, or
abnormality present

2 =11 to 25 percent of the crown missing/injured

3 =26 to 50 percent of the crown missing/injured

4 =51 to 75 percent of the crown missing/injured

5 =76 to 100 percent of the crown missing/injured

During the prescribed fires a data logger located at the center of each plot recorded the temperature (every 2
seconds) of a rigid stainless steel rod with a thermocouple encased at the tip (Fig. 1). From these
temperature readings we constructed the maximum temperature attained by the probe during the fire as
well as the length of time the temperature remained above 30°C, a level somewhat above ambient air
temperature. Few temperature profiles were recorded during the fire at TAR due to user error in deploying
the data recorders. Almost all data recorders worked at the REMA and ZAL replications. Only data from
plots which recorded temperatures were used in this analysis (Table 3).

With the equations for bark thickness and crown diameter, we were able to assign a bark thickness at 15 cm
(representative of the area affected by surface fires) and crown dimensions to each tree from the FES study
based on pretreatment species and DBH measurements. The crowns of the trees were represented by
ellipsoids based on crown length and width.
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Table 3. —Mean and standard deviation (SD) of FES plot-level data used in logistic regression (plots: n=22)

Maximum Duration Byram’s fire Height of Depth of
temperature intensity* crown scorch? necrosis®*
Mean SD Mean SD Mean SD Mean SD Mean SD

oC seconds kw/m m cm

162.445 (51.269) 729.818 (380.849)  140.547 (53.605) 3.940 (1.006) 0.431 (0.091)

*Values calculated from modeled data; all other variables were measured.

Temperture
sensor

While Byram (1959) demonstrated the relationship

between a subjective estimate of flame length and Partially buried, capped, 15 cm PVC
fireline intensity, a method of Bova and Dickinson ST onamng deialogger
(2003), was used to estimate Byram’s fireline intensity
from the maximum temperatures recorded by the
temperature probes located in the center of each
vegetation plot. The interaction between flames,
winds, and tree boles cause uneven heating on Figure 1.—Schematic of field installation of
different sides of larger trees, leading to an temperature probe.

underestimation of mortality for those trees. As such,

this method may be expected to work better for small

trees that do not interrupt the fluid flow sufficiently to cause significant uneven heating. Bova and
Dickinson (2003) have developed an equation that relates the depth of cellular necrosis in living trees to
Byram’s intensity. If this estimated depth was greater than bark thickness, cambial tissue likely would be
killed, and stem death was predicted.

25cm

Buried cable

Approxil 2 meters

Height of crown scorch was calculated with Bova and Dickinson’s (2003) estimate of intensity and with the
equations of Van Wagner (1973). An estimate of the percentage of the crown that was scorched by the fire
was calculated for each tree in the plots based on scorch height, hbc, crown length, and crown volume.

A forward stepwise logistic regression was used to evaluate the ability of the variables, actual and
constructed, to predict overstory tree mortality on the vegetation plots of the Ohio Hills site of the FFS
study. Variables included measurements, calculations, and combinations of crown health, DBH, bark
thickness, depth of necrosis, crown scorch, intensity, and char height (Tables 2-3).

Results

Statistics for the bark- and crown-dimension dataset and the FFS dataset are presented in Tables 1 and 2,
respectively. Coefficients for the linear regression of crown diameter by DBH are listed in Table 4 for the 13
species in this study.

Graphs of several of the height-thickness relationships suggested fitting an exponential function for the first
stage of the bark thickness equation:

BT =a + b * exp(c * height)

where:
BT = Bark thickness estimated by regression
a, b, and ¢ = Regression coefficients.

The intercept term was not significant and was dropped so that the final model fit to each tree was:

BT =a * exp(b * height).

1
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Table 4.—Regression coefficients for crown diameter and bark thickness models

Species Crown diameter* Bark thickness®
b, b, b c d

Red maple 2.885 0.212 -0.003 0.899 0.680
Sugar maple 1.662 0.308 -0.002 0.984 0.770
Hickories 1.753 0.141 0.002 1.810 0.778
Dogwood 1.594 0.286 0.000 2.447 0.271
Beech 3.632 0.213 -0.005 0.519 0.719
Yellow-poplar 2.440 0.102 -0.004 2.044 0.668
Blackgum 1.765 0.248 -0.001 1.851 0.632
Sourwood 1.979 0.166 -0.001 1.073 0.617
White oak 0.331 0.261 -0.002 1.843 0.600
Scarlet oak 0.700 0.193 -0.004 3.351 0.504
Chestnut oak 1.665 0.181 -0.004 4.391 0.498
Red oak 1.002 0.227 -0.007 3.291 0.557
Sassafras 2.336 0.079 -0.002 0.630 1.143

*Crown diameter = b, + b, * DBH.
®Bark Thickness = ¢ * DBHAd * exp(b * height).

The second stage used DBH to predict the coefficients of the stage one model for each species. Graphical
observation suggested:

A=c+d*DBH"e

where:
4 = First-stage coefficient to be estimated by second-stage regression
¢, d, and e = Regression coefficients.

Again the intercept was not significant and the final model fit to each species was:

4=c*DBHAd.

DBH was not correlated to the “b” parameter; therefore, the mean within each species was used.

Combining these models results in an equation to predict species-specific bark thickness based on DBH for
g q p Y P

any lower bole height:

BT = ¢ * DBHAd * exp(b * height).

Coefficients for these models also are listed in Table 4. The models differentiate bark thickness by species;
beech (Table 1 includes common and scientific names) and red maple having the thinnest bark while
hickory and chestnut oak have the thickest (Fig. 2). Sassafras appears to develop thick bark slowly but
continually.

The final logistic regression model contains the variables for which the coefficients differed from zero at the
0.05 level. These include dieback, duration, depth of necrosis to bark thickness ratio (depth-to-thickness),
and char height, none of which was correlated (r > 0.500). The model is of the form:

P, = 1-1/(1+exp(-8.6622+1.4091*dibak+0.00215*duration+3.1740*dtratio+0.4649*char))

where:
P,, = Probability of mortality
dibak = Fine twig dieback
duration = Length of time the temperature of the probe remained above 30°C (seconds)
dtratio = Depth-to-thickness ratio
char = Char height.

These variables allow the model to attain a rank correlation of 0.730 (Somer’s D statistic).
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Discussion

The DBH ranges of many of the species in the FFS dataset extend well beyond those of the dataset used to
create the crown diameter and bark thickness equations (Tables 1-2). However, the models are well behaved
within the range of tree sizes expected to be affected by fire, and are assumed to be applicable to the entire
range of FFS data.

Forward stepwise logistic regression allows the user to see which variables or sets of variables add
significantly to the prediction of mortality. All variables are assessed singly for their contribution to
reducing the variability of the model. As new variables are entered, the remaining variables are reassessed
based on their contribution to the new, larger, model. Dieback reduced the variation slightly more than
vigor and was introduced to the model first. Once dieback was included, vigor no longer contributed much
to the reduction of variance. Thus, although vigor was more highly correlated to mortality than all other
variables except dieback, it was not included in the final model.

The five beech trees in the FFS dataset had the greatest predicted depth-to-thickness ratio and the largest
predicted percent crown scorch (Table 2), yet none of these trees died. Bark char was lowest for beech,
indicating that fire intensity at each bole may have been low compared to plot-level predictions. Beech had
the shortest mean hbc. The relatively large crown with low limbs gives the trees high shade tolerance and
may provide resistance to fire by protecting the boles from fuel build-up. If the lower limbs are killed in a
fire, these trees still may have sufficient crown to maintain adequate photosynthesis—but also a higher
probability of mortality in subsequent fires.

If these five beeches are removed from the dataset, percent crown scorch and depth of necrosis minus bark
thickness (depth minus thickness) enter the model. Depth-to-thickness ratio and depth minus thickness are
highly correlated and only depth-to-thickness ratio should be included in the model. This formulation of
the data and model improved the predictive capability only slightly (Somer’s D = 0.740).

Logistic regression typically is used to model tree mortality (Stringer and others 1989; Regelbrugge and
Smith 1994; Reinhardt and Ryan 1989; Ryan and others 1988) Another method for modeling the effects of
surface fire on tree mortality is stepwise discriminate analysis. This method results in identical independent
variable selection and similar predictive capabilities.
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Conclusion

Measured and estimated variables were used to construct a logistic model to predict mortality of trees two
years after a prescribed fire in southeastern Ohio. The most significant indication of tree mortality
following fire is the health of the tree prior to the fire. If the tree is under stress, as indicated by crown
dieback or vigor assessments, it may be more susceptible to mortality with the added stress of fire effects.
Equations were developed to estimate species and DBH specific bark thickness and crown structure. These
estimates, along with estimates of heat transmission processes, added to the predictive ability of a logistic
model. However, effective strategies may have evolved in tree species with thin bark, such as beech, to limit
the build-up of fuels from around their boles enabling them to survive surface fires.

Estimates of fire intensity and duration from a single point are associated with the likelihood of mortality of
trees up to 25 meters from the point, but can be refined, somewhat, with rough surrogates for intensity
(char height) measured at each tree. More accurate models will be possible with microsite estimates of
intensity possibly based on fuel loading and climatic conditions.
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LINKING HYPERSPECTRAL IMAGERY AND FOREST INVENTORIES FOR FOREST
ASSESSMENT IN THE CENTRAL APPALACHIANS

Jane R. Foster and Philip A. Townsend'

ABSTRACT.—Hyperspectral imagery from EO-1 Hyperion and AVIRIS were used in conjunction
with continuous forest inventory (CFI) data to map detailed forest composition in the state forests
of Western Maryland. We developed a hierarchical vegetation classification that conformed to the
National Vegetation Classification Standard (NVCS) at the Alliance level and mapped these forest
types as a function of hyperspectral reflectance using decision trees. Overall classification accuracy
for vegetation at the Alliance level was very high (60-80 percent), with field validation indicating
accuracies ranging from 65-70 percent. In an area dominated by oaks, the hyperspectral imagery
was able to accurately distinguish plots dominated by individual red oaks with acceptable success
(>60 percent). Hyperspectral imagery also differentiated between conifers more than 70 percent of
the time. Overall, the accuracies were improved over similar analyses conducted using multi-date
Landsat data. Our research demonstrates the capacity for hyperspectral imagery to remotely
monitor, map and model forest systems in the Central Appalachians. The resulting forest
composition maps can inform forest management decisions with a level of information content not
previously available.

Mapping forest types is one of the primary applications of remote sensing data to forest management. In
the past, standard satellite imagery available from Landsat era sensors has been limited in its ability to
differentiate between specific hardwood forest types such as those described at the Alliance level of the
National Vegetation Classification Standard (NVCS) (http://biology.usgs.gov/npsveg/nvcs.html). Forest
maps with species level detail continue to be desired by forest managers and scientists alike, yet remain
difficult to produce from satellite imagery without complex methods, extra data sources, and intense time
and effort. Hyperspectral imagery improves upon the limits of Landsat data by measuring the reflectance of
light in more than two hundred narrow bands, compared to Landsat TM’s seven wide bands. Specific
portions of the hyperspectral spectrum have been linked to forest indicators such as forest stress measured
by canopy chlorophyll content (Sampson et al. 2003) and the biophysical content of leaves (Townsend et al.
2003, Smith et al. 2003). As such, the high data content found in hyperspectral data promises to greatly
enhance forest mapping capabilities when used in conjunction with typical forest inventory data. We tested
the ability of hyperspectral imagery from two sensors combined with Continuous Forest Inventory (CFI)
data to map forest composition to the Alliance level and compared the results to a similar classification
created from multi-season Landsat TM data.

Study Area

Green Ridge State Forest (GRSF) is a 16,000 ha working forest in Western Maryland (fig. 1). It is located
in the Ridge and Valley physiographic province of the central Appalachian Mountains, and is characterized
by steep northeast to southwest trending mountains, with many deep valleys. Elevation ranges from 200-
700 m. Green Ridge lies in the rainshadow of the Allegany front, receiving only 91 cm of rainfall annually,
the lowest amount in Maryland. Most of the soils at GRSF are derived from either shale or sandstone with
a relatively low water holding capacity (Mash 1996). The forests were largely cleared around the turn of the
twentieth century, and are now mostly intact and mature. Scattered clearcuts and deferred harvest cuts at
various stages of regrowth are located within the study area, though fewer than 100 ha are typically
harvested annually. Large areas of uneven forest are located in places where gypsy moth defoliation over two
decades has caused substantial tree mortality. Forests are comprised largely of deciduous oaks, with Virginia
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Forest, Maryland.

pine (Pinus virginiana) and white pine (Pinus strobus) mixing in or forming pure stands and hemlock (Zsuga
canadensis) growing on protected north-facing slopes. Of the key oak species, white oak (Quercus alba) and
scarlet oak (Quercus coccinea) are both prominent on mesic slopes and at lower elevations. Red oak (Quercus
rubra) and chestnut oak (Quercus prinus) are abundant on ridge tops and rocky slopes, and black oak
(Quercus velutina) dominates mostly on mesic lower slopes. The understory is largely open, although
blueberry (Vaccinium spp.) can be locally abundant and greenbriar (Smilax spp.) frequently expands in
Gypsy moth defoliated areas.

Methods
Field Data

Continuous Forest Inventory (CFI) data from the Maryland Department of Natural Resources was used to
sample the image data to classify forest types based on image spectra. The CFI database includes 432 plots
in GRSE all of which were sampled in 2000 or 2001. Each CFI plot is a 0.08 ha circular area on which all
trees > 12 cm diameter are identified and measured. The CFI plots are arrayed on a regular grid at
approximately 550 m intervals, yielding a statistical sample of the population of forest properties within the
study area. All plots were geographically referenced using a Trimble Pro XR GPS.

Image Data

Hyperspectral images from sensors on two separate platforms were acquired for this research. A summer
Hyperion image was acquired from the EO-1 satellite on 24 July 2001. An AVIRIS image was collected
from an ER-2 aircraft on 14 May 2000. Hyperion has a spatial resolution of 30 m and covers a swath 7.68
km wide. It measures 210 bands at approximately 10 nm intervals from 400 nm to 2500 nm. High
altitude AVIRIS pixels have approximately 17 m spatial resolution and 224 bands at 10 nm intervals
between 400-2500 nm. Hyperion and AVIRIS images were converted to reflectance and referenced to
UTM map coordinates as described in Townsend et al. (2003). The Hyperion image was also corrected for
terrain illumination effects while the AVIRIS data used for this study was not (Townsend and Foster 2002).
Four reflectance spectra were extracted from the hyperspectral images for each CFI plot. These spectral
“bundles” were linked without averaging to their respective CFI plot data to create the hierarchical
classification trees we used to map forest alliances. 423 plots overlapped with the AVIRIS image area and
283 plots overlapped with the narrower Hyperion image.
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Table 1.—Forest associations found at GRSE (Shaded classes were not validated in the field for this study and are
not discussed in the results).

Class # Class Name Common Names N (CFI Plots)
1 Quercus rubra Red Oak 11
3 Quercus rubra - Quercus spp. - Carya Red Oak - Oak species - Hickories 32
4 Pinus virginiana Virginia Pine 36
5 Pinus virginiana / deciduwous mix Virginia Pine / Deciduous Mix 23
6 Quercus prinus - Quercus coccinea Chestnut Oak - Scarlet Oak 7
7 Quercus coccinea | mix Scarlet Oak / Mix 35
8 Pinus rigida Pitch Pine 4
9 Quercus velutina / mix Black Oak / Mix 52
10 Quercus alba White Oak 75
11 Quercus prinus - Quercus spp. | mix Chestnut Oak - Oak species / Mix 53
12 Quercus prinus - Acer rubrum | mix Chestnut Oak - Red Maple / Mix 2
14 Quercus prinus Chestnut Oak 21
15 Prunus serotina Black Cherry 3

25 Fraxinus spp. Ash species 1
33 Sassafras albidum Sassafras 2
40 Robinia pseudoacacia | mix Black Locust / Mix 3
42 Fraxinus americana | mix White Ash / Mix 6
43 Carya sp. Hickory species 14
44 Acer saccharum | Quercus rubra Sugar Maple / Red Oak 6
45 Tilia americana / Acer saccharum American Linden / Sugar Maple 1
49 Pinus strobus White Pine 6
50 Pinus strobus / Quercus mix White Pine / Oak Mix 24
52 Tsuga canadensis Eastern Hemlock 5
53 Liriodendron tulipifera Tulip Poplar 2
54 Liriodendron tulipifera | mix Tulip Poplar / Mix 1
55 Acer saccharum Sugar Maple 1
56 Acer saccharum / Fagus - Fraxinus mix Sugar Maple / Beech - Ash Mix 5
59 Acer rubrum / Fagus - Acer saccharum mix Red Maple / Beech - Sugar Maple Mix 1
TOTAL 432

A time-series of Landsat TM images from three dates was used to test the ability of multi-temporal Landsat
data to map forest alliances. The time-series included an early spring image from 16 April 1997, an early
summer image from 31 May 1996, and a mid-summer image from 24 July 2001. Each Landsat image was
converted to planetary reflectance, orthorectified to UTM map coordinates, and corrected for terrain
illumination effects using a Cosine correction (Meyer et al. 1993, Allen 2000). Both Landsat and Hyperion
images were spatially accurate to within 30 m. Reflectance from TM bands 1-5 and 7 for each date for a
total of 18 bands were extracted as described above and put into the CART analysis. 426 CFI plots
overlapped with the TM image area.

Vegetation Classification

Vegetation types were assigned based upon the clustering of floristic data from 15,033 forest samples from
the Central Appalachian region acquired from several sources, including data we have collected (3,813
plots), samples from the USES Forest Inventory and Analysis (FIA) database (10,140 plots), and from the
CFI database (1,080 plots). Sample areas and number of trees tallied were comparable among datasets,
which permitted merging the data from multiple sources. Once the data sets were assembled, species names
were standardized and relative basal area was computed by species by plot. The data were clustered using
Ward’s hierarchical agglomerative method (Lance and Williams 1967), with a small proportion of the plots
eliminated as outliers. The classification yielded 41 forest alliances, of which 28 occurred in the Green
Ridge study area (table 1). Subsequent to developing the vegetation classification, the image spectra
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extracted for each of the CFI plots in GRSF were used to develop target hyperspectral signatures for the 28
associations. The spectral data were then used with decision trees to develop stand type maps.

Statistical Methods

We used classification and regression trees (CART) to map the Alliance level forest classes from spectral
signature bundles. A variety of approaches have been used to map forest composition with hyperspectral
data in mountainous landscapes (Martin et al. 1998) and with mixed forests (van Aardt and Wynne 2001).
CART is being used increasingly for mapping from remotely sensed imagery (Friedl and Brodley 1997,
Friedl et al. 1999, Hess et al. 1995, Cairns 2001) and is only generally described here. Classification trees —
also known as decision trees — are fitted by binary recursive partitioning, in which data sets are
consecutively divided into smaller subsets with increasing statistical homogeneity (Clark and Pregibon
1993). CART approaches are desirable because they are less sensitive to non-linearities in the input data
than methods that require assumptions of Gaussian distributions (as do many image classification
techniques) (Clark and Pregibon 1993, Venables and Ripley 1994). In addition, CART is an extremely
valuable approach for data exploration when a very large set of independent predictor variables are
available, e.g. with hyperspectral data sets. CART does not require data reduction, tests for normality or
data transformations. One limitation to CART is that its performance is most robust and repeatable with
large data sets, such as the CFI vegetation database that we used.

Field Validation

Forest maps created from the CART classification were validated using the “fuzzy sets” methodology
originally proposed by Gopal and Woodcock (1994, also Townsend and Walsh 2001). Traditional measures
of accuracy assessment that report simple “yes-no” accuracy are limited in applicability to complex forest
landscapes because they assume all locations on a map can be unambiguously mapped to a single category.
In addition, traditional methods do not convey the degree of error or mismatch between mapped categories
and actual composition. Forest communities in the Appalachians are naturally heterogeneous and highly
variable, grading across types in terms of both species dominance and presence. For this reason, forest
composition can be described as “fuzzy,” and it can be acknowledged that for any one location it either may
be difficult to identify any single best community type label or, alternatively, a location may be reasonably
classified into two or more types. For example, in this work, we attempt to map forests dominated by
black, red and scarlet oaks, whereas in many locations forests contain a mix of the three species. To
accommodate this, in an accuracy assessment using fuzzy sets, all validation locations are assigned a fuzzy
membership rating in all possible classes (from 1, completely wrong, to 5, absolutely right); fuzzy
membership scores are then used to assess the magnitude and sources of confusion and ambiguity in the
classification. We report 3 assessments of accuracy using the method of Gopal and Woodcock (1994): (1)
percent accuracy for mapping to the “best” class vs. mapping to an “acceptable, but not necessarily the best”
class), (2) the mean magnitude of errors by class, and (3) the source of errors (the average number of classes
with acceptable membership for a given class).

NVC standards suggest visiting a minimum of 10 sites for each class when validating forest vegetation
maps. Using an AVIRIS classification as a base map, we selected 10 validation sites for each class that was
represented by more than 10 plots in the CFI plot data, for a total of 11 classes (see un-shaded classes in
table 1). These sites were distributed widely and were generally accessible from forest roads. Incidental
validation plots were added to replace inaccessible plots or when a unique forest type was observed. These
plots increased the number of validated forest alliances to 15. Expert assessment was conducted
independent of knowledge of the classification. We visited a total of 146 validation plots. Because of slight
differences in the three maps from different sensors, the number of validation sites per forest type varies
based on the map being analyzed.

Results

The results of the accuracy assessment of CART classification maps from each sensor are summarized in
Tables 2 and 3, and require some explanation for those unfamiliar with fuzzy assessments. Table 2 shows
different accuracy measures for all the field validated forest types. The learning accuracy for the CART

classification trees is shown in the LEARN column and represents the percentage of the CFI forest plots
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used to create the classification tree that were mapped to the correct class by that tree. According to learning
accuracy, AVIRIS predicted CFI forest plot type with 80.9 percent accuracy overall, followed by Hyperion
(64.4 percent) and Landsat (62 percent). AVIRIS mapped 10 of the 15 most abundant classes with a
learning accuracy greater than 75 percent, of which 4 pine classes and the white oak class exceeded 90
percent accuracy. In comparison, Hyperion mapped only 5 classes with learning accuracy near or greater
than 75 percent. These forest types included Virginia pine, white oak, black oak mix, white pine/deciduous
mix and eastern hemlock. Landsat TM had the lowest overall learning accuracy, mapping only 4 forest types
well (> 75 percent).

The remaining columns in Table 2 show the results of the fuzzy set analysis designed to measure the
frequency of matches and mismatches between the mapped forest types and the independent validation
data. The number of samples (N) corresponds to the number of validation sites visited for each class for a
particular map. We include two accuracy metrics from the fuzzy set analysis in this table. The MAX metric
represents the percentage of validation sites that were mapped to the absolute best class as seen in the field.
The RIGHT metric represents the percentage of validation sites that were mapped to a good or acceptable
forest type. This measure gives a better sense of map accuracy for the map user, because it illustrates the
probability that a point on the map will be mapped to a class that agrees to a large extent with what is
observed on the ground. The improvement in accuracy gained from the MAX to the RIGHT metric is
shown in the IMP column. We can see that the RIGHT function improved the MAX accuracy by 20-25

pCl’CCHt on average.

According to MAX total, all three forest vegetation maps have a low overall validation accuracy ranging
from 41.3 percent for Landsat to 46.5 percent for Hyperion. Fortunately, the RIGHT measure shows that
the actual ability of the classifications to map good or acceptable classes ranges from 65.3 percent for
Hyperion to 70.2 percent for AVIRIS. Hemlock stands, which are easy to distinguish both spectrally and in
the field, were mapped to the best possible class with consistently high accuracy by each sensor. The forest
type that was mapped with a relatively high RIGHT accuracy most consistently across platforms was the
black oak mix class with 79.2 percent success for AVIRIS, 68 percent (Hyperion), and 82.1 percent
(Landsat). AVIRIS mapped 9 out of 12 validated classes with 60 percent accuracy or greater. Hyperion
mapped 7 out of 11 validated classes with 60 percent accuracy or greater and Landsat TM broke 60 percent
accuracy with 7 out of 12 validated classes. Considering the degree of mixing among the forest vegetation
classes being mapped, these accuracy levels are a promising accomplishment. No previous studies have
attempted to map such specific classes.

Table 3 illustrates the average magnitude and direction of the map validation errors (MAG) and the average
fuzzy membership statistic (MEMBER). Where a mismatch occurs between the best forest type in the field
and the actual forest type found on the map, the MAG statistic shows the average difference between the
maximum score given for a forest type at a given site and the next highest score given for other possible
forest types. For example, a site mapped as chestnut oak — oak species / mix turned out to actually fit the
exact description of the chestnut oak — scarlet oak class when visited in the field. In this case, the maximum
score given was a 5 to the chestnut oak — scarlet oak class and the second highest score was a 4 for the
chestnut oak — oak species / mix class. The difference value for this particular site would be the score for the
mapped forest type (4) minus the maximum score (5) resulting in a value of —1. A case where a site is
accurately mapped as the best possible class with no other reasonable choices would give a difference of 5-1,
or +4. A MAG value of zero indicates that a site was accurately mapped to the best possible class. Thus
MAG values close to zero are desirable. Slightly negative values show that although the best class was not
correctly mapped for that site, it was actually mapped to the next best choice. Given the specificity and
mixing characteristic of our forest alliances, we did not expect to find many cases where there were strongly
positive differences except for very distinct classes such as the hemlock, which had slightly positive MAG
values for AVIRIS and Hyperion.

The average difference values for each sensor hover around a value of —1 with AVIRIS having the least
negative difference, indicating that when the best forest type was not matched by the map, the mapped
class had a score only 1 unit below the best. This result confirms that our forest types are generally not
distinct classes with discrete boundaries, but rather mixes dominated by sets of species that vary
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Table 3.—Fuzzy set validation statistics showing the magnitude and direction of errors (MAG) and the average
membership per class (MEMBER).

AVIRIS EO-1 Landsat TM
Class Name N MAG MEMBER N MAG MEMBER N MAG MEMBER
Quercus rubra 2 0.00 8.00 7 -0.71 5.00
Quercus rubra - Quercus spp. - Carya mix 5 -1.40 4.60 11 -1.09 5.36 5 -0.80 6.20
Pinus virginiana 13 -0.92 5.62 18 -1.56 5.00 18 -1.28 5.00
Pinus virginiana | deciduous mix 3 -3.00 2.00
Quercus prinus - Quercus coccinea 1 -4.00 6.00
Quercus coccinea | mix 13 -1.38 5.62 6 -1.50 5.67 9 -2.22 5.56
Pinus rigida 3 -2.33 1.00
Quercus velutina | mix 24 -0.75 6.34 25 -0.92 572 28 -0.93 5.89
Quercus alba 20 -1.00 4.20 25 -1.28 5.08 22 -1.05 491
Quercus prinus - Quercus spp. | mix 12 -1.83 5.67 1 -2.00  4.00 13 -2.62 5.85
Quercus prinus 7 -1.00 5.71 3 -2.67 5.33
Carya sp. 1 -4.00  3.00
Pinus strobus 7 -0.57  4.29 4 -0.25 3.00 1 1.00 2.00
Pinus strobus / Quercus mix 5 -1.00 6.00 1 -4.00 6.00 5 -2.00 4.80
Tsuga canadensis 11 0.27 3.00 7 0.14 3.86 7 -0.71 3.86
TOTAL 121 -1.00 509 101 -1.13 516 121  -1.37 5.21
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compositionally across the landscape. Most individual classes validated by more than 5 sites had difference
magnitudes close to -1.

We also include an average membership statistic in Table 3 that indicates the degree of fuzziness for each
forest type as mapped by the three different sensors. The MEMBER column shows the average number of
classes — including the mapped class — that were potentially acceptable choices for a given site (for example,
classes 4 and 5 in Table 1 are both dominated by Virginia pine and it is reasonable to assume that each
could potentially be misclassified as the other). A class with high average membership values has a fuzzier
distinction from other classes than a class with a relatively low membership value. Most of our forest
alliances had an average membership ranging from 4-6 classes. The lowest membership was found in the
eastern hemlock class. Of the oaks, the white oak alliance was the most distinct, having the lowest average
membership.

Figure 2 shows the forest type map derived from the CART classification tree of AVIRIS data for Green
Ridge State Forest. GRSF is bounded on the east by the meandering Potomac River and on the west by a
smaller creek, and it is bisected in its northern half by the interstate. Non-forest areas have been masked out
in black. Conifers and conifer/deciduous mixes are shown in shades of green, white oak is shown in light
blue, and red oak and red oak mix are shown in shades of red. Black oak mix is shown in brown, scarlet
oak mix in maroon, and chestnut oak and its mixes in shades of yellow and orange. Rare classes that have
not been discussed here are shown in other colors.

The classification map itself can inform us about its ability to predict the distribution of forest associations
at the Alliance level. A few characteristics of this particular map suggest that it is in fact mapping these
forest classes with reasonable success before even considering the accuracy assessment. First, related mixed
forest types tend to occur adjacent to each other or as mixes. This is especially evident with the red oak
(Class 1) and red oak — oak species — hickory mix class (Class 3). Where relatively large contiguous patches
of red oak dominated forests occur, they almost always occur next to or mixed with the red oak mix class.
The same can be said of chestnut oak and its mixes, shown by shades of yellow and orange. In addition, the
classes which are mixes of pines and deciduous species often occur as transition zones between the pine
dominated forest types and the deciduous forest types. These patterns are expected based on the knowledge
of how forest composition changes across species and environmental gradients. Finally, there is a distinct
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Figure 2.—Map of forest alliances
derived from CART classification
of AVIRIS imagery. Only the field
validated alliances are referenced
in the classification key.

dominance of white oak (light blue) in an oblong area running through the center of the state forest that is
characterized by a shale substrate and more complex valley and drainage patterns than the rest of the area.
In comparison, red oak classes in reds, browns, and yellows tend to dominate the long and linear sandstone
mountains oriented northeast to southwest. These two distinct regions represent geological differences that
seem to favor the dominance of either red oaks or white oaks.

Discussion

Using CART classification of hyperspectral and forest inventory data, we have produced Alliance level
forest maps with accuracies unattainable from traditional methods. In the past, mapping of forest alliances
from remotely sensed data typically resulted in accuracies of 40 percent or less (Czaplewski 2003). Our
accuracies for maps from AVIRIS data averaged 80 percent for most alliances, which is a substantial
increase in accuracy from past efforts. These successes are especially notable considering the various types of
uncertainty confronted during this study.

One perplexing result was that white oak was not validated with greater accuracy. This is surprising because
it is the most abundant species represented in the CFI data and generally easy to identify in the field. One
possible reason for this discrepancy is that the ubiquity of the white oak class across parts of GRSF affects
the expert evaluation during the field validation. More than any other class of hardwoods, the white oak
class at Green Ridge is dominated by its namesake, with 26 of the 75 white oak CFI plots having a white
oak relative basal area of 40 percent or greater. When a large percentage of validation sites sample these
relatively pure white oak forests, oak mixes with less conspicuous dominance of white oak may suffer by
comparison and subsequently be scored higher as some other type of oak mix. This tendency suggests that
the most abundant classes are also characterized by an extreme range of dominance levels and may in fact be
more vulnerable to incorrect scoring during fuzzy validation. If this is the case, then the high learning
accuracies reported for the white oak forest alliance (93 percent AVIRIS, 79 percent Hyperion, and 77
percent Landsat) are probably closer to the true accuracy than the fuzzy validation values.

8
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The somewhat low MAX accuracy values seen in Table 2 illustrate the difficulty of accurately mapping
mixed deciduous forest alliances to the best possible class using hyperspectral data. Revisiting the
descriptions of these forest classes in Table 1 underlines this. Several of the most abundant forest types are
oak or pine mixes where the dominant species in the type frequently comprises from 30-40 percent of the
basal area and occurs on almost all of the plots (Class 3, 5, 7, 9, 43). This level of dominance for a single
species is common in Green Ridge’s mixed forests, while smaller pockets of forests dominated by 40-50
percent or more relative basal area for a given species occur infrequently (except for white oak) (Class 1, 4,
14, 50). The level of specificity and mixing in our forest alliances probably pushes hyperspectral data to the
limits of its current ability to separate spectrally mixed classes using the methods described here.

Nonetheless, it is important to remember that the field validation dataset consists of only one fourth the
number of inventory plots used to create the classifications, and these were typically classified correctly at a
much higher rate. The learning accuracy reported in Table 2 is more robust in this way because it is derived
from a much larger sample size and from the quantitative forest inventory data. The field validation
provides an independent assessment of the learning accuracy while also characterizing the fuzzy nature of
our forest alliances.

Fuzzy set validation proved extremely useful for validating our satellite based forest maps in the field. It is
particularly relevant when mapping a heterogeneous mixed forest with satellite imagery, where the
minimum mapping unit is a 17 or 30m? pixel. An expert visiting a pixel-sized area on the ground will often
find that multiple forest types are acceptable labels for that site. Although the map itself is limited to
representing each pixel with only one discrete forest class, much of the forest area is covered by regularly
varying mixes of the species that dominate the alliances in Table 1. The canopy reflectance measured for a
forest pixel will be a combination of the reflectance from the crowns of all the trees in the pixel area.
AVIRIS data samples a smaller area with fewer tree canopies, and thus can be expected to create the most
accurate maps, since its pixels experience less spectral mixing than larger pixels.

Sources of Uncertainty

The greatest source of uncertainty for our classification and validation methods was geographic inaccuracy
within our AVIRIS image dataset. The AVIRIS data caused the greatest concern because certain distortions
in the data caused by the pitch and yaw of the aircraft could not be removed from the data completely.
While using hundreds of ground control points created excellent spatial accuracy in most areas, some small
regions in the AVIRIS image could be located as far as 80m away from their actual location. This
uncertainty inevitably means that some of the spectra sampled from the AVIRIS image to represent certain
CFI plots in the CART classification actually sampled the incorrect area. As a result, some proportion of
the spectral signatures used to train the classification might have been incorrectly labeled. These problems
associated with geographic map errors tend to dampen map learning and validation accuracy values.

We did not account for differences in basal area or forest age with our final classification maps except to
mask out areas of recent forest harvests generally characterized by plot basal areas less than 10 m*ha™. We
chose instead to use all the CFI plot data available to map as many classes as possible, though we didn’t
expect to be able to map classes represented by only one or two CFI plots with good accuracy. Other
classification maps were created using only a subset of the data such as plots having a total basal area greater
than or equal to 20 m*ha'. These maps had lower overall accuracy and tended to map forest types to large
contiguous areas that probably represented an oversimplification of the mixed forests at Green Ridge. While
the forests of Green Ridge are generally even aged, variations in basal area and maturity can introduce
variance into the spectral signature bundles representing a given forest type, adding to the difficulty of
distinguishing among mixed forest types.

Finally, sources of error are introduced into the dataset from the collection of the field data itself. It has
been estimated that forest inventory data may only be about 80 percent accurate, with uncertainty generally
coming in the form of misidentified or misrecorded tree species or incorrectly acquired or recorded
geographic coordinates.
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Conclusions

We were able to map Alliance level forest associations with accuracies generally ranging from 60-90 percent
using Hyperspectral imagery from AVIRIS. Hyperion data were more limited in mapping ability, possibly
because of its lower signal-to-noise ratio compared to the other data sets (Green et al. 2003) or alternatively
because only half as many CFI inventory plots were available for training because of its narrow swath
width. Multi-temporal Landsat TM achieved similar accuracy levels as Hyperion but were not as high as
AVIRIS. Nevertheless, the ability to map Alliance level forest types with such a high level of accuracy opens
up new opportunities to ask and answer questions about the spatial distribution of forest types and to use
the information gained to improve forest management.
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ECOLOGICALLY STRATIFIED HEIGHT-DIAMETER MODELS FOR HARDWOOD
SPECIES IN NORTWESTERN LOWER MICHIGAN

David W MacFarlane'

ABSTRACT.—Ecological classification systems (ECS) have been developed for northwestern
Lower Michigan to stratify the landscape into areas of similar ecological potential. ECS are useful
only to the extent that they capture quantifiable differences in tree form and function between
defined strata and provide valuable, ecologically-referenced information for forest managers.
Ecologically referenced height-diameter functions were developed here to demonstrate the utility of
an ECS as a stratification tool for modeling stem form for northern hardwoods.

Ecological classification systems (ECS) have been developed and mapped to different scales across the
United States (McNab and Avers 1994). The usefulness of an ECS hinges upon observable differences in
variability in ecosystem structure and process between ECS map units. In other words, ECS are basically
spatial stratification systems that assume that the variability within ECS units is less than the variability
between them. If forest managers are to use ECS they need to see how they can be applied in an operational
context. Here, height-diameter (H-D) functions, which are useful in forest inventory, were fitted to
individual tree measurement data to determine if variation in tree morphology was effectively captured by
Ecological Land Types (ELT), a type of ECS, defined for the Huron-Manistee National Forest in Michigan.
Huang et al. (2000) undertook a similar study for white spruce in boreal forests, but ecologically referenced
H-D functions have not been developed yet for northern hardwoods.

Methods

The goals for this study were to utilize variability in individual tree measurements across the landscape to
see if differences in height-diameter relationships for different species were substantially affected by a site
potential defined by an ECS.

Study area and data

The area of study was the Manistee portion of the Huron-Manistee National Forest, in northern Lower
Michigan. The study area was large (290,000 ha) covering a diverse array of glacial landforms and forest
ecosystems (Host et al. 1988). Ecological land types (ELT), a type of ECS, were developed and mapped for
much of this area. ELTs were based on regional differences in glacial parent material for soil formation and
field estimates of soil properties and ground flora composition (Host and Pregitzer 1991) and are described

by Cleland et al. (1993).

ELT units included are: Outwash Plains (OWP), described as red oak-white oak-heath (Vaccinum spp.)
communities occurring on excessively-drained sand plains; Dry Ice-contact and Sand Hills (DSH),
described as mixed oak-red maple-Trientalis communities occurring on excessively-drained over-washed
moraines, kame terraces and glacial spillways; Mesic Ice-contact Sand Hills (MSH), described as northern
red oak-red maple-Viburnum spp. communities occurring on well-drained sand hills; Herb-Poor Moraines
(HPM), described as sugar maple-American beech-Maianthemum communities occurring on well-drained
morainal sands; and Herb-Rich Moraines (HRM) described as sugar maple-white ash-Osmorhiza

communities occurring on nutrient-enriched morainal sands.

Individual tree measurements data were available from 74 experimental reference stands used for developing
ELTs for the Huron-Manistee National Forest (detailed methods are presented in Host et al. 1988). Only
well-stocked (Basal area > 7 m* ha'), even-aged stands of at least 1 ha. in area, with minimal evidence of

"Department of Forestry, Michigan State University, 126 Natural Resources, East Lansing, MI 48824,
phone: (517) 355-2399, fax: (517) 432-1143, e-mail: macfar24@msu.edu
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Table 1.—Summary statistics for individual tree data for trees measured in 1983 and 2003,
broken down by ecological land type (ELT). Mean values are followed by [std; min, max]

ELT n height (m) dbh (cm) age (years)'

OWP 795 17.9 [4.5; 2.7, 30.4 27.0 [11.6;6.3,106.7]  76.7 [19.9; 32, 138]
DSH 797  20.5[5.0;3.5, 34.4 28.2 [11.0; 3.8, 65.0] 82.0 [14.7; 37, 127]
HPM 923 24.7 [6.0; 4.6, 43.8 30.4 [14.1; 4.8, 97.8] 66.0 [10.5; 42, 93]
[ [ (
[ (

— e e

HRM 531 25.4[5.7; 3.0, 41.7 32.1 [14.3; 6.0, 106.6] 66.7 [12.0; 21, 102]
MSH 1242 27.4 [5.5; 6.0, 42.9] 34.8 [12.6; 5.8, 100.6] 76.0 [12.7; 47, 1106]

fage was measured from a smaller number of trees than n.

disturbance, were selected (these stands originated from heavy logging at the turn of the last century). Study
plots were established in each stand, in 1983. Four permanent point plots were randomly located to assess
variability within the stand. An iron rod or piece of PVC pipe was placed at the center of each point plot
and a BAF 10 cruising prism was used to estimate the number of trees in the plot (i.e., basal area in 1983).
A metal tag, embossed with a tree identification number, was affixed to the base of each tree with a nail.
Stem diameter at breast height (D) and total tree height (H) were measured for each tree. Age (A) was
estimated in 1983 from an extracted core, on a subset of dominant or co-dominant trees, designated to
estimate site index for common trees. Point plots were relocated in 2003 and dbh and height were measured
again. Age for trees measured in 2003 was computed by adding 20 to the age measured in 1983.
Measurement data are summarized by ELT in Table 1.

Analysis
The exponential Michelis-Menten model was used to model H-D relationships (Pacala et al. 1994):

H=p(l—e ®/0) (1)

where H is the height (m) of a tree and D is its diameter (cm) at breast height (at 130 cm above ground).
The parameter p is asymptotic height and B is the initial slope of the H-D relationship.

Equation 1 was chosen because p and ® should have an interpretable ecological meaning and because p, in
particular, should relate to site quality. An estimate of the parameter ® for a group of trees growing in the
same ELT should roughly correspond to the effect of ecological conditions on the average taper of smaller
(dbh), suppressed and intermediate trees. However, it should be difficult to separate an “ELT” effect on 3
from other factors that influence H-D ratios, namely differences in stand density (Wang 1998). The
parameter y1, in the scenario described, corresponds to the average upper limits of height for the larger
(dbh), dominant and co-dominant trees within a particular ecological land type (ELT). Given the well-
established influence of water and nutrient availability on the upper limits of height growth (Ryan and
Yoder 1997), p should reflect major differences in site quality, for trees large or old enough that they are
approaching their height limit. Differences in p should also be much less sensitive to stand density because
the largest trees were likely much less influenced by competitive effects on height and diameter growth.
Since the ELTs for the Huron-Manistee N.E were defined (through multivariate statistical methods) by
differences in soil texture and herbaceous plant composition (which have been shown to be correlated with
available soil water and nutrients, Host and Pregitzer 1991), significant differences the parameter y,
between ELTs, should reflect that meaningful differences in site quality on stem form.

Individual trees measured in both 1983 and 2003 were pooled into two groups for analysis: (1) all trees
pooled by ELT, and (2) all trees pooled of a species by ELT, to assure that trees covering a wide range of
sizes and ages (Table 1) from a range of stand conditions were represented within each ELT. Species
examined were: northern red oak (RO, Quercus rubra), white oak (WO, Q. alba), black oak (BO, Q.
velutina), northern pin oak (PO, Q. ellipsoidalis), red maple (RM, Acer rubrum), sugar maple (SM, A.
saccharum), American beech (AB, Fagus grandifolia) and white ash (WA, Fraxinus americana). BO and PO
were grouped together as in the OWP because field crews did not separate them there. Equation 1 was
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fitted for ELT and species-ELT combinations and parameters p and 3 were estimated using non-linear
regression analysis. Some species were not present in sample plots within a particular ELT or were present
in insufficient numbers to obtain a statistically valid estimate of parameters p and 3, however, so an
exploration of all possible species-ELT combinations was not possible.

The precision of each model was estimated with the coefficient of determination (r?). To determine how
much additional variation in height was explained by adding species level information, r* estimated for each
ELT model were compared to that estimated for species-ELT models. Average residual error of prediction
(= observed-predicted height) was used to detect for bias in each model, i.e., systematic over- or under-
prediction of height. A two-tailed t-test for differences in means was used to test for significant (ot = 0.05)
differences in model parameters. Differences in model parameters between ELTs were assumed to represent
the effects of an ELT on the H-D relationship of any tree in the total population of trees, regardless of its
species. Differences in model parameters between species within an ELT were assumed to represent the
combined effect of species and ELT on H-D relationships. Although other factors, including local
differences in stand basal area, past disturbance and stand age should also influence H-D relationships, I
assumed that pooling trees from a wide diversity of locations, stand types and ages would allow for site
(ECS) and species effects on H-D relationships for individual trees to be assessed, while accounting for
these other influential variables. To test for this, residuals were analyzed to determine if significant residual
error could be attributed to differences in stand basal area or tree age.

Results

H-D functions for ELTs and species-ELT combinations are presented in Table 2. Values for p and B result
in essentially anamorphic H-D functions (fig. 1) with significant differences in H-D functions between 4 of
the 5 ELT examined. There was no statistically significant difference between the two types of moraines
(HPM and HRM). Thus, the original 5 ELTs could be effectively collapsed to represent 4 strata which
meaningfully separate out differences in H-D relationships as a function of ELT.

Although tree stem diameter within ELTs was fairly well correlated (r* ranged from 0.63 to 0.68) with tree
height, about one third of the variability in height remained unexplained by dbh. At least part of this
unexplained error is likely due to the difficulty in accurately estimated the total height of hardwood species
in mature, closed-canopy stands. Despite the unexplained error, average error of prediction for the ELT
models was very small, ranging from 0.03 to 0.10 m (table 3). However, all models systematically under-
predicted height for the tallest trees (fig. 2) due to the fact the p represents the average asymptrotic height
(i.e., dominant canopy height) rather than a true maximum height. This is likely a problem when fitting
any H-D functions with an asymptotic model, although authors more typically plot residual error as a
function of predicted height (Huang et al. 2000) or dbh (Peng et al. 2001), which does not reveal this
pattern. Analysis of residuals revealed no significant residual error explained by either tree age or stand basal
area, thus, these factors were effectively scaled out of these H-D functions.

When species were used as an additional stratification tool along with ELT (table 2), there was very little
differentiation between species on either DSHs or HRMs, except for AB, which differed substantially from
other species on HRMs, due to the fact that smaller (dbh) AB were shorter than other species at the same
dbh (B lower). On OWPs, H-D functions were different for all three species (and groups, i.e., BOPO) with
significant differences in p for WO and in  for RO. H-D functions for RO and RM were essentially the
same on MSHs, but asymptotic height for WO was about 5.5 m below them. H-D functions on the HPM
were essentially the same for two groups of species, [RO and RM] and [SM and AB], with an estimated 10
m greater asymptotic height between them.

To determine if ELT models were enhanced with species information, ELT models (table 2) were used to
predict height for trees in species-ELT combinations. When individual trees were grouped by species and
ELT, the fit of the H-D functions improved dramatically for a few species (as indicated by differences in r?
vs. r* (ELT) (table 2), but in many cases resulted in only a small improvement in fit. Average error of
prediction, on the other hand, was significantly improved when species information was used (table 3).
However, as this error was generally less than 1 m for the ELT-only models (table 3), the magnitude of
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Table 2.—Height diameter functions for different species within ecological land types (ELT).
p and B are the asymptotic height (m) and the H-D ratio for very small trees, respectively,
estimated by least squares non-linear regression from eq. 1. Model parameters which are not
significantly different (ot = 0.05) between ELTs or species within an ELT are assigned the same
lower case letter (w, x, y; z,) or (a, b, c), respectively. r? is the fit of the model and *(ELT) is
the fit when the ELT model (Table 1) is used to predict height for species-ELT combinations.

n u 95%CI for p B 95%CI for p r? (ELT)
OoOwWP 795 24.84w  [24.05, 25.63] 1.31a  [1.25, 1.36] 0.65 -
WO 295 22.77 a [21.33, 24.21] 1.29a [1.19, 1.40] 0.60 0.56
RO 105 24.46 b [22.88, 26.05] 1.68b  [1.51, 1.86] 0.67 0.40
BOPO 339 25.65b [24.52, 26.77] 1.27a  [1.18, 1.36] 0.59 0.58
DSH 797 27.57 x [26.75, 28.40] 1.49b  [1.42, 1.56] 0.67 -
RO 297 26.97 a [25.91, 28.03] 1.61a [1.49, 1.73] 0.61 0.59
WO 225 28.69ab  [26.60, 30.79] 1.45a [1.32, 1.57] 0.60 0.60
RM 81 28.76 ab  [23.24, 34.29] 1.56a [1.37,1.75] 0.72 0.70
BO 177 31.25b [27.68, 34.82] 1.18b  [1.03, 1.32] 0.49 0.44
HRM 531 33.12y [32.12, 34.13] 1.73¢  [1.64, 1.81] 0.63 -
SM 239 32.53a [30.99, 34.07] 1.84a [1.72, 1.96] 0.70 0.70
WA 62 33.18 a [30.64, 39.03] 1.77a  [1.38, 2.08] 0.49 0.49
AB 15 34.20 a [26.23, 42.16] 1.18a [0.83, 1.53] 0.81 0.61
RO 65 35.08 a [33.05, 37.11] 1.58a [1.34, 1.82] 0.53 0.49
HPM 923 34.08 y [33.25, 34.92] 1.66¢  [1.60, 1.72] 0.67 -
AB 111 28.10 a [26.29, 29.90] 2.04a [1.77,2.31] 0.66 0.58
SM 344 28.38 a [27.16, 29.61] 2.06a [1.91, 2.20] 0.61 0.55
RO 290 37.14 b [35.66, 38.61] 1.47a  [1.37, 1.57] 0.61 0.58
RM 61 37.19b [27.42, 46.96] 1.51a [1.20, 1.81] 0.50 0.50
MSH 1242 35.20z [34.51, 35.88] 1.69c  [1.64, 1.75] 0.68 -
WO 114 30.05 a [28.12, 31.98] 1.86a [1.58, 2.13] 0.59 0.14
RO 846 3530 b [34.47, 36.12] 1.73a  [1.65, 1.80] 0.56 0.56
RM 199 36.56b  [34.56, 38.50] 1.64a  [1.54, 1.74] 0.83 0.82

40

301

201

height {m)

Figure 1.—Height-diameter functions for
any tree species growing within an ecological
0w a e w am land type (ELT). Curves for HRM and

dbh {em) HPM are not statistically different.
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Table 3. —Average error in height prediction (= observed — predicted
height) for height-diameter functions (table 2). error(SPELT) refers to
species-ELT models and error(ELT) refers to the error in the ELT
model, or the error when the ELT model is used to predict height for a

species within that ELT.
ELT SPP n error(SPELT) error(ELT)
owP 795 - 0.03
WO 295 0.01 -0.84
RO 105 0.01 1.84
BOPO 339 0.05 0.20
DSH 797 - 0.10
RO 297 -0.05 0.25
WO 225 -0.02 0.15
RM 81 -0.07 0.56
BO 177 0.00 -0.62
HRM 531 - 0.04
SM 239 0.04 0.44
WA 60 0.01 0.23
AB 15 0.11 -3.12
RO 65 0.01 0.64
HPM 923 - 0.10
AB 111 0.00 -0.68
SM 344 0.01 0.06
RO 290 0.05 0.44
RM 61 0.06 -0.23
MSH 1242 - 0.05
WO 114 0.00 -1.82
RO 846 0.01 0.30
RM 199 0.02 0.10

improvement was small relative to the probable accuracy of the height measurements. Thus, while
knowledge of species improved the power of H-D functions in most cases, these results suggest that the
effect of ecological conditions (as indicated by soil-site conditions) was far more influential than the effect
of species (i.e., genetics) on stem form. Hence, in this case, H-D functions developed for ELTs alone would
be more robust than those developed for individual species.

Conclusion

Ecological Land Types (ELT) developed for the Huron-Manistee National Forest appear to be useful
stratification tools for partitioning variability in H-D functions (i.e., stem form) across the varied glacial
landscape of northwestern lower Michigan. Consistent with other studies (e.g., Host and Pregitzer 1991,
Wang et al. 2000), these results suggest that effectively stratifying sites through the use of Ecological
Classification Systems (ECS) can provide useful, ecologically-referenced information for managing forested
ecosystems.

1
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Figure 2.—Residual error of prediction (= observed height — predicted height
= H, — H,) from height-diameter functions for ELTs (Table 2) plotted against
observed tree height. The curved line through each scatter plot represents the
best fit line for the data, using a second order polynomial model, and the
horizontal line represents the zero error line.
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EVALUATION OF MULTIPLE FIXED AREA PLOT SIZES AND BAFS IN
EVEN-AGED HARDWOOD STANDS

John R. Brooks and David W McGillt

ABSTRACT.—A test that utilized fixed area plot size and basal area factor as a continuous variable
to determine the relationship with stems (TPA), basal area (BAAC) and board foot volume per acre
(BFAC) was applied to even-aged mature (70-year-old) and immature (12-year-old) hardwood
stands located in northern West Virginia. For the 70-year-old hardwood sites TPA, BAAC, and
BFAC decreased with increasing plot size and converged for fixed area plot sizes greater than 0.08
acre. For BAFs between 10 and 40 these variables increased in a linear fashion with BAF and did
not converge. The coefficient of variation (CV) for TPA and BAAC were very similar and less than
that for BFAC over the range of fixed area plot sizes and BAFs examined. The CV for all variables
decreased with increasing plot size and increased with increasing BAF. In the 12-year-old stands,
TPA and BAAC decreased with increasing plot size and converged for plot sizes larger than 0.06
acre. These variables decreased in a linear fashion with increasing BAF between BAFs of 1 and 40
and did not converge. The CV for BAAC was larger than that for TPA in the fixed area plot sizes
tested while the reverse was found to be true for point sampling.

Early forest inventory techniques in the United States were based on the use of fixed area sampling units,
typically 0.20 and 0.25 acre in size. Fixed area sampling units were the status quo for many years until
Grosenbaugh introduced the concept of point sampling in early 1950’s. This sampling system changed the
way foresters inventoried forest populations fueled primarily by the obvious time savings associated with
this technique. Early tests by Grosenbaugh and Stover (1957) in Texas showed that using a BAF of 10 did
not differ statistically from estimates based on 0.25 acre and 0.20 acre plots. Though not widely accepted at
the time, Husch (1955) and Clutter (1957) tested a limited number of BAFs and found that average per-
acre estimates of basal area increased with increasing BAFs. Only the larger BAFs appeared to give unbiased
estimates. Zeide and Troxell (1979) cite several references where small BAFs resulted in underestimation of
basal area that they concluded was due to missing in-trees. The main reasons given for this apparent
anomaly included the existence of heavy understory, poor light conditions, hidden trees and miscounting
trees when the number of in-trees was large. In a test of BAF 5, 10, 20, and 40 in a 70-year-old Appalachian
hardwood forest in northern West Virginia, Wiant et al. (1984) found that both basal area per acre and
board foot volume per acre increased with increasing BAF. Their test results were compared with repeated
sampling of this tract using 0.10 acre plots. Both BAF 5 and BAF 10 estimates of volume were statistically
less than the estimates using BAF 20, BAF 40 and 0.10 acre plots. They recommend using BAFs of 20 or
40 for sawtimber cruises in this region. During the last decade, foresters have slowly migrated to using a
BAF of 20 in sawtimber inventories spurred by the empirical evidence that it provides less biased estimates
of stand volume but more likely due to the fact that fewer in-trees would be measured thus saving field data
collection time. During this same period the use of 0.10 acre fixed area circular plots also became the norm,
although it is not employed as frequently as point sampling techniques.

Methods

Two Appalachian hardwood sites were selected from the Eastern Allegheny Plateau and Mountains land resource
region (USDA SCS 1981) and are located in Monongalia and Preston counties, in northern West Virginia.
The first location (Mature Hardwood Sites) consists of 40 plots located in 70-year-old even-aged mixed
hardwood stands. These plots represent permanent sample plots distributed across both mixed oak and
mesophytic hardwood sites (SAF cover types 52 and 59)(Eyre 1980). The individual plots in this site are fairly
uniform with a coefficient of variation ranging from 0.31 to 0.51 for trees per acre and board foot volume per
acre, respectively (Table 1). The second location (Young Hardwood Sites) consists of 18 plots established in 12-
year-old even-aged stands situated on a middle slope having a northwest aspect. Plots on this site are very
uniform with a coefficient of variation of 0.22 for trees per acre and 0.14 for basal area per acre (Table 1).

TAssociate Professor of Forest Biometrics (JRB) and Forest Resource Management Extension Specialist (DWM),
Division of Forestry, West Virginia University, 322 Percival Hall, Morgantown, WV 26506-6125. JRB is the
corresponding author: to contact, call (304) 293-2941 or e-mail at jrbrooks@mail.wvu.edu.
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Table 1.—Descriptive statistics for the mature and young hardwood study sites.

Mature Hardwood Sites! Young Hardwood Sites?
Min Max Mean CV Min Max Mean CV
TPA 10.0 110.0 72.2 0.31 1,690.0 3,960.0 2,773.3 0.22
BA 9.4 187.4 112.4 0.3651.3 88.2 75.4 0.14
BF 1,173.8 33,885.5 16,482.7 0.51
QMD 13.2 20.6 16.7 0.101.7 2.9 2.3 0.14

'based on a fixed area plot size of 0.2 acre
*based on a fixed area plot size of 0.1 acre

Mature Hardwood Sites

Forty permanent plots were visited and every tree within a 70-foot radius of plot center was measured for
dbh, sawlog merchantable height, and distance from plot center. The distance from plot center to each tree
was determined using an Impulse 200 laser hypsometer by shooting to a reflective target positioned at dbh
and facing the plot center. The distance to the pith was determined by adding half the dbh in feet as
determined with a diameter tape. This distance was recorded to the nearest 0.01 foot. Tree dbh was
measured with a steel diameter tape and recorded to the nearest 0.1 inch. Since this study involves
sawtimber products, only those trees 11.6 inches dbh and larger were included in the analysis.
Merchantable height of the sawlog potion of the tree was measured using an Impulse 200 laser hypsometer
and recorded to the nearest foot. Sawlog merchantable height was defined as height to an 8-inch dob top or
where branching or form limited merchantability for this product. Merchantable height data were collected
to estimate board foot contents of each stem using equations published by Scott (1979). Since these plots
are centered at an existing square 0.2 acre permanent sample plot, most trees tallied were previously tagged.
Once the tagged trees were identified and measured, a sweep of the area for sawtimber trees outside the
existing plot but within the 70 foot radius were identified and measured making it quite unlikely that any
trees were missed. At each plot, TPA, BAAC and BFAC (Int %) were determined for fixed area plots
ranging in size from 0.01 to 0.30 acre in 0.01 acre intervals. In addition, the same estimates were made
using BAFs from 1 to 50 in 1 BAF intervals. For this study, any tree whose distance from plot center was
less than or equal to the limiting distance for that specific sampling unit was included in the tally.

Young Hardwood Sites

Eighteen 0.10 acre circular plots were established in 12-year-old even-aged stands. Every tree taller than 4.5
feet and within a 37.24-foot radius of plot center was measured for dbh and distance from plot center. Tree
measurements were conducted using the same procedures used for trees in the Mature Hardwood Sites. At
each plot, TPA and BAAC were determined for fixed area plots ranging in size from 0.01 to 0.10 acre in
0.01 acre intervals. In addition, the same estimates were made using BAFs from 1 to 40, in 1 BAF intervals.
As with the Mature Hardwood Sites, any tree whose distance from plot center was less than or equal to the
limiting distance for that specific sampling unit was included in the tally. Plot data were summarized for
each fixed area plot size and BAF examined. Mean trees and basal area per acre as well as the coefficient of
variation and the average number of in-trees were determined for this sample of 18 plots.

Results
Mature Hardwood Sites

Figure 1 depicts the mean TPA, BAAC, BFAC, number of in-trees, and coefficient of variation for TPA,
BAAC and BFAC for the 40 permanent sample plots described previously. Mean BFAC decreased with plot
size but stabilized for fixed area plot sizes greater than 0.08 acre. The small variations in volume per acre for
plot sizes from 0.10 to 0.26 acre are most likely due to spatial variation of trees among the different plot
sizes. The coefficient of variation for BEAC decreased with increasing plot size but only changed 10
percentage points (0.6 to 0.5) between plot sizes of 0.13 to 0.30 acre. A similar pattern is portrayed for
estimates of TPA. Trees per acre stabilized for plot sizes larger than 0.09 acre. The coefficient of variation
stabilized for plot sizes larger than 0.06 acre. As expected, the graph of BAAC by plot size is very similar to
that of BFAC. The average number of in-trees per plot increased linearly with increasing plot size from 1
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tree (0.01-acre plot) to 19 trees (0.30-acre plot). The vertical lines depicted in Figure 1 signify the standard
error of the mean for that sample size. A SAS General Linear Models test was conducted to determine

whether the means for TPA, BAAC or BFAC were the same for all plot sizes (0t = 0.05). Only TPA indicated
significantly different means. A mean separation test (Tukey) was unable to identify differences in mean TPA.

As mentioned previously, BAF was increased in units of 1 BAF starting with a BAF of 10 and culminating
with a BAF of 50. Based on previous work in this region, it is realistic to believe that an appropriate BAF
would fall within this range. Figure 2 shows the mean TPA, BAAC, BFAC, number of in-trees, and
coefficient of variation for TPA, BAAC and BFAC with increasing BAE. The pattern shown in Figure 2 is
typical of the pattern described by Wiant et al. (1984) as well as other investigators, but in this case it is
very unlikely that this anomaly can be explained by missing in-trees. The irregular pattern shown between
BAF 40 and 50 is currently unexplained. The coefficient of variation for BFAC increased with increasing
BAF from 0.48 (BAF 10) to 0.69 (BAF 50). However, this increase is relatively small between BAF 13 and
30. The estimates for TPA increased in a consistent manner from BAF 15 to BAF 40, after which there is
an unexplained drop in TPA. The coefficient of variation for TPA increased linearly with increasing BAF
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up to a BAF of 40. There seems to be very little increase in variation above a BAF of 40. As with fixed area
plot samples, BAAC followed a similar trend to BEAC. The mean number of in-trees per point decreased
exponentially with increasing BAF with an average of 11.1 in-trees with BAF 10 and approximately 3 in-
trees for BAF 50. A SAS General Linear Models test was conducted to determine whether the means for
TPA, BAAC or BFAC were the same for all BAFs (¢r = 0.05). Only BAAC and TPA indicated
significantly different means. A mean separation test (Tukey) was unable to identify differences in either
mean BAAC or TPA.

Young Hardwood Sites

Figure 3 depicts the mean TPA, BAAC, number of in-trees and the coefficient of variation for TPA and
BAAC with increasing plot size. Although these estimates are based on fewer plots (18), BAAC and TPA
appear to stabilize above a fixed area plot size of 0.06 acre. The number of in-trees required for each plot
size increases linearly ranging from 10 (0.01-acre plot) to nearly 300 (0.10-acre plot). The mean number of
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Figure 3.—Mean trees per acre, basal area per acre, number of in-trees and the
coefficient of variation by stand parameter by fixed area plot size (Young
Hardwood Sites). Vertical lines signify the standard error of the mean.

in-trees for a 0.06 acre plot was approximate 150 trees. No significant differences between sample means
were found for BAAC or TPA.

The results obtained using point sampling are exactly opposite that found for the Mature Hardwood Sites.
In this situation, BAAC decreased with increasing BAF (fig. 4). The same relationship was observed for the
mean TPA. As was found with point sampling in the Mature Hardwood Sites, the number of in-trees
decreased exponentially with increasing BAF ranging from 75 (BAF 1) to 1 (BAF 40). No significant
differences were found between sample means.

A review of the coefficient of variation by plot size and BAF indicated that TPA is more variable than
BAAC for point sampling but not for fixed area plots. These values stabilize relatively quickly in small fixed
area plots and do not stabilize at all for different BAFs.

Conclusions

The effect of increasing plot size and BAF on BFAC, BAAC and TPA was examined on age 70 (Mature
Hardwood Sites) and age 12 (Young Hardwood Sites) even-aged hardwood sites in northern West Virginia.
Statistically significant differences were found for BAAC and TPA for the range of BAFs examined. For the
range of fixed area plot sizes tested, only TPA showed a significant plot size effect. Mean separation tests
(Tukey) were unable to identify significantly different means. On the Mature Hardwood Sites, average
BFAC stabilized for fixed area plot sizes larger than 0.08 acre. Utilizing the same plot centers, board foot
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volume increased linearly with increasing BAFs between 10 and 40. These results support the findings of
earlier investigators (Clutter 1957, Zeide and Troxell 1979, Wiant et al. 1984) but it is unlikely that the
results are due to missing in-trees, thus indicating a bias associated with the implementation of point
sampling on these sites. If one would assume that the “true” value for the parameter of interest is identified
by the values from the fixed area plot graphs where the means flatten out and become less variable, then an
estimate of the “true” board foot volume per acre is around 15,500 bf/ac and the “true” basal area per acre is
approximately 105 ft*/ac. This would indicate that the appropriate BAF to use would be between 16 and 20
for board foot volume and basal area per acre. Either of these situations would require less than 7 in-trees
per point, on average. It is interesting to note that if the “true” volume is as described above, selection of a
BAF of 40 would have resulted in an overestimation of volume by 26 percent. The coefficient of variation
for BEAC was larger than that for BAAC or TPA for the fixed area plot sizes and the different BAFs
examined. Additional study is recommended as an increase in sample size would likely result in an increased
ability to distinguish significant differences between sample means.

Less prior work has been done regarding the appropriate plot size or BAF to use when sampling immature
stands, due primarily to their lower inherent value. In general, foresters have employed smaller plot sizes in
younger stands, though the reasoning may be more related to practicality than in selecting an unbiased
estimate of the variable of interest. In this relatively small sample, no statistical difference was found
between the means for BAAC or TPA for the range of BAFs and fixed area plot sizes examined. Average

basal area and trees per acre stabilized in fixed area plot sizes larger than 0.06 acre. However, the average
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number of in-trees at this plot size is approximately 150. In general, mean BAAC and TPA decrease with
increasing BAF in these stands. It is the same phenomenon obtained with the Mature Hardwood Sites, but
with a negative slope. Again, if one would assume that the “true” value for the parameter of interest is
identified by the values from the fixed area plot graphs where the means flatten out and become less
variable, then an estimate of the “true” basal area per acre is around 75 ft*/ac and the “true” trees per acre is
approximately 2,750. This would indicate that the appropriate BAF to use would be between 10 and 27 for
BAAC and 3 and 6 for TPA. Either of these situations would require less than 20 in-trees per point, a value
much lower than that needed for fixed area plots. For the fixed area plots examined, the coefficient of
variation for BAAC was larger than that for TPA. The exact opposite was found for the BAFs tested.
Additional investigation is needed in immature hardwood stands to determine whether these relationships
hold over larger sample sizes and different site types. Care must be taken in selecting an appropriate BAF in
any age stand as the variable of interest has been found to change linearly with BAF in all sites examined.
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A COMPARISON OF TWO DOUBLE SAMPLING AUXILIARY VARIABLES WITH
INVENTORIES OF VARYING SAMPLE SIZE

Wesley W. Bailes and John R. Brooks'

ABSTRACT. —Two auxiliary variables were tested to determine the effects on the precision
statement about the mean board foot volume per acre. These comparisons were made with data
from three inventories of differing sizes in West Virginia. The sum of the merchantable height on
all “in-trees” per point was compared with the more commonly employed auxiliary variable of basal
area per acre. The auxiliary variable based on the sum of the merchantable height on “in-trees”
resulted in higher correlations with board foot volume per acre than the use of basal area in all
three inventories. This increase in correlation did not produce a substantial decrease in the
standard error of the mean. A time study was also conducted to investigate the additional time
required to estimate the number of logs on “in-trees” per point when compared to just recording
basal area per acre. On average, estimating merchantable height on “in-trees” took an additional 13
seconds per point.

Double sampling, also referred to as two-phase sampling, was originally mentioned in forestry literature by
Spurr (1952), while the first detailed description of its application was presented by Freese (1962). This
sampling technique was developed to take advantage of the relationship between the variable of interest and
some easily measured and highly correlated auxiliary variable. The primary objective of double sampling is
to reduce total inventory time without sacrificing the precision about the point estimate. This can be
accomplished through the use of a carefully selected auxiliary variable. A prerequisite for a good auxiliary
variable is one that is easily and thus quickly measured and is also highly correlated with the variable of
interest. The most commonly utilized auxiliary variable with double sampling for volume estimates is basal
area. This is due to the high correlation between basal area and volume and the fact that basal area can be
determined very quickly when using point sampling. Although basal area is an excellent candidate for
double sampling, other auxiliary variables can be used. In a New Jersey study by Wiant and Zeide (1979),
the sum of the estimated merchantable logs on “in-trees” was initially examined for use as an auxiliary
variable. Their results indicated that the sum of the number of logs on “in-trees” provided a higher
correlation with board foot volume than basal area per acre. This is a plausible statement since a 20-inch
tree with 3-logs and a 20-inch tree with 1-log have the same basal area, but different merchantable heights,
and thus different volumes. Another study that utilized merchantable height as an auxiliary variable was
reported by Myers (1985) for a simulation study conducted in a 36-year-old even-aged hardwood forest
located in northern West Virginia. He concluded that the use of the sum of estimated merchantable logs as
the auxiliary variable provided a more precise estimate of board foot volume than basal area using repeated
sampling with samples sizes ranging from 20 to 60. Although limited testing of this auxiliary variable
appears promising, its use in large-scale forest inventory applications has not been documented. This study
was designed to investigate the use of basal area per acre and the sum of the merchantable heights on “in-
trees” as auxiliary variables using several inventories that included both large and small sample sizes. In
addition to determining the efficiency of these auxiliary variables, field data recorders were used to record
point measurement times for the intensively measured points as well as both types of non-intensive points
on one of the larger inventories.

Methods

Three separate inventories were utilized as the basis for this analysis. All sample inventories were based on a
systematic point sample using a BAF of 20 to inventory sawtimber board foot volume on approximately

70-year-old hardwood forests in West Virginia. Actual inventory area ranged from 11,995 acres to 138
acres (Table 1).

fGraduate student and Associate Professor of Forest Biometrics (JRB), Division of Forestry, PO. Box 6125, West
Virginia University, Morgantown, WV 26506-6125. JRB is corresponding author: to contact, call (304) 293-
2941 Ext. 2421 or e-mail at jrbrooks@mail.wvu.edu.
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Table 1.—Tract size, sample size and intensive to non-intensive sampling ratios for three
hardwood forest inventories in West Virginia.

Inventory First Phase (n’)  Second phase (n) Actual ratio Forest Size (acres)
Coopers Rock 3,124 1,041 1:3 11,995
Kumbrabow 530 216 1:2.45 8,683
Compartment 14 52 18 1:2.89 138

The Coopers Rock inventory, consisting of 11,995 acres, was inventoried during 2000-2001. This
inventory includes both the West Virginia University Research Forest (7,594 acres) and a subset of the
Coopers Rock State Forest (4,401 acres) located in northern West Virginia. The Kumbrabow inventory was
conducted during the summer of 2002 and represents a majority of the area (8,683 acres) that comprises
Kumbrabow State Forest located in Randolph County, West Virginia. The third inventory was included to
examine the effects of inventory size on the precision statement and is based on a compartment level
inventory (Compartment 14) conducted on the West Virginia University Research Forest in 2003. The
Kumbrabow inventory was initially designed to test the efficiency of these two auxiliary variables while the
Coopers Rock and Compartment 14 inventories were initially comprised of all intensively measured points
that were converted to a double sample inventory with an approximate 1 to 3 intensive to non-intensive
ratio. The actual plot ratios for each inventory are displayed in Table 1. In each sample inventory both
auxiliary variables are known on every point. For the Kumbrabow and Coopers Rock inventories, board
foot volume was based on equations by Scott (1979) which are a function of merchantable height in feet.
The Compartment 14 inventory utilized form class 78 equations developed by Wiant and Castaneda
(1977) where merchantable height was recorded in logs and half logs. All board foot volumes are based on
the International %-inch log rule.

Results

The relationship between each auxiliary variable and board foot volume per acre was examined on the
second phase samples. A ratio estimator was selected since the data appeared to cross at the origin and
exhibited increasing variance with increasing values of the auxiliary variable (Figures 1 through 3). There
was an increase in the correlation coefficient in all three inventories due to utilization of sum of
merchantable heights as the auxiliary variable (Table 2). The estimates of mean board foot volume for the
two auxiliary variables produced similar mean values (Table 3). Since the Coopers Rock and the
Compartment 14 inventories were originally based on all intensively measured points, the actual mean
volume per acre is known to be 10,686 and 12,657 board feet per acre, respectively. In both cases, the sum
of the merchantable heights on “in-trees” as the auxiliary variable provided less biased estimates of the mean
volume per acre. There was not a substantial increase in precision from utilizing merchantable height as an
auxiliary variable (Table 3). The largest increase in precision occurred in the Compartment 14 inventory,
which was 1.1 percent lower than that obtained using basal area as the auxiliary variable (Table 3). An
evaluation of the mean time to measure each non-intensive plot type indicated that estimating the
merchantable heights on “in-trees” took only an additional 13 seconds per point.

Conclusions

Based on a 1:3 ratio of intensive to non-intensive sample points, the use of merchantable height as an
auxiliary variable increased the correlation coefficient with board foot volume per acre by 3.8 to 9.8 percent
in all three inventories. However, this increase in correlation with volume was not large enough to
substantially reduce the standard error of the mean. Although the standard error was reduced in each of the
three inventories, reduction only ranged from 0.02 to 1.12 percentage points. Based on a comparison of
those inventories where complete enumeration of all points was available, the use of the sum of
merchantable heights on “in-trees” as the auxiliary variable resulted in slightly less biased estimates of the
mean board foot volume per acre. Additional investigation of these auxiliary variables utilizing intensive to
non-intensive ratios with fewer intensive points and their effects on the estimated mean and standard error
is recommended.

102
Proceedings of the 14th Central Hardwood Forest Conference GTR-NE-316



60000

< 50000 -

£

° - .
§ 40000 T
- *

i IR

@ 30000 + 4 ]

1 3 * *

3 2 .

2

g 20000 | l ‘ .

w [ d

'E *

S 10000 -

m

0 T T T T T
100 150 200 250

Basal area per acre (ft?)

60000

Figure 1.—The relationship between the
sum of the merchantable heights on “in-
trees” and basal area per acre with board

300

foot volume per acre for the Coopers Rock
inventory.

Board Foot Volume per Acre (Int 1/4)
n W B o
o o o o
o o o o
o o o o
o o o o
! !

10000 -

300 400 500 600 700 800
Sum of Merchantable Height (feet)

900

50000

45000 IS

* 60 o

S 000D | 00 o4

- n n w w B

a o a 9o a 9

o O O 9o o oS

S o © © o oS

S & & & o© o
L L

L2z 24
L 22 X JIR 4

Board Foot Volume per Acre (Int 1/4)

-

o

o

oS

S

L

PINING 00
CIHITHN

5000

amee

0 T T T T T
100 150 200 250

Basal area per acre (ft?)

50000

Figure 2.—The relationship between the
sum of the merchantable heights on “in-
trees” and basal area per acre with board

300

foot volume per acre for the Kumbrabow

45000 £2

40000 ‘:

inventory.

Board Foot Volume per Acre (Int 1/4)
- - n n w w
o (%)) o a o a
o o o o o o
o o o o o o
o o o o o o

5000 f

0 T T T T T T T
0 100 200 300 400 500 600 700
Sum of Merchantable Height (feet)

800

Proceedings of the 14th Central Hardwoods Forest Conference

GTR-NE-316 103



Table 2.—Correlation coefficients by auxiliary variable and inventory.

Auxiliary Variable Coopers Rock Kumbrabow Compartment 14
Basal Area (BA) 0.910 0.952 0.908
Merchantable Height (MHT) 0.991 0.988 0.997

Table 3.—Mean estimates and statistics by auxiliary variable and inventory.

Statistic Coopers Rock Kumbrabow Compartment 14
Mean with BA 10,826 14,445 12,345
Mean with MHT 10,693 14,260 12,504
Standard Error with BA 149 435 1,079
Standard Error with MHT 130 427 953
Standard Error BA (%) ! 1.38 3.01 8.74
Standard Error MHT (%) ! 1.22 2.99 7.62

!Standard error as a percent of the mean
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GROWTH STRESS IN HARDWOOD TIMBER

Daniel L. Cassens and Jose R. Serrano’

ABSTRACT.—Longitudinal growth stress, particularly in small diameter trees, can result in severe
splitting and warping of lumber and can even ruin veneer quality logs. This phenomenon is well
documented in the literature. The problems it causes are common and occur wherever wood or
veneer is being processed. However, foresters, industrial managers, and researchers generally do not
understand its significance. This paper will present examples of wood manufacturing problems
resulting from longitudinal growth stress. It will also briefly review the literature and present
findings from a study measuring longitudinal growth strain in different plantations of pole sized
yellow poplar and the relationship of growth strain to warp and checking in lumber. Growth strain
should be considered in future genetic studies.

Longitudinal growth stresses are present in all standing timber and cut logs. In fact, if they did not exist,
trees could not maintain a vertical position. Growth stresses are not visible although they can be measured
and are called growth strain (GS). When trees are felled and cut into logs and logs processed into lumber
the results of growth stresses being released, particularly in small diameter

timber become evident. Growth stress-related degrade includes splits, cracks
and warp and thus loss of potential economic value. This degrade is so
commonplace that many individuals will dismiss it as being “characteristic of
wood” or “wood just does that”.

Heart checks in the butt of felled trees and cut logs are the first evidence of the
presence of longitudinal growth stress relief in timber. These checks will occur
as soon as the tree is felled or the log is bucked and may increase with time. In
severe cases, logs may literally quarter themselves (fig. 1). “S” or “C” irons or
plastic “I” pieces are commonly used on high valued logs to help control the
problem.

Figure 2.—Bow from longitudinal growth
stress release in a flat sawn board (left).
Tension in the outer portion of the log pulls
the ends of the board outward and together.
Longitudinal growth stress release in a
diametrical edge grained (quartersawn) blank
resulting in deep end splits and crook.

Chain saws may bind when cross cutting
logs (Wilhelmy 1971) due to stress. As the
saw first enters the cross cut, tension in
the outside of the log pulls the wood away
but as the cut deepens the center portion
of the log which is in compression is now
free to expand and the saw is pinched.

Figure 1.—High quality walnut
Bow in flat grained lumber occurs when veneer log which has been severely
tension in the outer part of the log cause degraded due to the release of
boards to pull outward as they are cut growth stress.

loose from the log or cant (fig. 2). The log

or cant will curve slightly in the opposite direction. If another board is

cut on the same log face, it will be thinner on the ends and thicker in

the middle due to movement of the cant. At mills which cut logs one

board at a time, the cumulative effect of thin ends and thick middles is

seen as a slight or low arch at the top of tall lumber stacks on the air

drying yard. The effect is particularly noticeable in long lumber

TProfessor, Wood Research Lab, Purdue University and previous Res. Asst. and Ph.D. candidate, Wood Research
Lab, Purdue University, 175 Marsteller Street, West Lafayette, IN 47907-2033. Jose R. Serrano is currently a
professor at the Costa Rica Institute of Technology, Cartago, Costa Rica.
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Crook often occurs in edge grained or quartersawn lumber. The region near the bark is in tension and tends
to shrink while the region near the pith expands due to release of compression forces. The region near the
bark ultimately ends up in compression (Jacobs 1965).

Boards and timbers cut with a centered pith or boxed heart may also develop deep end checks or splits (fig.
2), sometimes with an explosive force. Simply dropping one of these pieces during processing can result in
the split developing.

Although growth stresses can often explain at least in part bow and crook, warp is usually the result of
several growth characteristics, processing procedures, and wood properties interacting with growth stresses.
These may include juvenile wood, pith, drying stresses, wood density and stiffness as well as anatomical
alterations. Some drying stresses may act to offset growth stresses. Because several factors may be interacting
it is difficult to identify a single cause for splitting and warping,.

In order to better understand longitudinal growth stress and its effect on logs and lumber a series of
experiments were conducted. Unlike previous reports, this research measured longitudinal growth stresses in
standing trees and cut logs and then related the amount of stress to warp and checking in the lumber
produced. Serrano (1999) provides additional information on the relationship of stress to warp and end
checking in air dried and surfaced lumber. A complete statistical analysis and model are presented in the
same document.

Literature Review

Jacobs (1945, 1965) defined growth stresses as the forces found in green stems disregarding stresses due to
the weight of the tree’s crown and sap tension. According to Post (1979) growth stresses are the forces that
develop in the wood of growing plants. These stresses are different from those developed as a consequence
of drying, although they may interact (Jacobs 1965, Chafe 1979A and B, Kubler 1987). Growth stresses in
wood are distributed orthotropically in longitudinal (axial), tangential (ring, circumferential) and radial
directions in the stem. Growth stresses originate when growing wood cells contract in the longitudinal
direction and expand in the transverse direction (Munch 1938). Since the contraction is restrained by older
cells, the new cells generate longitudinal tension, while obstruction of the lateral expansion by neighbor
cells leads to tangential compression stress (Kubler 1987). The longitudinal tension force compresses the
adjacent interior layer and reduces the tension of older cells (Jacobs 1939). The macro-cumulative effect of
additional woody layers is converted to severe compression near the pith.

The tree generates growth stresses in response to mechanical requirements. Growth stresses are important in
that they help reorient stems and branches. For example, reaction wood generally tends to exhibit high
levels of longitudinal growth stresses that allow leaning trees to regain a vertical position. Growth stresses
are present in the tree as internal or residual stress even without the action of external forces. As a result, the
mean growth stress in vertical standing trees and the corresponding felled trees differ only slightly
(Nicholson 1973). Conversely, the pattern of stress distribution around the circumference changes
significantly due to lean and wind. The release of growth stresses during processing generates many
complications such as splits and distortions in both logs and lumber.

Stress appears in woody plants in the form of tension and compression. The stress acting on wood produces
strain, which is a change in dimension. Since stress cannot be measured directly, strain is used to evaluate
defects caused by growth stress (Kubler 1987). In the longitudinal direction, the tree is pre-stressed in
tension on the periphery and in compression near the center. Compressive longitudinal growth stresses tend
to increase toward the pith and when felling and crosscutting, the internal-stress balance is altered resulting
in splits and heart checks in the log ends (Malan 1979). Longitudinal growth stresses are largest in
magnitude and the most serious in processing because they result in warp (Boyd 1950, Hillis 1984,
Maeglin 1987, Kubler 1988). Warp in lumber is fundamentally driven by growth stresses, and differences in
shrinkage within the wood as it dries (Simpson 1983). Warp in sawn green timber occurs essentially due to
differential or asymmetry in growth stress levels. Since growth stress release causes warp and splits in green
lumber, researchers are interested in finding ways to predict or to reduce its impact. To predict lumber
warp, surface longitudinal strain measurements in standing trees and felled logs have been suggested as an
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alternative to the more complicated inside-stem strain determination method (Okuyama and Sasaki 1979,
Archer 1986 and Kubler 1987). Because growth stress release will occur during the conversion process,
sawing pattern plays an important role in warp development. Longitudinal position in the tree may also
influence lumber warp (Balaban 1982, Maeglin and Boone 1983, Koch 1986). Other causes of lumber
warp might be due to the anisotropic nature of wood as well as the variability of wood properties within
and among trees. As a result, growth stresses and growth factors may increase or decrease the tendency of
lumber to warp. Kubler (1987) and Archer (1986) note that large variations of surface growth stresses occur
within and between species, around the tree circumference especially in leaning trees (reaction wood) as well
as with tree height, silvicultural treatments and seasons. However, only limited experimental information
has been generated. In addition, surface growth strains have been found to be closely related to variations of
wood properties such as, MOE, basic density, shrinkage, fiber wall thickness, lignin/cellulose content, and
microfibril angle (Nicholson et al. 1975, Okuyama et al. 1994, Bailleres et al. 1995, Hillis 1997, Malan
1997). Most of these wood properties show strong relationships with growth stress when evaluated in
leaning trees.

Today, second growth forests along with fast growth plantations represent an important source of many
commercially important species. As a result, the size and quality of logs are continuing to decrease, resulting
in utilization of smaller and smaller trees with less mature, clear wood. Moreover, wood which was initially
managed for pulp is being processed for lumber even at younger ages (Senft et al. 1985). These younger
trees have a higher proportion of juvenile wood, reaction wood, and growth stress as compared to older
trees (Maeglin 1987). Growth stresses are more critical in smaller logs from young fast growing trees
because of steeper growth stress gradients (Boyd 1950, Hillis 1997). In addition, growth stress release in
hardwoods is of a much greater magnitude than in softwoods (Archer 1986, Kubler 1987). Well
documented differences have been observed among the properties of wood from second growth forests,
plantations, and old growth forests (Rendle 1960, Bendtsen 1978, Lewark 1985, Zobel and van Buijtenen
1989). As timber demand and resulting economic pressures impose short rotations, more quality problems
with shrinkage, warping, low strength and other factors, impacting the
performance of wood products will be found.

Materials And Methods

Surface longitudinal growth strain (GS) of 36 trees was measured during May
and September on the west and east side of a sample of plantation grown yellow
poplar (Liriodendron tulipifera L.) trees from three different plots at the Purdue
University Martell Forest in Tippecanoe County, Indiana. Trees in the plots
were planted in 1965 and initially spaced at 6x6 or 6x9 feet. Dominate trees
were selected. The plots were on level ground. An additional set of the GS
values were taken in August and included measurements on the west, east,
north and south sides of the stem. Twenty of these trees were felled and
processed into lumber. GS measurements were taken at diameter breast high
(DBH) on the butt logs as well as at 12.50 feet from the ground on the second
logs. Side-matched GS measurements were obtained on the felled trees (two 8
foot logs). A slightly modified Nicholson’s method (fig. 3) was employed to
dete.m.line GS measurements.(NichOI'mn 197.1 and Serranq 1999). Gr.ox_ivth two Phillips head screws (botrom)
strain is measured as p€ or micro-strain. “€ ” is the change in length divided by hich is measured after the wood is cut
the original length and “p” is equal to 10° thus micro-strain. By using GS free on each side. The instrument is
average values measured on the butt logs, the trees were grouped into HI and provided with calibration bars.

LOW GS trees. Those trees with GS levels above the mean value were

considered “high GS level”, and below the mean value “low GS level.” In order to avoid the effect of

outliers the trimmed (Tr) mean' was used. The trimmed mean was (1301.9 pe; and the range was from 500

to 3420 pe). Tree samples from the three plots of yellow poplar that were harvested during August were

processed using the balanced sawing technique by means of the (SDR) process and the CANT sawing

Figure 3.—Huggenberger tensotast
(accurate to 0.001mm) used to measure
growth stress. It is the movement of the

'Removes the smallest 5% and the largest 5% of the values (rounded to the nearest integer) and then averages the
remaining values.
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pattern. This technique is based on the alternate cues 8t 1Tin | 8to 11 in.
of similarly located pieces from opposite sides of the ! ! = '
log or flitch in order to counterbalance the T

longitudinal stress release. Figure 4 is a graphical
presentation of these sawing patterns. In both sawing Tim

patterns, a portable sawmill with thin-kerf bandsaw
1 2 |3 |4 4in

blades was used. The bandsaw blades produced a 1/ N ERE
16 in. nominal saw kerf. The taper of the logs was 4
split which permitted full thickness for the pieces \@/
obtained from the center of the log. For the SDR ~———

process, the opening face was at least 4 inches wide in IH‘

order to produce a nominal 4 inch stud from the

subsequent flitch.

Figure 4.—Typical sawing patterns to produce 2 by 4
yellow poplar studs.

It was estimated that a bolt diameter inside bark
(DIB) of 8 to 11 inches (Figure 4) would be required
to apply the sawing patterns proposed in this study.
The diameter breast high (DBH) of the study trees ranged from 8 to 13 inches. As a result, some studs
containing wane were produced. Only material from the butt and the second eight foot log was used.

Stud position in the tree was evaluated through log position or height (butt and second log) and radial (flat
and quartersawn pieces) differentiation. From the sawing pattern in Figure 4, stud position 1 and 4
produced “flat grained” pieces while positions 2 and 3 generated “edge grained or quartersawn” pieces from
the juvenile wood zone of the log.

Warping measurements in the green condition included crook and bow. These measurements were
determined according to Hallock and Malcolm (1972), Milota (1995), and Serrano (1996). The number of
end checks and the length of the longest end check were also determined. For the cant sawing process, these
measurements were taken on 2 x 4’s but for the SDR process, they were taken on flitches which still
contained the waney edges.

Results And Discussion

Table 1 shows that the magnitude of GS increased significantly from May to September (p-value 0.0001).
The GS for August was in an intermediate position. At the same time, the average GS readings on the west
side were significantly higher than the east side (p-value 0.0263. Thus, harvesting and processing the trees
before the dormant period will result in lower GS values and perhaps less warping and end checking in the
lumber. This recommendation is further supported because fewer difficulties in debarking logs from May to
August as compared to September were encountered. Okuyama et al. (1981) reported similar results in an
experiment with the conifer tree sugi (Cryptomeria japonica), and Nicholson (1973) indicated the existence
of some seasonal and other periodic variations of longitudinal GS. Archer (1986), based on theoretical
premises, suggests that softwoods would start with slightly negative or nearly zero GS at the beginning of a
growth season and then increase to some maximum value in the latewood near the end of the growing
season. However, this GS seasonal change may be less pronounced in hardwoods, based upon the small
microfibril angle variation over the annual ring. Kubler (1987) rejected the idea of GS seasonal change,
arguing that without a new stimulus, GS should be the same in earlywood as well as in latewood. However,
his position is not supported with experimental data. Okuyama et al. (1981) indicates that lignification is
the most important process for growth stress generation. It is also known that the lignification process
occurs over a period of time. Therefore, this time factor must be considered in the models (Yamamoto

1998).

The GS averages of the butt logs were significantly lower than the second logs (p-value 0.008, table 2). The
interaction of plot and log position generated important effects. The significance level for this interaction
effect was 7.10 % (p-value 0.071). The GS averages of the second logs tended to be higher than the butt
logs, but in the case of plot number 2 the mean value was much higher. GS differences by polar points
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Table 1.—Surface longitudinal growth strains (GS in pg) at DBH on
standing trees for two polar points and three time periods.

Time Periods

Polar points GS May GS Aug. GS Sep.
East 1099 1169 1743
West 1286 1639 1978
N 36 20 36

Note: -GS May and GS Sep. are side-matched observations on the same tree,
while GS Aug. were taken on a sample of the 20 trees that were harvested and
processed by the SDR and cant sawing method.

-GS Aug. means were adjusted by plot size.

Table 2.—Surface longitudinal growth strains (U€) on standing trees
according to plot number and log position.

Plots
Log position 1 2 3 Average
Butt 1404 1333 1455 1397
Second 1481 1826 1541 1616
Average 1443 1580 1498 1507
N 80 40 40 160

Note: -Mean values by plot number include all 4 polar points for both the butt
and the second log.
-GS values in this table were adjusted by plot size.

regardless of log position for the standing trees were only significant at 6.80 % (p-value 0.068, table 3). The
mean values for the butt logs tended to be systematically lower than the second logs for all polar points.
This large GS difference between the butt logs and the second logs from trees of plot number 2 was
consistently reflected in higher levels of crook and end checking in the lumber specimens produced from
this plot (table 2, figures 5 and 6). Log end split percentages were also significantly higher in the logs
produced from trees of plot 2. Yao (1979) and Chafe (1981A and B) have reported similar results.
However, other authors have not found a significant variation of GS with height (Sasaki et al. 1981A and
B, Trenard and Gueneau 1975). Kubler (1987) stated that in a stable, immediate environment, peripheral
strains are probably height-independent.

The plot number or the source of the trees affected the level of crook found in the green 2 x 4’s and flitches
(figure 5). The mean value of crook from plot 2 was significantly higher than from plots 1 and 3 (p-value
0.0315). The interaction of plot and GS level (HI and LOW) was significant (p-value 0.0406). Therefore,
the level of crook found in the green material was dependent on the plot number and GS level. Processing
trees with low levels of stress will reduce crook in green lumber. Since crook averages for that condition
(Plot 2 and HI strain trees) include lumber pieces from the butt and the second logs, it is likely that the
large difference of GS between these two log positions found in plot 2 explain such a high level of crook.

Crook in the green 2 by 4 studs was significantly higher than that in the flitches. In other words, the
CANT sawing pattern generated higher levels of crook than the SDR process (p-value 0.0001) (fig. 7). On
average, the amount of crook found in green 2 by 4 studs was around 3/32 in., but only 1/32 in. in the
green flitches.

Just as with the crook results, the 2 by 4 studs had a higher level of green bow than the flitches (p-value
0.0102, fig. 7).
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Figure 6.—Length of the longest end check by plot number and growth

strain level in the green condition.

Bow in the green condition was affected by radical position. Higher levels of bow were found in the flat
sawn pieces as compared to the quartersawn ones (p-value 0.0001). The interaction between radial position
and plot number was also significant (p-value 0.0372). The flat sawn pieces from plot 2 exhibited the
highest level of bow. Again, the large GS difference between the butt and the second logs from plot 2 may
also explain such behavior By subtracting the GS differences for the butt and second log (table 2)
differences are 77, 493 and 86 pe for plot 1, 2 and 3 respectively. The trees from all three plots of yellow
poplar were grouped according to LOW and HI growth strain gradient. The trees classified as LOW had an
average GS gradient between the butt and the second logs of 266 me as compared to 626 me for the trees
classified as HI, and the average bow was 1/4 in. and 13/32 in. for LOW and HI respectively. An increase
of about 135 % of the GS gradient from LOW to HI generated an increase of 63 % of bow in the green
lumber specimens.

The longest end checks in the green state appeared only in the studs and flitches from quartersawn pieces.
Another important factor was the significant interaction between plot and GS. Specimens from HI growth
strain trees from plot 2 presented the highest level for the end check defect (fig. 6). This result also confirms
the benefits of processing trees with low levels of stress in order to reduce the length of the longest end
check in the green state, which is in complete agreement with the literature. Considering that the averages
for this end check defect included pieces from both the butt and the second logs, it is conceivable that the

large GS difference between these two log positions found in plot 2 (table 2) explain such a high level of
end checks.
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Table 3.—Surface longitudinal growth strains ([€) on standing
trees according to the four polar points and two log positions.

Bolt Polar points

Position west south east north
Butt 1639 1313 1169 1469
Second 1719 1499 1668 1578
Average 1679 1406 1418 1524
N 20 20 20 20

Note: -GS values in this table were adjusted by plot size.

ECANT ESDR

8.00
7.00
6.00
5.00

32nds 4.00
3.00
2.00
1.00

Bow green Crook green

Warping

Figure 7.—Bow and crook level by sawing pattern in the green condition.

Conclusions

Longitudinal growth stress results in tension toward the outside of a tree stem or log and compression
towards the center. These stresses are measured as growth strain. As the tree is processed first to logs and
then to lumber, the stresses are unbalanced and log splitting, lumber warp, and checking occur. This study
has demonstrated that yellow-poplar trees with higher GS produce green lumber with greater amounts of
bow, crook and end checking and that these results are also affected by sawing pattern.

Crook found in the green specimens, as a result of growth stress release, was very important. Sixty percent
of the crook in the 2 by 4 studs from the cant sawing pattern appeared right after the sawing operation as
compared to 35 % for the unedged flitches from the SDR process. This also indicates a higher stress release
as a result of the sawing operation in the green 2 by 4 studs than in the flitches.

From the merchantability point of view, quarter-sawing produces lower quality 2x4 studs than flat-sawn
y p q gp q
pieces. The important challenge is to overcome the poor performance of these pieces.
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ECONOMIC FEASIBILITY OF COMMERCIAL MAPLE SYRUP PRODUCTION
IN ILLINOIS

J.K. Buchheit, A.D. Carver, ].]. Zaczek, M.L. Crum, ].C. Mangun, K.W.]. Williard, and ].E. Preece'

ABSTRACT.—For Illinois farmers, the maple resource is poised to be tapped given that 1.8 of the
total 4.3 million acres of Illinois woodlands exists on farms. Industry standards suggest that a
properly managed maple tree resource producing an average sap sugar concentration of 2 percent
and an average volume per tap per season of 10 gallons of sap is necessary for a commercial maple
syrup venture to succeed. IMPLAN results show that a 20-acre sugarbush, supporting 1,000 taps,
will add an additional $7,146 to the returns of an existing farm producing 50 acres of mulch corn
and 50 acres of mulch soybeans. Such an operation would impact the local economy by requiring
$1,792 of locally purchased inputs and creating a total farm commodity value impact of $12,564.
Graphical results using ESRI’s ArcView 3.3 illustrate that commercial maple syrup production has
potential throughout several counties in Illinois, especially within the southern portions of the
state. These results indicate that maple syrup production maybe an economically viable alternative
agricultural enterprise for Illinois farmers and landowners to incorporate into their whole farm plan.

Introduction

Maple syrup, once referred to as “white gold”, is one of our oldest agricultural crops native to North
America (Koelling et. al. 1996). As subsistence was a way of life for many of the early settlers, colonists, and
farming families of the early 20™ century, their life revolved around an agricultural operation whose primary
role was to provide for the immediate needs of the family but also to produce an ample amount of surplus
products to be bartered or sold for products that weren’t produced on the farm. On farms where a maple
resource was present, maple sap was collected and processed into syrup and sugar. It wasn’t long until maple
sugaring caught on to become an integral part of the spring farm experience, occurring at a time of year
when other farm activities of necessity slowed down or ceased.

Historically, Illinois forests have been dominated by oak-hickory forests. Due to a lack of disturbances, such
as the fires present prior to European settlement, fire tolerant tree species such as oaks and hickories are
being replaced by fire intolerant species such as the sugar maple, also referred to as “maple takeover” (Fabry
and Patterson 2000). Both silver and sugar maple (Acer saccharinum and Acer saccharum, respectively) can
be used to produce syrup. Both are present within a wide natural range on upland and bottomland sites in
eastern North America and are increasingly becoming more common in Illinois. Currently, maple syrup
production is an alternative, value-added agricultural enterprise underdeveloped in the state of Illinois.
Therefore, a potential exists for many Illinois farmers to incorporate maple syrup production into their
whole farm plan, helping them to diversify their farm-income and establish a “safety-net” in years of crop-
struggle.

Even though Illinois is not considered as a commercial maple syrup producing state, two commercial
producers do exist within the state. Industry standards suggest that a properly managed maple tree resource
producing an average sap sugar concentration of 2 percent and an average volume per tap per season of 10
gallons of sap is necessary for a commercial maple syrup venture to succeed (Vogt 1994, Heiligmann 2002).
Funk’s Grove Pure Maple Syrup (Shirley, Illinois) is the largest commercial syrup producer in the state while
the Forest Glen Preserve (Part of the Vermillion County Conservation District) is the second largest
commercial producer of maple syrup in the state. Currently, Funk’s Grove puts approximately 6500 taps
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out and produces an average of 1600-1800 gallons of syrup per year (2000+ gallons on exceptional years).
Forest Glen Preserve’s production peaks at approximately one hundred gallons of maple syrup in a season.
Consequently, Illinois has to import most of its syrup and candies since the local market demand is
outpacing the local market supply.

This study uses IMPLAN (IMpact Analysis for PLANning, Social Accounting and Impact Analysis
Software, Minnesota IMPLAN Group, Inc., Stillwater, MN) to demonstrate the economic impacts that a
hypothetical maple syrup industry would have on Illinois, both statewide and locally. Additionally, a
geographic information system (GIS) is used in conjunction with the Forest Service Forest Inventory and
Analysis database (FIA) to investigate the availability and production potential of the maple resource in the state.

Methods

Economic Impact Analysis

An adapted version of IMPLAN (Impact Analysis for PLANning, Social Accounting and Impact Analysis
Software, Minnesota IMPLAN Group, Inc., Stillwater, MN) was used to model the economic impact that
an expanded maple syrup industry would have on Illinois. A preliminary phase in this study used IMPLAN
to construct an input-output model representative of the state of Illinois thus establishing a foundation
upon which a hypothetical maple syrup industry could be evaluated. The IMPLAN-software is capable of
assessing the potential economic impact on the region’s economy as well as contributions to the local
community. Results of the IMPLAN model can then be used to determine the economic feasibility of
establishing maple plantings with or without cost-sharing such as the Conservation Reserve Program (CRP).

In order to more accurately reflect regional conditions, southern Illinois-specific enterprise budgets were
constructed on a per acre basis for commodities such as mulch corn and mulch soybeans. Farm budgets
were originally created by the University of Illinois extension office (UIUC Farmlab 1999) and then
modified by researchers at Southern Illinois University Agribusiness Economics department (Peterson,
2003). The modified maple syrup enterprise budget used for this analysis was established from information
obtained from the North American Maple Syrup Producers Manual (NAMSPM) (Koelling et al. 1996).
This budget example assumes an operation consisting of 1,000 taps within a 20-acre sugarbush. Koelling et
al. (1996) made several additional assumptions when they created the enterprise budget. For instance, a
separate sugarhouse building is assumed to be located on the farm property, sap is collected using a vacuum
tubing system, the evaporator is wood fired, and a reverse osmosis machine is used. The modified enterprise
budget used for this study shares many of the same assumptions as the NAMSPM does, except that this
study assumes the 20-acre sugarbush as well as the tractor and trailer are already in service, integrating a
maple syrup enterprise into an already established “working” farm.

Once the enterprise budget was created, production function coefficients were calculated by taking the
value of production and dividing through by total receipts (i.e., the gross revenues from retail, wholesale,
and other products). This calculation created the gross absorption coefficients that are recognized by
IMPLAN. In addition, value-added coefficients were established for employee compensation, proprietary
income, other property income, and indirect business taxes. Final steps necessary to run the IMPLAN
model included entering the aforementioned coefficients and assigning an employment level to the model.

After running the IMPLAN model, specific results (e.g., taken from the industry balance sheet) were
aggregated (i.e., 526 “specific” sectors grouped into 21 “generalized” sectors) and selected output data were
taken from impact tables including output, employment, personal income, total value added, employee
compensation, proprietors income, other property income, and indirect business taxes to create the
following summary tables. These tables include: Table 1. Economic Impact in Local Community of a Farm
Producing Maple Syrup, Table 2. Economic Return to Farm of a Farm Producing Maple Syrup, Table 3.
Total Economic Impact in Local Community of a Farm Producing Maple Syrup, and Table 4. Multiplier
Effect on the Local Community of a Farm Producing Maple Syrup. These individual tables were then
linked to another spreadsheet capable of demonstrating the economic impacts a 20-acre maple syrup
enterprise would have on an established 100-acre Illinois farm already producing mulch corn and mulch
soybeans. For ease of comparison, summary information from these four tables was compiled in Table 5.
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Table 1.—Economic Impact in Local Community of a Farm Producing Maple Syrup

Farm Level Commodity Inputs Purchased Locally
Production (dollars) Gross Inputs (dollars) (dollars) (State)
1—20 acre sugarbush 9500.00 2,354 1,792

Table 2.—Economic Return to Farm of a Farm Producing Maple Syrup

Farm Level Commodity Percent of Commodity Production
Production (dollars) Return to Farm* (dollars) that is Return to Farm
1—20 acre sugarbush 9500.00 7,146 75%

*Return to Farm includes Employee Compensation, Proprietary Income, Other Property Income, and Taxes

Table 3.—Total Economic Impact* in Local Community of a Farm Producing Maple Syrup

Total Farm Commodity Total Farm Commodity Total Farm Commodity Value
Impact® (dollars) Employment Impact* Added Impact* (dollars)
1—20 acre sugarbush 18,475 0.42 12,564

*Total Economic Impact = Direct (Farm Level) Impact+ Indirect Impact + Induced Impact

Table 4.—Multiplier Effect on the Local Community of a Farm Producing Maple Syrup

Total Farm Commodity Total Farm Commodity Total Farm Commodity
Multiplier* Employment Multiplier* Value Added Multiplier*
1—20 acre sugarbush 1.94 1.32 1.76

*Multiplier = (Direct (Farm Level) Impact+ Indirect Impact + Induced Impact)/Direct Impact

Table 5.—Economic Impacts of Maple Syrup on Representative 100 Acre Farm

Economic Impacts Without Maple With Maple
Farm Level Commodity Production (dollars) 31,495 40,995
Gross Inputs (dollars) 16,093 18,447
Inputs Purchased Locally (dollars) (State) 7,920 9,712
Return to Farm' (dollars) 15,402 22,548
Marginal Return to Farm (dollars) 7,146 (46%)
Percent of Commodity Production Returned to Farm 49% 55%
Total Farm Commodity Impact® (dollars) 57,563 76,038

'Return to Farm includes Employee Compensation, Proprietary Income, Other Property Income, and Taxes
*Total Economic Impact = Direct (Farm Level) Impact+ Indirect Impact + Induced Impact
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Mapping Industry Potential

County level data for Illinois, obtained from the U.S. Forest Service Forest Inventory and Analysis (FIA)
database, was used to map potential syrup production by county. FIA is a continuing endeavor mandated
by Congress in the Forest and Rangeland Renewable Resources Planning Act of 1974 and the McSweeney-
McNary Forest Research Act of 1928. The FIA database provided this study with extensive data on forest
area attributes (e.g., size class and frequency) and on the status of live and standing dead hard and soft
maple trees by county in Illinois. While the FIA database is not an inventory of every tree, a continuous
sampling of multiple plots is used. For the purposes of this analysis, data obtained for the multiple plots
was statistically aggregated up to the county level. While a majority of the counties in Illinois used 1998
(cycle 4) data, Edgar County used 2001 (cycle 5) data and the counties of Massac, Cass, Bureau, Scott, and
Kendall, used 1985 data (cycle 3). The counties of Boone, Carroll, Champaign, Cook, De Witt, Douglas,
Du Page, Ford, Kane, Kankakee, Lake, Mc Donough, McLean, Menard, Morgan, Piatt, Stephenson, and
Will couldn’t be included in the analysis because no data was available. The DBH tapping criterion
outlined in the NAMSPM was used to estimate the number of taps each tree could support. For example, a
DBH of 11-14.9 inches is capable of supporting one tap, 15-18.9 inches is capable of supporting two taps,
and 21-inches and greater capable of supporting 3 taps. Assuming that each tap produces 1 quart of syrup
per year, the total number of taps was divided by 4 to calculate the total gallons. This calculation represents
the number of gallons of syrup that each county in Illinois could potentially produce, assuming that every
tree was tapped and every tap had a potential of producing an average of 10 gallons of sap per tap per year
at 2 percent sugar. This table was then inserted into ESRI’s ArcView 3.3 and a map was generated to predict
the potential gallons of syrup per county that could be collected in Illinois.

Results
Economic Impact Analysis

The results in Table 5 compare the economic impacts of a farm producing 50 acres of mulch corn and 50
acres of mulch soybeans with and without 20-acres of sugarbush. A farm producing 50 acres of mulch
soybeans and 50 acres of mulch corn (without a maple syrup enterprise) returns $15,402 to the farm. In
other words, 49 percent of the money generated from producing these
commodities is returned to the farm. Money returned to the farm
includes employee compensation, proprietary income, other property
income, as well as indirect business taxes. Incorporating a 20-acre
sugarbush adds an additional $7,146 to the returns to farm bringing the
total to $22,548, an increase of 46 percent. In addition, maple syrup
increases the percent of the commodity production that is returned to
farm to 55 percent, an overall increase of 6 percent. The maple syrup
also added an additional $18,475 to the total farm commodity impact
bringing the total to $76,038. The total farm commodity impact
includes a direct (farm level) effect, an indirect effect, and an induced
effect. These results demonstrate the positive economic potential of
incorporating a maple syrup enterprise into a whole farm plan. Future
research will assess the economic contributions that a maple syrup
enterprise will have on different farm diversification scenarios.

Mapping Industry Potential

Figure 1 illustrates the potential unconstrained maple syrup production
per county, assuming that every tree is tapped. The darkest areas in the

figure represent counties with the greatest number of maple trees. Gallons x1000
Mapping data from the FIA database demonstrates that the resource %ﬁ;f -
potential for commercial maple syrup production is predominately [ =2-010
concentrated in southern and western Illinois but is also concentrated in =f;397 o
the central portions of the state. Potential syrup production under the [ e

unconstrained scenario could reach as high as 344,400 gallons in some
counties.

Figure 1.—Unconstrained Maple Syrup
Production Potential
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Discussion And Conclusions
Economic Impact Analysis

Because small to medium sized farms are more predominant in the southern part of Illinois, this analysis
used a representative farm size of 100 acres. A 20-acre maple grove was incorporated into a representative
farm already producing 50 acres of mulch corn and 50 acres of mulch soybeans for a total of 120 acres,
assuming the farm had a maple resource poised to be tapped. While there are integrated and diversified
maple syrup operations that exist with the potential to provide enough income to support a family solely
from receipts obtained from maple products alone, most maple syrup produced on farms provides a
supplemental source of income to the other commodities being produced. The appeal of producing maple
syrup is that it is part of the seasonal farm experience, occurring at a time of year when other farm activities
of necessity have slowed down or ceased. Additionally, farmers who want to enter the maple syrup industry
are often advised to consider the maple syrup-product business as an addition to other agricultural
enterprises by allowing for expanded use of some of the available resources (e.g., buildings, tractor, trailer,

labor).

With regard to large capital expenditures common in new or expanding commercial operations, several
planning options need to be considered. When planning a new sugarhouse, for example, the degree of
public access plays a major role in the determination of a specific location. If the intent is to use the
sugarhouse as a marketing location, it should be accessible by a hard surface road with adequate parking,
and should have electrical services, sanitary facilities with a potable water supply, adequate product display
areas, and sufficient room for visitors. The building and location should also be prominent, professional,
and attractive to the greatest extent possible. In Illinois, compliance with local governmental regulations
(i.e., llinois Department of Public Health—IDPH) relating to land use and public accommodations may
be necessary. If on-site dining facilities are in the future design, it is imperative to be in compliance with
local and state regulations regarding food service areas.

Producing maple syrup is an alternative agricultural enterprise that utilizes a farm’s natural resource base
(both existing and potential) and employs best management practices (BMPs) to help improve the quality
of farm life, diversify farm income, and promote rural sustainability. What distinguishes maple syrup
production from other crops is the relative permanence of the trees that yield the crop. In other words,
instead of harvesting maple trees for wood products and generating an income right away, maple syrup
allows income to be generated over the life of the tree. Although maple syrup enterprises tend not to be the
main source of income for many producing households, they are still economically important to the
producers. With maple syrup production integrated into the full array of farming activities, many
producers emphasize how the enterprise helps manage risks by diversifying farm income in an uncertain
economy and exercising the seasonality of rural resource use and employment. For some in rural
communities, resource-based self-employment complements available non-farm employment options.
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RIPARIAN SILVER MAPLE AND UPLAND SUGAR MAPLE TREES SAP SUGAR
PARAMETERS IN SOUTHERN ILLINOIS

M.L. Crum, ].J. Zaczek, A.D. Carver, KW.]. Williard, ].K. Buchbeit, ].E. Preece, and J.C. Mangun'

ABSTRACT.—Forty two upland sugar maple trees and 59 riparian silver maples were tapped in
2003 to characterize their sap sugar parameters within the southern Illinois region. The mean sap
sugar concentration (SSC) among all sugar maple trees was 2.03 percent (1.53 to 3.18 percent
range) and the mean sap volume was 133.7 liters per tree or 44.6 liters per tap. Tree basal area was
significantly related to total sap volume but not SSC in sugar maples. Sugar maple trees receiving
additional taps than recommended guidelines had significantly reduced mean volume per tap but
similar total sap volume compared to guideline-tapped trees. Silver maple mean SSC for the season
was 1.71 percent (1.10 to 2.53 percent range) and mean total sap volume was 32.6 liters or 23.5
liters per tap. Silver maple total sap volume and sap volume per tap was dependent upon number
of taps per tree. Total sap volume and SSC was positively related to basal area of silver maples.

Introduction

A sustainable maple forest resource provides several benefits to the environment and landowners. These
benefits include wildlife habitat, timber, carbon sequestration, riparian zone filters, wind and water breaks,
and other products. Maple syrup production is an important sustainable forest-based industry within the
United States, especially in the northeast. In 2002, the United States production of maple syrup was 5.3
million liters and valued at $38.4 million. The primary maple syrup producers are located in Vermont,
Maine, and New York. In 2001, Vermont alone had a maple syrup production value estimated at $8.4
million (Davis 2003). Of the 13 native North American maple species, Sugar maple (Acer saccharum
Marsh.) and black maple (Acer nigrum Michx. f.) are preferred for commercial tapping because of their
relatively high sap sugar concentration (SSC) (averaging between 2.0 and 2.5 percent) and long sap
collection season (Heiligmann and Winch 1996).

Production of maple syrup is most cost effective if trees produce large volumes of sap with high sugar
concentration. This is in part because of the effort, energy, and resources needed to tap trees, collect sap,
and produce syrup from sap. While it takes 87.2 liters of sap with a sugar concentration of 1 percent to
make one liter of maple syrup, only half the sap is required if SSC is 2% (Willits and Hills 1976).
Typically, the sap sugar concentration for sugar maples can range anywhere from 2 to 6 percent, with a tree
producing anywhere from 4 to 8 liters of sap per day during peak days (Tyree 1983).

Silver maple (Acer saccharinum L.) trees have often been disregarded for tapping because of their shorter
collection season due to early budbreak, lower average SSC of 1.5 to 2.0 percent, and higher levels of sugar
sand production when processed (Walters 1982, Heiligmann and Winch 1996). However, studies (Larson
and Jaciw 1967, Zaczek et al. 2003) have shown considerable variability in sap sugar parameters of
individual silver maples, suggesting that progress could be made with tree improvement efforts.
Additionally, silver maples grow on a wide range of sites, are flood tolerant, and grow quickly (Hardin et al.
2001). These characteristics may allow maple syrup production on traditionally underutilized bottomland
sites, including riparian buffers.

Much of southern and western Illinois is considered outside of the range of commercial maple syrup
production (Heiligmann et al. 1996). This may be due in part to an unsuitable climate, a scarcity of maple
trees, or poor sap characteristics. Climatic conditions that induce sap flow occur when temperatures
oscillate above and below the freezing point anytime during the tree’s dormant season (Heiligmann et al.
1996). Although climatic conditions may not be as favorable in this region when compared to others,
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southern Illinois weather conditions include these oscillating periods of freezing and thawing albeit,
occurring earlier in the year than areas farther north.

Even though the oak hickory forest type is most common in Illinois there is a considerable existing and
currently increasing component of maple in the region (Bretthauer and Edgington 2002, Bretthauer and
Edgington 2003). It was reported that the amount of commercial oak-hickory forests dropped 14 percent
while maple-beech forests increased by 4,219 percent (10,290 ha to 434,200 ha) from 1962 to 1985,
reflecting land use changes and successional processes (Iverson et al. 1989, Fralish 1997, Bretthauer and
Edgington 2002, Bretthauer and Edgington 2003).

There is a paucity of information about the sap parameter performance of maple trees in the region. Recent
published information (Keeley 2000, Zaczek et al. 2003) has primarily focused on the relative differences
among young and small diameter clones from wide-ranging provenances of silver maple that are being
grown in southern Illinois. Information on mature larger-sized endemic maple trees is essentially lacking for
the region. This study was conducted to provide information and comparisons on the sap performance
parameters (SSC and sap volume) of native sugar maple and silver maple trees growing on representative
field sites in southern Illinois.

Methods
Study Area

The sugar maple trees used for this study were located on the Buchheit farm near Lick Creek, IL, in Union
County, approximately 48 kilometers southeast of Carbondale. The mature forested upland site had
variable aspect and rolling topography and was of the oak hickory type with associated sugar maple in the
overstory and midstory. Study trees in dominant or co-dominant crown classes were located along a portion
of an access trail selected as a fixed population of sugar maple that had been tapped in previous years by the
landowner. The site was used as part of a low intensity rotational cattle pasture. Silver maple trees were
located along a relatively narrow riparian zone adjacent to open agriculture row crops and grassland within
10 meters of Little Crab Orchard Creek, bounded by Chautauqua and Rowden Roads on Southern Illinois
University property near Carbondale, IL, in Jackson County. The site was composed primarily of early
successional tree species trees with tapped silver maples in the dominant or co-dominant crown classes.

Field Procedures

Tapping procedures and equipment were similar for both sugar maple and silver maple. Starting in mid-
January 2003, 42 sugar maples and 59 silver maples were tapped using a cordless power drill with a 7.9 mm
in diameter drill bit. Holes were drilled 3.8 cm deep with a slight upward slope. This is the recommended
depth for 7.9mm diameter spiles (personal communication from Timothy Perkins on February 3, 2004
based on research at the Proctor Maple Research Station, University of Vermont). Tree Saver food grade
nylon spiles, (Sugar Bush Supplies Co. Mason, MI) were then hammered into the holes using a rubber
mallet. These spiles are smaller in diameter at 7.9 mm and purportedly allow the tree to heal-over tapholes
more quickly than more traditionally-sized spiles with diameters of 11.1 mm (Perkins 1999). Polyethylene
tubing was run from the spile end to 19 liter plastic food grade buckets to collect sap.

The number of taps for each sugar maple tree (ranging from 2-6) was established by the landowner. This
was done in previous years by estimating tree size and increasing the number of taps as tree size increased.
These estimates did not strictly follow traditional tapping guidelines for the number of taps per tree of a
given diameter at breast height (DBH) as recommended in the North American Maple Sugar Producers
Manual (NAMSPM) (Heiligmann et al. 1996). Tapping silver maple trees also did not strictly follow
NAMSPM tapping guidelines and included some trees slightly smaller in DBH than recommended. Since
an unknown response of silver maple to tapping guidelines using smaller diameter taps exists, a comparative
analysis of the sap parameters was performed for trees categorized as; guideline-tapped (guideline
recommended number of tapholes per tree DBH); undertapped (fewer tapholes per tree DBH); and
overtapped (greater numbers of tapholes per tree DBH).
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The data collection period for SSC analysis and sap volume of the sugar maple trees was from January 29 to
March 2, 2003. There were six sap collections for SSC analysis and there were eight volume measurements.
For silver maple, there were four collection periods for SSC analysis and four volume measurements,
starting January 31 and ending on March 5.

Diameter at breast height in centimeters was measured on July 22, 2003. Basal area (cm?) was determined

for each tree by calculating the cross-sectional area for each stem forking below breast height
(IT*(1/2 DBH)?) and summing the total for each stem of the tree.

Laboratory Procedures

To determine SSC, samples were collected from each tree directly from the tubing with 1.5ml
polypropylene microcentrifuge tubes (Fisher Scientific Pittsburg, PA) while sap was actively flowing. The
sap samples were brought back to the lab, refrigerated (1.1°C to 4.4°C), and analyzed within 48 hours. SSC
was measured using a temperature compensated refractometer (Fisher Scientific Pittsburgh, PA). The
refractometer was initially calibrated and periodically recalibrated using distilled water. Sap sugar
concentration was determined by placing a drop of sap from sample tubes onto the lens of the
refractometer, exposing it to a fluorescent light, and reading the scale to the nearest tenth of a percent. The
lens was cleaned between each sample. Sap volume (ml) was determined by measuring the depth of the sap
in the bucket in the field to the nearest 0.1 cm using a ruler. The bucket depth to volume conversion was
determined by calibrating the buckets with known volumes of water and measuring depth, producing a
linear regression equation with a R?=0.99 (p<0.0001).

Analysis Method

Mean DBH, basal area (BA), SSC, total sap volume, and sap volume per tap were determined for each
species to provide baseline information on sap parameter performance and general comparisons between
the two species. Variance analysis using JMPIN software (SAS institute, Cary, North Carolina) at
alpha=0.05 compared stem basal areas of each tree between species to determine if the sample populations
of each species differed in stem size. Comparing the two species for sap parameters was not warranted. This
is because the species did not co-occur on each site and sites were considerably different physically and
developmentally potentially confounding species to species comparisons. Analysis of variance was used to
determine if differences existed among silver maple and among sugar maple trees using individual tree SSC
for each collection period. Analysis of total sap volume and sap volume per tap was made for each species
by tapping categories (undertapped, overtapped, and guideline-tapped). Since there were only two sugar
maple trees that were considered undertapped according to NAMSPM guidelines, this category was
omitted when analyzing sugar maple by tapping guidelines. For each species, linear regression was used to
determine if significant relationships existed between SSC and BA, SSC and sap volume, and BA and sap
volume. Basal area was used in regression analyses to sap parameters instead of DBH because previous
studies have shown stronger relationships (Keeley 2000, Zaczek et al. 2003).

Results

The mean DBH of sugar maple trees was 56.6 cm with a range from 26.2 to 122.3 cm. Mean basal area of
sugar maple trees was 1823.8 cm?” with a range from 539.1 to 5229.6 cm®. Silver maple mean DBH was
43.3 cm (range 22.4 to 101.1 cm) and mean BA was 1622.2 cm? (range 394.1 to 8027.7 cm?). Basal area of
the trees was similar for both species (p=0.4961).

Sugar maple mean SSC was 2.03 percent ranging from 1.53 to 3.18 percent for individual trees. The season
high SSC for a single tree during an individual collection date was 3.70 percent. Among sugar maple trees
there was no significant relationship between SSC and basal area (p=0.5243).

Silver maple mean SSC was 1.71 percent ranging from a season-wide 1.10 to 2.53 percent for individual
trees. The highest SSC among silver maple trees for a single collection date was 2.70 percent. Among silver
maples there was a significant but weak relationship between a tree’s basal area and SSC (R*=0.07,
p=0.0386).
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Table 1.—Sap sugar concentration (SSC) characteristics of upland sugar maple and riparian silver maple
trees growing in southern Illinois.

% Trees with a SSC
Species Number of trees Mean SSC (%) Range SSC (%) at or above 2.00
Silver Maple 59 1.71 1.10-2.53 27%
Sugar Maple 42 2.03 2.53-3.18 60%

Sap volume produced from the population of 42 sugar maple trees totaled 5614.4 liters for the season (a
mean of 133.7 liters per tree or 44.6 liters per tap). One individual tree produced 338.6 liters of sap for the
season. There was a significant positive linear relationship between total sap volume of sugar maples and
their basal area (R?=0.69, p<0.0001) but this may be confounded by larger trees having more taps in
general. In order to eliminate this, an analysis for trees with only 2 taps (n=27) determined that the total sap
volume of a tree was still positively related to its basal area (R?=0.28, p=0.0049). Accounting for variable
number of taps by determining a tree’s sap volume per tap, regression analysis also determined that there
was a significant but weak positive relationship of sap volume per tap to basal area (R*=0.15, p=0.0101).
No relationship existed between a sugar maple’s SSC and total sap volume for the season (p=0.4222).

The 59 silver maple trees produced 1925.3 liters of sap over the season (mean per tree 32.6 liters, and a
mean of 23.5 liters per tap) with the highest total volume produced by a tree being 141.9 liters of sap.
There was a significant positive linear relationship between total sap volume per tree and BA (R*=0.30,
p<0.0001). This may have been related to the number of taps per tree generally increasing with increasing
tree size. Considering this, the sap volume per tap and BA were not significantly related (R?=0.07,
p<0.0584). However, a significant positive relationship existed between SSC and total sap volume
(R%=0.29, p<0.0001) and between SSC and volume per tap (R?=0.16, p<0.0015).

Total sap volume examined according to tapping category per tree (Table 2) showed no significant
difference among guideline-tapped and overtapped sugar maples (t=0.6680). Considering sugar maple sap
volume per tap with regard to tapping categories, guideline-tapped trees tended to produce more sap per
tap (48.8 liters) than overtapped trees (38.9 liters) (R*=0.12, t=0.0265).

Silver maple total sap volume (Table 2) was significantly greater for overtapped and undertapped trees
compared to guideline-tapped trees (R?=0.16, p=0.0089). Among silver maples, sap volume per tap was
greater for undertapped trees compared to guideline-tapped or overtapped trees (R?=0.15, p=0.0098).

Discussion

Within each maple species there was considerable variation in sap volume production as well as SSC. Sap
sugar concentration is a very important factor in production efficiency and cost. Sugar maple SSC (mean
2.03 percent) in our study fell into the range 2.0 to 2.5 percent expected in other regions and may vary due
to genetics, site and environmental conditions such as weather (Heiligmann and Winch 1996). Silver maple
SSC was 1.71 percent which is in the range expected for the species in other regions (Walters 1982,
Heiligmann and Winch 1996). However, a previous study of woodlot-grown silver maples found that mean
SSC was higher at 2.6 percent and ranged from 1.7 to 5.1 percent (Larsson and Jaciw 1967). In the current
study study, 27 percent of the 59 silver maple trees tapped, had a SSC at or above 2.0 percent whereas 60
percent of the sugar maples had SSC at or above 2.0 (table 1). Sap sugar concentrations of individual sugar
maple trees have been found to be relatively consistent from year-to-year (Taylor 1956, Kriebel 1960). A
two year examination of silver maples also showed a year-to-year consistency (Keeley 2000). Therefore, trees
with lower SSC may be culled out, leaving only those trees that have a higher SSC.

Sugar maple SSC was not related to total sap volume. A study done by Blum (1971) also found no
significant relationship between SSC and total sap volume among three sugar maple stands. Additionally no
relationship was found between SSC and basal area, indicating that larger sugar maple trees are not
necessarily sweeter trees. However, when considering all sugar maples, higher DBH trees produce more
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Table 2.—Comparisons of basal area (BA), total volume, total volume per tap, and sap sugar concentration (SSC) for
sugar maple and silver maple trees receiving the reccommended number of taps (guideline-tapped), more taps
(overtapped) or fewer taps (undertapped) than guidelines published in the North American Maple Syrup Producers
Manual (Heiligmann and Winch 1996).

Silver Maple
Tapping categories ~ Number of trees  Mean BA (cm?) Mean total sap volume (L) Mean sap volume/tap (L) SSC (%)
Guideline 33 1250.4 22.6 (b) 18.7 (b) 1.60 (b)
Overtapped 7 1531.4 54.9 (a) 16.7 (b) 2.03 (a)
Undertapped 19 2301.5 41.8 (a) 30.9 (a) 1.81 ()
NS * * *
Sugar Maple
Tapping categories ~ Number of trees  Mean BA (cm?) Mean total sap volume (L) Mean sap volume/tap (L) SSC (%)
Guideline 13 1897.0 125.2 48.8 (a) 2.12
Overtapped 27 1766.8 138.1 38.9 (b) 1.99
NS NS * NS

Note: Means by species in a column followed by the same letter are not significantly different alpha=0.05 using LSD
mean separation procedures
NS = Not Significantly Different
* = P<0.05 (Silver maple, F-test with 2 degrees of freedom; Sugar maple, t-test with 1 degree of freedom)

total sap volume although this may be a result of larger trees tending to have more tapholes or having larger
root systems. There was a significant relationship between tree basal area and total sap volume of sugar
maples. Accounting for this and examining the 27 individual sugar maple trees with just two taps, it was
still found that as the basal area increased so did the total sap volume. Sugar maple trees totaled 5614.4
liters of sap for the season or a mean of 133.7 liters per tree or 44.6 liters per tap. In other studies sugar
maple total sap volume was found to be relatively consistent from year to year (Marvin et al. 1967),
suggesting that this can be used to select for tree with desirable sap volume production.

Contrary to sugar maple, silver maple SSC was positively related to both total sap volume and basal area.
This indicates that larger silver maple trees tend to be sweeter and also produce more sap volume. Silver
maple is one of the fastest growing hardwoods and the fastest growing of the North American maple species
(Dirr 1975, Heiligmann and Winch 1996). Since it may be possible to select for sweeter silver maples by
selecting larger silver maples, their fast growth rate would be a positive species characteristic to consider.
Silver maples have been found to grow from 1.3cm to approximately 2.5cm in DBH each year (Gabriel
1990); this would mean that they would reach a large enough size for tapping between 15 to 20 years
compared to the 40 to 60 years for sugar maples to reach a size appropriate for tapping (Heiligmann and
Winch 1996). Silver maples, unlike sugar maples, can be readily clonally propagated (Preece et al. 1991). A
study done by Kriebel in 1989, indicated that SSC among sugar maple grafted clones was relatively
consistent over the years. Therefore there may be potential to select for silver maple trees with desirable sap
characteristics, and receive similar results from their propagated clones when grown in comparable
environments.

Environmental influences and species differences, probably affected sap volume yields in this study. In
addition, a tapping depth of 3.8cm and the use of relatively smaller 7.9 mm diameter spiles may have also
influenced sap volume yield. Tapping depth has been shown to be related to sap volume yield, with deeper
tapholes resulting in higher volume yields (Cope 1949, Perkins 1999). While past research has shown
taphole diameter did not affect sap yields (Robbins 1965). A more recent study found that using smaller
diameter spiles sap volume yield was 80-100% the sap volume yield of standard-sized spiles (Perkins 1999).
The potential effect on the sap volume yield for this study from reduced tapping depth and smaller
diameter spiles, would be a reduced sap volume yield.
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Examination of NAMSPM tapping guidelines was done to understand more clearly whether guidelines
established for maple tree tapping in the northeastern U.S. are appropriate for southern Illinois using silver
and sugar maple tree species. In earlier research, volume of sap collected per taphole has been found to be
independent of the number of tapholes per tree (Willits 1967). However, in the current study, both silver
and sugar maple sap volume per tap was dependent on the number of taps per tree producing greater sap
volume per tap on trees with fewer taps. This is in accordance with Heiligmann et al. (1996) who reported
that using fewer tapholes can substantially increase the yield of sap per taphole. In sugar maple,
overtapping trees did not produce greater total volumes than guideline tapped trees as a result of reduced
sap volume per tap. In addition, overtapping trees is a concern because wounding from tapholes can
influence tree health more than harvesting too much sap (Heiligmann et al. 1996).

Undertapped silver maple trees produced more volume per tap than both guideline-tapped and overtapped
trees. Overtapped and undertapped trees had a significantly higher SSC and total sap volume than
guideline-tapped trees. This agrees with silver maple SSC being positively related to total sap volume, (as
shown earlier) regardless of guidelines. This may suggest that the traditional guidelines recommended in the
NAMSPM (1 tap for 25-38cm, 2 taps for 38-51cm, 3 taps for 51-64cm, and 4 taps for tree bigger than
64cm) should be reconsidered when tapping. More research is needed to determine if tapping guidelines
are appropriate for silver maple.

Conclusion

This study has characterized maple sap sugar parameters of sugar and silver trees in southern Illinois. Both
species had a mean SSC that was within the expected range reported in other regions. With past research
showing SSC and total sap volume of sugar maple to be relatively consistent over time, there is potential to
select for just those trees with desirable SSC and total sap volume production (Taylor 1956, Kriebel 1960,
Marvin et al. 1967). Silver maple SSC was positively related to total sap volume and BA. Silver maple SSC
has been shown to be consistent from year-to-year (Keeley 2000). Selecting silver maple trees with desirable
SSC, may include relatively high total sap volume production. The number of tapholes per tree was shown
to influence the amount of sap volume per tap of both species. Each species’ sap sugar parameters showed a
different response to tapping guidelines. Sugar maple guideline-tapped trees produced as much total sap
volume as overtapped trees with similar SSC. Silver maple had a different response with both undertapped
and overtapped trees producing more total sap volume with higher SSC. This was unexpected, and reflects
the potential need for further research on tapping guidelines.
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FACTORS DETERMINING THE SUITABILITY OF TREES AND LOGS FOR THE
FACE VENEER INDUSTRY

Daniel L. Cassens'

ABSTRACT.—Trees and logs suitable for use as fine face veneer command the absolute highest
prices of any fiber products entering the commercial hardwood market. Many factors determine
whether a tree or log will be suitable for face veneer and its value. These factors include species,
size, geographic and site location, growth rate, and most importantly, uniformity of growth rate,
color, concentricity of growth rings and a centered pith. Other factors include absence of mineral;
absence of pin knots, especially in oaks and walnut; absence of glass worms in ash; absence of sugar
streaks in hard maple; absence of gum spots in cherry; and absence of bird peck in several species.
This paper will review these factors and explain their significance to foresters and other land
managers.

Hardwood veneer logs command a premium price in comparison to sawlogs and other fiber products of the
forest. As an example, Hoover and Gann (2002) report that the prices paid for the highest quality delivered
white oak sawlogs in Indiana averaged $634 per thousand board feet, Doyle Scale in 2002. In the same
report, several diameter categories and two quality classifications are used to report delivered veneer log
prices. For the lower quality classification and the smallest DIB class (13-14 inches) the price for white oak
veneer logs was $770 per MBF but increasing to nearly $2940 per MBF for 28 inch DIB logs of the highest
quality. Thus, it makes good economic sense to market high quality logs of the appropriate species to the
face veneer industry.

In addition to the increased economic value, the use of hardwood timber for veneer has other positive
attributes. First processing a log into veneer ranging from 1/32 to 1/50 inch in thickness greatly extends the
resource in comparison to cutting standard 4/4 lumber which is somewhat over 1 inch thick. Veneering also
allows for the production of matched grain patterns, inlays, and other artistic designs. Also, veneer can now
be wrapped around profiles made of reconstituted wood thus reducing the need for long, thick clear
moulding blanks. It can also be formed over machined panels of reconstituted products such as for raised
panels in cabinet doors.

Veneering is a fascinating industry and successful marketing of veneer quality logs or trees is dependent
upon the seller knowing what constitutes veneer quality logs and an understanding of the marketing
process. Unfortunately, most landowners and many individuals who market timber are not aware of the
basic requirements for trees or logs to be considered “face veneer
quality”. Buyers will likely not spend much time visiting tree or
log offerings if they detect the seller does not understand the
quality levels needed and the material is over represented due to
the sellers lack of knowledge. This paper will provide insight
into what constitutes veneer log quality.

Methods

The hardwood face veneer industry is composed of only 30 flat
slicing operations in eastern North America. Within this
industry, there are no scientific studies and very few current
publications which have attempted to define log and veneer
quality from an appearance aspect. These companies purchase

the quality of logs as dictated by their customers, cut them into  Figure 1.—Veneer slicing operation showing the flitch
flitches (log halves or quarters) and slice them into fancy face or log half (back and right) being moved up and down
veneers (figs. 1, 2A, B). Rotary cut veneer or peeling a log against a stationary knife and the individual veneer
around the circumference constitutes a different industry. sheets being stacked in the order that they are sliced.

TProfessor, Wood Research Lab, Purdue University, 175 Marsteller Street, West Lafayette, IN 47907-2033
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Figures 2A, B.—During processing for the
domestic market, three sample sheets are taken
from each flitcch. These sample sheets are shown
to potential buyers. Considering B, the sheet on
the left is from the outside of this walnut log and
the one on the right is from near the heart. Note
the absence of defects, excellent color and
uniformity, and cathedral patterns in the first two
sheets on the left of this high quality flicch. A
much lower quality walnut flitch (B) with an
irregular color, knots, and excessive sapwood is
shown on the right. Each flitch is bar coded as to
origin, log buyer, square footage, grade and value.

However, the Department of Forestry and Natural Resources at Purdue University has held numerous
workshops on the subject and developed some written materials on log quality (Cassens 1992, Cassens et al.
2001). In these workshops the head log buyer for different companies will show, by using logs, what
characteristics are important and the range in quality which can be accepted. Veneer sample sheets are used
to demonstrate how the various log characteristics affect the appearance and value of the resulting veneer.
Quality standards and species desirability vary between companies and change over time.

Basic Requirements For All Species

There are certain basic requirements that any tree or log intended for the face veneer industry must meet. In
addition, there are specific features which are unique to each species. Bark surface irregularities such as
overgrown branch stubs, insect damage, old mechanical damage, etc. will likely disqualify the log as a
potential veneer log. It is generally assumed that no surface indicators of interior defects are present in a
quality veneer tree or log.

Veneer logs or the trees from which the logs are produced should be
straight and well rounded. Bow and crook in a log creates an aesthetic
problem by causing the cathedral pattern in flat sliced veneer to run
in and out of the sheet. Tension wood is frequently present in leaning
trees and buckle can occur when the veneer is dried. Logs which are
not well rounded or have an off-center pith also result in veneer with
less than a desirable grain pattern and are also likely to result in

veneer buckle (fig. 3).

Growth rates and thus ring width need to be uniform across the
entire cross section of the log. Thus, thinning to encourage faster

growth of potential veneer trees is not desirable. Growth rates of six Figure 3.—Buckle or irregular surface in
to nine rings per inch are usually acceptable. Fast growth or a very walnut veneer. Note the irregular appearance
slow growth rate are not preferred. of the tag.

Veneer quality trees should be healthy, well formed trees on well-drained timber sites. A past history of
grazing and or fire will reduce the quality and value of any potential veneer tree.

Most hardwood species grow over a wide geographic range. As such, climatic conditions, soil types,
elevations, insect and disease potential, and other factors vary. Within the geographic range of each species
there are certain specific areas where buyers feel the highest quality trees come from. Buyers will indicate
that high quality trees can come from other regions as well but the probability of finding a superior tree is
much reduced.
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Cherry (Prunus serotina Ehrh.) is currently one of the most valuable
hardwood veneer species and an excellent example of the importance of
geographic location. Figure 4 shows two 19 inch DIB by 10 foot logs
each containing 141 board feet Doyle Scale. The log on the left is from
Indiana and it is valued at about $280 while the one on the right is
from Pennsylvania and it is valued at about $1200. The Indiana log has
irregular, darker reddish color and numerous gum spots. The
Pennsylvania log has a lighter pink color and is much less prone to gum
spots. On the other hand, walnut (Juglans nigra L.) from Indiana and
Iowa would likely command a premium over that from other states and
hard maple (Acer saccharum Marsh.) from Michigan and the Northeast
would be preferred, as compared to that from other locations.

Figure 4.—Geographic origin can be very
important in determining veneer log value.
The cherry log on the left is valued at $280
while the one on the right is valued at $1200.
The diameter and length is the same for each.

Cherry

Gum (figs. 5A, B) is probably the most serious defect affecting veneer

quality in cherry. In addition to small spots, gum can be found in large patches, probably as a result of
wounding, or even in a ring completely circling a portion of the stem. The presence of gum cannot be
detected in standing trees unless a surface residue happens to be present. Buyers prefer to purchase cherry
timber in those regions of the country where gum spots are least likely to be found. These regions include
the higher elevations in Pennsylvania and parts of New York and West Virginia. Cherry grown in other
parts of the country almost always has some gum spots present.

Most gum spots are caused by at least two different groups of insects. The most common insect is the peach
bark beetle (Rexrode, 1981). These beetles occur throughout the geographic range of cherry and sometimes
actually kill relatively large trees. The beetle can be found in the gum which is exuded from the trees. The
beetles attack the cambium layer, and the gum is formed in response to the insect. Unfortunately, it appears
that peach bark beetles may build up in large numbers in tree tops after a timber harvest. The beetles then
emerge and attack the residual crop trees, causing permanent gum spots in the main tree bole. Therefore, it
would appear that cherry veneer which is relatively free of gum spots from peach bark beetles would come
from undisturbed stands which also have had little natural mortality or damage.

Cambium miners (Rexrode and Baumgras, 1980) can also cause gum spots in cherry. By carving its
galleries, the cambium miner destroys a portion of the cambium, which later becomes covered over by
healthy cambium growth and wood. These galleries consist of damaged parenchyma cells and insect feces.
The cell damage can, but does not always, result in the production of gum. The parenchyma flecks or
damaged parenchyma cells are seldom a defect in themselves. Parenchyma cells are just one of several
different cell types which make up the wood of hardwood trees. These cells are generally used for food
storage and are relatively thin-walled compared to wood fibers.

A

Figures 5A, B.—The small dark spots on the end of this cherry log are gum spots (A).
They disfigure the otherwise clear veneer shown (B).
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“Tear drops” or an irregular bump in the growth rings (fig. 6) can
also be found in the ends of cut cherry logs. These tear drops
cause a dimple in the veneer and are objectionable.

A light reddish brown heartwood color is preferred in cherry. A
dark red color, variable color, or a greenish cast which can
develop at the heartwood sapwood interface and wide sapwood is
objectionable.

Walnut

Black walnut (Juglars nigra L.) was the premier domestic North
American species since the beginning of the sliced vencer
industry. Due to increased costs, over cutting, and consumer
preference its popularity declined in the 1980’s. Now, it is once
again in good demand and the availability of logs is also good.

Figure 6.—Cherry log showing irregularity in the
concentricity of the growth rings or “Tear Drop”

Wood color as well as uniformity of color in walnut is an . . .
which causes a dimple effect in the veneer sheet.

important factor. The best colored walnut when first cut is light
greenish or mint color. As the wood is exposed to the air, it turns
a gray or mousy brown color (fig. 2A), which is considered ideal. Unfortunately, the color can vary or it can
lack uniformity (fig. 2B). Muddy walnut, that which is dark or splotchy, is objectionable. The color of
walnut can also be affected by manufacturing variables such as cooking schedules and processing time
before drying.

Small amounts of figure, sometimes called flash are also not desirable (fig.
7). Bird peck, also called worm by the veneer industry, is an important
defect in walnut (fig. 8). Yellow-bellied sapsuckers probably cause most of
the bird peck in walnut. It is generally believed that the bird pecks a hole
to cause the flow of sap. Insects are attracted to the sap, and the bird then
feeds on them. A small hole plus stain or flagging can result in the veneer.

Pin knots (fig. 9A, B, C) like bird peck can be hard to recognize in
standing walnut trees, especially when only a few are present. These
defects are the result of suppressed dormant buds which persist for many
years as a bud trace or pin knot. As the name implies, the buds may not

actually break through the bark, so in some instances they cannot be Figure 7.—Figure or flash in walnut
easily detected. However, sometimes, due to a stimulus such as thinning veneer. Small amounts of figure as shown
and light, the bud may sprout. The sprout may develop into a small limb ~ here are usually not desirable. A highly
that often dies, but normally the bud trace continues to form. Pin knots figured flitch, on the other hand,

are best observed on the ends of the log after the tree is cut or where the commands a premium price.

bark has peeled loose and they appear as sharp spikes. On flat-sliced
veneer, they appear as pin knots, but on quartered surfaces they appear as
a streak or “spike” across the sheet of veneer.

Growth rate is important in walnut. The industry uses the word “texture”
to define growth rate. Soft texture refers to a slow growth rate while hard
texture refers to a fast growth rate. Many buyers will find 8 to 9 rings per
inch of diameter the most desirable.

Fast growth trees also tend to have a wide sapwood zone (fig. 10). The
sapwood is the light colored wood to the outside of the darker
heartwood. Sapwood is usually discarded in high quality walnut veneer.
Deeply furrowed bark which is not patchy tends to be faster growth and
have a wide ring of sapwood. Figure 11A, B shows the bark on fast
growth and slow growth trees.

Figure 8.—Excessive bird peck or “worm” in
black walnut and irregular color throughout
the heartwood region.
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Figures 9A, B, C.—Pin knot in black walnut. Note the “spike” where it penetrates the bark
(A) and the light radial streak (B) an finally the pin knot in veneer (C).

134

Figure 10.—Fast growth walnut trees tend to have
a wide sapwood (left) while slow growth trees tend
to have a narrow sapwood (right)

Figure 11.—Bark of fast growth (A)
and slow growth (B) walnut trees.

White Oak

White oak is another very important veneer species, particularly in the export market.

True white oak (Quercus alba L.), especially trees with large patches of flaky bark in the upper portions or
“forked leaf” white oak, are the most desirable in the white oak group. Chinkapin oak (Quercus
muchlenbergii Engelm.) sometimes is used, but the resulting veneer has a greenish to brownish cast. Bur oak
(Quercus macrocarpa Michx.) is also used, but careful selection is required to avoid its more common dark
brown color and possible “scalloped” appearance of the growth rings which can be seen on the ends of the
logs. The scallops result in shiny spots on the veneer sheets.

Color in white oak, like all veneer species, is critical. Current markets prefer a very light, uniform-colored
white oak. Contrast in color and dark colors are objectionable (fig. 12A, B). Obviously, color cannot be
judged in standing trees. Buyers do, however, develop preferences for certain geographical areas and site
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Figures 12A, B.—Note the unique light
color and centered uniform cathedral of
the white oak flitch (A) as compared to
the coarse, irregular flitch (B).

Figure 13A, B.—Mineral stain
following a growth ring on the end of
a white oak log (A) and appearance
of mineral in white oak veneer (B).

Figure 14A, B.—Pin knots in a white oak log (A) and in the veneer (B).

characteristics because their past cutting experience has taught them that those areas produce the desired
color and quality of veneer. Also, very old and slow-growth white oak trees tend to be pink in the center
and brown to the outside. Mineral streaks are also a common defect (figs. 13A, B)

Epicormic branching or sprouting from latent buds is a common defect in white oak (figs. 14A, B). Several
buds may form a cluster. The resulting veneer will have a small pin knot or cluster of pin knots.

Stump worms and the surrounding dark flagging or mineral stain is associated with white oak grown in
areas which are poorly drained or have been pastured. This defect is generally concentrated in the bottom
two feet of the butt log, and it is often impossible to detect until cutting occurs.

1
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A number of different species of borers can affect white oak (Solomon,
1980). White oak borers attack trees less than about 8 inches in
diameter (fig. 15). Thus, they are generally not detectable in veneer-
sized trees, nor do they damage the outer more valuable portion of the
tree. Other borer species also attack white oak, but normally the damage
is restricted to declining trees. Bore damage is difficult to see in standing
trees. Consequently, when it is found, buyers will assume that more
damage is present than what can be seen and severely degrade the tree.

Finally, some large white oak trees will have a “bulge” (fig. 16) near the
base of the tree that resembles an old time coke bottle. This is not Figure 15.—Bore damage in the butt log of
considered a defect for veneer logs. white oak. This log also exhibits slow and fast
growth rate, ring shake, and very poor color.
Red Oak

Red oak (Quercus rubra L.) is also commonly veneered. Color and
mineral stain are two of the most common problems associated with
red oak veneer, in addition to obvious defects such as overgrown
limbs, borers, wounds, etc. Again, the premium material demanded
by the market is a very light-colored veneer. Mineral stain is common
in red oak and may take the form of isolated spots or follow along the
annual rings (fig. 17). It is
objectionable in most finished
products particularly if a natural
finish is being applied. In
addition, the wood often tends
to split or break apart when
mineral stain is present.

white oak, also called “coke bottle effect” are
not considered defects.

Mineral-free, light-colored red oak is more commonly found in certain
regions of the country such as lower New York, Pennsylvania, northern
Indiana, and southern Michigan. Therefore, it would seem that site or
soil might also be a factor. Regardless of the cause, the presence of
mineral in a particular area will result in veneer log buyers offering
reduced prices for standing trees of potential veneer quality.

Figure 17.—Mineral stain along an
annual ring in red oak.

There are three major types of borers which attack red oak. According to Donley and Terry (1977) these are
red oak borers Enaphalodes rufus (Haldeman), carpenter worm Prionoxystos robiniae (Peck) and R macmurtrci
(Guerin-Meneville), and the oak timber worm Arrhemodes minutus (Drury). Borer holes can range from 1/
100 to 1-1/2 inches in diameter. Smaller borer damage is nearly impossible to detect. Larger borer holes
which have healed over can be seen by experienced people and if “sap wet” are easily detected. Carpenter
ants often enter trees through large borer holes and keep the wood open and
further damage the tree. Old trees or stressed trees are more prone to damage.

Since most borer damage is hard to detect, buyers will be very cautious if any
borer holes are found.

Crossbars or oblong horizontal bumps on a red oak log may indicate a defect
that goes all of the way to the heart. However, buyers have also indicated that

in some regions no defect results.

Sugar Maple

Sugar or hard maple (Acer saccharum marsh.) is prized for its white sapwood
(fig. 18). The whitest maple is reported from Michigan and the Northeast.

However, maple from other regions is also veneered. The color of maple Figure 18.—High quality hard

maple log from Vermont. Note the
near absence of any heartwood.
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sapwood is also affected by the season of the year and length of log storage as well as processing variables.
From a color perspective, it is a very difficult wood to process.

The heartwood in sugar maple is a brown color and is considered
“false” heartwood (Shigo and Larson, 1969). False heartwood is
normally caused by a wound or opening in the bark of the tree such as
a broken or dead limb stub.

The extent and intensity of false heartwood depends on the vigor of the
tree, the severity of the wound, and the time that the wound is open.
Discoloration continues to advance as long as the wound is open and is
often irregularly formed throughout the stem. If the wound heals, the
entire cylinder of wood present when the tree was wounded may not
become discolored. The cambium continues to form new growth rings
that are free of discoloration. Thus, vigorous fast growing trees with few
branch stubs or wounds will produce the widest sapwood.

Mineral streaks ranging from 1 inch to several feet long are a common
defect in maple and result from wounds such as broken or dead = — -
branches, bird peck, and mechanical damage (figs. 19, 20A, B). After a Figure 19.—Mineral stain in hard maple.
wound occurs, the living cells in the wood surrounding the injury react

by forming materials that
inhibit the infection. These
materials are deposited in the
cells and may appear green
initially but later turn
different shades of brown.
High percentages of mineral,
especially potassium, are
found in the cells. Some of
the wood is very hard and
difficult to machine and :
cutting tools can be damaged.  Figures 20A, B.—Bird peck on a hard maple tree (A) and resulting defect in the veneer (B).

B

Sugar streaks or flecks, narrow brown-colored marks about 1/4 to 1 inch long, can also occur in sugar
maple (fig. 21) The streaks are caused by cambium miners. Cambium miners attack and disrupt the
cambium or growth layer of the tree (Anderson, 1960, Graham and Knight, 1965 and Hardwood Research
Council, 1987) The tree plugs the gap in response, but
the grain pattern has been disrupted. Cambium miners
may bore from the top of the tree all of the way to the
rail soil before they exit.

White Ash

White ash (Fraxinus americana L.) is sliced into veneer
and it is also the white sapwood of this species that is
preferred. Like hard maple, white ash has a false brown
heartwood. With this species it is not uncommon for the
heartwood to be very small at the butt of the tree but
then expand to a significant portion of the tree diameter
further up the stem. Unfortunately, the extent of
objectionable heartwood in the top of the butt log is not
known until after it is crosscut often to a shorter length
veneer log as compared to a longer sawlog.

R

Figure 21.—Sugar streaks or flecks in hard maple
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Glass worms, also called “turkey tracks” or “worm tracks”, occur in white ash. This zig zag pattern of light-
colored wood is caused by the cambium miner. In some cases the wood associated with the glass worm
damage turns nearly black. The characteristic is objectionable because it will not accept stain and finish like
normal ash wood.

Other Species

There are several other central hardwood species all of which are processed into veneer at various times. In
terms of volume and or value, these are relatively minor species and thus not included in this limited
discussion.
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KEY ATTRIBUTES ASSOCIATED WITH VENEER QUALITY TIMBER THAT MAY BE
IMPACTED BY FOREST MANAGEMENT PRACTICES

Delton Alderman, Jan Wiedenbeck, Paula Peter, and David Brinberg'

ABSTRACT.—Veneer log prices are commonly 4 to 10 times the price of grade 1 sawlogs yet
veneer quality trees constitute less than 1 percent of the hardwood timber resource in the
northeastern United States. Veneer manufacturers and their customers impose guidelines in
specifying wood quality attributes that are very discriminating but poorly defined (e.g., exceptional
color, texture, and/or figure characteristics). In order to better understand and begin to define the
most important attributes that distinguish veneer logs from sawlogs and high-end from low-end
veneer logs, we are conducting a series of studies in which we are collecting veneer log attribute
information from veneer log buyers and sellers, veneer manufacturers, and veneer sales personnel.
Broad veneer log quality requirements and specific requirements for the most highly demanded
veneer log species (cherry, red oak, white oak, white ash, black walnut, sugar maple, and yellow-
poplar) are being elucidated. The relative importance of critical, but often subtle, veneer log quality
attributes are examined for each of these species. Guidelines for assessing the true veneer value
potential of high-quality trees can be based on buyer-cue based log attribute metrics. Important
veneer attributes include log form, growth-ring consistency, heartwood/sapwood proportion, and
wood color as well as the more obvious defects. Forest managers can consider the relative
importance of the different attributes when they initiate silvicultural techniques to produce high-
quality hardwood timber.

Introduction
Veneer Log Value and Markets

The pinnacle of log quality for hardwood products manufacturers is the appearance-grade veneer log —
logs that are capable of producing veneer that is highly visually appealing (as opposed to veneer that is
used in hidden applications). But high-quality trees that contain these top-quality logs are relatively rare,
representing less than 1 percent of the hardwood sawlog inventory in the northeastern United States
(Hoover and Gann 1999). Because of the high value of the veneer product that comes from appearance-
grade veneer-quality trees and their relative scarcity in the forest, these trees command a significantly higher
price than do trees that contain only sawlogs. The veneer logs cut from these highest quality trees typically
cost from 1.5 to 6 times the price of grade 1 sawlogs. Because of the exceptionally high prices that are
paid for veneer-quality trees, a large portion of a quality stand’s timber value may be derived from only a
small fraction of the trees in the stand. These price differentials can provide significant economic incentive
for both the landowner and the logger to manage their resources to optimize the production and recovery
of veneer logs.

When managing a timber stand, there are many things that, if done wrong, can damage trees and greatly
reduce the price that the landowner receives when he/she decides to sell his/her timber. Timber value is
lost if the timber harvest is mistimed; for example, when veneer-quality trees are removed before they are
of sufficient size. Also, if potential veneer-quality growing stock is cut or damaged during thinning
operations veneer log yield(s) will be reduced. Alternatively, if too much growing stock is removed during
thinning, wide growth-ring spacing may ensue, which decreases the value of a veneer log. Other timber
management strategies that might be less obvious also affect the value returned to the landowner. By
enhancing our knowledge of veneer-quality requirements, we can better understand how these other
management practices influence the yield of veneer-quality timber. With lower value products (e.g.,

TResearch Forest Products Technologist (DA), Research Forest Products Technologist (JW), Northeastern
Research Station, USDA Forest Service, 241 Mercer Springs Road, Princeton, WV 24740; Graduate Research
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Figure 1.—Veneer log procurement
preliminary evaluation <—=uniformly spaced rings is an iterative process.

rubberwood, medium density fiberboard, plywood) coming into greater use in the construction of
furniture, worldwide demand for U.S. hardwood veneer is rapidly increasing. This will lead to
continuing price inflation for veneer-quality timber and stronger incentives to manage prime timber
stands to promote the yield of the highest-grade sawlogs and veneer logs.

Veneer Procurement Judgment Tasks

In our previous research, wide variations in the decisions made and values assigned in veneer log
procurement have been observed. For example, the definition of acceptable ring count (e.g., fine, medium,
or loose texture) varies widely among individual buyers. Ring count also is an attribute on which secondary
manufacturers place great importance. This attribute is important for forest management as well. Forest
management decisions such as choosing between clear-cutting, single-tree selection, or crop-tree release
treatments can be directly affected by the weight buyers place on ring count. The most familiar judgments
made by buyers during log procurement have to do with species and several log quality attributes: 1) butt
or upper logs (log form and size); 2) freshness of cut; 3) roundness and straightness; 4) straight-grained; 5)
free of knots, bark distortions, decay, seams, and bird peck on each of the four log faces; 6) heart (pith)
centeredness; 7) color uniformity; and 8) uniformity of ring spacing.

The diagnostic evaluation of logs can be considered an iterative process (fig. 1) that begins with the species
and moves through an evaluation cycle until a final decision is arrived at (e.g., Prime plus, prime, select, No.
1, No. 2, etc.).

Social Judgment Theory

SJT is a systems-oriented viewpoint for analyzing human judgment in discrete ecological (i.e.,
environmental) situations. According to SJT, an individual does not have direct access to information about
objects in the environment. Instead, one’s perception of those objects influences judgment(s). Perception is
an indirect process, mediated by the set of proximal cues one receives. It is assumed that judgments result
from the integration of “cues” or sources of perceptual information arising in the “ecology” (environment).
SJT includes representative design, cues (i.e., information), multiple correlation, and regression, and the
Lens model (fig. 2).

Brunswik’s SJT focuses on achievement and the degree to which a subject successfully attains his/her
goal is achievement. One of the primary benefits of SJT is the derivation of criterion values (correct
values) or achievement that arises from analysis and permits the researcher to compare judgment
processes to the environmental processes and also judgments between the subjects. Processes and
judgments have a common interface that includes the proximal cues in perception and the zask system
and the cognitive (judgmental) system. The task system is defined in terms of the relations between the
cues (X;), the distal variable (Y.), and relations among the cues (X;). The cognitive system is defined in
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Environment (Ecology) Judge’s
(Criterion) Judgments

Task X, Cognitive

Ys

Achievement Figure 2.—Brunswik’s Lens Model.

terms of the relations between the cues (X;) and the judgment (Y,). R, is achievement, which simply is
how good the judge’s judgments are when compared to other judges, criterion, or other distal
variable(s) of interest. Comparison results in cognitive feedback as a tool to facilitate discovery and

learning (Cooksey 1996).

SJT allows for the decomposition of the judgment process after the judgments have been rendered (2
posteriori) and is accomplished by multiple regression analysis to recover both cue weights and prediction
equations. “Brunswik’s Lens Model” is employed next, it allows for comparisons between judgments,
subjects, and ecological systems. Brunswik’s representative design emphasizes sampling subjects in their
environment.

SJT is appropriate for researching veneer log procurement. The tasks for log buyers involve making
decisions under uncertainty that require the evaluation of visual cues (e.g., species, diameter, length,
attributes, and defects). For example, log buyers must decide whether to purchase logs based on the
aforementioned cues, which also include color, grain pattern, and blemishes as well. Other, but not all,
uncertainties include: is the color consistent throughout the log, is the grain pattern consistent throughout
the log, are blemishes extensive or are they confined, and market uncertainties. There are no heuristics for
predicting buyer judgments or success. Buyers must make many such judgments daily, but little is known
about how buyer judgments are made or how accurate the judgments are.

Decisions about the end-user market are equally important and judgments are typically made during the
evaluation process and before log evaluation is complete. From an SJT perspective, buyers generally do
not have access to information about cue weighting and the degree of uncertainty in their judgments. From
a researcher perspective, minimal attention has been paid to the utility of these evaluation cues in
distinguishing one attribute or defect from another. This has occurred because necessary information was
either unknown, or unavailable, and varies from setting to setting (i.e., regional differences in veneer log
attribute requirements).

Objectives

Our overall project goal is to identify and learn how to influence those tree growth attributes that have
the greatest effect on the quality and value of high-grade hardwood logs. The objectives of this study

are to:

identify critical factors in the selection of logs for veneer,

. identify relationships between those attributes/defects that may assist veneer buyers in assessing the
quality of logs,

3. discern the allowable variability along those factors, and

4. produce metrics that can be used to evaluate the veneer potential of trees grown under different

forest management systems.

N =
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Methods Table 1.—Initial participants in survey to

To determine the most important attributes that

determine the most important veneer attributes.

distinguish veneer logs from sawlogs and high-

Business type Location Number

end veneer logs from low-end veneer logs, we
conducted informal surveys with 3 veneer log Veneer producers IN 6
graders (buyers for a veneer producer), 4 veneer KY 1
log brokers, 15 veneer producers, and 1 veneer OH 2
broker (table 1). PA 2

VT 2
Subsequent to our initial survey, Social Judgment WV 2
Theory (SJT) will be utilized to conduct a more Veneer brokers PA 1
rigorous assessment of veneer log characteristics. Veneer log brokers PA 3
SJT has been used to evaluate decision-making WV 1
in several disciplines (e.g., physician decision- Log buyers NH 2
making, weather and climate forecasting, WV 1

managerial decision-making, workplace
judgments, etc.). By investigating the decision-
making process, we will be able to ascertain salient veneer log attributes and/or defects via analysis of
cues and the weights of log buyers, and then develop evaluation metrics. SJT will be employed in
evaluating decision-making among log graders and buyers as they appraise the quality of veneer logs. If
graders and buyers utilize different criteria to evaluate veneer log quality, then inefficiencies are created
in log procurement. For example, suppose log buyers place substantial weight on the quantity or
discrete types of defects (character marks) in the log, while others do not and thus reduce the value of a
log as a result of these marks. Greater efficiency and cost savings can occur given a higher level of
coordination among the criteria used to evaluate veneer logs.

Applications of SJT to Procurement Judgments

In this research project, we will incorporate a strategy-capturing policy at the idiographic level. Strategy
capturing refers to research that analyzes how buyers weight cues in making judgments (i.e., the right hand
side of the lens model). A single system design (fig. 3) will be utilized where buyer judgments are measured
in the absence of final criterion (Y,). Strategy capturing does not provide a method to measure the
accuracy of buyer judgments because the final criterion have not been established (e.g., research on final
clipping decisions, consumer preferences). Essentially, we are researching the value systems or establishing
which cues are important to judgments and how they are utilized (Ullman and Doherty 1984). However, it
should be noted that ongoing and future research includes both double and triple system designs where
buyers, clipping technicians, and consumers’ judgments will be evaluated simultaneously. This will allow for
the opportunity to discern inefficiencies in the procurement, manufacture, and marketing chain.

This research is addressing several pertinent issues (adapted from Wigton 1996):

Do buyers use cues that are generally recognized as important?

Do they use previously unrecognized or irrelevant cues?

Do buyers use cues similarly?

Do buying strategies become more similar as experience increases?

Do buyers utilize all of the information available in making judgments or just a few cues?
How do weights elicited in this manner compare with self-described strategies?

Can strategies be characterized or clustered in meaningful ways?

Can we identify clusters of buyers with similar strategies?

O N AN AN

These questions relate to a buyer judgment model. This research design also has a non-ubiquitous
aspect in that all buyers respond to the same set of cues: species, logs, and their respective attributes
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Environment (Ecology) Judge’s

(Criterion unknown or Judgments
unmeasured)
Task X Cognitive

Fa Figure 3.—Brunswik’s Lens Model — Single
Achievement System Design.

and defects. Wigton (1996) references Ullman and Doherty (1984) and states this will allow for the
opportunity to examine additional questions regarding the variation among buyers:

9. Do buyers have similar means and variances?
10.  What is the correlation among judges (buyers)?

Population and Sample Frame

The sample frame consists of members of the Hardwood Plywood and Veneer Association (HPVA),
which includes approximately 30 firms. The subjects will include veneer graders and buyers, or both. A
census (i.e., 100% sample of graders and buyers) will be attempted for each species.

Cue Development and Testing

In pretesting, multiple photographs of cherry logs (as a stimulus) have been created for use during the
interviews with the log buyers. These photographs vary from extremely high quality logs, to those that have
various character marks. After pretest interviews, revisions will be undertaken, if necessary. The stimuli (i.e.,
photographs of the log and veneer slices) and a questionnaire instrument will be administered to assess
perceptions of the log attributes in the sample.

Data Analysis

Data analysis will take two basic forms: multidimensional scaling (MDS) of the attributes associated with
the veneer product, and a regression approach for the policy-capturing component of the research. MDS
will allow for a perceptual map to be produced and regression will yield the relative weights buyers place
on the veneer log characteristics. The goal of a strategy policy capturing approach using multiple regression
is to produce a linear equation that optimally weights each cue in terms of the discrete cue’s predictive
contribution to the judgments (Cooksey 1996). The judgment model is presented below:

Y, = [b0+bX +b, X, +b X, +b, X, +..+b Xk]+g

1 272 7272 7373 k
where;
by = regression constant,
b; = cue regression coefficient,
X, = cue,
Y, = judgment,
€ = error.
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Upon judgment model capture, judgment predictor values can be produced for each case in the
judgment task. Correlation between authentic judgments and corresponding predicted judgments
across m profiles results in a goodness-of-fit measure for the regression model, which R, is the term for a
discrete captured judgment policy. R?is the squared multiple correlation and yields the proportion of
judgment variance that has been captured.

Cue Weights

Cue weights are critical in assessing the salience or degree of importance as the researcher is developing
metrics from these weights. One method for assessing the cue sensitivity is to standardize the raw
regression weights and convert cue scores to standard Z-scores. The modified judgment model would take
the form of:

Z, =*Zx +oZx +*7x + ...+ *7x + &
T
Zv

Prediction now concerns the standard score for each judgment; each B; provides a less ambiguous
indicator of cue importance (Cooksey 1996).

Results
Initial Survey Results

The hardest-to-see veneer log defects, according to the veneer log buyers we spoke with, are bird peck, T-
shaped scars, pin knots, ingrown bark (especially in cherry), and insect-induced localized defects such as
glass worm in ash and sugar streaks in maple. Most log buyers surveyed indicated that sugar maple is the
most difficult species in which to predict veneer log quality. White oak also was cited by multiple sources as
being particularly difficult to evaluate. Red oak, ash, and walnut are considered easy species in which to
judge quality. Cherry, in some regards, is simpler to evaluate. However, pin knots and gum pockets are
important defects in cherry that can be difficult to detect from an external examination. Also, some cherry
logs have extremely flaky bark, which is much more difficult to read.

These generalized quality standards for veneer logs may be more or less important depending on the
veneer market segment, species, and manufacturing system. For instance, logs above the butt log are
acceptable when large trees with high crowns produce second logs of large diameter that do not have any
branches. However, due to pin knots, the closeness to the surface of overgrown knots and smaller bole
diameter, the majority of high quality veneer logs are butt logs — from 60 to 98 percent depending on
species. Species that grow straighter with less taper, such as cherry and yellow-poplar, will yield more
veneer logs from upper portions of the tree than will white oak, walnut, and hard maple.

Tapered or elliptically shaped logs can be a problem for some veneer products, but can be an asset if
veneer with cathedral pattern is desired. Even severe butt taper is usually not a serious problem because it is
removed with “butt reducers” during log preparation prior to peeling or slicing. A butt reducer grinds off
buttresses and swollen bases and is usually accompanied by debarking. However, grain deviations
associated with taper may be a problem if the veneer will be bent for furniture parts or woven into
baskets.

Sweep is a defect that reduces the usable volume of a veneer log and affects the grain pattern of the
veneer. The altered grain pattern can decrease the grade and value of the veneer. In addition, sometimes the
change in grain direction characteristic of sweep causes buckling in certain types of high-end veneers.
Crook is similar to sweep but usually is caused by deflection of the main stem caused by a major branch.
Thus, in sectioning logs with crook prior to slicing, the position of the branch knot also must be
considered.

External evaluation of logs includes not only log form, bark, and outer-wood evaluation, but also
evaluation of log ends. Some log defects, such as gum in cherry, sugar streak in maple, and worm holes in
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several species are seen only on the freshly cut ends of logs. Log buyers will spray log ends with water
to enhance the visibility of the hardest to see defects (e.g., sugar streak and mineral stains/streaks).
Growth ring consistency (or texture), density, and wood color also are judged by viewing log ends. The
location of the pith (centered or off-centered) and evidence of tension wood (which can buckle and tear
in the manufacturing process) are evaluated here too. Finally, the heartwood and sapwood content of
logs is assessed by looking at the two log-end cross-sections.

Although centered heart and uniformly spaced rings are important for production of sliced veneer with
symmetrical appearance, some cutting methods can bypass this requirement. Veneer manufacturers report a
tendency for logs with off-centered piths to be more prone to splitting. Off-centered heart is addressed
when the log is flitched (cut into sections) in the sawmill — the log is flitched so that the edge of the log
sections goes through the pith. By doing this, the pith is contained in the part of the flitch that is not
recoverable as veneer (called the backing board).

Non-uniform rings (or double texture) are less of a problem in the furniture-grade veneer market since
this veneer is generally cut into smaller face sections than is door and panel veneer.

Sapwood is desirable in maple, ash, yellow-poplar, hackberry, sycamore, and sometimes in birch and
hickory, whereas heartwood is desired in walnut and cherry. Sapwood color may be critical, such as in
architectural panels and high-value furniture, or it may be less important when used in strips that will be
dyed or given clear but darkening stains, such as basket-weaving strips. In white oak, red oak, hickory, and
sometimes yellow-poplar, the heartwood-sapwood distinction is less important due to the color
consistency between the two wood regions and less intense product color requirements.

Based on knowledge we gained from this series of visits with veneer log procurement and production
personnel, it is evident that subtle appearance factors are critically important determinants of veneer value
in both domestic and foreign high-end veneer markets (architectural, door, and panel). Therefore, these
subtle factors are of keen importance to log buyers/graders when purchasing and sorting/selecting logs
for processing to supply these high-end markets. The basic color (shade) of the wood is important for all
species, but especially so for maple, walnut, ash, and white oak in today’s veneer markets. Minor color
variations and blemishes are considered defects in these three high-end veneer market sectors since these
sectors require large veneer sections of consistent appearance. Thus the color variations caused by insect
pests are a concern. These include gum pockets and rings in cherry, sugar flecks in maple, and glass worm
in ash. Mineral streaks in oak and maple also are important since they too cause color variations that are
defects in high-grade veneer. Next to color consistency, grain pattern consistency is almost as important.
The texture of the growth-ring pattern must be uniform (i.e., consistent rate of growth) and the grain
must be relatively straight.

Expected Results from SJT

Social judgment theory’s statistical and conceptual approach provides a most informative method for
assessing and analyzing several factors of the veneer log procurement process. As veneer procurement and
production becomes more competitive, SJT allows for valuable insights. These insights include
categorization and metrics for attributes and defects, ring count metrics for procurement and forest
management, and useful information on the weights buyers place on other elements of the procurement
process.

Expected Impact

Foresters will have better information on critical attributes affecting stand quality and value which will allow
them to make forest management decisions that will promote optimal financial return to the forest
landowner. In addition, timber sales consultants will be more aware of those criteria being used by buyers
of high-quality timber when they make their pricing decisions; this will remove some of the ambiguity
from the timber sales process so that the highest possible return to landowner is realized. Finally, the
attribute importance ratings and metrics derived in this study can be used by individual companies to
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produce a judgment system that will lead to more consistent procurement among company timber and
log buyers.
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DETERMINING SAFE CLEARING LIMITS FOR SKID ROAD/TRAIL CONSTRUCTION

Chris B. LeDoux'

ABSTRACT.—Most of the timber harvested in the United States is extracted by ground-based
skidders and crawler/dozer systems. Ground-based systems require a primary transportation
network (skid trails/roads) throughout the area being harvested. Following cutting, logs are
skidded or dragged along these surfaces to the landing, where they are loaded onto trucks and
transported to processing plants. The degree of excavation/construction on these skid roads/trails
varies with the steepness of the terrain and the size of logs/logging vehicles. Excavation/
construction creates certain hazards that could damage property and threaten human lives. In one
incident that led to a court case, excavation undercut the lateral support of a tree that was left on a
vertical (vs. backsloped) cutbank. The tree later fell, severely injuring a logger. We provide a
decision algorithm for determining practical clearing limits/guidelines for the proper construction

of skid roads/trails.

Society is increasingly asking more of the nation’s forests with respect to wood products (veneer, sawlogs,
pulpwood, fuelwood, etc.) and recreational opportunities (hiking, biking, horseback riding, snowmobiling,
etc.). Increased access to and use of our forest resources requires a network of haul roads and skid roads/
trails (Skelton 1949; Meyer 1970). Haul roads generally are permanent and well designed, and receive heavy
vehicle use. Most skid roads/trails are temporary and often poorly designed, but vehicle traffic on these
roads is light once harvested timber has been extracted. However, skid roads/trails (hereafter called trails)
continue to be used for recreation activities such as hiking, hunting, and horseback riding even after many
of them have been gated or otherwise blocked off.

Most of the timber harvested in the United States is extracted by ground-based skidders and crawler/
dozer systems. Ground-based systems require a primary transportation network throughout the area being
harvested (Wackerman et al 1966; Pearce and Stenzel 1972). Following cutting, logs are skidded or
dragged along these trails to the landing, where they are loaded onto trucks for transport to sawmills,
paper mills, OSB plants, veneer mills, etc. (Conway 1976). The degree of construction/excavation required
on these trails varies with the steepness of the terrain and the size of logs/logging vehicles (Wenger 1984).
Excavation/construction can create certain hazards that if not eliminated can damage property and
threaten human lives. In one incident that led to a court case (Melvin Willard White vs. Wenturine Brothers
Lumber, Inc., ICI Explosives, U.S.A., and American Forestry Consultants, vs. John Bouch Logging, In the
Court of Common Pleas of Westmoreland County, Pennsylvania, Civil Division No. G.D. 382-2000,
2003), excavation undercut the lateral support of a tree that was left on a vertical (vs. backsloped) cutbank.
The tree later fell, severely injuring a logger. In this article we review current trail construction methods,
review safety regulations, and provide practical clearing limits/safety guidelines for trail construction.

Current Construction Methods

The construction of trails on flat or gentle terrain requires little excavation. Trees, vegetation, or other
obstacles are simply pushed out of the way with a bulldozer to create a trail that can be negotiated with a
skidder, crawler tractor, farm tractor, or forwarder. Construction on steep terrain requires considerable
excavation and movement of earth. On such terrain, the trail must be carved out of the hillside, which
moves or otherwise displaces obstacles such as soil, rocks, and trees. Most of this material is deposited
on the downhill side of the road and the bulk sometimes is buried in the fill or used as a barrier to

hold the fill in place (Wenger 1984).

"Industrial Engineer (CBL), Northeastern Research Station, USDA Forest Service, 180 Canfield Street,
Morgantown, WV 26505, Email: cledoux@fs.fed.us, Telephone: 304-285-1572.
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Figure 1.—Cut and fill cross-section of a
skid road/trail on a moderate slope: (A):
clearing limit; (B): top of backsloped
cutbank; (C): cutslope; (D): cut section;
(E): ditch; (F): centerline; (G): fill section;
(H-H’); outer edge and height of fill; (I):
fill slope; (J): toe of fill; (K): downhill

clearing limit.
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Figure 2.—Vertical cut cross-section of a
skid road/trail on a moderate slope: (A):
uphill clearing limit; (B): top of vertical
cutbank; (C): bottom of vertical cut; (B-
O): height of vertical cut; (D): centerline;
(E): downbhill edge of skid road/trail; (F):

downhill clearing limit.

The cut and fill method (Fig. 1, D and G) is used occasionally to minimize the amount of excavation
on the uphill side and the movement of soil. Ideally, the volume of earth excavated on the uphill side is
used on the downbhill side (the fill) to create the running surface of the trail. Balancing the cut and fill
reduces the amount of excavation on the uphill side and minimizes the movement of earth, which, in
turn, reduces the construction costs. The earth on the fill side must be compacted and free of woody
material, e.g., such as stumps, root wads, and other vegetation. This process increases construction
Costs.

An alternative to cut and fill on low-volume, and low-use skid trails is using vertical cuts to carve the entire
running surface of the trail from the uphill side (Fig. 2). The vertical cut method speeds construction,
reduces costs, and eliminates the need for back sloping and fill compaction.

Whichever construction method is used, it is imperative that safe clearing limits be set (Fig. 3) as both
practices create safety hazards, i.e., trees, vegetation, and other obstacles on the uphill side of the trail
(Anonymous 1983; OSHA 2000, 2001). Trees with excavated or disturbed root systems are likely to fall
onto the trail and must be removed. These stems can be grubbed out (including the root ball) or felled
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Figure 3.—Cut and fill cross-section of haul road on moderate slope showing uphill and
downhill minimum clearing limits for alternative side slopes (from Wenger 1984).
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Figure 4.—Cross-section of haul road on moderate slope showing cut and fill
areas and clearing limits for cut and fill banks (from Wegner 1984).

depending on their location relative to the uphill side of the cutbank. If circumstances do not allow
timely removal, the tree(s) should be flagged and the OSHA Two Tree Length Rule observed until

removal.

Practical and Safe Clearing Limits

Few guidelines on clearing limits for forest haul roads (Anonymous 1983; Wenger 1984; OSHA 2001,
2002) are applicable to trails. The general recommendation is that “all snags, danger trees, loose rocks,
stumps or other unstable material shall be removed or cleared for a safe distance back from roadsides or
roadside banks when they present a hazard to users of roadways”, and that “brush foliage or debris which
would obstruct the view of a vehicle operator on roadway intersections or on sharp curves shall be
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Figure 5.—Isometric scaling proportions of a tree’s
leaf and stem biomass area to the root biomass area.
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cleared and all possible precautions shall be taken to relieve the hazard of such conditions”
(Anonymous 1983).

A convenient way to determine minimum clearing limits for haul roads is to plot sideslopes on graph
paper and then superimpose the road standards on them (Fig. 3). In most cases, clearing above the
centerline should extend at least 10 feet beyond the cut stake position; clearing below the centerline should
extend at least 20 feet below the fill stake to allow stumps and other debris to be deposited (Fig. 4). On
steep to moderate sideslopes, trees with roots that were undercut during excavation and that are located
adjacent to the upper clearing limit or vertical cut should be grubbed out or felled (Pearce and Stenzel

1972).

The following should be considered in judging whether to remove a tree or other obstacle from a cutbank
during or following trail excavation:

* Sideslope (%). Steep slopes (= 25%) are unstable and require more excavation on the uphill side
and more fill on the downhill side. Very steep slopes require full bench roads.

* Soil, solid/loose. Loose rock, etc. moves easily.

* Distance from cutbank edge. The closer the tree/obstacle is to the cut edge, the more likely it will fall.

* Moisture/aspect. Once soils reach the plastic limit, they are nearly liquid in consistency.

* Size of tree/obstacle. The larger the tree/obstacle, the greater amount of mass is on the cutbank.

* Undercut roots/soil. These remove a tree’s attachment to the ground, undermining stability.

* Species of tree. Certain species are shallow rooted while others have deep taproots.

* Tree health/vigor. A sound, healthy tree with a full crown always has a strong anchoring mechanism
(root system).

* Clearing limits. Should be set and maintained where applicable.

With respect to tree health/soundness and determining clearing limits, Enquist and Niklas (2002)
found that a tree’s above-ground biomass relative to the leaf and stem area scales nearly isometrically to
the root biomass area (Fig. 5). Thus, the outer diameter of the crown also defines the outer diameter of
the majority of the root system. This concept is important in creating safe clearing limits for trails.
Although some small feeder roots will extend beyond the crown diameter/drip edge (Gilman 1988;
Tubbs 1977) and some of these feeder roots may become damaged or disturbed during excavation
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Is tree in the cut
side of cross
section?

Yes

Is
root system
disturbed?

Fell and
Ne Grub Out

Is tree on cut bank
side?

root diameter
adjacent to vertical

cut or backslope
to be covered by

cut bank?
soil, debris?
Fell and Fell But Do Leave Tree
Grub Out Not Grub Out

Figure 6.—Decision chart for determining practical and safe clearing limits for skid road/trails
with backsloped or vertical cutbanks and fill slopes.

any portion of

stem likely to be
encroached by

soil or debris?

‘outside of roo
diameter likely

Is
soil loose, wet,
and rocky? Fell, But Do

Not Grub Out

(Stout 1957), the lateral support of the tree will not be affected unless roots well within the crown
diameter are damaged/disturbed.

Figure 6 is useful for setting practical and safe clearing limits for trail construction as it addresses decisions
on removing trees within and adjacent to the cross section for trails with vertical or backsloped cutbanks.
For a cut and fill cross section with the cutbank backsloped (Fig. 1), trees 2, 3 and 4 should be felled and
the stump/root wad grubbed out. Trees 5 and 6 should be felled close to the ground and the stump/root
wad left in place. Tree 7 should be felled as the toe of the fill will encroach on the root system (see Figure
5) and also might be covered by the stumps and materials from the uphill trees that were grubbed. Tree 1
is safe to leave since its entire root system has not been disturbed during the excavation or backsloping.

For a vertical cut cross-section (Fig. 2), trees 4 and 5 should be felled and the stump/root wad grubbed
out. Tree 6 should be felled and the stump/root wad left in place. Tree 3 should be felled because its root
system has been disturbed/excavated/exposed and the stump/root wad removed. Some applications may
not require that the stump/root wad be removed. For example, the stump/root wad would not be
grubbed if the forester/manager in charge determines that felling the tree eliminates the potential hazard
and that site conditions (soil type, moisture, height of cutbank, etc) are sufficiently stable to keep the
stump/root wad from falling into the trail. Tree 7 should be felled if the earth from the vertical cut
excavation would bury any point of the stem or the outside root diameter. Tree 2 is safe as its entire root
system is undisturbed (see Figure 5).
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Considerations for Managers

The construction/excavation of skid roads/trails creates certain safety hazards that can be eliminated
and/or mitigated by observing practical and safe clearing limits during and after trail construction/
excavation. The decision chart included in this article should be helpful in determining guidelines that
will result in a safer workplace. On a practical level, if there are doubts about a tree’s stability, that tree
should be removed.
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RELATIONSHIP BETWEEN LOGGING RESIDUE ACCUMULATIONS AND
SITE CHARACTERISTICS IN SOUTHERN WEST VIRGINIA

Shawn T. Grushecky, David W, McGill, Stephen M. Perkins, and R. Bruce Anderson’

ABSTRACT.—In West Virginia, substantial volumes of logging byproducts, in the form of
unwanted logs, limbwood, and treetops, remain on the ground following timber-harvesting
operations. While these residues are ecologically important, their recovery and utilization following
harvesting may have tremendous economic potential. We investigated logging residue
accumulations after timber harvesting in fire-prone southern West Virginia using line-intersect
methodologies. Seventy timber harvests that occurred during 2000-2001 were sampled for
logging residue accumulations. The average diameter measured at the intersection with sampling
transects for all residue was 7.3 inches. The average overall weight of wood residue left after
timber harvest in the 14-county region was 10.4 tons/acre. Oak species had the highest residue
accumulations followed by mixed hardwoods and maple species. We found little relationship
between distance to landing, distance to market, and average slope with residue accumulations.
Relationships between distance to markets and residue accumulations were analyzed for a number
of potential residue buyers in the region. Because of their ecological importance, we do not
recommend complete use of this resource. However, when left in the woods, logging residues are
not converted into useable products, and ultimately, more jobs for the Appalachian region. More
emphasis needs to be placed on the further utilization of this resource in West Virginia.

Introduction

Large amounts of logging residues or “slash”, in the form of unwanted logs, limbwood, and treetops,
are abundant after timber harvesting in West Virginia (Grushecky et al. 1997). Logging residues contribute
to the diversity and cover resources of a logged site (McComb 2003), whereas factors such as piece
orientation, size, decay state, species and abundance of coarse woody debris dictate its importance to wildlife
(Harmon et al. 1986). Logging residue, or course woody debris, is an important component of the habitat
requirements for birds (Lohr et al. 2002), amphibians (Butts and McComb 2000), and small mammals
(Loeb 1999). Future site productivity can also be impacted by the additions or removals of logging residues.
Appalachian forest floor mass has been found to be greater immediately following cutting, and then falls to
pre-cut levels within several years (Johnson et al. 1985, Mattson and Swank 1989). Johnson et al. (1985)
determined that soil solution concentrations of NH,* -N, NO; - -N and K were higher in cut areas
harvested with a whole-tree system in Appalachia. In the southern Appalachians, long-term soil cation
concentrations were not impacted by commercial sawlog harvests (Knoepp and Swank 1997).

Environmental impacts of logging residue removals must be balanced with economic benefits of their
recovery. The utilization of logging residues may have tremendous economic potential in a state that
relies heavily on its wood products industry. In 1997, the wood products industry accounted for over
$1 billion of the states total manufacturing output (U.S. Census Bureau 1997). This represents
approximately 6 percent of the total manufacturing output in West Virginia, and does not include
logging and forest management activities, both large components of the primary manufacturing
industry. Within the past decade, several large wood products firms have established manufacturing
facilities in West Virginia that use low-grade wood in their composite, or engineered wood products
(Luppold et al. 1998). Before this, the market for low-quality roundwood in West Virginia was very
limited. Currently, wood contained in logging residues is suitable for use in many engineered wood
products, and potentially, for other value-added products in future markets. Efficient recovery of this
material is imperative, especially since skidding and trucking have been identified as potential barriers
against increased hardwood production in the area (Luppold et al. 1998).

TAssistant Director (STG), Appalachian Hardwood Center; Associate Professor (DWM) and Silviculture
Extension Specialist, Graduate Research Assistant (SMP), and Assistant Professor of Wood Science (RBA),
West Virginia University Division of Forestry, PO Box 6125, Morgantown, WV 26506-6125. STG is
corresponding author: to contact, call (304) 293-2941 x2413 or email at sgrushec@wvu.edu
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Figure 1.—Average logging residue weights found during a 2002
inventory of wood residues in southern West Virginia. Dots
represent logged areas sampled for woody residues. Stars represent
locations of engineered wood products facilities in West Virginia.

As part of a larger research project funded by the USDA Forest Service to investigate forest fire fuel
wood loadings, we sampled logging residues in southern West Virginia. The objectives of this study
were to investigate the impacts of harvest site characteristics, including slope, terrain, and distance to
markets, on the amount of logging residues remaining after harvest.

METHODS

Logging Residue Estimation

Line intersect sampling was used to sample logging residues in southern West Virginia. A total of 5
harvested sites were sampled in each of 14 southern West Virginia counties during the summer of 2002
(fig. 1). Harvest blocks were at least 20 acres in size to eliminate any edge bias. Each harvested site was
selected randomly from a list of all harvests conducted during 2000-2001 in the focus counties. Harvest
sites were located using West Virginia Division of Forestry logging notification forms, which are mandated
under the 1992 Logging Sediment Control Act. Under this act, all loggers are required to submit a harvest
plan before timber operations commence.

At each logging site, woody residues were sampled using a logged area analysis methodology (Warren and
Olsen 1964, Van Wagner 1968, Bailey 1970, Martin 1976, Van Wagner 1982, Hazard and Pickford 1986).
Starting from the main log landing, sampling points were randomly located within the harvest boundaries;
all sample points were 198 ft. (3 chains) apart. Locations for residue points were found by selecting a
random azimuth and distance from enumerated skid trails. From each point, two 100-ft-long transects
were established. The first was located by selecting a random azimuth. The second transect was set at a
right angle to the first, so each transect began at a common point. The UTM coordinates for each sample
point on every harvested site were recorded using a Trimble GeoExplorer 3 global positioning system
(GPS). All spatial data were geo-referenced after collection in the field.

Field technicians measured the wood residue as they walked along transects, recording the diameter
and species of each residue piece at the point where it intersected the transect. All residue pieces were
at least 4 in. in diameter at the small end and 4 ft. long. Fifteen sample plots (each made up of two
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100 ft. transects) were located in each harvest for a total of 3000 ft. of transect per logged site. One of
every four transects was sampled intensively to provide information related to residue characteristics.
On intensive lines, measurements included the species and diameter at the transect intersection, as well
as the small end diameter (to a minimum of 4 inches), large end diameter, piece length, and potential
product (pulpwood versus sawtimber).

To calculate volumes and weights of logging residues, we used equations first developed by Warren and
Olsen (1964) and modified by Van Wagner (1968). Van Wagner (1968) gave the following weight equation:

11.658Y d°?
W:_LE

where W is the weight of logging residue in tons/acre, S is the specific gravity of the logging residue, d is
the diameter of logging residue at intersection with transects, and L is the length of the sampling transect.
Van Wagner (1968, 1982) describes the development of logging residue equations in eloquent detail.

Average Slope of Harvested Site

Harvest boundaries for each of the 70 sites were obtained from the West Virginia State Division of
Forestry notification records. Boundaries were digitized and converted into geo-referenced layers in a
geographic information system (GIS) using ArcView 8.3 (ESRI, 380 New York Street Redlands, CA
92373-8100). Likewise, digital elevation models (DEM), in the form of an elevation grid, were
incorporated into the GIS for each of the harvest sites. The ArcView 8.3 Spatial Analyst extension was
used to calculate the mean slope percentage for each of the harvested tracts based on the clipped DEM
for each harvest location, thus limiting slope estimations to the harvested areas.

Distance between Sample Point and Landing

Distances from residue sampling points to log landings were measured to determine the effect of skid
distances on material recovery. Layers consisting of UTM coordinates for each residue sample point and
landing locations were developed in the project GIS. A coordinate extension available for ArcView 8.3 was
used to calculate the distance between each residue sampling point and the log landings. Distances
calculated represent a straight line between the residue sampling locations and landings. This measurement
represents skid turn distance well because in most cases, as the straight line distance between the landing
and sample point locations increases, so does actual skidding distance.

Distance Between Harvest Sites and Engineered Wood Products Markets

Using the GIS, we calculated the total distance between the main log landing on each harvested site to
three main users of woody residues in West Virginia; the Weyerhaeuser oriented strandboard (OSB)
plant in Heaters, WV, the Georgia Pacific OSB facility in Mt. Hope, WV, and the TrusJoist Parallel
Strand Lumber and Laminated Strand Lumber facility in Buckhannon, WV. We chose these facilities
because they are an end market for the majority of low quality roundwood produced during timber
harvests in West Virginia. For each harvested site, we attempted to calculate 2 alternative routes to each
market. Routes were chosen based on the shortest distance suitable for tractor-trailers hauling residue.
Routes were measured by digitizing roads between landings and markets using a distance-measuring

tool in the GIS.

Results

We sampled 2100 transects in southern West Virginia during the summer of 2002 and measured a total of
5796 pieces of logging residue. This represents approximately 40 miles of logging residue transects. The
most prevalent species of logging residue was yellow-poplar (Liriodendron tulipifera), representing 14.5
percent of the residue crossed by transects. Yellow-poplar was followed by red oak (Quercus rubra) and
white oak (Quercus alba), which accounted for 13.3 percent and 10.2 percent of the number of residue
pieces, respectively.
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Table 1.—Average diameter of species at intersection with residue transects. Listed along with the average
diameters and their respective standard deviations (in parentheses) are the average weight, average small end
diameter, average large end diameter, and average length of logging residue sampled in southern West
Virginia.

Species® Mean Diameter Weight Small End Large End
(Tons/ac) Diameter Diameter Length

Cherry 6.4(2.7) 0.1(0.2) 5.3 (2.4) 8.1 (3.1) 19.1 (11.9)
Maple 6.4 (2.6) 1.2 (1.0) 4.5 (1.3) 7.42.7) 20.0 (11.9)
Misc. Hardwoods 7.3 (3.5) 2.5 (2.0) 5.0 (2.3) 9.3 (4.4) 21.1 (12.0)
Oak 7.7 (3.6) 5.0 (3.1) 4.8 (2.0) 9.6 (3.9) 20.1 (10.6)
Soft hardwoods 7.93.7) 0.2 (0.4) 4.4(1.2) 8.6 (3.4) 19.0 (10.0)
Softwoods 7.2 (3.1) 0.1 (0.3) 4.8 (1.5) 9.1 (3.8) 21.5 (14.2)
Yellow-poplar 7.2 (3.0) 1.2 (1.0) 5.2 (2.0) 9.1 (3.0) 20.3 (12.1)

3Cherry - black cherry (Prunus serotina); Maple - red maple (Acer rubrum), sugar maple (Acer saccharum); Oak - red oak
(Quercus rubra), black oak (Quercus velutina), scarlet oak (Quercus coccinea), white oak (Quercus alba), chestnut oak (Quercus
prinus), American chestnut (Castanea dentata); Soft Hardwood - aspen (Populus spp.), basswood (Tilia americana),
cucumber (Magnolia acuminata), sycamore (Platanus occidentalis), tree-of-heaven (Ailanthus altissima); Softwood - eastern
hemlock (Tsuga canadensis), pine (Pinus spp.); Yellow-poplar - yellow-poplar (Liriodendron tulipifera); Miscellaneous
Hardwoods - American elm (Ulmus americana), black birch (Betula lenta), American beech (Fagus grandifolia), black gum
(Nyssa sylvatica), black locust (Robinia pseudoacacia), yellow buckeye (Aesculus octandra), American dogwood (Cornus
Sflorida), fraser magnolia (Magnolia fraseri), hickory spp. (Carya spp.), sassafras (Sassafras albidum), sourwood (Oxydendrum

arboreum), white ash (Fraxinus americana), yellow-birch (Betula alleghaniensis).

The average diameter measured at the intersection with sampling transects for all residue was 7.3
inches. The corresponding maximum diameter was 34 inches. To facilitate result interpretations,
residue was broken down into 7 groups based on species attributes and marketability (table 1). The
soft hardwood species group had the largest diameters at intersection (7.9 inches), but the second
lowest frequency (77 pieces measured). Oak species had the second largest diameter at intersection (7.7
inches) and the largest frequency (2117 pieces measured) (table 1). The average overall weight of wood
residue left after harvest in the 14-county region was 10.4 tons/acre. The minimum tonnage found
among the 70 harvest sites visited was 2.3 tons/acre and the maximum was 20.3 tons/acre. The highest
residue volumes were found in the central portion of our study area (fig. 1).

Oak was the most prevalent species group by weight, averaging 5.0 tons/acre over the study area (table 1).
Miscellaneous hardwoods and maple species followed the oaks with 2.5 and 1.2 tons/acre respectively.
Black cherry had the lowest average weight over the study area at 0.1 tons/acre remaining after harvest.
The maximum amount of residue left of any one species was 15.1 tons/acre for oaks. Oaks, followed by
miscellaneous hardwoods, had the largest accumulations of residue in the study area. The dominance of
oak as logging residue in the study area is further emphasized when compared to the next three highest
species in terms of total weight, miscellaneous hardwoods, maple species, and yellow-poplar (fig. 2).

On intensive transect lines; large and small-end diameters and total lengths were recorded so that residue
piece size could be characterized. A total of 1305 pieces of logging residue were measured on intensive
lines. The average large-end and small-end diameter of the pieces measured on intensive lines was 9.2 and
4.9 inches, respectively. The average length of all logging residue was 20.4 feet.

Oak species had the largest average large-end diameter of 9.6 inches. Miscellaneous hardwoods followed
oak with an average large-end diameter of 9.3 inches. Yellow-poplar followed oaks and miscellaneous
hardwoods with an average large-end diameter of 9.1 inches. Overall lengths were similar by species (table
1). Softwoods and miscellaneous hardwoods had the longest average lengths of 21.5 and 21.1 feet,
respectively. These were followed by yellow-poplar residue that had an average length of 20.3 feet.

Proceedings of the 14th Central Hardwoods Forest Conference GTR-NE-316

157



158

Mapi .
Yelliow-poplar aple spp.

1 -0-2Tons/Acre
- - 2.1 - 4 Tons/Acre

- 4.1~ 7.4 Tons/Acre

Misc. Hardwood

0
% //////’/

&

Figure 2.—Average logging residue weights for the top 4 species groups found during a 2002
inventory of wood residues in southern West Virginia.

Logging residue piece size was used to calculate the total amount of “marketable” residue available in
the study area. This was based on determining the total volume of residue that met a 12-foot length
criterion, which is a common specification in the engineered wood products industry in West Virginia.
Once volume was calculated that met length specifications, total residue available was determined by
multiplying the total weight available per acre by the average acres harvested in each county per year.
Harvest data were obtained from notification forms supplied by the West Virginia State Division of
Forestry. A total of 810,584 tons of residue were available during the study period in the 14-county
region (table 2). When the residue loads were further broken down by species acceptable for the
engineered wood products industries in West Virginia (Weyerhaeuser, Georgia Pacific, TrusJoist),
approximately 332,649 tons of logging residue were available during the sampling period in the 14-
county area.

The average slope of harvested areas sampled in southern West Virginia was 30.8 percent (+ 9.3 percent).
We did not find any evidence that slope had any influence on total residue accumulations remaining after
harvest (r=-0.09, P=0.43). The average distance between residue sampling points and the log landings of
harvests measured in southern West Virginia was 979.8 feet (£490.5 feet). We did not find a relationship
among distances from landings to the location of our sample points (r=-0.13, P=0.28).

The average distance to an engineered wood product facility from the harvest locations sampled in
southern West Virginia was 108.9 miles (+ 42.5 miles). The Truss Joist facility was farthest, on average,
from the logged sites sampled at 153.2 miles (+ 60.8 miles). The Georgia Pacific Oriented Strand Board
plant was the closest, on average, to the logged sites sampled at 68.5 miles (+ 31 miles). The Weyerhaeuser
Oriented Strand Board plant averaged 105.2 miles (+ 35.9 miles) from the logged areas sampled. We
found no significant correlations among the distances from harvest landings on those sites sampled and the
Engineered Wood Products facilities in West Virginia.
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Table 2.—Total residue weight (tons/acre) found remaining after harvest in each of 14 counties sampled in
southern West Virginia. Total residue available was calculated using the percentage of the total volume that met
a 12 foot length specification. Acres harvested are average of years 1992-2001, obtained from West Virginia State
Division of Forestry Logging Notification Forms.

Total Weight Percent Length Total Avail/Acre Acres Total

County (Tons/Acre) Specification (Tons/Acre) Harvested Tons/Year
Boone 12.7 0.87 11.0 9342 102,762
Cabell 11.7 0.75 8.8 1965 17,292
Chy 1 09 99 6447 63,825
Fayette 11 0.79 8.7 9169 79,770
Kanawha 11.3 0.84 9.5 13712 130,264
Lincoln 9 0.71 64 3220 20,608
Logan 7.1 0.7 5.0 6860 34,300
McDowell 10.8 0.89 9.6 9223 88,541
Mercer 7.8 0.83 6.5 2606 16,939
Mingo 10.1 0.88 8.9 4101 36,499
Nicholas 82 0.53 43 9363 40,261
Raleigh 117 0.83 97 9755 94,624
Wayne 10.5 0.78 82 2057 16,867
Wyoming 12 0.82 9.8 6942 68,032
Totals 1449 11.12 1163 94762 810,584
Discussion

The quantity of logging residues remaining after timber harvesting likely varies according to the
intensity of the harvest operation and the available markets. There continues to be a substantial
amount of woody residue remaining on site after timber harvesting in West Virginia. In southern West
Virginia, Grushecky et al. (1997) found from 6.2 to 15 tons/acre of logging residues remaining after
harvests that occurred in 1993-1994. With this research project, we found a similar amount of residue
at 10.4 tons/acre in southern West Virginia. By species, logging residue breakdowns also were similar.
In the 1993-1994 period, oaks were the prevalent residue, followed by mixed hardwoods and yellow-
poplar (Grushecky et al. 1997).

Economic factors are likely the main determinant of the composition of logging residues remaining after
harvest. The lower the value of the logging residues, the more likely it will be left on site. Efficient
recovery of logging residues must occur at the time of harvest to remain profitable. Many of the factors
that cause useable residue pieces to be left in the woods interact with one another. For example, skidding
efficiency, site visibility, potential markets, and material quality all work together to generate the residue
levels observed following timber harvesting in the region. Skidding and trucking have been cited as barriers
to loggers wanting to increase production, especially in southern West Virginia (Luppold et al. 1998). We
found little evidence that distance to markets, skid distances, and/or the average slope of harvested sites
affected residue concentrations. Because of the high degree of variability in harvesting, markets, and site
characteristics, there is a correspondingly high variation associated with residue weight estimates. Therefore,
variation in residue loads hindered our efforts at discovering relationships among site characteristics and
logging residue volumes. However, since harvests were chosen randomly for this project, we assume that
the residue loads reported are a representative sample of all harvests in southern West Virginia.

Although no relationship was found among site factors and logging residue levels, the logging residue
resource characteristics found through this study are important. If all species of logging residues are
considered, there was enough logging residue to run a engineered wood production facility a total of 406
days, assuming the use of 2000 tons per day. Thus, this region alone could support an additional
engineered wood products facility or a biomass conversion refinery, if they could make use of all residue
species. This is especially true if the ring porous hardwoods such as oaks (Quercus spp.) could be better
utilized. Oak is highly sought after for dimensional lumber, yet most engineered wood products
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facilities in West Virginia prefer only small quantities of oak because of its undesirable physical
properties for composite manufacturing. From a utilization standpoint, this is unfortunate as there is
about 2.4 times the amount of residue at least 12 feet long when oak is included in average residue
loading calculations. More emphasis needs to be placed on the use of lower quality, smaller oak in the
form of topwood, pulpwood and unwanted logs. The feasibility of using this unwanted oak residue for
value added products such as flooring, or components for the furniture and cabinet manufacturing
industry, was addressed in the late 1970s and early 1980s (Reynolds and Gatchell 1979, Reynolds et
al. 1983, Hansen and Araman 1985). These approaches or new technologies that allow for the co-firing
of power plants or bio-refineries that use wood biomass need to be evaluated under current market
conditions, especially since recent policies propose decreasing the United States dependence on foreign
fuels.

When left in the woods, logging residues are not converted into useable products, and ultimately, jobs for
West Virginians. However, logging residues remain an important component of Appalachian forest
ecosystem. For this reason, we do not recommend complete utilization, but we should strive to use a
greater portion of this valuable resource. While we typically think of the larger firms as creating the main
demand for wood residue, other opportunities may exist for composite or solid fuel products and should
be considered when developing marketing plans for these residues.
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CHANGES IN FUEL LOADING AS THE RESULT OF REPEATED PRESCRIBED FIRES
WITHIN THE OZARK FORESTS OF MISSOURI

George W, Hartman'

ABSTRACT.— Buildups of wildland fuels have created problems and concern across the nation.
The central hardwoods region has little information published on the fuel loading occurring within
stands of oak-hickory and oak-pine forest. Fuel was sampled on a 2,500-acre restoration project
located in the Missouri Ozarks. Samples were taken before dormant season fires during the years
1998 through 2003. Samples were stratified by aspect and by number of fires during the 5-year
period. Pretreatment fuel loading ranged from 6.6 tons/acre in intermittent drainages to 10.9
tons/acre on ridges (neutral slopes). After 5 years and either 2, 3 or 5 burns, total fuel loads were
not changed greatly, but the composition of the fuel bed was altered in all samples. Woody fuels in
the 1-, 10-, and 100-hour size classes increased as herbaceous fuels (litter) decreased. Restoring a
fire regime to these natural communities may require years to reach the desired state of
“naturalness” with corresponding changes in fuel load tonnage and composition.

Natural cover fires have been part of the Ozark landscape for centuries (Guyette 1982). With the success
of fire suppression programs by the US Forest Service and Missouri Department of Conservation
initiated in the 1930, the frequency of fires on the landscape has decreased greatly (Westin 1992). The
reduction or cessation of anthropogenic wildfires has resulted in altered plant communities with altered
structures and species and a concurrent buildup in forest floor fuels (Beilman and Brenner 1951). Little is
known about the fuel loading of forested lands within the central hardwoods, either in terms of existing
fuel loads or the changes in these fuel loads due to prescribed burning. Here I report changes in fuel
loading following repeated prescribed fire from 1998 through 2003 in the Missouri Ozarks.

Study Area

The study site is a 2,500-acre block of oak-hickory and oak-pine Ozark woodlands located in Shannon
and Carter Counties, Missouri (fig. 1). The study site is in the central portion of the 5,657-acre Chilton
Creeck Management Area owned and managed by The Nature Conservancy (TNC) and comprises the
upper Chilton Creek Basin. The study site lies within the Current River Hills subsection of the Ozark
Highlands (Keys and Carpenter 1995), an area characterized by rugged, steeply dissected valleys and
hollows, and narrow ridges. Soils are primarily Alfisols and Ultisols, well drained and developed over
dolomite and sandstone karst bedrock.

The goal of management on the Chilton Creek Management Area is to conserve the native biota in a
mosaic of high quality native habitats. The sole management treatment is prescribed fire.

The treatment area is divided into five units (fig. 1) to facilitate fire management and to evaluate the role of
varying frequencies in restoring the native mosaic on the landscape. One unit, Kelly North, was burned
annually. The other units were burned at random, one- to four-year fire return intervals (table 1). All units
were burned during the first year of treatment, 1998.

This portion of the Ozarks has a long fire history, primarily of anthropogenic origin. The mean fire
interval for this area was about 7.1 years before Euro-American settlement (1820) and 2.2 years between
1820 and the late 1920’s (Guyette 1997). The wildfire record indicates no major fires on the study site since
the drought years of the mid-1950’s when a major fire burned across most of northern Carter County to
the west bank of Current River east of the study area. There was no prescribed burning on Chilton Creek
prior to initiation of this study.

Fire Ecologist, Resource Science Center, Missouri Department of Conservation, 110 S. College Ave.,
Columbia MO 65201. To contact, call (573) 882-9909 ext. 3304 or email at george.hartman@mdc.mo.gov
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Figure 1.—Chilton Creek Study Area and the five fire management units (labeled). The Kelly
North Unit was burned annually; the other units were burned at random, one-to four-year

intervals (see Table 1). The twenty-six fuel plots were selected from the 250 permanent

vegetation plots based on accessibility.

Table 1.—Units burned on the Chilton Creek Study Area, 1998-2002.

Fire Unit 1998 1999 2000 2001 2002

Kelly South X X X

Kelly North X X X X X

Chilton South X X X

Chilton North X X

Chilton East X X
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Methods

In 1996, 250 Y- acre plots were established to record changes in herbaceous and woody vegetation
across the project in response to the fires. The study area was stratified by Ecological Land Type (ELT)
based on slope, aspect, topographic position and geologic substrate (Miller 1981) prior to establishing
plots. Twenty-six plots were selected for more intensive monitoring of fuels, fire behavior and
differential mortality of small woody stems (Dey and Hartman 2003). Plot selection included all
aspects (North, South, Ridge, Intermittent Drainage) and all burning frequencies (2, 3, or 5 burns).
Due to the nature of the land treatment, rugged topography and safety issues, sites were selected in
groups that could be accessed by ATV for equipment placement and removal and could be entered and
exited safely by the observation crew during the prescribed burning activity. The 26 plot locations are
shown on Figure 1.

Sampling was conducted on all 26 plots one month prior to the 1998 and 2003 prescribed burns. Two 50-
foot down, dead woody (ddw) transects were established in cardinal directions with transect centers at the
vegetation sampling plot center. Ddw transects segregated woody fuels into 1-, 10-, 100- and 1,000-hour
timelag fuels. Ddw transects were sampled following the system described by Brown (1974).

Mean litter depth was recorded at 5-foot intervals along each transect. Litter and herbaceous vegetation
were sampled within 1- by 2- foot quadrats at each end of each transect. Exact location of the quadrats
was shifted at each sampling due to the reduction of litter within the quadrat when sampled. Litter/
herbaceous samples were dried at 60° C for 24 hours to produce oven dry weights. This sampling scheme
yielded a total of 52 transects, 104 herbaceous samples and 520 litter depth measurements per sampling
year. Results were averaged and mean values per plot were analyzed.

Results

Results from the sampling indicate there may be changes in fuel loading with both aspect and frequency of
burns, but variability within the samples was too great to draw any statistically valid conclusions. Therefore,
the mean fuel weights of the sample plots on all units (n=26) were combined and analyzed and the results
are shown here with examples of changes by fire frequency and aspect.

Initial mean fuel loads, recorded in 1998 before the first burn, ranged from a high of 10.9 (+4.0) tons per
acre on ridges to a low of 6.6 (+ 2.4) tons per acre on intermittent drainages (table 2). North slopes had
8.6 (+ 1.4) tons and south slopes 9.4 (+ 1.6) tons per acre. Herbaceous fuel (primarily leaf litter) composed
37 percent of the total fuel load. Fuels that contributed most to fire intensity (herbaceous, 1-, and 10-hr
fuels) comprised 49 percent of the preburn samples by weight.

After 5 years, mean total fuel loads ranged from 9.7 (+ 2.3) tons per acre on south slopes to 6.4 (+ 1.8)
tons per acre on intermittent drainages. Ridge plots contained 7.7 (+ 2.3) tons per acre and north aspect
plots contained 7.0 (+ 1.3) tons per acre. Herbaceous fuel (still primarily leaf litter) was reduced to 25
percent of the total fuel load. Light fuels (herbaceous, 1-, and 10-hr) were reduced slightly to 43 percent
of the total.

Initial mean litter depth was 1.8 inches (table 2). This parameter was reduced to 1.6 inches by 2003. The
structure of the litter was changed from a matted layer to a less dense, fluffy layer more conducive to
combustion. Litter also became more irregular in distribution, as indicated by twice as many sample points
having bare ground after the burns.

The only fuel component to be significantly reduced (95 percent Confidence Interval on the mean) from
pre- to post-treatment was the herbaceous fuel load (fig. 2). Significant increases were detected in both the
1- and 10-hour fuel load components. Trends within the 100-hr fuels were higher and 1,000-hr fuel loads
trended lower. The only aspect to indicate an increase in 1,000-hr fuels was South slopes, which typically
burn hotter than other exposures. Increased fire intensity is expected to increase mortality on larger standing
stems. The mean 1,000-hr fuel weight on south slopes increased from 4.1 (+ 1.6)to 5.5 (+2.0) tons/acre.
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Discussion

Fuel loads prior to treatment were greater than those reported for unburned and unharvested Ozark
woodlands by Kolacks and others (2003), 9.2 versus 7.2 tons per acre. Herbaceous litter plus 1-hr woody
debris weights within 40-year-old, unburned stands sampled in April by Loomis (1975) yielded 5.3 tons
per acre. Paulsell (1957) found in his January sampling of an oak-hickory flatwoods undisturbed for 15
years that “litter” (undefined) was 7.5 tons per acre in 1949. The same tract in 1957, still undisturbed,
yielded 6.1 tons of leafy and herbaceous material and 0.6 tons of woody material, considerably greater
than the 3.7 tons of herbaceous and 1-hr fuels found on this study and the 3.0 tons reported by Kolacks
and others (2003). Inclusion of larger diameter woody fuels in the earlier calculations of “litter” could
account for the increased weights.

The only statistically significant reduction in the fuel loadings was the reduced weight of herbaceous fuel on
the plots. Herbaceous fuel, leaf litter in this case, is the most volatile fuel component and carries the fire
until the woody fuels can be preheated sufficiently to ignite. In a landscape that is subjected to multiple fires
after a long fire free interval, the finest fuels would be expected to be reduced with repeated burns.

In an unburned forested system with a developed midstory and woody understory, increased dead woody
fuel loadings would be the expected result from mortality of the smaller woody stems the first years
following initiation of fire management. The mean 1000-hr component across the study area was reduced
numerically, but the 1-, 10- and 100-hr woody fuel components were increased by 25 percent, 39 percent,
and 26 percent respectively (fig. 2). The same general trend was recorded by Paulsell (1957) following
repeated burns on an annual and a 4-year fire return cycle. These smaller diameter woody fuels should add
to the fire intensity of future burns and may enhance the effectiveness of the burns as the landscape returns
to a fire induced state of openness.

The Chilton Creek Management Project is a long term effort by The Nature Conservancy and The
Missouri Department of Conservation. Tracking of fuels and vegetative changes over time will document
the continued progression as the landscape moves toward the desired future condition of a dynamic, fire
regulated Ozark landscape.
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THE EFFECT OF THINNING AND PRESCIRBED FIRE ON FUEL LOADING IN
THE CENTRAL HARDWOOD REGION OF MISSOURI

Jeremy J. Kolaks, Bruce E. Cutter, Edward F Loewenstein, Keith W. Grabner,
George W. Hartman, and John M. Kabrick'

ABSTRACT.—We collected fuel loading data in the Southeast Missouri Ozarks to determine if
aspect (north and east facing slopes (protected), south and west facing slopes (exposed), and no
slope (ridge)) has an effect on fuel loading in stands that received either thinning, prescribed fire,
both prescribed fire and thinning, or no management (control). Aspect affected fuel loading in
several categories for pre-treatment, post-thinning, and post burn-thinning treatments. The general
pattern was a progression from exposed slopes, < ridges, < protected slopes. Thinning increased
total fuel loading about 300 percent with 100 and 1000-hr solid fuels replacing litter as the heaviest
component of the total. The prescribed burn did not significantly consume 100 and 1000-hour
fuels. Burning alone and burning in stands that had recently been thinned resulted in a 50 and 25
percent reduction in total fuel loading, respectively. In both treatments a majority of consumption
occurred in fuels < 3 inches with litter being nearly 100 percent consumed on all aspects in both
burn treatments. Horizontal continuity was disrupted in both cases making reburn very unlikely.
However, a fire could carry though the stands soon after the first leaf fall.

Very little information is available on fuel loading, let alone the effects of harvesting or fire on fuel loading,
in the Central Hardwood Region of the United States. A recent literature search for such information
yielded very few references that addressed the subject. Most studies were completed before the
development of modern fuel sampling techniques and timelag classes (Brown 1974). Paulsell (1957),
Scowcroft (1965), Crosby and Loomis (1974), and Loomis (1975) all evaluated fuel loading in the Missouri
Ozarks before the development of modern techniques. Crosby and Loomis (1967) and Loomis and
Crosby (1968, 1970) evaluated the effect of thinning on fuel loading and the contribution of hardwood
fuels after aerial herbicide application in pine stands located in southeast Missouri, also before the
development of modern techniques.

Anderson (1982) developed fuel loading models using modern techniques which are used by the fire
behavior prediction model BEHAVE. These models including general fuel loading values for oak-hickory
(Quercus-Carya) leaf litter and hardwood slash in the eastern United States. Ottmar and Vihnanek (1999)
developed a stereo photo series for quantifying natural fuels in mixed oak types located in the central states.
However, reported fuel loadings are only representative of the area that falls within the view of the camera
and no stereo photos were developed for the portion of the Central Hardwood Region that extends west
of the Mississippi River.

It is known that fuel loading and vegetative structure have been altered from pre-settlement conditions and
that they are still changing. Most accounts of the Missouri Ozarks prior to settlement describe open
woodlands with little to no underbrush (Ladd 1991, Nigh 1992). This open forest structure was the result
of an anthropogenic fire regime, dominated by light surface fires, maintained by Native Americans. The
mean fire-free interval (MFI) during the Native American depopulated (1580-1700) and repopulated
(1701-1820) periods were 17.7 and 12.4 years, respectively (Guyette and Cutter 1997, Guyette and Dey 1997).
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Ecologist (GWH), Resource Science Division, Missouri Department of Conservation, 1110 S. College,
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Beginning in the early to mid 1800, settlement began to have a substantial effect on the forest
structure, fire regime, and fuel loading of the Missouri Ozarks. The MFI decreased to 3.7 years during
the period of Euro-American settlement (1821-1940) (Guyette and Cutter 1997). A majority of the
Ozarks was completely cutover in late 1800 and early 1900’s to feed America’s westward progression,
and was conducted with little regard for regeneration (Cunningham and Hauser 1992, Nigh 1992,
Guyette and Dey 1997, Guyette et al. 1999). Frequent fires and accumulations of slash, which
resulted in intense fires, killed pine regeneration already in place and stimulated oak sprouting. This
altered disturbance regime undoubtedly had an effect on pine regeneration and recruitment
(Cunningham and Hauser 1992, Guyette and Dey 1997).

The composition of present day Ozark forests is much different from that of pre-settlement composition.
The second-growth forests are more dense and contain less pine than historic stands with hardwoods
completely replacing pine in many places (Cunningham and Hauser 1992, Nigh 1992, Guyette and Dey
1997, Nigh et al. 2000). A 66-percent reduction in relative abundance of pine from historic levels (circa
1900) has been noted in some areas along with a reduction in range from an estimated 6.6 million acres to
only about 400,000 acres of pine and oak pine forest in 1976 (Cunningham and Hauser 1992, Guyette and
Dey 1997). Fire suppression began in the 1930’s increasing the calculated fire rotation length during the
period 1970-1989 to about 326 years statewide (Westin 1992). In an adjacent area, the Arkansas Ozarks, the
MFI was greater than 80 years for the period 1921-2000 (Guyette and Spetich 2003). There is evidence that
fire exclusion, changing stand structures, and timber harvest have increased fuel loadings (Guyette 1999).
Suppression created favorable conditions for the development of dense oak forest and allowed fuel
loading to increase, unchecked by periodic fire and controlled only by decomposition.

Today federal and state agencies, as well as private organizations and individuals, are using thinning,
harvesting, prescribed fire, or combinations of these treatments as management tools. In 2002 the Missouri
Department of Conservation alone mechanically treated almost 5,000 acres with about 2,800 of those
acres receiving pre-commercial thinning and intermediate, unevenage, and shelterwood harvest
(Anonymous 2002). Also in 2002, the same agencies and organizations applied prescribed fire to more than
60,000 acres throughout Missouri. However, the effects of management activities on fuels are poorly
understood. There is a need to better understand these effects since these treatments are often used for
restoration of habitat and biodiversity.

We collected fuel loading data in southeast Missouri as part of a cooperative study funded by the Joint Fire
Science Program. The purpose this study is to determine existing fuel loads and whether aspect (exposed,
ridge, and protected) has an effect on fuel loading in stands that received thinning, prescribed fire, both
thinning and prescribed fire, or no management (control). This study is the most ambitious of its kind in
this area to date.

Study Area

The study area is located in the southeastern Missouri Ozarks near Ellington, MO on land managed by the
Missouri Department of Conservation (Figure 1). In an effort to minimize variation caused by potential
vegetative differences, study sites were all installed within the Black River Oak/Pine Woodland/Forest Hills
Landtype Association utilizing the Missouri Ecological Classification System, which utilizes the US Forest
Service National Hierarchy of Ecological Units for landscape classification (Meinert et al. 1997, Nigh and
Shroeder 2002).

This LTA is characterized by strongly rolling to hilly lands with steep slopes with flat land found only in
creek and river bottoms. Historically oak and oak-pine woodlands and forest comprised the area. These
forest types still dominate, however, woodlands are second growth and have grown more closed due to
fire suppression (Nigh and Shroeder 2002). The Black River Hills LTA is in the center of one of the largest
blocks of forest in the Midwest which also supports a substantial timber industry (Nigh et al. 2000).
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and Thinning
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Figure 1.—Location of study sites within the United States and arrangements of treatments
(block 3 used as an example).

Methods
Site Selection

Stands selected for the study had no management or documented fire for 30 years. All stands were fully
stocked and composed primarily of oak-hickory and oak-pine forest types. The study was replicated
across three complete blocks of 12 stands (3 aspect classes X 4 treatments) with each stand being an
aspect/treatment unit. Aspect classes included exposed backslopes (135-315 degrees), ridge, and protected
backslopes (315-135 degrees) (Nigh et al. 2000).

Treatments

Treatments were randomly assigned and included thinning, prescribed burning, both thinning and
prescribed burning, and no treatment (control). Commercial thinning of the overstory occurred during the
summer and early fall 2002. Thinning was accomplished using a mark-leave method. Preference was given
to individuals having fire tolerance, good form, and canopy dominance. Leave trees were marked and a
logger was allowed to harvest the remaining trees. Any remaining unmarked trees were slashed after the
harvest was complete. Stocking was reduced to 60-percent. This stocking level is commonly used in
intermediate cuttings, shelterwood systems, and savanna/woodland restoration (Johnson et al. 2002).
Prescribed burns were completed in spring 2003 utilizing the ring fire method under a prescription
commonly used in the region (Table 1).

Data Collection

Data were collected at 15 points within each stand prior to and after treatments were applied. These points
were along a main transect placed at a random azimuth in each stand. The fifteen points were installed at
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Table 1.—Weather parameter and fuel moisture prescription used for
prescribed burning and observed values.

Observed Observed

Attribute Prescription Average Range
Temp (°F) 45-65 64 45-74
Mid Flame Wind (mph) 0-7 25 0-7.5
Rel. Humidity (%) 2545 224 946
Fuel Moisture:

1-hr. 5-10 54 56
10-hr. 8-15 9.8 8-12
100-hr. 12-18 13.7 13-18
1000-hr. > 20 17.6 17-20

randomly-chosen 20-meter intervals along the main transect. Pre-thinning data, including controls,
were collected winter/spring 2002. Post-thinning and pre-burn data collection occurred during winter/
spring 2003. Post-burn and 2" year control data collection was completed after the burns in spring
2003.

Fuels were inventoried from each of the 15 sampling points using a modified transect intercept method.
Woody fuels were separated into four size classes: 0.0 to 0.25 in (1-hour), 0.25 to 1.0 inch (10-hour), 1.0 to
3.0 inch (100-hour), and greater than 3 in (1000-hour). 1000-hour fuels were further separated into rotten
and solid categories. From each sample point, 1 and 10-hour fuels were inventoried along a 6 foot
segment, 100-hour fuels along a 12 foot segment, and 1000-hour fuels along the entire 50 ft length of the
transect. Fuel height, litter and duff depths were measured using a yard stick at 5 foot intervals along the
fuel transect starting 1 foot from the origin (Brown 1974, Brown et al. 1982, Grabner 1996, Anonymous
2001). Litter and herbaceous samples were collected from a 2.0 ft* clip-plot located at the end of each fuel
transect. Samples were then dried to a constant weight at 140° F (60° C) and reported on a dry-weight
basis (Grabner 1996).

Data Analysis

For analysis, fuel data were organized into the following categories: litter, 1-hour, 10-hour, 100-hour, all
fuel < % inches (litter and 1-hour fuel), all fuel < 3 inches (litter and all woody fuel up to and including
100-hour), 1000-hour solid, 1000-hour rotten, total fuel load, fuel height, litter depth, and duff depth.
Reliable fuel loading constants, specific gravities and squared average-quadratic-mean diameters, could not
be found for species in the Central Hardwood Region. To compute fuel loadings in the 1, 10, and 100-
hour time lag classes, we used fuel loading constants for northern red oak (Quercus rubra L.) taken from the
National Park Service’s Fire Management Handbook Software (USDI National Park Service). For 1000-
hour rotten fuels, the average specific gravity for northern red oak decay classes 1-3 (Adams and Owens
2001) was used. We used these constants because the specific gravity of northern red oak is similar to black

oak (Q. velutina Lam.), the most abundant species in our study area. Specific gravities for 1000-hour solid
fuels were taken from the Wood Handbook (Forest Products Laboratory 1999).

Analysis of variance was used to determine if differences in fuel loading were related to treatment and
aspect. Data were analyzed using the MIXED procedure in SAS. This procedure was used because it
allows covariates to vary within a subject (Wolfinger and Chang 1995). A p-value of 0.05 or less was
considered significant.

Results and Discussion
Pretreatment Fuel Loading

With exception to 1000-hour solid fuels, pretreatment fuel loading by timelag categories did not
significantly vary between aspects (Kolaks et al. 2003). On average there was a progression of increasing
total fuel load from exposed, to ridge, and finally to protected slopes. Differences worth noting (nearing
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Table 2.—Pretreatment fuel loading and vertical structure.

Fuel loading (tons/acre) Vertical structure (in)
1000-hour Fuel Litter Duff
Litter 1-hour  10-hour 100-hour Solid Rotten Total Height Depth Depth
E 3.0 0.5 03 1.0 0.80a 14 6.8 2.5 23 0.6
R 32 04 04 1.0 0.9a 1.8 79 3.0 27 0.7
P 29 04 03 1.6 2.1b 1.2 8.6 3.0 27 0.7

Aspects: E = exposed, R = ridge, P = protected
Different letters within columns indicate significant (p<0.05) difference.

Table 3.—Fuel loading differences in tons/acre as result of commercial thinning.

Fuel loading (tons/acre) Vertical structure (in)
1000-hour Fuel Litter ~ Duff
Litter  1-hour 10-hour 100-hour < 1/4in <3in Solid Rotten Total Height Depth Depth
E -0.7 0.4a 04 1.4a -0.37* l.4a* 13.1 1.5* 14.6 9.1a -0.9 -0.20*
R -0.2* 0.7 0.8 3.8b 0.42* 4.5b 133 1.2* 18.3 9.8 -1.1 0.1*
P -0.7 0.7b 0.7 3.3b -0.02* 45b 133  1.6* 19.6 12.8b  -1.0 -0.3*

Aspects: E = exposed, R = ridge, P = protected
Different letters within columns indicate significant (p<0.05) difference.
*Differences not significant (p<0.05).

significance p=0.10-0.05) occurred between exposed slopes and ridges in 10-hour fuels, exposed and
protected slopes in total fuel loading, between exposed and protected slopes as well as exposed slopes
and ridges in fuel height, and exposed and protected slopes in litter depth (Table 2) (Kolaks et al.
2003).

Thinning

Changes Caused by Thinning. Commercial thinning reduced litter weight, all fuel < % in, litter depth, and
duff depth (Table 3). All other categories showed an increase with 1000-hour solid fuels contributing the
most followed by 100-hour fuels. However, the change in all fuel < % in, 1000-hour rotten, and duff
depth on any aspect, as well as litter weight on ridges was not significantly different from pretreatment
levels.

Increases were significantly higher on ridges and protected slopes than on exposed slopes in the 100-hour
and all fuel < 3 in categories. Fuel height increases were also significantly higher on protected slopes as
opposed to exposed slopes. Though not significant, the difference between exposed slopes and ridges in
1-hour fuels, exposed slopes and ridges in 10-hour fuels, and ridges and protected slopes in 100-hour fuels
are worth noting (approaching significance (p=0.10-0.05)).

Reduction in litter weight, litter depth, and duff depth is most likely the result of the mechanical harvesting
operation (rubber-tire skidder) that moved litter and duff laterally across the landscape. Many areas were
completely devoid of litter and duff due to skid trails and landings. In addition, a more open overstory
allows greater wind velocities at ground level that could remove or concentrate loose leaf-litter making it
less likely to be sampled. Though not significant, the increase in duff depth on ridges could be attributed to
uphill skidding during harvesting operations that deposited organic material from the surrounding exposed
and protected slopes.

Post-Thinning Fuel Loading. There was an increase, albeit non-significant, in total fuel load from exposed
slopes, < ridge, < protected slopes (Table 3). The end result of thinning was an increase in total fuel
loading of about 300% (Table 4). 1000-hour solid fuel replaced litter as the heaviest component of total
fuel loading. 10-hour fuel loading was significantly higher on ridges than on exposed slopes. Both ridges
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Table 4.—Post-thin fuel loading and vertical structure.

Vertical Structure (in)

Fuel Loading (tons/acre) 1000-hour Fuel Litter Duff
Litter 1-hour'  10-hour' 100-hour Solid Rotten Total Height Depth Depth
E 26 0.9 0.8a 24a 14.3 2.7 22.5 124 1.8 0.6
R 26 1.1 1.2b 4.7b 14.6 22 25.7 13.2 1.9 1.1
P 27 1.2 1.1 4.5b 17.3 2.3 284 163 1.9 0.7

Aspects: E = exposed, R = ridge, P = protected
'Different letters within a column indicate significant (p<0.05) difference.

Table 5.—Comparison of fuel loading in commercially thinned

and protected slopes showed significantly stands and loadings assumed by BEHAVE.

higher fuel loading than exposed slopes in Fuel loading (tons/acre)

100-hour and all fuel < 3 inches categories. <1/4in (1-hr) <3.0in (100 -hr)

Fuel height was also significantly higher on Anderson (1982)

protected slopes as opposed to exposed. Fuel Model 6 15 60

Nearing significance (p=0.10-0.05) was the Fuel Model 9 2:9 3:5

differences in exposed and protected slopes for Fuel Model 10 3.0 12.0

both 1 and 10-hour fuels. Differences among Fuel Model 11 15 115

aspect trends were similar to those found in Fuel Model 12 40 346

pre-treatment fuel loading; progression from This Study

exposed, < ridge, < protected. Exposed 35 6.74a
Ridge 34 9.51b

Fuel descriptions for any of the 13 standard fuel Protected 39 9.43b

models did not accurately describe our post-
thinning fuel loadings (Anderson 1982) (Table 5).
Post-thinning fuel load for all fuel < 1/4 in are
most closely approximated by fuel model 9,
hardwood leaf litter; 10, timber; and 12, medium logging slash. For all fuel < 3 in, fuel model 11,
light logging slash, most closely describes ridges and protected slopes while fuel model 6, dormant
brush and hardwood logging slash, best describes exposed slopes. Since significant difference exist
between aspects in all fuel < 3 in, a different fuel model may need to be utilized on exposed slopes than
on ridges and protected slopes. Also, since no single fuel model best describes overall post-thinning fuel

loading, the selection of a fuel model based on fire behavior may be warranted (Ryan 1981, Anderson
1982).

Different letters within a column indicate significant (p<0.05)
difference.

Prescribed Burning

Consumption. For the most part, all burns were conducted within prescription. Average relative
humidity (RH) was below prescription, however, ignition operations were completed before the RH
dropped below the lower threshold (Table 1). Weather and 10-hour fuel moisture were taken by an on-
site automated weather station. One, 100, and 1000-hour fuel moistures were taken from 2 automated

weather stations that experienced similar weather patterns located in relatively close proximity (9 and
15 miles).

Average flame length was greater in the burn-thin treatment, 23 in, than in the burn only treatment, 18 in.
However, the difference between treatments was not significant except when accumulations of slash were
encountered. Flame length off of slash accumulations ranged from 5 to 50 ft with 14 ft being most
common. Average flame lengths varied from 21 to 27 in on protected and exposed slopes, respectively,
and 13 in on ridges. Observed rates-of-spread were higher on the slopes than on ridges.

Prescribed burning reduced fuel loading and vertical structure in all categories in both thinned and
unthinned treatments (Table 6 and 7). Fuel consumption decreased as timelag size class increased (Table 6
and 7). Consumption did not significantly vary among aspects for either treatment. However, the data
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Table 6.—Consumption of fuel for the burn-only treatment by aspect and fuel loading category.

Vertical Structure (in)

Fuel Loading (tons/acre) 1000-hour Fuel Litter ~ Duff
Aspect'  Litter 1-hour  10-hour100-hour*< 1/4 in <3in Solid* Rotten* Total Height Depth Depth
E 29 -0.3 -0.2 -0.3 -3.2 -3.7 -0.1 -0.5 -39 24 2.1 -0.3
Percent 9 60 45 35 93 78 30 60 67 91 98 45
R -3.0 -0.2* -0.1 -0.1 32 -3.6 -0.1 -0.2 3.5 2.8 -1.9 -0.3*
Percent 97 48 19 16 2 79 12 9 49 91 97 35
P 25 -0.3 -0.1 -0.3 -2.8 -3.0 -0.1 -1.1 -3.5 2.5 2.0 -0.2*
Percent 9% 27 16 19 89 62 37 41 47 20 9% 27

'Aspects: E=exposed, R=ridge, P=protected
*Consumption not significant (p<0.05) for individual value or entire category.

Table 7.—Consumption of fuel by aspect for the burn-thin treatment by fuel loading category and percent.

Vertical Structure (in)

Fuel Loading (tons/ acre) 1000-hour Fuel Litter ~ Duff
Aspect'  Litter 1-hour 10-hour 100-hour < 1/4in <3in  Solid Rotten* Total Height Depth Depth
E 2.8 -0.5 -0.4* - 1* 33 4.6 -1.7 -1.0 -6.0 7.0 -19  -0.30*
Percent 100 56 53 5 89 66 12 51 28 50 98 38
R 27 -0.9 -1.0 -1.6 -3.6 -6.1 -0.7* -.05 -7.20 -64 -2.0 -1.0
Percent 97 75 66 30 91 57 5 3 27 41 93 68
P -3.0 -1.0 -0.6* -1.1* -3.9 -5.6 -1.3* -1.0 -6.6 -8.0 2.1 -0.40*
Percent 100 73 57 26 91 58 7 39 24 43 9 45

'Aspects: E=exposed, R=ridge, P=protected
*Consumption not significant (p<0.05) for individual value or entire category.

suggest that a greater proportion of consumption occurred on exposed slopes in 1, 10, and 100-hour
timelag classes than on ridges and protected slopes.

In all cases nearly 100 percent of litter was consumed. Litter was responsible for the consumption of
about 90 percent of all fuel < % in and about 75 percent of all fuel < 3 in for un-thinned sites as well as
75 and 50 percent, respectively, for thinned sites. Scowcroft (1965) found somewhat similar results
reporting that 90 to 85 and 80 to 70 percent of leaf litter was consumed on unthinned annually
burned and periodically burned (every five years) sites, respectively.

The near 100 percent consumption of leaf litter along the with the remaining percentages of fine fuel (all
fuel < 3 in) eliminated surface fuel continuity, and a major influence on fire behavior (Davis 1959, Brown
and Davis 1973, Anderson and Brown 1987) making the potential for immediate reburn virtually
nonexistent. However, reburn can occur shortly after the first leaf-fall. Scowcroft (1965) reported that in
the three years following a burn, 4 tons/acre of litter accumulated. He also reported an increased
percentage of woody fuel on burned sites that fell from trees killed by the fire. With 50 percent of
equilibrium litter accumulation being regained in 2.5 years, and 75 percent in five years after a fire (Guyette
1999), surface fuels and horizontal continuity return very quickly.

One hundred, 1000-hour solid, 1000-hour rotten, and duff depth consumption resulting from the burn
was not significant for both treatments on most aspects (Tables 5 and 6). Burn-only treatment data suggest
that a greater percentage of 1000-hour fuels were consumed on slopes of either aspect than on ridges.
Higher intensity fires on the slopes likely caused this while fire behavior on the ridges was mostly only wind
driven. However, this effect was not observed in the burn-thin treatment.
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Table 8.—Post burn fuel loading by aspect for burn-only and burn-thin treatments.

Vertical Structure (in)

Fuel Loading (tons/acre) 1000-hour Fuel Litter ~ Duff
'Aspect Litter 1-hour 10-hour 100-hour< 1/4in <3in Solid Rotten Total Height Depth Depth
Burn-only
E 0.03 0.2 0.2 0.6 2 1.0 0.2 0.3 19 0.2 0052 04
R 0.08 0.2 0.2 0.5 3 1.0 0.8 1.5 3.7 0.3 0.06 0.5
P 0.10 0.8 0.3 1.3 4 1.9 0.1 1.6 40 0.3 0.08 0.6
Burn-thin
E 0.01 04 0.4 1.5a 4 23 122 1.0 15.6 7.1a 0042 05
R 0.08 0.3 0.5 3.8b 4 46b 133 1.7 19.5 94 0.14b 05
P 0.00 0.4 0.5 3.2b 4 40b 156 1.6 213 10.8b 003 05

'Aspects: E = exposed, R = ridge, P = protected
Different letters within a column indicate significant (p<0.05) difference
*Differences between treatments not significant (p<0.05) for category

The lack of consumption indicates that under weather conditions conducive to prescribed burning
larger woody debris and duff will not be substantially reduced. However, wildfire during high-risk
conditions such as high temperatures, low relative humidity (< 20 percent), and low 1000-hr fuel
moistures (< 15 percent) could yield different results. Our prescribed burn consumption results are
contrasted by memorable fire seasons in Missouri, 1980 (Westin 1992) and 1999-2000, when 1000-
hour fuels were readily consumed. This consumption was mostly likely the result of high wildfire risk
conditions brought on by prolonged drought. Prescribed burning under these conditions could
compromise objectives and holding efforts.

If prescribed fire is used as a site preparation tool for shortleaf pine regeneration several applications may
be needed for sites that have not been previously burned. Burning only reduced the duff layer an average
of 46 percent (Table 6 and 7). A layer of duff about %2 in thick (Table 8) remained after the burn on all
aspects and in both treatments. This could possibly inhibit the establishment of pine seedlings from natural
regeneration or direct seeding (Burns and Honkala 1990).

Overall burning reduced total fuel loading by about 50 percent on burn-only stands and 25 percent on
burn-thin stands (Table 6 and 7). Seventy percent of all fuel < 3 in was consumed in burn-only stands and
60 percent in burn-thin stands compared to 50 percent consumption of fuel < 3.15 in reported by Clinton
et al. (1998) in mixed white pine-hardwood stands of the southern Appalachians. In general, consumption
in all categories except litter was less than what occurs in timbered stands of the western US (Kauffman

and Martin 1989).

The Effect of Aspect on Post-Burn Fuel Loading

Burn Only. There were no post-burn significant differences between aspects in all categories of the
burn-only treatment (Table 8).

Burn-Thin. Several categories, including 100-hour, all fuel < 3 in, fuel height, and litter depth
exhibited post-burn differences between aspects in the burn-thin treatment (Table 8). Since 100-hour
fuels are a component of all fuels < 3 in, it was not surprising that both categories were greater on
protected slopes and ridges than on exposed slopes (Table 8). These differences are almost identical to
those observed after thinning (Table 3). However, burning also produced a near significant (p=0.10-
0.05) difference in total fuel loading, not observed pre-burn.

Fuel height was greater on protected slopes compared to exposed slopes. Although not indicated in
post-thinning data, litter depth on ridges was greater than both protected and exposed slopes after the
burn (Table 8). This greater depth was most likely the result of greater fragmentation of horizontal
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continuity observed on ridges from increased mechanical harvesting traffic. Small islands of unburned
fuel were common in high traffic areas and could have affected litter depth compared to areas where
consumption and surface fuel continuity were more uniform.

There was no significant difference between the burn-only and burn-thin treatments in litter, 1-hour,
all fuel < % in, 1000-hour rotten, litter depth, and duff depth categories following the burn (Table 8).
This is not surprising considering that many of the same categories were not significantly different
from pre to post-thinning conditions (Table 3).

Conclusion

The results from this study indicate that aspect affects some categories of fuel loading in both unburned
and unthinned stands as well as thinned stands. Thinning significantly alters 1, 10, 100-hour, and 1000-hour
solid fuel loading while not affecting the others. In both thinned and unthinned stands there is a progression
in fuel loading from exposed slopes, < ridge, < protected slopes. Significant changes in fuel loading due to
position in the landscape could be more prevalent at smaller scales of ecological classification. Further
research is also needed in developing constants for calculating fuel loadings in the Central Hardwood
Region.

Consumption during prescribed fires was not significantly affected by aspect. Post-burn aspect differences
were almost identical to pre-burn differences found primarily in heavy fuels not significantly affected by
burning. With litter making up 50 percent or greater of all fuel < 3 in, prescribed burning will only
temporarily reduce the threat of fire in the Central Hardwood Region. Since fine fuels return fairly quickly
surface fuel continuity will soon be restored. One and 10-hour fuels are likely to increase after the burn do
the contribution of branch wood from tree killed by the fire (Scowcroft 1965). This combined with the
additional curing time had by 100 and 1000-hour fuels not consumed by the first fire, could result in high
intensity fires in the near future.
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TIMBER HARVESTING, PRESCRIBED FIRE AND VEGETATION DYNAMICS IN
THE MISSOURI OZARKS

A.N. Sasseen and R.M. Muzika'

ABSTRACT.—Little is known about the response of Missouri Ozark ground flora to silvicultural
treatment. In this project, we examined herbaceous and woody species response to various
thinning regimes and prescribed burns over several years at the Missouri Ozark Forest Ecosystem
Project (MOFEP) and the Chilton Creek Management Area (CCMA). On MOFEP, ground flora
and woody species regeneration data were collected across nine sites and three harvest treatments:
1) uneven-aged management, 2) even-aged management, and 3) no-harvest management. On
CCMA, ground flora and woody species regeneration data were collected across burn units with
different fire frequencies: 1) burned in 1998 and 2002, and 2) burned annually since 1998.
Ecological Landtype Phase (ELTp) was used to stratify plots and for comparison and contrast
among treatments. For woody regeneration up to 1 m, seedling and sapling development was
greater on units that have been burned twice than units burned annually. For both fire frequencies
and across ELTps, white oak (Quercus alba) dominated regenerating species. White oak regeneration
was also abundant in most of the areas on MOFEP, particularly the uneven-aged plots.
Successional trajectories were developed to examine treatment and ELTp effect on species change
over time. The trajectories appear to be influenced by treatment as well as ELTp. Burning
homogenized the ground flora vegetation on the sites, and decreases variability among ELTps,
creating a consistent trajectory across ELTp. The effects of thinning and clearcutting, however,
seem to be related to ELTp, therefore these ecological units can be used to understand and
possibly predict the influence of specific management on vegetation.

Long-term studies of sufficient spatial extent are critical for understanding response of the vegetation
communities associated with areas under active forest management. Furthermore, management for
forested lands continues to develop as data reveal the consequences of various silvicultural approaches.
Several large-scale studies have been conducted in attempts to characterize effects of forest management.
For example studies in the Pacific Northwest (e.g., Halpern and Spies 1985, Franklin and others 2002), the
Appalachians (Gilliam and others 1995, Meier and others 1995), and the Lake States (Metzger and Schultz
1984) underscore the need to include long time periods, realistic management objectives and large physical
scale when examining effects of forest management activity.

Ecological land classification, a hierarchically structured, multi-factor approach for mapping ecological units
at multiple scales, has been shown to be helpful in quantifying variation in ecological processes (Host and
others 1987). As such, it may be valuable as a framework to examine the long term influences of
management. This classification system characterizes the landscape by ecological variables including
vegetation structure and composition. Management units 10’s to 100’s of acres (approximately 5-50 ha) in
size can be defined by soil, aspect, geology and vegetation (Ecological Land Type phases [ELTps]), and
represent a typical management level unit. Although few studies have incorporated the use of Ecological
Classification Systems or specifically ELTp as an approach to understanding the effects of management,
evaluation of the ecological units and their ability to describe variation in ground flora structure and
composition, and response to management will contribute to the overall utility of an Ecological
Classification System (ECS).

Numerous research efforts have examined the effect of silvicultural practices on important timber
species, woody regeneration, and to a more limited extent, ground flora species. Changes in herbaceous
species composition can provide a sensitive measure of ecologically relevant changes in the environment
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Associate Professor (RMM), Department of Forestry, 203 Natural Resources Building, University of
Missouri, Columbia, MO 65211. RMM is the corresponding author: to contact, call (573) 882-8835 or e-mail
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(Daubenmire 1952, Phillippi and others 1998). Analysis in an ECS framework would disclose more
about the responses at the classification unit level and may make results more understandable and
useful to areas outside the study sites.

In order to develop a greater understanding of the role of forest management in forest dynamics of the
Missouri central hardwoods forests, the Missouri Department of Conservation (MDC) initiated the
Missouri Ozark Forest Ecosystem Project (MOFEP) in the southeast Missouri Ozarks in 1989. MOFEP is
a 100-year project designed to study the effects of traditional silvicultural methods of forest management
(unevenaged, evenaged and no-harvest [control]) on various ecosystem components (Brookshire and
others 1997). While the effects of even-aged management on regeneration have been studied to some
degree in the Missouri Ozarks, attempts to examine the effects of uneven-aged management on
regeneration are relatively new. Uneven-aged methods are significantly varied, often with site factors
determining which uneven-aged method and to what extent it is used (Smith and others 1997, Larsen and
others 1999, Loewenstein and others 2001).

Nearby to the MOFEP study, the Nature Conservancy initiated a case study at the Chilton Creek Area to
determine the effects of fire-based ecosystem management, with the management of the site aimed at
restoring and sustaining the native biota of the site through prescribed burning (The Nature Conservancy
1996). Dendrochronological and cultural evidence suggests fire interval in the Missouri Ozarks varied
substantially during the last several centuries (Guyette and others 2002). In the Missouri Ozarks the
reduction in fire intensity and frequency followed extensive logging of forests, many of which were
dominated by shortleaf pine (Pinus echinata). Despite a resource that once accounted for millions of acres,
short leaf pine now accounts for fewer than 200,000 hectares. Implications for management of the
hardwood resource in Missouri, obviously encompasses potential for understanding and managing the pine
resource in the region, as well. The recognition that both oak and pine dominated Ozark forests may rely
on fire has increased the used of prescribed fire in Missouri forests. Although there have been recent
efforts of re-introducing fire, the effect of fire on plant species composition, regeneration, succession,
diversity, habitat, or wood quality remains unknown. The Chilton Creek study makes use of MDC’s
Ecological Classification System to organize hierarchical management units based on soil, geology,
landform and vegetation; these units presumably represent stand-sized systems that would respond similarly
to management. Thus, CCMA provides an ideal opportunity to directly link classification units to response.

The objective of this project was to explore how prescribed fire, timber harvest and ELTps influence
ground flora composition, and explain forest dynamics. Although the harvesting treatments and burning
treatments represent independent studies, we used ELTp as a sampling framework. We examine woody
species response to treatment and overall richness, as well as examining how these change over time using
ordination. ELTPs are used not only to stratify and compare silvicultural treatments, but also to examine
the interaction of silvicultural treatments and ELTps. We examined response of herbaceous and woody
species for 1) specific ELTps by treatment, and 2) within a treatment by ELTp. We contrast two long-term
projects, which characterize typical forest management in the Missouri Ozarks. Although the study uses
ELTp to stratify the plots, this project does not represent a test of the ECS per se, or the classification of
ELTs and ELTps

Study Area

Both study areas, MOFEP and CCMA, are located in the southeast portion of the Ozark Highlands The
physical boundaries of the Ozark Highlands are often open to debate, but in general, the region includes
greater relief and steeper slopes than surrounding areas with exposed rock being older than outside the
region (Rafferty 1980). Geologically, there is more dolomite, as opposed to limestone, and a prevalence of
hard chert nodules (Rafferty 1980, Meinert and others 1997) when contrasted with adjacent areas.

MOFEP and CCMA are in the Current River Hills subsection, an area dissected by the Black, Current and
Eleven Point rivers with local relief ranging from 61 to 183 meters (Nigh and Schroeder 2002). A
subsection is an ecological classification level that can be > 1,000 acres (>400 ha). The Current River Hills
subsection is mostly second growth forests of oak, oak-pine and mixed hardwood timber types. MOFEP
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is composed of nine sites, each at least 240 ha and relatively free of manipulation for no less than 40
years. There are thirteen ELTps on MOFEP with 43 soil map units. Five ELTps,comprising a majority
of the landscape of interest to land managers. These have been characterized by Nigh and others
(2000) (numbers indicate ELTp designations):

* high, ultic shoulders (2.1)

* exposed, ultic, Roubidoux/upper Gasconade backslopes (3.1)
* protected, ultic, Roubidoux/upper Gasconade backslopes (4.1)
* exposed, alfic, lower Gasconade/Eminence backslopes (5.2)

* protected, alfic, lower Gasconade/Eminence backslopes (6.2).

Local relief at CCMA ranges from 24 to 103 m (80 to 340 ft) with elevation ranging from 152 to 299m
(500 to 980 ft). There are fifteen ELTps on CCMA, four of which are further characterized by this
project:

* high, ultic shoulders (2.1)

* exposed, ultic, Roubidoux/upper Gasconade backslopes (3.1)

* protected, ultic, Roubidoux/upper Gasconade backslopes (4.1)

* exposed cherty and non-cherty variable depth to dolomite units, upper and lower Gasconade/
Eminence, multiple landforms (7.12).

For this paper, we will focus on the ELTps common to the two sites: 2.1, 3.1, 4.1 as well as 7.12.

Methods

On MOFED, the nine sites are grouped into three replicated blocks. Each block (about 400 ha) contained
one even-aged, one uneven-aged and one no-harvest (control) unit. All units were randomly allocated.
Stratified random sampling was used to locate 70 to 76 vegetation plots, each 0.2 ha in size, in each of the
nine sites for a total of 648 plots (Brookshire and others 1997). Each plot contains four 0.02 ha subplots,
with four 1- m? quadrats within each subplot.

Treatments tested include plots located in clearcuts (CC) and intermediate harvest (I) as evenaged
management (EAM); group openings (UG) and select harvesting (U) as unevenaged management (UAM)
and one control (L) as no-harvest management (NHM). The first harvest began in 1996. Stands with site
index >55 were managed with intermediate cutting. Harvest prescriptions follow Roach and Gingrich
(1968), with approximately 10 to 12 percent of the site in clearcuts. Clearcutting and thinning affected 26%
of the total area of the three even-aged sites with 15% (166 ha) and 11% (130 ha) respectively.

For uneven-aged management approximately 10 percent of each site was designated as “old growth” and
the remaining 90 percent managed using group openings and select harvest (Shifley and Brookshire 2000).
Approximately 57 percent of the total area of uneven-aged sites received single-tree selection harvests.
There were between 153 and 267 group openings on each of the UAM sites, with group openings on
south-facing slopes 21m in diameter (i.e. approximately one tree height), north-facing slopes 42m in
diameter and ridge tops 32m in diameter (Law and Lorimer 1989). This allowed for a total of 10 to 19 ha
per site in group openings.

The 2,268 ha Chilton Creek site is divided into five units for treatment, one of which is burned annually.
The other four units are burned on a random 1-4 year return interval. The first prescribed burn occurred
spring 1998, and the most recent data included in this analysis is from 2002. Each unit has then burned on a
schedule based on random return intervals generated for each unit, independent of the other units. The
result is a project area that has one annually burned unit and 0-4 units burned in any given year. A total of
250 plots were established randomly after stratification using ECS structure. Plot design and vegetation
sampling follows MOFEP criteria for circular 0.2 ha plots (Brookshire and others 1997). For this paper,
we will focus on plots that were annually burned and plots that have been burned twice in the five year

period.
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Ground flora vegetation sampling on both MOFEP and CCMA occurred from May to August. Within in
each 1m? quadrat, all vascular species <1 m tall with live foliage were identified and percent cover to the
nearest 1 percent estimated. Stems were counted for all tree seedlings less than 1m in height that were
rooted in the quadrat. Woody species data were also collected from the 0.02 ha subplots and the 0.004 ha
subplots. The circular subplots are nested within the 0.2 ha plot, with four of each subplot. In the 0.004
ha subplot, live trees at least 1m tall and less than 4 cm d.b.h. were tallied by species and size class.

Statistical Analysis

For MOFEP and CCMA, richness was calculated as the number of species per plot (16m?). Plot richness
was evaluated with a combination of ninety-five percent confidence intervals and pairwise t-tests. Pairwise
t-tests were used to test for treatment effect, year effect and ELT effect on richness. Upper and lower
confidence intervals were calculated using SPSS version 11.0.

Temporal patterns were examined by plotting ELTp ordination scores obtained through Detrended
Correspondence Analysis (DCA). Ordination of community samples through time reveals successional
trajectories (Halpern 1988). Mean ELTp scores were plotted in two dimensional species space. Detrended
correspondence analysis was chosen because of its computation efficiency with large data sets and its
ecologically interpretable and intuitive results.

DCA scores were used to obtain measures of resistance and resilience, or the degree to which community
composition changes and recovers after disturbance. Euclidean distance was used in two-dimensional
ordination space to measure compositional dissimilarity between the initial and each post-disturbance

ELTp sample. Resistance to disturbance was defined as inversely proportional to the maximum Euclidean
distance between pre- and any year post-disturbance samples (Halpern 1988). Resilience, or the recovery of
a community to pre-disturbance conditions, was defined as inversely proportional to the Euclidean
distance between pre-disturbance and the final post-disturbance sample for each ELTp (Halpern 1988).

Successional trends were examined using trajectory analysis (McCune and Grace 2002). Vectors of change
over time from pre-treatment to last year post-treatment were standardized by subtracting tail from head
and tail. PC-ORD version 4.14 (McCune and Mefford 1999) was used to perform multivariate analyses.

Results

Regenerating species

CCMA - the effect of burning. Woody tree species regeneration was examined for five tree species: black
oak (Quercus velutina Lam.), white oak (Quercus alba L.), post oak (Quercus stellata Wangenh.), scarlet oak
Quercus coccinea Muenchh.), and shortleaf pine (Pinus echinata Miller). These species were sampled in various
size classes from ground flora layer (<1m tall) to small sapling layer (>1m tall and <3.81cm dbh) and large
sapling layer (>3.81cm to <11.43cm dbh). This paper will focus on the two larger size classes.

Across all ELTps, in the small sapling layer, annual burning resulted in a reduction of an average of 2600
stems per ha and 1316 stems per ha in the twice-burned plots. On annually burned and twice burned plots,
the large sapling layer decreased by 229 and 183 stems per ha, respectively.

There was little change in shortleaf pine regeneration relative density in any size class from pre-treatment
(1997) to post-treatment (2001) on CCMA (figs. 1a, b). The exception, however was a drastic decrease in
twice burned ELTp 3.1 in the small sapling class. Overall abundance of post oak, scarlet oak, white oak
and black oak showed little change as a result of prescribed burning. Scarlet oak exhibited decline in 2001
in the small sapling class, annually burned plots across all ELTps (fig. 1a). In the large sapling layer, this
reduction occurred on annually burned 7.12s and on twice burned 2.1s and 3.1s .

There was no effect of prescribed burning on post oak regeneration. White oak relative density changed
on specific ELTps, but overall was not significantly affected by burning. In the small sapling layer (fig. 2a)
white oak had significantly reduced relative density on annually burned 7.12s. However in the larger
sapling class (fig. 1b), relative density of white oak increased on twice burned 3.1s.
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> 1 mand< 3.81 cm dbh) and (b) large sapling layer (= 3.81 cm and<
11.43 cm dbh) on CCMA pre-treatment (1997) and post treatment

(2001) for shortleaf pine, black oak, white oak, post oak and scarlet oak.
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Figure 2a, b.—Detrended correspondence analysis (DCA)
ordination through time representing understory
communities of ELTps on CCMA annually burned (since
1998) sites (a) and sites burned twice in a five year period
(b). Symbol endpoints indicate predisturbance
communities (1997); lines connect the same ELTp in
subsequent years post-disturbance (1998, 2001, 2002);
arrowheads coincide with the final sample and indicate the
direction of change through time.

MOFEP—the effect of harvest. Generally, regardless of treatment, there were declines in the 5 species
of interest, through the course of the study. With the exception of the clearcut sites, harvest treatments
on MOFEP had little effect on the relative density of many species. Relative density of black oak did
not change the sapling layers. Over the course of the study, white oak decreased generally except in
clearcut ELTp 2.1 (table 1 and table 2). However, density in the small sapling class had not decreased
from pre-treatment and had increased in clearcuts on ELTp 4.1 and group opening 2.1s (table 1). The
large sapling class had significant increases in white oak relative density for all treatments and most
ELTps, with the exceptions of clearcuts on ELTp 3.1 and group opening on ELTp 4.1 (table 2).
Shortleaf pine was common on certain ELTps, namely 3.1 and 2.1 only in the small sapling class.

Clearcutting appears to have reduced pine saplings.

In general, there were more saplings in harvested plots for select ELTps than NHM. Indicative of the
current overstory vegetation (Sasseen 2003), post oak was more abundant on control sites in the
ground flora layer, than other treatments. Post oak is also the most common large sapling in clearcuts.

Proceedings of the 14th Central Hardwoods Forest Conference

GTR-NE-316

183



Table 1.—Stems per hectare of small sapling (>1 m tall and <3.81 cm DBH) on MOFEP during pretreatment
(1994) and most recent sampling (2002) following treatment on select ELTps. Treatments include CC=clearcut
(EAM), I=intermediate (EAM), L=No harvest (NHM), U=select (UAM), UG=group openings (UAM).

Treatment ELTp Year Shortleaf pine  Scarlet oak Whiteoak  Post oak Black oak
CC 2.1 1994 0 0 0 0 0
2002 0 1482.6 1420.8 0 988.4
3.1 1994 92.7 30.9 216.2 61.8 293.4
2002 92.7 756.7 1776.0 339.8 1050.2
4.1 1994 0 10.3 8.8 0 26.5
2002 0 483.9 626.6 308.9 485.4
I 2.1 1994 0 0 92.7 0 30.9
2002 0 0 154.4 0 154.4
3.1 1994 61.8 46.3 20.6 0 61.8
2002 0 61.8 103.0 61.8 144.1
4.1 1994 0 123.6 0 0 0
2002 0 61.8 329.5 0 61.8
L 2.1 1994 0 20.6 150.0 61.8 113.3
2002 0 103.0 150.0 226.5 113.3
3.1 1994 185.3 103.0 44.1 123.6 154.4
2002 370.7 92.7 79.4 0 61.8
4.1 1994 0 61.8 108.1 0 92.7
2002 0 0 77.2 0 61.8
U 2.1 1994 30.9 37.1 101.1 0 69.5
2002 61.8 74.1 213.4 0 193.0
3.1 1994 0 51.5 88.3 41.2 154.4
2002 0 72.1 432.4 267.7 144.1
4.1 1994 0 20.6 113.3 0 0
2002 0 61.8 123.6 0 144.1
UG 2.1 1994 0 92.7 46.3 0 0
2002 0 30.9 339.8 0 61.8
3.1 1994 0 82.4 77.2 247.1 123.6
2002 1482.6 329.5 378.4 617.8 347.5
4.1 1994 0 0 74.1 0 0
2002 0 123.6 259.5 0 164.7
Composition

CCMA. Generally, plot level species richness was significantly different from pretreatment on annually
burned plots over time (table 3). The exception is ELTp 7.12, which differed only immediately following
first year of burning. Plots that were burned twice in ELTps 2.1, 3.1, and 4.1 differed significantly after
burning, but the distinction in richness became less evident over time. In general, richness was greater over
time in all ELTp and treatment combination.

DCA plot scores in species space for successive years were plotted as successional trajectories in two
dimensional ordination space. Both treatments had similar patterns for all ELTps (fig. 2a, b). CCMA
showed distinct separation of ELTps along both axes. ELTp 7.12 was distinctly distanced from the other
three ELTps on axis one. Along axis 2, ELTp 4.1 (protected, upper backslope) was separate from other
ELTps. For all the ELTps, however the trajectory was almost identical. Initially, ELTps changed along axis
1, but then the trajectory increased along axis 2, before finally reversing direction along axis 1 and returning
almost to pre-treatment conditions. On CCMA, successional trajectories were not significantly different
between treatments, but within a treatment annually burned 3.1s and 4.1s were significantly different.

DCA scores were also used to calculate relative resistance and resilience of each ELTp after treatment.
CCMA ELTp 7.12 was the most resistant to disturbance and also the most resilient, i.e. it did not change as
much after treatment as other ELT'ps and it returned to pre-treatment conditions rapidly (table 4).
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Table 2.—Stems per hectare of large sapling (>3.81 cm DBH and <11.43 cm DBH) on MOFEP during
pretreatment (1994) and most recent sampling (2002) following treatment on select ELTps. Treatments

include CC=clearcut (EAM), I=intermediate (EAM), L=No harvest (NHM), U=select (UAM),

UG=group openings (UAM).

Treatment ELTp Year Shortleaf pine  Scarlet oak White oak Post oak Black oak
CC 2.1 1994 0 49.4 432.4 0 37.1
2002 0 210.0 5006.6 0 185.3
3.1 1994 144.1 58.7 163.7 12.4 101.9
2002 78.2 216.2 129.7 6.2 98.8
4.1 1994 0 38.8 102.4 18.5 22.7
2002 0 81.2 95.3 0 61.8
I 2.1 1994 0 12.4 37.1 12.4 0
2002 0 4.1 12.4 0 0
3.1 1994 24.7 12.4 105.0 0 16.5
2002 24.7 6.2 71.0 0 12.4
4.1 1994 0 61.8 190.3 0 12.4
2002 0 0 116.1 0 0
L 2.1 1994 18.5 16.5 119.8 64.9 22.2
2002 6.2 8.2 113.7 68.0 17.3
3.1 1994 40.2 51.9 111.2 46.3 35.0
2002 46.3 49.4 117.4 34.0 20.6
4.1 1994 0 0 103.8 0 0
2002 0 12.4 82.8 24.7 0
U 2.1 1994 30.9 24.7 120.5 12.4 29.7
2002 18.5 12.4 88.5 12.4 14.8
3.1 1994 24.7 46.3 143.0 16.5 6.2
2002 6.2 6.2 95.3 0 30.9
4.1 1994 0 18.5 119.4 12.4 12.4
2002 0 12.4 66.9 0 0
UG 2.1 1994 0 12.4 126.6 0 12.4
2002 0 0 89.6 12.4 12.4
3.1 1994 34.6 83.7 174.3 29.7 84.9
2002 22.2 20.6 137.3 24.7 54.1
4.1 1994 0 15.4 164.7 0 0
2002 0 12.4 82.4 0 0

MOFEFEP. Differences in plot level richness for MOFEP were apparent in every ELTp with at least one
treatment effect, but of the hundreds of possible combinations and potential contrasts in the MOFEP
project, however only a few were significant (Table 5). ELTp 2.1 had the fewest significant differences,

however there were fewer treatments in these ELTps. Treatment differences within ELTps were not

consistent. Contrast with clearcuts provided a significant difference in each ELTp except 2.1. In many
cases, the significance persisted and was evident throughout the years sampled, e.g. CC-L contrasts on
ELTp 3.1 and 4.1. All treatments except control influenced species richness (Table 5).

The MOFEP trajectories were very different than CCMA trajectories for the same ELTps (example
trajectory fig. 3). The ELTps separated in the same pattern for each treatment and the ELTps showed
patterns of response. All ELTps in NHM are increasing on axis two while in clearcuts, all ELTps

decreasing along axis two. In UAM and intermediate harvest, ELTps are showing a similar pattern. ELTps

3.1 and 4.1 are increasing along axis two, while ELTps 2.1 is decreasing along axis two.

Trajectory analysis showed clearcuts had significantly different successional trajectories from NHM for

3.1 and 4.1 Intermediate harvest had significantly different trajectories from NHM for all ELTps

except 4.1, while select harvest was significantly different from NHM only for ELTp 4.1. However,
intermediate and select harvest differed significantly for 2.1,but group openings trajectories differed

significantly from NHM for ELTp 3.1.
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Table 3.—P-values of CCMA treatment differences in mean richness by ELTp. Pairwise
t-test of year effect on mean plot richness in annually burned and twice-burned plots by
ELTp. Year contrast is post-treatment year specified minus pre-treatment year (1997). In
1998, annually burned and burned-twice areas had only been burned once.

ELTp Contrast year Annually Burned Twice Burned
Pr> | t| Pr> | t]
2.1 1998 0.2674 0.0302
2001 0.0318 0.933
2002 0.009 0.1154
3.1 1998 0.7327 0.0379
2001 0.3185 0.0017
2002 0.2984 0.4005
4.1 1998 0.2084 0.0522
2001 0.2797 0.0309
2002 <0.0001 0.0943
7.12 1998 0.0045 0.1311
2001 0.3194 0.8966
2002 0.8211 0.5071

Table 4.— Relative resistance and resilience measures on CCMA, derived from FEuclidean distances
(ED) between pre- and post disturbance samples in a two-dimensional ordination space. Distances
are in standard deviation units.

Treatment ELTp Maximum Relative ED at final Relative resilience
ED (SD Units) resistance sampling (rank)
(rank) (SD units)
Annual 21 0.61 3 0.601 3
3.1 0.52 1 0.52 1
4.1 0.54 2 0.54 2
twice 2.1 0.34 1 0.34 1
3.1 0.361 2 0.361 3
4.1 0.363 3 0.358 2

ELTp 3.1 appeared to have overall high resistance and resilience, while ELTp 4.1 had low resistance
and resilience (table 6). On MOFEP, ELTps in clearcuts had a similar resistance and resilience pattern
to NHM, while intermediate (EAM), select harvest (UAM) and group openings (UAM) were similar
(Table 6). Within clearcuts, ELTp 3.1 had the highest resistance and resilience. In NHM, ELTp 2.1
was the most resistant followed by 3.1 and 4.1. However, the resilience rankings were 4.1, 3.1 and 2.1.

Discussion
CCMA

The short term and immediate effect of fire is a considerable reduction in seedlings and saplings.
According to the findings of this study, annual burning may be too frequent to sustain an overstory.
Fire did not appear to promote shortleaf pine. Shortleaf pine did not show up in the small sapling class
at all on annually burned plots and was reduced on plots that were burned twice. Fire frequency for
promotion of shortleaf pine must still be resolved if there is an interest in restoring this once common
forest type to the Missouri Ozarks.

Although not reported here, both fire frequencies resulted in increased forbs, legumes and woody shrub
and tree species and a decrease in woody vines and graminoid species (Sasseen 2003), a response similar
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Table 5.—MOFEP treatment differences in mean richness by ELTp. Harvest occurred 1996. Bold denotes
significant difference from pre-treatment species richness. Only treatment comparisons with at least on
significant year difference are shown. CC=clearcut (EAM), I=intermediate (EAM), L=No harvest (NHM),
Us=select (UAM), UG=group openings (UAM).

Treatment ELTp Year Shortleaf pine Scarletoak ~ White oak Post oak Black oak
CcC 2.1 1994 0 49.4 432.4 0 37.1
2002 0 210.0 506.6 0 185.3
3.1 1994 144.1 58.7 163.7 12.4 101.9
2002 78.2 216.2 129.7 6.2 98.8
4.1 1994 0 38.8 102.4 18.5 22.7
2002 0 81.2 95.3 0 61.8
I 2.1 1994 0 12.4 37.1 12.4 0
2002 0 4.1 12.4 0 0
3.1 1994 24.7 12.4 105.0 0 16.5
2002 24.7 6.2 71.0 0 12.4
4.1 1994 0 61.8 190.3 0 12.4
2002 0 0 116.1 0 0
L 2.1 1994 18.5 16.5 119.8 64.9 22.2
2002 6.2 8.2 113.7 68.0 17.3
3.1 1994 40.2 51.9 111.2 46.3 35.0
2002 46.3 49.4 117.4 34.0 20.6
4.1 1994 0 0 103.8 0 0
2002 0 12.4 82.8 24.7 0
U 2.1 1994 30.9 24.7 120.5 12.4 29.7
2002 18.5 12.4 88.5 12.4 14.8
3.1 1994 24.7 46.3 143.0 16.5 6.2
2002 6.2 6.2 95.3 0 30.9
4.1 1994 0 18.5 119.4 12.4 12.4
2002 0 12.4 66.9 0 0
UG 2.1 1994 0 12.4 126.6 0 12.4
2002 0 0 89.6 12.4 12.4
3.1 1994 34.6 83.7 174.3 29.7 84.9
2002 22.2 20.6 137.3 24.7 54.1
4.1 1994 0 15.4 164.7 0 0
2002 0 12.4 82.4 0 0

to comparable studies (Arthur and others 1998, Paulsell 1957). However, Paulsell also found an
increase in grasses after burning, which did not occur on CCMA. This discrepancy may be due to a
shift in species from fire-sensitive grass and sedge species to fire-tolerant species. The fire-tolerant
species of grasses and sedges may also need a more open canopy than is resulting from the initial
burning on CCMA, which has been burned since 1998. Grass and sedge abundance may increase in
future when fire tolerant species gain dominance.

There has been much evidence to suggest that oak dominance is dependent upon fire in oak-hickory
forests (Blake and Schuette 2000, Brose and others 2001). Four years after burning on CCMA, relative
density of oak species is decreasing. Black oak appears to be the least tolerant of fire, with decreases in
relative density in all layers. However, the more fire tolerant, white oak also decreased in the sapling layers
for most ELTps, with the exception of a large increase in the annually burned 2.1. This may be due to
sprouting of saplings since all five tree species were reduced on annually burned 2.1 in the small and large
sapling layers. White oak relative density increased in the large sapling layer on annually burned 4.1 and
twice-burned 3.1, suggesting future recruitment into the overstory, especially given the reduction in
competition due to sapling mortality of other species such as black oak. Given differences in fire tolerance
between the white oak and black oak group, there will likely be a shift in the future to more white oak and
post oak on CCMA.
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Table 6.—Relative resistance and resilience measures on MOFEP, derived from Euclidean distances (ED)
between pre- and post disturbance samples in a two-dimensional DCA ordination space. Distances are in
standard deviation units.

Relative ED at final Relative
Maximum ED  Resistance sampling (SD Resilience

Treatment ELTp (SD units) (rank) (units) (rank)
Control 2.1 02 1 0.18 3

3.1 0.52 2 0.16 2

4.1 0.79 3 0.06 1
Clearcut (EAM) 3.1 045 1 041 1

41 0.62 2 0.5 2
Intermediate Harvest (EAM) 2.1 0.82 2 0.21 3

3.1 0.5 1 0.11 1

41 0.87 3 0.12 2
Select Harvest (UAM) 2.1 0.65 3 0.082 2

3.1 0.243 1 0.07 1

4.1 0.45 2 0.11 3
Group Opening (UAM) 2.1 0.54 2 0.04 2

3.1 0.22 1 0.01 1

41 0.63 3 0.28 3

Exploratory DCAs confirmed the importance of ELTps based on environmental factors but also
demonstrated the control of certain disturbances. DCAs showed a separation of ELTps along axis 1,
representing the influence of dolomite on the ground flora vegetation (fig. 3). Dolomite close to the
surface results in soils with higher base percentages (35 to >50%) and typically supports a more diverse
ground flora (Nigh 2000). Grabner (2002) found that unique assemblages of species resulted from the
dolomite located at or near the soil surface. Variable depth to dolomite areas on CCMA (ELTp 7.12) had
the highest richness and diversity of all ELTps and showed distinct separation from other ELTps on
DCAs, indicating a distinct plant community. The effect of fire on the DCA and trajectory indicate that
there can be a homogenizing effect and the fire frequency can determine consistent successional patterns.
Halpern (1988) found that floras with greater community fidelity resulted in more distinct successional
pathways. For CCMA, fire may create conditions suitable to a select suite of vegetation, and therefore
trajectories can become more consistent over time.

The resistance and resilience measures correspond with successional theory equating diversity with stability
(Lawton 1994). The annually burned sites had higher richness and diversity than the twice-burned and also
had higher relative resistance and resilience scores. This substantiates the theory that high levels of diversity
essentially buffer the effects of disturbance. ELTp 7.12, which had the highest richness and diversity, had
the greatest resistance and resilience. It changes less than other ELTps and can return to pre-disturbance
conditions more quickly.

MOFEP

The increases in richness after harvest (and decrease on control) on MOFEP are similar to other studies
and therefore expected (Beese and Bryant 1999, Halpern and Spies 1995, Collins and Pickett 1988). In this
study on the MOFEDP sites, the first post-harvest sampling season occurred three years after treatment and
may have missed the initial response of vegetation to harvest. The immediate response to treatment,
therefore, remains unknown.

Change in richness on MOFEP corresponded with intensity of treatment. Clearcuts had the highest
richness and the greatest increases, followed by group openings, select harvest, intermediate harvest and
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NHM. This pattern suggests a gradient of responses

determined by the amount of light reaching the Intermediate harvest - EAM
forest floor. When stratifying by ELTp, 4.1
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the exception of clearcuts, which had large scarlet
oak components (table 2). White oaks were
dominant in the sapling layers for all ELTps and
treatments including NHM. The oak forests of the Figure 3.—Detrended correspondence analysis (DCA) ordination

Ozark Highlands are generally xeric landscapes through time representing understory communities of ELTps
where shade tolerant tree species are not major on MOFEP intermediate harvest sites (EAM). Symbol
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competitors. . .
connect the same ELTp in subsequent years (post-disturbance
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Over time, tree species composition may shift to
greater white oak density as light levels are reduced.
White oak is moderately shade tolerant even in the
sapling or seedling stage. Black oak is also moderately shade tolerant, but appears to have less shade
tolerance than white oak at the seedling or sapling stage (Kabrick 2002). Black oak is also shorter-lived
than white oak and may eventually be replaced by white oak. Scarlet oak, though comprising a
significant portion of regeneration in clearcuts, is not expected to have significant in-growth into
canopy layers due to its shade intolerance.

Exploratory DCAs on MOFEP data were not as consistent as CCMA. The axes represented a possible
light gradient on axis 2 and an influence of dolomite gradient on axis 1, as they did for CCMA.
However, plotted successional trajectories for MOFEP were very different from CCMA. There were
large variances along axis 2, even for NHM, but the ELTps separated in the same order along axis 1
across treatments. While there was great variance, successional trends did emerge. All ELTps on NHM
are moving towards a species composition associated with a closed-canopy. The changes along axis 2 for
NHM suggest dynamic natural succession occurring with a trend towards more shade tolerant species.

All ELTps in clearcuts are moving towards species associated with a more open canopy. While the stand
as a whole undergoes the long process of stand initiation, the ground flora undergoes rapid floristic
change. Gilliam and others (1995) found that the degree to which forest management alters species
diversity and long-term succession patterns depends upon the level of “decoupling” of the relationship
between understory and overstory. In the Appalachians, single-tree harvest decreased plant species
diversity less than clearcutting. Meier and others (1995) found that clearcutting decreased the vernal-
herb diversity in the Appalachians, because of modification of the forest floor and eliminating gap-
phase succession. It is likely the processes in the Missouri Ozarks are distinct from most areas in the
Eastern Deciduous forest.

MOFERP relative resistance and resilience scores were similar in range to the scores on CCMA, but with
less consistent patterns. NHM had both the lowest and highest scores for resistance. Clearcuts were
more similar to NHM than other harvest treatments in respect to ELTp resistance and resilience values.
The microclimatic changes caused by natural successional conditions and/or intense harvest were less
pronounced on ELTps that were more xeric before treatment (i.e. ELTp 3.1).
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ELTps in intermediate harvest, select harvest and group openings were similar in ELTp response to
harvest treatments. ELTp 3.1 had the greatest resistance on these treatments, thereby supporting the
diversity/stability theory. It had only moderate to low resilience however. The rankings for these three
treatments were more similar to CCMA rankings, in terms of ELTps resistance to disturbance. ELTp 3.1
was consistently resistant and resilient and 4.1 was generally not resistant or resilient. Intermediate harvest,
select harvest and group openings may not have been intense enough to cause lasting microclimate changes
and may be more dependent on existing abiotic and biotic conditions to determine successional changes.

Successional trajectories in ordination space remained ordered along light (moisture) and geology
gradients, suggesting the influences of initial species composition and local environment may persist
through catastrophic disturbance. There were also differences between treatments that were very similar
(i.e. intermediate and select harvest) that may have more to do with stochastic events such as
immediate response of initial vegetation and buried seed or soil disturbance factors. Successional
trajectories are determined through an interaction of both deterministic site factors and stochastic
disturbance factors. In the short term successional trajectory apparent on MOFEP and CCMA,
treatment effects may be most evident, but after initial response to disturbance deterministic site
factors may dominate.

In general, the response at MOFEP is very different from the response at CCMA, but as expected since
the treatments differ in intensity, frequency and magnitude. The predictability within an ELTp for
understanding the effects of treatment may be greater for the harvested plots rather than the burned plots.
Using prescribed fire may override the effects of site that could be controlling succession on the MOFEP
sites. It is not possible to know if there will long-term differences in species richness, composition,
abundance or successional trajectories as a result of management.
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MORTALITY, SURVIVAL, AND GROWTH OF INDIVIDUAL STEMS AFTER
PRESCRIBED BURNING IN RECENT HARDWOOD CLEARCUTS

Jeffrey S. Ward and Patrick H. Brose'

ABSTRACT.— A study began in 1999 to examine the effect of prescribed fire following final
overstory removal on the survival and growth of mixed hardwood regeneration. Two species and
one species group were examined: black birch (Betula lenta), red maple (Acer rubrum), and mixed
oak (Quercus spp.). Mortality differed by species and height class. Mortality was much higher for
black birch (76 percent) than for the other species, regardless of height class. Oak survival was
high for all height classes, averaging over ninety percent. Red maple survival was influenced by
initial height class. Nearly half of the red maples less than three feet tall were killed by the fires
while taller stems survived at a significantly higher rate. Interestingly, height of sprouting stems did
not differ among the species in this study. Although sprout height was significantly correlated with
initial height, few stems were taller than two feet the first year after the prescribed burn. Thus,
prescribed burning reduced the size of larger maple sprouts to a height comparable to that of
sprouting oak seedlings.

Introduction

Throughout the Central Hardwood Region, there is increasing interest in and use of prescribed fire to
manage oak-dominated (Quercus spp.) forests (Yaussy 2000). This incorporation of fire into oak
management is driven by increased recognition of the historical role fire played in perpetuating mixed-oak
forests and the chronic, widespread difficulty of regenerating this forest type. As an oak regeneration tool,
prescribed fire takes two roles. First, it is used in mature stands as a site preparation tool, paving the way
for establishment of new oak seedlings by reducing litter depth, increasing light levels, decreasing density

of competing understory vegetation, and controlling acorn insect pests. Its second use is in regenerating
stands as a release treatment. In this role, fire selects for oak reproduction and against regeneration of other
hardwood species based on differences in germination and early growth strategies, causing a shift in species
composition between the two groups (Brose and Van Lear 1998; Brose and others 1999). Fire also
accelerates early height growth of oak sprouts and improves their form. Currently, most use of fire as a
release treatment to alter species composition and enhance oak’s competitive status is in a 2-step
shelterwood sequence; the shelterwood — burn technique. Unfortunately, there is little research of fire
effects on hardwood regeneration after final overstory removal or following a clearcut (Augspurger and

others 1987).

Fire in the aftermath of hardwood clearcuts is nothing new. Many historic photographs from the early
1900s show clearcuts in this period were followed by wildfires. The few existing studies suggest that
burning of hardwood clearcuts could shift species composition towards oak dominance. Carvell and
Tyron (1961) studied a mixed-hardwood sapling stand in West Virginia burned by a spring wildfire.
Species composition shifted from cove hardwoods to mixed oak. Brown (1960) and Ward and Stephens
(1989) documented the long-term development of mixed-oak forests in southern New England that
originated from stand replacing wildfires. They found the stands that originated in the aftermath of severe
wildfires had a significantly higher proportion of oak in the overstory than neighboring stands that had not
burned. Wildfires in the early 1900s, in conjunction with other crucial forest events (near extirpation of
white tail deer (Odocoileus virginiana) and loss of American chestnut (Castanea dentata), had profound effects
on the successional trajectories of many eastern hardwood forests. From these studies, it appears that
differences in species composition that start early in stand development, i.e., the stand initiation (seedling/
sapling) stage, endure throughout that rotation.

"Station Forester (JSW), The Connecticut Agricultural Experiment Station, PO. Box 1106, 123 Huntington
Street, New Haven, CT 06504; and Fire Scientist (PHB), Northeastern Research Station, USDA Forest
Service, PO Box 267, Irvine, PA 16329. JSW is corresponding author: to contact, call (203) 974-8495 or e-

mail at Jeffrey.ward@po.state.ct.us.
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Table 1.—Initial distribution of regeneration density (stems/acre) by species group and height class.

Species Regeneration height class

Prescribed burn site group <1 ft 1-3ft 3-6ft >=6 ft Total

Star Lake, CT Oak 225 475 70 8 838
Maple 125 425 225 (98 1,473
Birch 800 1,475 1,300 930 4,505
Other 6,150 3,850 2,815 698 13,513
Total 7,300 6,225 4,410 2,393 20,328

Goodwin, CT Oak n/a 1,450 333 38 1,820
Maple n/a 675 923 788 2,385
Birch n/a 6,125 12,263 2,093 20,480
Other n/a 525 135 105 765
Total n/a 8,775 13,653 3,023 25,450

While the aforementioned studies provide ample evidence that prescribed fire can increase the
proportion of oak, few studies have examined the mechanisms of this change. Some possible
mechanisms include: a higher proportion of oak than other species survive a fire, i.e., the stems are not
top-killed, a higher proportion of oak than competitors sprout after a fire, and the height growth of
sprouting oaks is faster than that of other species. The objective of this small-scale study was to examine
for evidence of these causal mechanisms.

Study Areas

Two study areas (Goodwin and Star Lake) were established in Connecticut in formerly fully-stocked,
mature, mixed-oak stands that had been completely harvested by the 2-step shelterwood process. The
harvesting of these two stands created seedling/sapling stands containing a mix of hardwood
regeneration. Before the prescribed fire, reproduction was abundant, tall, and widespread at all sites but
primarily comprised of black birch (Bezula lenta) and red maple (Acer rubrum), especially at the Goodwin
site (Table 1). The oak component (Quercus rubra, Q. velutina, Q. alba, and Q. prinus) was scarce relative to the
other species and lagging behind in height. Sites had a moderate ericaceous shrub component consisting of
blueberry (Vaccinium spp), huckleberry (Gaylussacia spp), and mountain laurel (Kalmia latifolia).

Methods

To determine preburn seedlings densities, 20 pairs of nested plots were systematically located at both sites
to ensure uniform coverage of the stands. The interior of each pair of nested plots was a circular milacre
and in it all hardwood regeneration < 4-ft tall was identified to species and tallied by 1-ft height classes.
The outer plot was 1/300 acre and in it all hardwood regeneration >= 4-ft tall was identified to species
and tallied by 2-ft height classes. Initial regeneration inventories were conducted before the prescribed fires.

Additional sampling was used to study the influence of prescribed fire on mortality and sprouting on
individual stems. Oak, red maple, and black birch stems were selected across a range of size classes.
Selected stems were tagged, flagged, and the initial height was measured in one foot height classes. A total
of 576 individual stems were included in this study. The number of oak, red maple, and black birch was
175,217, and 184 stems, respectively.

Stems were inspected for mortality and sprouting following the first growing season after each fire.
Postburn seedling status was divided into three categories: live top, sprout, and mortality. Live tops were
stems that survived the fire, i.e., were never top-killed. Sprouts were stems that had been top-killed but
produced at least one new stem from the base. Mortality were stems that were top-killed and failed to
sprout. Re-growth, the height of resprouted stems, was measured to the nearest 0.4 inch. Re-growth
heights reported here were for two growing seasons at the Star Lake burn site and one growing season at
the Goodwin burn site.
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Table 2.—Environmental conditions and fire behavior for the prescribed fires.

Star Lake, CT Goodwin, CT
Date of Burn May 5, 2000 April 19, 2002
Time of Burn 11AM -2 pm 12-2 pm
Burn Area (acres) 19 5
Aspect North East
Slope ( percent) 0-10 0-5
Slope Position Upper 1/3 Upper 1/3
Fuel Model 6 6
Air Temperature (° F) n/a 66-72
Relative Humidity ( percent) 44-60 48-066
Cloud Cover Sunny Cloudy
Mid-flame Wind Speed (mph) 3-5 8
Wind Direction West Southwest
Days since last Rain 2 2
Flame length (ft) 2-6 1-2
Rate of spread (chains/hr) ~-30 43

Data were analyzed as a 2x3x3 factorial consisting of 2 sites, 3 species (birch, maple, and oak), and 3
size classes (<3 ft, 3-6 ft, > 6 ft). Analysis of variance with Tukey’s HSD test was used to test differences
in sprout height among species groups, size classes, and sites with Bonferroni adjusted probabilities
used when species group was found to be a significant factor. Differences were judged significant at p <
0.05. For the individual burns sites, only cells with at least four initial seedlings for each species group/
initial height combination were included in the analysis. Only cells with at least twenty stems were
included in the analysis of the combined prescribed burn sites.

Differences in seedling mortality and sprouting rates among species groups, study area, initial size class
were tested using procedures in Neter et al. (1982, p 325-329). Again, differences were judged significant at
p < 0.05 using Bonferroni adjusted probabilities. To avoid redundancy in data presentation, a table with
sprouting rates is not provided. Because almost all stems were top-killed, sprouting rates can be
determined by subtracting the mortality rate from 100%.

Fire Behavior

For all burns, fuels consisted of hardwood slash mixed with ericaceous shrubs (Table 2). Connecticut
DEP-Division of Forestry personnel conducted the two burns in that state on May 5, 2000 and April 19,
2002. For both, drip torches were used to light a ring fire. This technique consists of igniting a backing fire
along the downwind or uphill side to create a black line. Once a secure black line was established, flanking
fires were lit along each side. Finally, once adequate black lines were secure on three sides, a head fire was
ignited. Fire behavior at the Star Lake burn was recorded by video camera. Post-fire analysis indicated a
moderately intense fire with average flame length of 4 feet and a rate of spread (ROS) of 30 chains/hour.
Fire behavior at the Goodwin burn was monitored with thermocouples and data-loggers. They recorded
that the fire was of low intensity (1-2 ft flame lengths) and slow moving (median ROS of 4 chains/hour).

Results

All of the black birches were top-killed by the prescribed fires. A small proportion of oaks (6 percent) and
red maples (2 percent) survived without being top-killed. However, there were no significant differences
among the species in the proportion that were top-killed in any of the size classes examined.

Mortality differed among species (Table 3). Mortality was higher for black birch than oak and red maple at
both sites. For the combined sites, red maple mortality of stems less than three feet tall was higher than for
oak, 45 percent and 8 percent, respectively. Mortality differed among size classes for oak and red maple,
but not black birch. For both species, mortality was higher for stems that had been 3-6 ft tall prior to the
burn than for > 6 ft tall stems.
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Table 3.—Mortality (%) of regeneration following prescribed fire by species group and height class (feet)
before the prescribed burn. Within each burn site, mortality values within a given height class (column) that
are followed by different letters are significantly different at p<0.05.

Height class before prescribed burn Height classes comparison
Species group < 3 feet 3-6 feet >=6 feet Total Chi-Square  df  Prob
Star Lake, CT
Oak 14% a 36% a 0% a 18% a 5.86 2 0.053
Maple 100% b 100% b 0% a 45% b 33.00 2 0.000
Birch - 82% b 75% b 79% c 085 2 0654
Goodwin, CT
Oak 6% a 11% a 0% a 7% a 292 2 0232
Maple 37% b 5% a 0% a 9% a 48.00 2 0.000
Birch 86% c 66% b 77% b 75% b 3.08 2 0159
Combined sites
Oak 8% a 16% a 0% a 9% a 7.68 2 0021
Maple 45% b 24% a 0% b 15% a 58.02 2 0.000
Birch 88% c 70% b 77% b 76% b 2.79 2 0247

This difference in mortality rates among species can be directly attributed to the prescribed burns and
not normal mortality. On adjacent unburned control plots, survival of all species was much higher,
ranging from 96 percent for oak to 98 percent for red maple.

Differences in sprouting rate were found between the two sites. Sprouting rates for maple and oak were
higher at Goodwin than at Star Lake and the difference for maple, 90 percent at Goodwin and 55 percent
at Star Lake, was significant. No differences in sprouting rate were detected for birch and oak although the
trend for oak was towards lower proportion sprouting at Star Lake than Goodwin.

The proportion of stems that sprouted after the fires differed among species. Oak had the highest rate of
sprouting. On average, 90 percent of oak rootstocks sent up a new stem. Conversely, black birch was the

poorest sprouter as only 24 percent of top-killed stems produced a new stem. Maple was an intermediate
sprouter. At Goodwin, 90 percent of the red maple sprouted, a proportion equal to oak, but at Star Lake
only 55 percent of the red maple sprouted — significantly less than that of oak.

Pre-burn stem size had little apparent influence on sprouting rates for oak and black birch. Regardless of
initial stem size, oak stems sprouted at between 62 — 100 percent and black birch sprouted at 13 — 30
percent. Only one significant difference was noted for these two species after Bonferroni correction. The
sprouting rate for oaks 3-6 feet (86 percent) on the combined sites was lower than for oaks > 6 feet tall
(100 percent) (Z=2.55, p<0.048). Red maple did exhibit differences in sprouting rates among size classes.
Red maples > 6 feet tall sprouted more often than stems < 3 feet, 100 percent and 53 percent, respectively
(Z=8.04, p<0.001). Red maples > 6 feet tall also sprouted more often than 3-6 feet tall, 76 percent
(Z=5.57, p<0.001).

No significant differences in the height of sprouting stems were found among species at either site (Table
4). However, height growth of sprouting stems was correlated with initial height for all three species at
both sites (F=19.6, d.f.=4, p<0.001). Generally, few stems were taller than two feet the first year after the
prescribed burn.

Discussion

The results of this study suggest that prescribed burning can increase the amount of oak in the
regeneration pool via differences in sprouting rate among species. Oak regeneration is more likely to sprout
than other hardwood reproduction, especially as fire severity increases and burns occur in the growing
season (Brose and Van Lear 1998). This is evident by comparing sites. The Star Lake fire occurred later in
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Table 4. —Mean height (feet) of sprouting stems by species group and height class
of sprouting regeneration. Within each burn site, mean values within a given row
(species) that are followed by different letters are significantly different at p<0.05.

Height class before prescribed burn

Species group <3 feet 3-6 feet >=06 feet Total
Star Lake, CT

Oak 22 A 26 AB 42 B 32

Maple - - 4.1 4.1

Birch - - 50 A 44
Goodwin, CT

Oak 1.0 A 15B 24 C 15

Maple 12A 15A 21B 1.9

Birch - 18 A 22 A 19
Combined*

Oak 16 A 22 B 35 C 25

Maple 19A 22A 31B 24

Birch - 26 A 33 A 2.6

*Least square means are presented for the combined sites.

the spring and was a considerably more intense burn than the one at Goodwin based on flame length
and ROS. Consequently, mortality (no sprouting) was higher for all species there than at Goodwin
(Table 3). Birch and maple mortality ranged from 37 — 100 percent in the smallest size class (< 3 ft).
Conversely, oak mortality for the smallest size class was only 14 percent at the hotter Star Lake burn.
The same relationship existed between birch and oak in the largest size classes (> 6 ft). Few, if any, oaks
failed to sprout while mortality averaged 24 percent for birch. Clearly, the birch component at both
sites has been considerably reduced while 82 -93 percent of the oak stems are still intact.

While not examined in this study, the differences in mortality rates among species at Star Lake are likely due
to differences in germination and early growth strategies (Brose and Van Lear 2004). Acorns have hypogeal
germination, i.e., cotyledons remain in the shell and serve as a belowground energy source for seedling
development. Black birch and red maple seeds have epigeal germination, i.e., cotyledons emerge and rise
above the shell to form the first photosynthetic leaves. This difference in germination strategy places the
root collar of oak seedlings, and the accompanying dormant buds, lower in the soil profile than that of

black birch and red maple.

This basic difference in germination strategy is accentuated by wildlife. Acorns are routinely buried an inch
or more into the forest floor by birds and small mammals, while seeds from black birch and red maple
typically are not cached. Thus, an oak seedling generally will have a deeper root collar than a black birch or
red maple seedling because of seed burial and hypogeal germination.

Another important silvical difference between oak and black birch/red maple reproduction is the
developmental rate of the root system. Upon germinating, oaks send a strong radicle deep into the soil to
establish a taproot and emphasize root development over stem growth (Kelty 1988, Kolb and others
1990). Black birch and red maple take the opposite approach; root development is sacrificed to promote
rapid stem growth. Thus, oak regeneration usually is shorter than its competitors, but have larger root
systems. It is these two silvical characteristics, hypogeal germination and emphasis on root development,
and seed burial by wildlife that allows oak regeneration to be favored over reproduction of their
competitors in a periodic fire regime.

The second mechanism by which prescribed burning can alter species composition is that oaks may have
adaptations that allow a higher proportion of stems to survive a fire with live tops. In this study, some

oaks survived the fires while many of their competitors did not. The intact tops of these surviving stems
should confer a competitive advantage to them over sprouting seedlings as no height growth was lost to
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the fire and, thus, does not have to be recovered. In addition, an intact top does not necessitate the use
of stored starch reserves in the root system to produce a new sprout.

Our results do not suggest the height growth of sprouting stems is a mechanism that will cause a long-
term change in species composition. No significant differences in height growth were found among
species. However, these results are for the first two years only and may not be conclusive in demonstrating
a significant difference among species. The major impact of prescribed burning appears to be an equalizing
of heights among the species. While there was a wide range in pre-burn heights, and corresponding wide
range in crown widths, most seedlings were of a similar size after the prescribed burns.

The equalization of seedling size suggests a final mechanism, albeit a speculative one, that may benefit
oak in a periodic fire regime. In a post-fire environment oak seedlings are released temporarily from
competition with larger red maple saplings. The sprouting oaks that were less than three feet tall prior to
the burn were still shorter than sprouting maples that had been > 6 ft tall before the burn. However, after
the burns the average height difference between the species was now less than two feet. As a result of this
equalizing of size, most oaks were growing in direct sunlight and were not shaded by neighboring, taller
red maple stems. Height growth and root development of oak regeneration growing in full sun is generally
better than for oaks growing in shade and for maple (Smith 1983). Therefore, it is likely that a proportion
of those oak seedlings that had been growing in close proximity to taller red maples prior to the burn will
now be able to maintain height growth rates comparable to red maple and form part of the upper
canopy at crown closure. We will continue to monitor these plots to determine the long-term impact of
prescribed burning in seedling stands on stand structure.
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EFFECTS OF FIRE AND THINNING ON GROWTH, MYCORRHIZAL COLONIZATION,
AND LEAF ANATOMY OF BLACK OAK AND RED MAPLE SEEDLINGS

Carolyn J. McQuattie, Joanne Rebbeck, and Daniel A. Yaussy'

ABSTRACT.—Prescribed fire and/or thinning may improve oak seedling reproduction in forests and limit
competitors such as red maple due to altered light or soil-moisture conditions. Because both leaf and root
development may be affected by these disturbances, differences in biomass, mycorrhizal colonization, and
leaf anatomy between seedlings of black oak (Quercus velutina, an ectomycorrhizal species) and red maple
(Acer rubrum, an endomycorrhizal species) were described and quantified. In spring 2001, four treatments
were initiated at Zaleski State Forest, Vinton County, OH: undisturbed control (C); basal area thinned by 29
percent (T); site exposed to prescribed burn (B); or thinned plus burned (T+B). In June and August 2001,
four seedlings (two oak, two maple) from six plots per treatment were excavated from three subsites with
different moisture levels (two mesic, two intermediate, two xeric; 48 seedlings per species per collection
date). Roots were prepared chemically for mycorrhizal analysis; leaf sections were embedded in epoxy
resin and examined microscopically. Biomass measurements of all seedling parts were quantified.
Endomycorrhizal colonization of maple roots was not affected by treatments. Oak short roots were
predominantly ectomycorrhizal; endomycorrhizal structures were observed primarily in June (T+B). In oak
leaves, blade thickness and starch grains in chloroplasts (August) were greater in T and T+B than in C or B.
Maple leaves, while thinner than oak, had thicker leaf blades in all disturbance treatments compared to C,
but less starch in chloroplasts (August). By August, treatments positively affected leaf parameters in oak
(leaf area, mass, specific leaf mass) and maple (leaf number, area, mass) probably due to increased light
and/or altered soil conditions. Oak seedlings grown on sites with thinning and burning as management
tools may gain a competitive advantage by forming both mycorrhizal types early in the season (i.e.,
additional nutrient uptake) and through increased starch production in leaves late in the season that would
improve seedling growth and carbon transfer to roots.

Since the early 20" century, the composition and structure of Appalachian mixed-oak forests has been
shifting from oak-dominant to mesophytic dominant species. Many attribute this shift to changes in cutting
practices and to an aggressive suppression of fire beginning in the 1920s. Currently, the mid- and
understory of these forests contain a high proportion of shade-tolerant mesic species, e.g., red maple
(Lorimer 1984), that exhibit low resistance to fire (Abrams 1992) and fewer of the less shade-tolerant oak,
e.g., black oak. Written accounts at the time of European settlement (ca. 1800) in southern Ohio suggest
that Native Americans used fire to manage forest composition and structure (Hutchinson and others 2003).
Oak is drought-tolerant and fire-adapted, with a large root system that resprouts after repeated burnings
(Abrams 1996, Brose and others 2001). Oak regeneration on xeric sites is successful, but failures are
common on high-quality mesic sites (Abrams and Downs 1990). Fire may reduce understory vegetation
and thereby reduce competition; overstory thinning would result in increased light for oak.

Mycorrhizae are symbiotic associations of tree fine roots and certain soil fungi. Oak species are classified as
ectomycorrhizal (possessing an external fungal mantle and Hartig net hyphae between cortical cells) while
maples are classified as endomycorrhizal (with vesicles, arbuscules, and/or hyphal coils in cortical cells)
(Smith and Read 1997). Both types of mycorrhizae generally benefit seedling establishment or growth
through increased nutrient uptake and improved water relations in the roots (Allen 1991). The effects of
fire on rhizosphere processes such as mycorrhizal associations are scarce and generally limited to coniferous
ecosystems (Mah and others 2001).

Improved light conditions in the forest due to disturbances such as thinning or burning generally
increase photosynthesis in leaves; photosynthates due to increased carbon fixation can be observed

TRespectively, Research Plant Pathologist, Plant Physiologist, and Project Leader/Research Forester,
Northeastern Research Station, USDA Forest Service, 359 Main Rd., Delaware, OH 43015. CJM is
corresponding author: to contact, call (740) 368-0062 or e-mail at cmcquattie@fs.fed.us.
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microscopically as starch grains in leaf chloroplasts. Reich and Abrams (1990) reported that fire
enhanced photosynthesis of Quercus ellipsoidalis seedlings. Similarly, Musselman and Gatherum (1969)
observed that photosynthesis increased by 50 percent in red oak seedlings grown at 31 percent of full
sunlight compared to those grown at 8 percent. Photosynthate allocation to mycorrhizae that is used
for fungal growth has been considered a “cost” to the plant (Jones and others 1991). However, light-
enhanced photosynthesis may support both mycorrhizal colonization (with no additional cost) and
increased seedling growth to improve oak competitiveness and survival. Characterizing seedling
biomass, mycorrhizal colonization of fine roots, and leaf anatomy (leaf thickness, starch in leaves) after
thinning and burning of forest sites will help us better understand seedling growth and physiology
following such treatments. In this study we compare and quantify first-year effects of burning and
thinning on growth parameters, mycorrhizal colonization, and foliar anatomy in red maple and black
oak seedlings.

Study Area

Zaleski State Forest is a study area within the Ohio Hills site of the U.S. Joint Fire Science National Fire and
Fire Surrogates project. Located within the unglaciated Allegheny Plateau, the site has a highly dissected
topography with elevations ranging from 200 to 300 m and slopes of 10 to 40 percent. The forest is
dominated by strongly acidic (pH=3.6) loamy soils (ultisol: Hapludults) with a C:N ratio of about 20
(Ralph E.J. Boerner, 2003, Ohio State University, pers. commun.). The study area is about 80 ha and is
divided into four 20-ha treatment units corresponding to undisturbed control (C), basal area thinned by 29
percent (T), site exposed to prescribed burn (B), and site thinned and burned (T+B). Within each treatment
area, ten 50- by 20-m plots were established across a range of moisture conditions (three xeric, four
intermediate, and three mesic) determined with an integrated moisture index (IMI) (Iverson and others
1997). In all, 40 vegetation plots were generated.

On the T and T+B sites, the average initial basal area was 27.1 m*ha’. A commercial thinning from below
to 18.6 m*ha! basal area was conducted during the winter of 2000; low-intensity surface burns were
conducted on 4 April 2001. Air temperature was measured at 25 cm from forest floor with stainless steel
temperature probes and logged every 2 seconds with buried data loggers. Maximum air temperatures
during the burns ranged from 42.2 to 414.6°C in the T+B unit and 63.8 to 397°C in the B unit.!

Methods

Seedling Collection

In June and August 2001, two black oak and two red maple seedlings randomly selected from two mesic,
two intermediate, and two xeric plots from each of the four treatments (C, T, B, T+B) were excavated (48
seedlings per species per collection). Seedlings were predominantly 1.0 cohort or older. Root systems with
accompanying soil were placed in sealed plastic bags in coolers and transported the same day to the USDA
Forest Service laboratory at Delaware, OH. Seedling root systems were washed free of soil before
processing.

Seedling Growth and Biomass

Seedling height, taproot length, and stem and root-collar diameters were measured. Roots were
separated into tap and first-order laterals, and leaves and first-order laterals were counted. Leaf area was
estimated using a calibrated LI-3100 Area Meter.” Short roots from each seedling were placed in vials
containing FAA (formalin-acetic acid-alcohol) for mycorrhizal assessment. Representative short roots
and leaf-blade segments (2 mm?) were placed in 3-percent glutaraldehyde to process for microscopical

verson, L.R.; Prasad, A.M.; Hutchinson, T.E; Rebbeck, J.; Yaussy, D. Fire and thinning in an Ohio oak forest:
grid-point analysis of the fire behavior, environmental conditions, and tree regeneration across a topographic
moisture gradient. In preparation.

2The use of trade, firm, or corporation names in this paper is for the information and convenience of the
reader. Such use does not constitute an official endorsement or approval by the U.S. Department of
Agriculture or the Forest Service of any product or service to the exclusion of others that may be suitable.
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analysis. Following growth measurements and tissue sampling, tissue of each seedling was separated
into leaves, stem, and roots, oven-dried at 70°C to constant mass (g dry weight), and weighed. The
root/shoot ratio and specific leaf mass (g m?) of each seedling were calculated.

Mycorrhizal Analysis

Red maple. Fine roots were cleared in 10-percent KOH and stained with trypan blue (Phillips and Hayman
1970). Endomycorrhizal structures (hyphal coils, vesicles, arbuscules) were observed under a
stereomicroscope, and colonization of maple roots systems was calculated using the grid-line intersect
method (Giovannetti and Mosse 1980) using 1-cm intersects marked in a petri dish. Forty-three intersects
per root system were evaluated by recording the presence or absence of mycorrhizal structures.

Black oak. Root tips from each root system were inspected microscopically for a fungal mantle or Hartig
net (ectomycorrhizal structures). Oak short roots with no obvious fungal mantle were cleared and stained
(as for maple roots) to determine whether endomycorrhizal structures were present. Quantification of oak
root mycorrhizal colonization was conducted by direct counts of entire root systems (Grand and Harvey
1982) and rating each tip as ectomycorrhizal, endomycorrhizal, or nonmycorrhizal. The proportion of
short roots that were mycorrhizal was then expressed as percent ectomycorrhizal tips only or percent
ectomycorrhizal plus endomycorrhizal tips.

Leaf Microscopy

Leaf-blade segments from each treatment combination fixed in 3-percent glutaraldehyde were post-fixed
in 2-percent osmium tetroxide, dehydrated in a graded ethanol series, and infiltrated with PolyBed-Araldite
epoxy resin. Resin-embedded leaf cross sections were photographed under an Olympus BH light
microscope, and leaf thickness at three positions per blade was measured for three leaf blades per
treatment. Leaf segments were ultrathin-sectioned and examined with a JEOL JEM-1010 transmission
electron microscope; leaf mesophyll cells were photographed and two starch grains in chloroplasts from
five mesophyll cells in each of three blades per treatment were measured (length x width of 30 grains per
treatment).

Statistical Analysis

The effects of treatment, IMI, and their interactions on percent mycorrhizal colonization, leaf thickness,
taproot length, number of first order laterals, shoot height, seedling diameter, root-collar diameter, leaf
number, area, and biomass, stem biomass, root dry biomass, root/shoot ratio, and specific leaf mass were
tested as a two factor ANOVA using SAS General Linear Model analysis (SAS Institute 1999). Effects were
considered significant if p < 0.05.

Results

Seedling Growth and Biomass

Growth and biomass data from red maple and black oak seedlings collected in June (2 months after
prescribed fire) showed no significant differences due to treatment or IMI (soil moisture) (data not
shown). Although not always statistically significant at p < 0.05, black oak and red maple seedlings
harvested from T, B, and T+B plots in August were more massive than the C seedlings (table 1). In red
maple, leaf area per seedling was greater by 106, 180, and 247 percent on B, T, and T+B plots,
respectively, compared to controls (p = 0.02). Leaf mass (p = 0.03), and leaf number (p = 0.03) was
substantially greater in all treatments relative to controls. Root-collar diameter of maple seedlings from
xeric plots were 1.6 times larger than that of seedlings from intermediate or mesic plots (p = 0.01). No
other significant effects associated with IMI were detected. Borderline significant treatment effects were
detected for root collar diameter (p = 0.06) of maples. In black oak, total leaf area per seedling was
greater by 39, 175, and 140 percent in T, B and T+B plots, respectively (p = 0.014), compared to C. Leaf
mass did not differ between seedlings from C and T plots, but did increase by 170 percent in B and T+B
oak seedlings compared to controls (p = 0.007). Specific leaf mass was nearly 20 percent greater in oak
seedlings from T and T+B plots relative to controls (p = 0.05). Root mass showed borderline significance
(p = 0.006), as control roots had 53 to 75 percent less mass than roots in all other treatments. IMI had no
significant effect on oak growth or biomass measurements, and no significant interaction between IMI and
treatments was detected for either species.
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Table 1.—Mean (¢ std error)* of the growth and biomass of black oak and red maple seedlings four months after
prescribed fires and/or overstory thinning at Zaleski State Forest, Vinton County, OH

Treatment
Growth parameter Control Burn Thin Thin+Burn
Black oak
Shoot height, e 18.24 + 2.36 15.60 + 2.40 14.03 + 2.36 14.03 + 2.36
Stem diameter, 72m 2.65 £ 0.19 3.10 + 0.20 2.68 + 0.19 2.92 +0.19
Root collar
diameter, mm 3.02 + 0.35 5.59 + 0.35 4.52 + 0.35 4.57 + 0.35
Leaf number 4.25 + 0.47 4.92 + 0.47 3.58 + 0.47 491 + 0.47
Leafarea, cn’ 53.52 +26.29 a 146.88 + 26.29 b 74.28 + 26.29 a 128.37 + 26.29 b
Leaf mass, g 0.27 £0.10 a 0.72+0.10b 0.46+0.10 a 0.75+0.10b
Specific leaf mass,
gm? 496+0.24a 5.08 +0.24 a 5.96 + 0.24 b 5.86+0.24 b
Stem mass, g 0.51 £ 0.17 0.72 £ 0.17 0.62 +0.17 0.60 + 0.17
Root mass, ¢ 0.83 + 0.33 3.24 + 0.33 2.39 + 0.33 1.75 £ 0.33
Taprootlength, e 23.03 + 1.83 22.96 + 1.83 25.45 + 1.83 19.70 + 1.83
First-order lateral
roots, 70. 29.00 + 4.19 32.92 + 4.19 27.83 + 4.19 25.75 + 4.19
Root:shoot ratio 1.12 + 0.44 2.57 + 0.44 2.13 £+ 0.44 1.42 + 0.44
Plant mass, g 1.61 £ 0.53 4.74 + 0.53 3.48 + 0.53 3.20 + 0.53
Red Maple
Shoot height, em 9.89 + 0.88 8.32 + 0.88 12.38 + 0.88 11.20 + 0.88
Stem diameter, m2m 1.55 + 0.19 1.67 + 0.19 1.84 £ 0.19 2.06 + 0.19
Root collar
diameter, mm 1.53 £ 0.29 247 £ 0.29 2.25+0.29 2.90 + 0.29
Leaf number 4.08+0.62a 7.08 +0.62b 8.75+0.62 b 11.33+0.62 ¢
Leaf area, e’ 18.78 + 6.82 a 38.64 + 6.82 ab 52.72 + 6.82 bc 65.24 + 6.82 ¢
Leaf mass, ¢ 0.08 £ 0.03 a 0.16+0.03 a 0.23 + 0.03 ab 0.27 + 0.030 b
Specific leaf mass,
gm? 4.57 + 0.03 4.10 £ 0.03 4.38 + 0.03 4.10 £ 0.03
Stem mass, ¢ 0.09 + 0.03 0.14 + 0.03 0.21 + 0.03 0.15 £ 0.03
Root mass, g 0.15+0.21 0.48 £ 0.21 0.78 + 0.21 0.58 +0.21
Taproot length, cm 16.97 +2.70 19.08 + 2.70 22.14 £ 2.70 18.83 + 2.70
First-order lateral
roots, 70. 23.83 +2.78 24.58 + 2.78 29.25 £ 2.78 23.50 + 2.78
Root:shoot ratio 0.86 + 0.46 1.74 + 0.46 1.44 + 0.46 1.48 + 0.46
Plant mass, ¢ 0.32 + 0.27 0.78 + 0.27 1.21 £ 0.27 0.99 £ 0.27

“Least square means + 1 standard error presented; means followed by a different letter (across a row) significantly

different at p < 0.05.

Mycorrhizal Assessment of Roots

Red Maple. Endomycorrhizal colonization was extensive in maple roots for all treatments (table 2).
Percent colonization was significantly greater in the T+B treatment in August compared to T or B
alone, but it was not significantly different from the control. The greatest percent increase in infection
from June to August (14.2) was in T+B, possibly due to increased light and less competing vegetation.
Hyphal coils in cortical cells were the most common endomycorrhizal structure, though vesicles and
arbuscules also were present.

Black Oak. Ectomycorrhizal short roots displayed numerous morphotypes (examples: brown smooth,
brown fuzzy, black), but these were not identified by species. Roots appearing nonmycorrhizal that were
cleared and stained with trypan blue often contained hyphal coils and vesicles (endomycorrhizal structures)
that were indistinguishable from those observed in red maple roots. Percent mycorrhizal colonization (table
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Table 2.—Mean percent (+ 1 std error)* ectomycorrhizal (EM) and endomycorrhizal (VA) colonization in red maple and
black oak seedling roots from undisturbed soil (Control) or exposed to treatments (Thin; Burn; Thin+Burn)

Red maple Black oak
Treatment June August June June August August
(VA) (VA) (EM) (EM+VA) (EM) (EM+VA)
Control 61.6 +£3.8 69.2 + 3.2 ab 69.1 +4.6a 72.0+39a 54.4 + 4.6 ab 54.4 + 4.2a
Thin 59.3 +3.8 62.8+3.2b 448 +4.6b 46.2+39b 609 +4.6a 61.2 +4.2a
Burn 69.1 + 4.1 64.4+32b 53.4+4.6b 54.0 +3.9b 50.2 + 4.6 ab 50.9 + 4.2a

Thin+Burn 61.8 + 3.8 76.0+32a 483+4.6b 67.9+39a 46.6 £4.6b 50.5 + 4.2a
*Means followed by different letters within a column significantly different at p d<0.05.

Table 3.—Mean (+ 1 std error)* leaf thickness (pm) of red maple and black oak seedlings grown in

control soil or exposed to treatments

Red maple Black oak
Treatment June August June August
Control 108.0+3.3a 114.8+3.2a 155.2 +3.8 bc 129.3+4.2¢
Thin 120.0+3.3b 126.9+3.2b 162.0 + 3.8 ac 141.8+4.2b
Burn 118.4+3.3b 130.5+3.2b 148.3+3.8b 128.0+4.2¢
Thin+Burn 118.8+3.3b 131.6+3.2b 169.3+3.8a 155.6+4.2a

*Means followed by different letters within a column significantly different at p d<0.05.

2) was quantified for ectomycorrhizal (EM) tips only and for the combination of EM plus
endomycorrhizal (VA) tips. In June, the percentage of EM tips was highest in control roots, i.e.,
undisturbed soil had greater early season EM colonization. However, with the addition of VA tips,
percent colonization in T+B increased to the level of the control. By August, there was no treatment
difference in percent colonization when EM+VA tips were quantified, nor was there an effect
attributable to treatment in EM tips alone (table 2) because no treatment differed significantly from
the control. It is interesting that ectomycorrhizal colonization between June and August increased in
the T treatment (44.8 to 60.9 percent) while the percentage in other treatments decreased. Soil
moisture (IMI) did not significantly affect mycorrhizal colonization.

Leaf Anatomy

Leaf thickness was greater in black oak than red maple for each treatment (table 3). Red maple leaves were
thicker in August than in June for each comparable treatment, whereas black oak leaves were thinner in
August compared with those in June. Black oak leaves were thicker in T and T+B treatments (table 3) due
to thicker mesophyll layers (spongy mesophyll plus palisade cells). In August, the percentage of leaf
thickness due to mesophyll layers (n = 12 measurements per treatment) were: C, 72.8; B, 73.1; T, 80.8;
T+B, 78.0. All disturbance treatments resulted in thicker red maple leaves (table 3) compared to controls
due to less air space in mesophyll area in the latter (i.e., more tightly packed cells and thinner mesophyll).

Soil moisture index (IMI) did not affect thickness of red maple leaves (table 4). Leaves from black oak
seedlings growing in the xeric site (June and August) and intermediate site (August) were thicker than those
from the mesic site (table 4). Black oak leaves from the mesic site had a slightly thinner mesophyll cell layer
and elongated (rather than rounded) upper epidermal cells that accounted for the overall thinner leaves.

In June, starch grains were found in chloroplasts from all leaves of both tree species. By August, starch
grains in chloroplasts of black oak leaves were larger and more abundant in the T and T+B treatments (fig.
1) than in the C or B treatment (fig. 2). Measurement (LxW) of starch grains quantified the larger size in the
T and T+B for black oak and in the T treatment for red maple (table 5). Differences in frequency of
starch in mesophyll cells in August also were observed: 47 percent of maple mesophyll cells versus 29
percent of oak cells examined had no starch grains present. Although 91 percent of leaf mesophyll cells
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Table 4.—Effect of soil moisture (IMI, integrated moisture index*) on mean thickness (z 1 std error)® (Y4m) of

red maple and black oak leaves

Red maple Black oak
IMI June August June August
Xeric 112.2 2.9 123.6 + 2.8 1709+ 3.4 a 1455 +3.7a
Intermediate 117.0 2.9 129.7 2.8 157.6 +3.4b 143.0+3.7a
Mesic 119.7 £2.9 124.6 +2.8 147.6 + 3.4 ¢ 127.6 +3.7b

“Iverson and others 1997.
*Means followed by different letters within a column significantly different at p d<0.05.

from oak seedlings grown in the T or T+B contained
abundant starch grains, maple leaves from these
same treatments had about equal numbers of cells
with and without starch grains. In C and B
treatments, there were no starch grains in 69 and 41
percent, respectively, of mesophyll cells from leaves
of sampled oak seedlings. In red maple leaves from
the same treatments, 63 and 37 percent of examined
mesophyll cells had no starch grains.

Discussion

Forest disturbance due to burning, thinning or both
increased foliar area and mass in red maple and
black oak seedlings, probably by increasing the
amount of light in the understory. Light increased Figure 1.—Spongy mesophyll cell from black oak seedling,
from 8.7 percent open sky in C plots to 17.8 in T, B+T treatment, August collection. Large starch grains (S)
14.5 in T+B, and 11.8 in B plots (Todd were observed in chloroplasts (C).

Hutchinson, 2001, Northeastern Research Station,

pers. commun.).

Thicker leaf blades in black oak (T and T+B) were due to increased mesophyll thickness. In other
studies, increased leaf-blade thickness in Quercus petraea (sessile oak) (Igboanugo 1992) and in black
oak (Ashton and Berlyn 1992) was attributed to increased mesophyll thickness. Of the three oak
species they examined, black oak was the most drought-tolerant, had the greatest anatomical plasticity,
and the highest photosynthetic rates under different light conditions (Ashton and Berlyn 1992). They
also reported that thicker anatomical dimensions promote higher water-use efficiency and lower
evapotranspirational demands under higher light conditions. This led Ashton and Berlyn to conclude
that black oak is sufficiently flexible to adapt to heterogeneous environments and to compete in
drought-prone environments.

The abundant starch grains observed in leaf chloroplasts of black oak in August probably is due to high
photosynthesis, as reported for black oak (Ashton and Berlyn 1992). Late-season starch production
may benefit shoot growth (observed in August) and, although not directly measured in our study, may
result in greater transfer of carbohydrate to roots (belowground biomass investment). Growth
stimulation of black oak by inoculation with ectomycorrhizal fungi was demonstrated by Daughtridge
and others (1986), and additional root carbohydrate might favor mycorrhizal colonization.

The extensive endomycorrhizal colonization of red maple in our study (59 to 76 percent) was similar
to or higher than that reported for sugar maple by Cooke and others (1992), Klironomos (1995), and
DeBellis and others (2002). Much of the herbaceous vegetation in the understory is classified as
endomycorrhizal (Brundrett and Kendrick 1988); therefore, a high level of soil inoculum may account
for the high colonization levels in our study. A lack of treatment effect due to thinning on
endomycorrhizal colonization also was observed by DeBellis and others (2002): selective cutting had
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Table 5.—Mean (= 1 std error) starch grain dimensions (when present') within
leaf mesophyll cells of red maple and black oak seedlings (samples collected in
August 2001, about 4 months after a dormant-season prescribed fire)

Species Treatment Length Width

Black oak Control 1.03+0.08 0.45 +0.06
Thin 1.64+0.08 0.84 +0.09
Burn 1.30+0.10 0.61+0.07
Thin+Burn 2.09 +0.06 0.77 +0.05

Red Maple Control 1.43+0.18 0.36+0.02
Thin 1.84+0.12 0.47 +0.03
Burn 1.31+0.08 0.38 +0.04
Thin+Burn 1.26+0.07 0.51 £0.07

'Five mesophyll cells per leaf were randomly chosen for measurement of starch grains.

no negative effect on mycorrhizal community
structure because of the rapid regeneration of
mycorrhizal hosts and minor levels of soil
disruption. Klironomos (1995) reported that soil
type can affect variability in endomycorrhizal
structures; hyphal coils, the most common
endomycorrhizal structure observed in our study,
also was the most common structure found in
sugar maple roots by Klironomos in podzolic
(acidic) soil.

Oak species generally are considered as
ectomycorrhizal (Dickie and others 2001);
however, we observed both ectomycorrhizal and
endomycorrhizal associations on black oak roots.

Endomycorrhizal associations on predominantly Figure 2.—Spongy mesophyll cells from black oak

ectomycorrhizal oak roots have been reported seedling, B treatment, August collection. Chloroplasts
(Grand 1969, Watson and others 1990, Dickie (C) had few starch grains.

and others 2001), especially in extremely wet or

dry soils (Watson and others 1990).

Endomycorrhizal infection of predominantly ectomycorrhizal host plants might be increased in the
presence of abundant endomycorrhizal hosts (Smith and others 1998, Dickie and others 2001), as
occurred in the understory at Zaleski State Forest. The percentage of endomycorrhizal colonization of
black oak roots decreased in August. Ectomycorrhizal fungi might be able to displace endomycorrhizal
fungi (Lodge and Wentworth 1990, Chen and others 2000), and this likely occurred in our late-season
sampling across all treatments. Additional research is needed to determine whether there is a functional
significance (e.g., increased nutrient uptake) with respect to the dual mycorrhizal colonization of black
oak roots. In Salix repens (a dual mycorrhizal plant), the endomycorrhizal association was beneficial
over the short term (increased P uptake), though the ectomycorrhizal association benefited growth over
the long term (van der Heijden 2001).

Thinning and/or burning favorably affected oak seedling leaf area and mass, leaf thickness, the presence
of leaf starch in August, and possibly ectomycorrhizal colonization, probably due to an increase in the
amount of light reaching the forest floor. The flexibility of oak roots in mycorrhiza formation
(colonization by both endo- and ectomycorrhizae) might explain a portion of its success in resource-
limiting or dry sites. Continuing to monitor stand management using thinning and burning
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prescriptions will provide additional data on oak competitiveness over the long term in mixed
hardwood forests.
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OAK STUMP SPROUT HEALTH AND SURVIVAL FOLLOWING THINNING AND
PRESCRIBED BURNING IN SOUTHERN OHIO

Robert P Long, Joanne Rebbeck, and Zachary P Traylor'

Oak stump sprouts are an important component of regenerating oak stands in central hardwood
forests. Research initiated at three locations (REMA, Tar Hollow, and Zaleski) in southern Ohio in
2001 is testing whether thinning (T), prescribed burning (B), and the combination of thinning and
burning (T+B) will produce stands with sufficient advanced oak regeneration to ensure an oak
component in future stands. Stands were thinned from below (29 percent reduction in basal area) 4
months prior to prescribed burning in spring 2001. Oak stump sprouts were surveyed starting in
2001 (n=117), on T and T+B treatments at each site to determine stump diameter, number of sprouts,
dominant sprout height, dominant sprout basal diameter, mortal status, and causal agents, if any,
affecting dominant sprout health. In spring 2002, additional stump sprouts were added to the survey
(total n=318), and all were evaluated in spring and late summer 2003. Oaks were combined as white
oaks (n=224), Quercus alba, and chestnut oak, Q. montana; and red oaks (n=94), scarlet oak, Q.
coccinea, and black oak, Q. velutina.

Mean stump diameter for the white and red oaks did not vary between treatments (P > 0.70); however
red oaks mean stump diameter was slightly larger, 36.3 cm compared with white oaks mean stump
diameter, 33.7 cm. Mean number of sprouts per stump was not affected by treatments for red or white
oaks (P > 0.07). White oaks produced an average of 17.1 sprouts per stump while red oaks produced
an average of 13.4 sprouts per stump. Dominant sprout height and diameter growth were evaluated
with a repeated measures analysis of variance. There were no treatment differences (P > 0.19) for height
or diameter growth of red oaks from 2001 through 2003. However, for white oaks, dominant sprout
height was significantly (P d<0.02) greater in T+B treatments, 199 cm, compared with T treatments,
176 cm, in 2003. Dominant stem basal diameter growth for white oaks was also significantly (P
d<0.02) greater in the T+B treatments compared with T treatments in both 2002 and 2003. Sprout
mortality from 2001 to spring 2002 was 22% and independent of treatment. Mortality was only
4.9% by spring 2003 and an additional 2.6% by August 2003 with no relationship to treatment. Five
categories describing the most prominent causal agents affecting sprout health were identified: deer
browsing, pathogens, insect injury, powdery mildew fungi, and insect injury + browsing. Frequency of
agents affecting sprout health was unrelated to treatments. Powdery mildew fungi infected white oaks
in 2001 and 2002, but frequency of infection was unrelated to treatments. Frequency of injury to
sprouts from deer browsing decreased from a high of 26% in spring 2002 to 3% by August 2003 as
spouts grew past heights where they are readily browsed.
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SURVIVAL OF HARDWOOD SEEDLINGS AND SAPLINGS ONE YEAR FOLLOWING A
PRESCRIBED FIRE AND OVERSTORY THINNING IN SOUTHEASTERN OHIO

Joanne Rebbeck, Robert P Long, and Daniel A. Yaussy'

Prescribed fires in combination with thinning are being investigated as silvicultural tools to improve oak
regeneration in mixed-oak forests of southeastern Ohio. Stands were thinned from below (29% reduction
in basal area) 4 months prior to spring 2001 burns at the Raccoon Ecological Management Area, at the Tar
Hollow and Zaleski State Forests. Each site was divided into four treatments of 20 ha each: control (C),
burn only (B), thin only (T), or thin plus burn (TB). Within each treatment area, ten 50- by 20-m plots were
established across a range of moisture conditions (three xeric, four intermediate, and three mesic)
determined with an integrated moisture index (IMI) (Iverson and others 1997). Within each plot, the health
and mortal status of 10 seedlings (three size classes: small, <10 cm tall; medium, 10-50 cm tall; and large,
50.1-139 cm tall) and 10 saplings (three size classes: small, >140 c¢m tall and <3 cm DBH; medium, 3-6 cm
DBH; and large, 6.1-9.9 cm DBH) were evaluated every June and August since 2000. The 1080 seedlings
monitored were either oak, red (Quercus rubra and Q. velutina) and white (Quercus alba and Q. prinus), or
hickory (Carya spp.); while the 1080 saplings were either maple (Acer rubrum L. and A. saccharum Marsh.),
blackgum (Nyssa sylvatica Marsh.) or hickory.

At 14 months postburn, sapling mortality was greatest in TB units, while small oak seedling mortality was
greatest in B units. In B units, small white oak seedling mortality was slightly higher (67%) than red oaks
(50%). However, mortality of medium-sized red oak seedlings (28%) and white oaks (37%) did not vary
between B and TB plots. Among saplings, small and medium maples (red and sugar) had the greatest
amount of mortality, 27 and 22% in TB plots, respectively. In contrast, mortality of large maple saplings
(3.1%) was similar to equivalent-sized blackgum and hickory (4%). Small hickories were the most prolific
sapling resprouters (86%) and large blackgum the least (9%). Maple sapling resprouting ranged from 26-
50%. The percentage of medium and large saplings with declining crown vigor (50% or more dieback)
ranged from 24-79% in the B and TB units. Large blackgum and maple (31%) saplings appeared to have
fewer individuals with declining crown vigor compared with medium (72%) and large (67%) hickories.

These results demonstrate that thin-barked red and sugar maples are more susceptible to fire than thicker-
barked blackgum and hickory only when stems are small (<6 cm DBH). This suggests that a single low-
intensity dormant season prescribed fire is not sufficient to remove larger non-desirable species such as
maple and that more aggressive measures such as repeated higher intensity fires combined with herbicide
treatments maybe needed.
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NITROGEN LEACHING BELOW RIPARIAN AUTUMN OLIVE STANDS IN
THE DORMANT SEASON

Jennie M. Church, KarlW. J. Williard, Sara G. Baer, John W. Groninger, James J. Zaczek'

ABSTRACT.—Our research objective was to determine if excess nitrate (NOj;’) and ammonium
(NH,+) were leaching below the rooting zones of autumn olive stands during the dormant
season. Autumn olive is a nitrogen fixer, through a symbiotic relationship with actinomycetes of
the genus Frankia. It is an exotic woody shrub that was promoted for wildlife habitat but has
become naturalized and is difficult to eradicate. Suction lysimeters were installed in plots of
autumn olive and adjacent open field plots in three southern Illinois riparian sites. Soil water
samples were collected every two weeks from January 2003 to March 2003 and analyzed for
nitrate and ammonium. Results showed significantly greater nitrate leaching during the dormant
season under autumn olive than in open fields representative of early successional species
composition. Mean nitrate-N concentrations were 16.84 mg L' under autumn olive compared to
1.01 mg L' under open field conditions. Ammonium was not significantly different between the
two plot types. In watersheds where autumn olive is a common riparian plant, the observed
significant nitrate leaching could have important water quality and site productivity implications,
suggesting the need for vegetation management.

Autumn olive (Elaeagnus umbellata Thunb.) is a nitrogen fixing woody shrub native to Japan, China and
Korea (Rehder 1940). As a nitrogen fixer, it reduces atmospheric nitrogen (N,) to ammonia (NHj;) for use
by plants, through a symbiotic relationship with the actinomycete (a filamentous bacteria) Frankia. This
symbiotic relationship provides a source of energy to the microorganism and a supply of nitrogen to the
autumn olive plant.

Autumn olive was first cultivated in the United States in the 1830s (Redher 1940). It is an open-growing
woody shrub that can reach a height of -6 meters and a spread of -7 meters and has been promoted for
a wide range of uses including food and cover for wildlife, nectar for bees, and erosion control (Allen and
Steiner 1972, Hayes 1976). Interplanted autumn olive was also found to increase height and volume of the
hardwood species black walnut (Juglans nigra) (Funk et al. 1979, Geyer and Rink 1998). Autumn olive was
planted extensively in Illinois in the 1960s and 1970s and has become naturalized across much of the
eastern United States. This exotic species has spread from its original planting sites, with old-field and
disturbed sites as optimal habitat for reproduction (Nestleroad et al. 1987). Its rapid spread is attributed in
part to seed dispersal by birds that are attracted to the fruit (Nestleroad et al. 1987). Attempts to control
the plant by herbicide have been made with limited success (Edgin and Ebinger 2001).

In Ontario, Canada, Catling et al. (1997) found the plant went from unknown as a wild plant, to a rapidly
spreading weed within 10 years. The shrub has the potential to establish on natural sandy openings such as
prairie, savanna, barren, dune and shore communities, which are in need of protection in Canada (Catling

etal. 1997).

Based on our knowledge of the literature, N fixation rates by autumn olive have not been quantified.
However, autumn olive is an actinorhizal nitrogen fixer like red alder (A/nus rubra Borg.). Red alder has
been planted in the Pacific Northwest in conifer stands, especially Douglas-fir (Pseudotsuga menziesii) and
shown to increase biomass and root systems of the Douglas-fir (Brozek 1990). Red alder N fixation rates
have been found to range from 50 to 200 kg ha' y' (Cole et al. 1978, Binkley et al. 1992).
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Nitrogen fixing species can influence soil acidity and leaching of nutrients. Van Miegroet and Cole (1984)
found increased nitrification that occurred under a red alder stand was a source of soil acidification, even
more so than atmospheric deposition. Base cations can leach through the system with mobile NOj™ as their
companion ion. The release of cations from the soil decreases the nutrient availability of the site and may
have implications for long-term site productivity. The proton generation generally results in increased
acidification in the upper most soil horizons (Van Miegroet et al. 1988).

Studies have found that N-fixing plants like red alder can contribute excess NOj; to the soil and ground
water. These excess nutrients can leach into streams (Van Miegroet and Cole 1984). Nutrient pollution
negatively impacts water quality and biota in the stream and is the cause of major environmental problems
like hypoxia in the Gulf of Mexico (Rabalais 2002). The rapid spread of autumn olive and its ability to fix

nitrogen may have important downstream water quality implications.

This research compared the amount of nitrogen in soil water under autumn olive and old-field sites. The
objective was to investigate whether autumn olive, as a nitrogen-fixing plant, was producing excess
nitrogen that was leaching below the rooting zone.

Study Sites

The study was conducted on three riparian sites on land owned by Southern Illinois University at
Carbondale in Jackson Co., IL. (fig. 1). The sites were chosen due to their high density of autumn olive
shrubs and the occurrence of old field habitats. Soil properties differed among, but not within, sites (table 1).

The Minetree Road (MT) riparian site was a pasture until 1990, and is not currently in agricultural use. It
was dominated by autumn olive, black locust (Robinia pseudoacacia), briars (Rubus spp.) and various grasses.
The plots were located upslope from an intermittent stream and did not experience any flooding during
the study period.

The Pleasant Hill Road (PH) riparian site contained autumn olive and mixed hardwood species and was
once grazed. It is presently fenced from an adjoining pasture. The riparian plots were adjacent to a stream
that was disconnected from its floodplain through severe downcutting; no riparian flooding occurred
during the study period.

The Tree Improvement Center (TIC) riparian site was originally owned by the U.S. Forest Service and
contains experimental stands of black walnut and numerous other hardwood species. The plots were
located upslope from an intermittent stream and were not flooded during the study period.
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Table 1.—Study site characteristics.

Site
Minetree Rd (MT) Pleasant Hill (PH) Tree Improvement Center (TIC)
Location Lat. 37°41’N Lat. 37°41’N Lat. 37042’ N
Long. 89° 14" W Long. 89°15 W Long. 89°16'W

Soil Classification Oxyaquic Fragiudalf Typic Fluvaquent Oxyaquic Fragiudalf
Soil Texture Class Loam Silt loam Silt loam
Soil Organic Matter 3.0% 2.1% 2.2%
Autumn Olive Plots

Biomass 11.22 kg m?+(2.64) 10.01 kg m™+(4.46) 5.67 kg m?+(0.50)

Average Age (yrs) 13 11 7

Each site contained two plots in the same landscape position, one dominated by autumn olive and the
comparison plot in an open field condition. The open field condition was defined as no autumn olive
plants present, and dominated by herbaceous vegetation, primarily grasses. Autumn olive biomass (table 1)
was predicted from stem diameter at 5 cm above ground level (Thakur et al. 1993). The plots measured
8.4 meters by 4.8 meters. A buffer width of 0.61 meters was incorporated on the inside of the plot
boundary, and the remaining area was divided into 18 equal subplots (1.2 meters by 1.2 meters), 6 of
which were randomly chosen for lysimeter installation.

Methods

The lysimeters were composed of PVC pipe with a porous ceramic cup and measured 61 centimeters in
length. They were installed at a soil depth above the permanent water table, as indicated by the occurrence
of mottling (Mitch and Gosselink 1993). The lysimeters were capped with rubber stoppers and put under
60 centibars of tension to draw soil water in through the porous cup.

In October 2002, the lysimeters were installed following the procedure given by Soil Moisture Equipment
Company (Santa Monica, CA). Great caution was used to ensure no surface organic matter was in the
backfill and that the backfill was of the same horizon in the soil profile. A 2-3 cm layer of Bentonite clay
was placed in the bottom of the wells at the TIC and MT sites to prevent groundwater upwelling. It was
not used at the PH site because no mottling was observed at that site. Bentonite clay was also placed
around the lysimeter at the surface at all sites to prevent direct infiltration of surface water around the sides
of the lysimeter.

When the lysimeters were installed, they were capped and immediately put under tension at 60 centibars.
They were flushed three times in November and December 2002, since nitrification generally increases
following soil disturbance (Paul and Clark 1996). Flushing consisted of evacuating and discarding the soil
water and restoring tension. Tree shelters were placed around the lysimeters at the three sites in January and
February 2003, to prevent deer damage.

Bi-monthly samples were collected from January 2003 until March 2003 for a total of six sample dates
and 182 samples. The soil water samples were transferred from the lysimeters via suction into a flask and
then poured into acid washed 125 ml plastic sample bottles, which were kept on ice during transport to
the laboratory for analysis. The flask was washed in the field with de-ionized water between samples. All
lysimeters were returned to 60 centibars of tension.

In the laboratory, samples were analyzed for ammonium (NH*) (mg L") on a Hach 4000v
Spectrophotometer (Loveland, CO) using the Nesslerization method (APHA 1992). The samples were
analyzed for nitrate (NO5) (mg L) on a Dionex Ion Chromatograph (Sunnyvale, CA).

The soil water concentrations from the subplots within each plot were averaged prior to analysis.
Nitrate-N concentrations were analyzed as randomized complete block design with repeated measures
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Table 2.—Mean soil water nitrate-N and ammonium concentrations for each site by date.

Date Mean Nitrate-N (mg L) Mean Ammonium-N (mg L")
Autumn Olive Field Autumn Olive Field
Minetree Site
January 4 *1 * * *
January 21 12.80 0.22 0.09 0.19
February 4 14.68 1.93 025 1.66
February 18 12.07 0.00 0.14 2.17
March 4 34.35 0.10 0.17 2.13
March 20 13.04 0.05 0.10 147
Pleasant Hill Site
January 4 32.62 2.62 0.34 0.14
January 21 1857 * 0.19 *
February 4 36.24 1.17 0.24 0.09
February 18 31.95 0.86 0.15 0.15
March 4 27.28 417 0.26 0.17
March 20 30.71 1.72 0.09 0.07
Tree Improvement Center Site

January 4 2.14 0.10 0.23 0.09
January 21 4.40 0.12 0.11 0.17
February 4 247 0.08 0.07 0.03
February 18 1.26 0.08 0.14 0.05
March 4 8.32 0.07 0.14 0.19
March 20 5.17 0.04 0.13 0.03

"No samples taken due to deer damage

over time within each experimental unit. The data were analyzed using the mixed model procedure in
SAS (SAS Institute 1999). Nitrate data were log transformed to obtain normality. Ammonium data
were not examined statistically due to the large number of zero values.

Results and Discussion

The mean soil water nitrate-N concentration was significantly (16.7 times) greater in the autumn olive plots
than the open field plots (fig. 2). The results are consistent with studies of red alder stands, where excess
nitrogen leaching was observed via soil water collection (Cole et al. 1978, Van Miegroet and Cole 1984).
Cole et al. (1978) found 2.2 kg ha™! yr'! of nitrogen lost through leaching in red alder stands compared to
0.6 kg ha' of nitrogen lost through leaching in Douglas-fir ecosystems. Van Miegroet and Cole (1984)
found that there was approximately 50 kg ha! yr'of nitrate-N leached beyond the 40 cm soil depth in red
alder stands.

Soil water nitrate-N concentrations in the autumn olive plots at the MT and PH sites were consistently
above the 10 mg L' drinking water standard set by the USEPA. Nitrate-N values at MT ranged from
12.07 to 34.35 mg L' and the values at PH ranged from 18.57 to 36.24 mg L"'. The TIC site autumn olive
plot values were always lower than 10 mg L' (table 2).

At the PH field plots, soil water nitrate-N concentrations were generally higher than the MT and TIC field

plots. Currently, the PH site contains a livestock-grazed pasture. Significant nitrate leaching can occur from

urine and fecal spots in grazed pastures in the humid United States (Stout et al. 1997). The MT site has not
been used for livestock pasture in at least 13 years, and the TIC site has not been cultivated or pastured for
at least 40 years, when the center was established.

Date of sampling was not a significant effect in our model (p = 0.09). There was a strong main effect of
vegetation type on nitrate-N concentrations below autumn olive stands across all sampling dates (fig. 3).
There is evidence that nitrogen fixation varies seasonally, with the highest rates occurring when soil
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temperatures reach 25°C, normally during the
growing season (Zitzer et al. 1989). The nitrate-N
that leached during the dormant season may have
originated from residual nitrogen fixed during the
previous growing season or reduced, but still active, N
fixation during the dormant season.

On average, ammonium-N concentrations were lower
than nitrate-N concentrations in both vegetation types
(table 1). Much of the ammonium generated by N
fixation was likely immobilized by heterotrophic
microbes and plants or converted to nitrate by
nitrifying bacteria (Paul and Clark 1996). Also,
ammonium does not readily leach due to its positive
charge and incorporation into clay lattices (Paul and

Clark 1996).

Conclusions

Invasive plants are known to degrade ecosystems
throughout the United States by excluding native
vegetation. Our results demonstrate an additional
negative ecosystem consequence of invasive species,
excess nitrate leaching, and should provide further
justification for the institution of policies to address
this issue. Nitrate export from autumn olive infested
sites could contribute to eutrophication of downstream
water bodies especially in saline environments
(estuaries) (Rabalais et al. 2002). Eutrophication and
subsequent hypoxia in the Gulf of Mexico is a critical
issue facing the agricultural and marine fisheries

communities in the eastern and southern United States.
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CHANGES IN SOIL ORGANIC CARBON CONCENTRATION AND QUANTITY
FOLLOWING SELECTION HARVESTING

Robert L. Ficklin, John P Dwyer and R. David Hammer'

ABSTRACT.—Timber harvesting operations are known to influence the physical properties of
forest soils, especially soil density. However, changes in soil chemistry also may occur as a result of
perturbation. Two selection harvests were monitored— one using skidders and one using draft
animals— to compare changes in soil organic carbon (SOC) 9 to 12 months following harvest
operations. Bulk density changes also were measured, so that changes in SOC mass could be
quantified. Minimal soil compaction in primary and secondary skid trails for both harvesting
systems was observed, but the extent of soil compaction and scarification differed by a factor of
three between systems. Furthermore, compaction from soil sampling confounded precise
quantification of skidding compaction. Carbon concentrations were not different between skid
trails and control areas on either site when surface and subsurface horizons were considered, but
carbon content was higher in the subsurface horizons of the animal-skidded site. SOC quantities
increased negligibly in the skid trails of both sites, which was likely due to decomposition of fresh
logging slash in contact with scarified soil. Higher bulk densities and lower rock contents in skid
trails compared with controls also may have contributed to the increased carbon content per unit
volume, since coarse fragments accounted for 20 to 40% of sample volume on both sites.

Introduction

Maximizing private and societal benefits from forest resources often involves timber management.
However, some forest management policies limit or prohibit harvesting in sensitive or recreational areas.
While the use of low productivity harvesting systems, such as animal skidding, is not appropriate for large-
scale timber production, there is a niche market in many states for such operations. Furthermore, if animal
skidding does reduce the negative soil impacts associated with logging, it may be possible and preferable
to permit logging in forest tracts not well suited for mechanical logging.

Public concern for perceived environmental degradation and forest mismanagement often has been based
on the visual or aesthetic changes to forest ecosystems; however, unseen changes due to disturbance may
be of greater significance for the long-term sustained productivity of the ecosystem. Traditional forest
harvest techniques have the potential to reduce site productivity through nutrient loss and altered soil
properties (Reisinger and others 1992). Off-site environmental degradation following timber harvesting
may result from nutrient and sediment loading of perennial drainage networks. Soil erosion occurs for
several years after harvesting, so the effects of timber harvesting in deciduous forests are best summarized
in reviews of long-term research (Likens and others 1977, Swank and Crosley 1988).

To address public concerns about timber harvesting, public land management agencies such as the USDA
Forest Service and the Missouri Department of Conservation have started to emphasize the use of
selection harvesting techniques instead of clearcuts. Selection cutting offers promise for reducing the losses
of soil and soil nutrients, but the dynamics of soil organic carbon [SOC] cycling are unknown under
selection cutting regimes. By examining the effects of disturbance on SOC, it will be possible to better
model the relationship of ecosystem perturbation with site productivity and global climate change
(Anderson 1992, Schlesinger 1990).

TAssistant Professor of Forest Soils (RLF), University of Arkansas, Arkansas Forest Resources Center, 203 Forest
Resources Bldg., Monticello, AR 71656; Associate Professor of Forestry (JPD), Dept. of Forestry, 203 ABNR Bldg.,
University of Missouri, Columbia, MO 65211; and Professor of Civil and Environmental Engineering (RDH), Dept.
of Civil and Environmental Engineering, E2509 Engineering Bldg., University of Missouri, Columbia, MO 65211.
RLF is corresponding author: to contact, call (870) 460-1692 or e-mail at Ficklin@uamont.edu.

Proceedings of the 14th Central Hardwoods Forest Conference GTR-NE-316

217



Soil organic matter and soil compaction are perhaps the most important determinants of future forest
productivity. Understanding the interrelationships of these key parameters is essential to preserving
ecosystem integrity (Powers and others 1990). Data on the cycling of carbon under selection harvesting
schemes are needed to provide information on the magnitude, distribution and dynamics of the SOC
pool. Quantifying soil organic matter in forested ecosystems is difficult because of the number of factors
affecting its distribution.

Temporal and spatial heterogeneity within natural systems can be large (Wilding and Drees 1983).
Separating spatial from temporal variability is difficult and is dependent upon scale, techniques and
perspectives (Anderson 1972, Hammer and others 1987). Furthermore, the quantification of SOC pools is
confounded by difficulties in the measurement of bulk density, especially in soils with high coarse fragment
contents (Kern 1994). While skeletal or near-skeletal soils present problems for bulk density determination,
there also is some evidence that the concentration of SOC may be higher in soils with high coarse
fragment contents (Schaetzl 1991).

A factor that confounds our understanding of harvest impacts on SOC is that most published studies of
soil organic matter report results as concentrations instead of quantities. Brandt (1993) conducted an
exhaustive review of literature and concluded that very little of the SOC literature was conducted with
sufficient rigor or reported in usable units for estimating the magnitude of soil carbon pools.
Understanding impacts of various sources of carbon upon global climate requires more precise
knowledge of pool sizes or quantities. In this study, SOC quantities were determined for both surface and
subsurface mineral soils. Additionally, the sampling scheme permitted extrapolation to broader landscapes
on the basis of the percentages of areas represented by different geomorphic surfaces of similar soils and
landscapes in the region.

The primary objective of this study was to quantify the change in SOC following selection timber harvests.
Based on the characterization of soil samples from two upland Missouri Ozark sites, changes in the
amount of SOC was determined, and the data are now part of a larger database for modeling changes in
the global climate. Specific objectives were: 1) to determine if the quantity of SOC and the soil bulk
density changed following selection harvesting, and 2) to determine if the use of alternative harvesting
techniques reduced or eliminated changes in SOC and bulk density that would have negative effects on
future forest productivity.

Study Areas

This study was installed on two upland oak/pine forest sites in Wayne and Reynolds counties of southern
Missouri. Soil survey data are not available for these counties; however, the soils in both areas were
formed in limestone residuum. Summit positions consisted of soils formed primarily in Roubidoux
geologic strata minerals, and midslope and footslope position soils were formed in Gasconade deposit
parent materials. A thin loessial veneer was noted on both areas, and footslope positions had a thicker silty
textured surface horizon as a result of the movement of the original loess deposits from summit and
shoulder positions to footslope positions. The soils on both sites were rocky, and chert (SiO,) fragments
were ubiquitous both on the soil surface and in the subsurface.

Both sites were under an uneven-aged management regime, which incorporated both group and individual
tree selection harvests for natural stand regeneration. The group selection areas provided 70’ openings in
the canopy to encourage regeneration of shortleaf pine (Pinus echinata Mill.), and individual-tree selection
was used between the group openings for stand improvement. The sampling areas within each of the
timber sales were approximately 20 acres in size which was large enough to establish plots across multiple
landscape positions. One of the study sites was logged using conventional rubber-tired cable skidders, and
the other site was logged using mules to skid logs, since logging with draft animals is purported to be a
low-impact alternative harvesting system. The logs skidded using mule power were ground skidded
without a sulky to lift the front end of the log. Conversely, most of the logs skidded by the cable skidder
did have the lead end of the log elevated during skidding.
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Methods

To address potential differences in site and stand conditions between the two study/harvest areas, pre- and
post-harvest forest inventory measurements were taken using six 0.8—acre rectangular plots that
encompassed all of the major landforms within the sites. The inventory data were used to determine the
intensity of harvest and residual stocking on each study site. These measurements were essential for
interpreting treatment responses on both the animal and rubber-tired skidded sites, since both types of
operations cannot exist in the same stand. A Wilcoxon rank test was performed to compare the medians
of plot measurements between the two study sites. These fixed area plots also were used to calculate the
percent of soil area disturbed during harvesting.

Most soil properties are not normally distributed (Young and others 1993), so Hammer (1991) and Daniels
and Hammer (1992) have recommended that soil sampling be stratified using geomorphic surfaces as
sampling “treatments”, with intensive sampling within each area to better allow determination of site
variability. The geomorphic features delineated in this study include summit, footslope, southwest midslope
and southeast midslope landscape positions.

Another limitation to our understanding of SOC distribution and dynamics is the misconception that most
SOC is in the surface soil horizons, which often leads to sampling by depth increment rather than by
genetic horizons (Hammer and others 1995). By comparing soil nutrient values within horizons that
formed similarly, sampling variability is reduced compared to depth sampling methods; therefore, this
study compared changes in soil properties by horizon instead of by depth.

To provide the best comparison of SOC changes in skid trails due to harvesting activities, the data
reported in this paper are from skid trails and control (undisturbed) areas adjacent to skid trails within the
harvested areas. The post-harvest samples were taken before a growing season passed, so changes in
control versus skid trail SOC due to changes in stand density, new herbaceous growth, and altered
hydrology did not have time to occur. Pre-harvest soil samples were taken initially as a baseline against
which post-harvest samples were to be compared. However, delays in harvesting on both study sites made
pre- and post-harvest comparisons of SOC problematic. The pre-harvest samples were processed, but
these data are not presented in this manuscript due to the potential effect of delayed harvesting on SOC
comparisons.

Following the completion of harvest activities in 1996, soil cores were taken from both sites using a two-
person power auger similar to the device used by the USDA Forest Service for initial measurements in the
Long-Term Soil Productivity (LTSP) study (Ponder and Mikkelson 1995, Ponder and Alley 1997). Eight
10-cm diameter cores were taken to a depth of 30 cm within two skid trail types (primary and secondary)
within the four aforementioned landscape/slope positions. Four cores were extracted from undisturbed
areas adjacent to the skid trails within each of the positions. This study design provided 16 control cores
and 64 treatment cores from both primary and secondary skid trails per study site, so a total of 160 cores
were taken from the two study sites. The GLM procedure of SAS was used to accommodate the unequal
sample size between control and skid trail (treatment) samples. The resulting linear statistical model
contained the effects of site, landscape/slope position (plot) within site, skid trail type, soil horizon, and all
possible interactions of these factors.

Since determination of bulk density was a prerequisite for the quantification of SOC, validation of the
core sampling technique was deemed prudent. Unfortunately, a paired t-test comparison of soil core
volumes and core hole volumes performed on a subsample of the pre-harvest cores revealed that the
coring technique was compacting the soil samples (p=0.0001); therefore, adjustments to horizon
thicknesses for both sites were made based on the ratio of the depth of the hole to the length of the core.
All post-harvest core-hole volumes were adjusted in this manner. While this hole:core ratio adjustment
improved estimates of bulk density, the underlying assumption that each horizon was compacted
proportionally to its thickness is suspect. Subsequent research on the power-auger sampling technique has
shown that subsurface horizons are more susceptible to compaction from power auger sampling than are
surface horizons (Ficklin 2002).
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Each core was described in the laboratory by physical and color characteristics, and horizons were
delineated for further analysis of the parameters of interest: bulk density, coarse fragment content and
carbon concentration. Adjustments to bulk density were made for coarse fragment content in addition to
the adjustments made for the compaction from sampling. SOC concentration was determined by
combustion in a Leco C-144 carbon analyzer, and two replications were made for each horizon to assure
the repeatability of carbon measured. In the final analyses, the average of the two concentrations was used
for the comparisons of carbon concentrations, and the quantity of carbon in each horizon was determined
based on the mean SOC concentration and the soil mass without rock.

Results

Test results indicated that residual trees per acre (p=0.630), residual sawtimber volumes (p=0.749) and
residual basal areas (p=0.420) were not significantly different between sites. Based on these observations,
we concluded that stand conditions would not influence the extent of soil disturbance. However, more
trees were cut on the animal-skidded tract than on the rubber-tired skidder tract (p=0.005), and a greater
amount of basal area was cut on the animal-skidded site (p=0.037). Since harvesting more trees requires
more turns in the stand, it was assumed that the animal-skidded site would be predisposed to greater soil
disturbance than the rubber-tired skidder site. Interpretation of results must be made within this context.

The area of skid trails within the 4.8 acres of plots on the animal-skidded site was 4,400 ft* for primary
trails and 2,000 ft* for secondary trails- 2.1% and 1.0% of the total harvest area, respectively. The rubber-
tired skidder site had 10,700 ft* of primary skid trails and 9,600 ft* of secondary skid trails- 5.1% and
4.6% of the total harvest area, respectively. Given the difference in the extent of skidding disturbance,
inferences about the impact of harvesting on changes in soil density and SOC require consideration of

both the magnitude of change and the proportion of the stand affected by the soil density and SOC changes.

When both surface and subsurface horizons were examined, the quantity of SOC was higher for skid trails
and control areas on the animal-skidded tract than on the mechanically harvested tract (p=0.035) (Figure 1),
but the concentration of SOC and the bulk density of soil did not differ (p=0.323 and p=0.853,
respectively) (Figures 2 and 3). The trend in SOC concentration across skid trails and control areas was
slightly lower on the mechanically skidded site. However, a statistically significant difference between
systems was not observed for the horizon*skid trail interaction (p=0.193). No differences between systems
were observed for any treatment combination within the surface A horizons, but the quantity of SOC in
Bt subsurface horizons differed (p=0.0001) with the mule skidded site having 40% more SOC in primary
and secondary skid trails. The concentration of SOC in the subsurface did not vary between systems
(p=0.212). Bulk density did not differ between systems for both surface or subsurface horizons, and skid
trail and system™*skid trail factors also did not differ. When only control areas outside skid trails were
examined, mean SOC quantities were similar for surface and subsurface horizons; however, antecedent
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subsurface SOC quantities and concentrations were higher on the mule skidding study site (p=0.046 and
p=0.022, respectively).

Discussion

The patterns and processes of natural soil heterogeneity, particularly at the landscape or watershed scale,
make treatment replication difficult or impossible. Therefore, cause-and-effect relationships often are
inferred from rigorous, systematic treatment sampling (Milliken and Johnson 1989), with attention to the
formative processes under which the soil was created (Daniels and Hammer 1992). Soil carbon has been
shown to fluctuate significantly temporally and spatially by topographic position in response to changes in
parent material, biotic respiration, temperature, moisture and pH (Hammer and others 1987, Hanson and
others 1993). Therefore, it was essential to assess the significance of treatment responses by controlling as
many of these potentially confounding factors as possible. Soil density and compressibility between the
control areas of both study sites were not controllable, but patterns of SOC concentrations across trail
types did facilitate the monitoring of SOC quantity changes.

The increase in the quantity of carbon in the skid trails on the mechanized skidder site was not a direct
result of increased soil density from compaction. Rather, a combination of compaction, rock contents in
control versus skid trail areas and a minimal decrease in SOC concentration best explain the measured
trends. The absence of a measurable decrease in SOC is attributed to the short time lapse between
harvesting and soil measurements. Debris from skidded logs still was present in both primary and
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secondary skid trails, and the decomposition of this debris would be expected to mitigate SOC losses due
to perturbation in the short term. The removal of rock fragments from the skid trails due to skidding also
contributed to the observed increase in carbon content compared to the undisturbed control areas.

Bulk density determination in rocky soils has long been known to be problematic, so accurate estimation
of soil compaction from skidding was difficult. With the adjustments to sample volume measurements,
soil density responses to skidding disturbance were improved and trends across control and skid trail areas
were discernable, but considerable “noise” still persisted. Contrary to expectations, carbon content did not
decrease significantly in the skid trails of either site. This observation is expected to be a transient effect due
to the decomposition of slash debris within the skid trails. Similarly, carbon concentrations did not change
or decrease measurably in the skid trails of either site, so the observed increases in carbon content were
likely due to both increased soil density and decreased near-surface rock content in the skid trails. As a
result of displacing rocks from the skid trails during skidding, the mass of soil per unit of sample volume
increased. Higher carbon contents in the subsurface horizons of control samples within the animal-skidded
site make comparisons of carbon change to a 30 cm depth difficult. Additional measurements to quantify
soil carbon changes over a period of years instead of months are needed to determine true trends in SOC
quantities following harvesting operations with either mechanized or animal-skidding systems. The plots
used in this study still are marked, so follow-up measurements would be possible.

The comparison of animal skidding with rubber-tired skidding revealed some advantages to using mules
to minimize the impact of logging operations on Ozark forest sites. The advantages observed were not
related to the magnitude of disturbance. Rather, the extent of disturbance was reduced by nearly one-third
with the use of animal skidding-- even when a greater number of stems, a greater basal area, and a higher
volume were removed on the animal-skidded site which resulted in more log-turns. An additional benefit
observed on the animal-skidded site was a reduction in the extent and severity of damage to residual trees
(Ficklin and others 1997). This study does not provide evidence that animal skidding improves the
retention of SOC in forest soils following harvesting, but the data on short term changes in SOC
dynamics following soil compaction and scarification do provide evidence of benefits from mule skidding.
Given the reduced area of soil scarification, it is reasonable to hypothesize that rapid fluxes of CO, from
forest soils following selection harvests would be reduced when animal skidding techniques are employed.
As long as a niche market exists for low productivity harvest systems employing animal skidding, forest
landowners have an option for timber management even when fiber production is not a primary
management objective. If future studies support the hypothesis that reduced site scarification also reduces
CO, efflux, then the prospects for forest landowners to earn more carbon credits with the use of animal
skidding would be an incentive to adopt such low intensity harvesting operations.
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IMPACTS OF HISTORIC FIRE, STAND AGE, AND NITROGEN SATURATION STATUS
ON SOIL NITROGEN CYCLING IN MID-APPALACHIAN FORESTED WATERSHEDS

KarlW,J. Williard, David R. DeWalle, Pamela . Edwards, and Peter J. Sharpe'

ABSTRACT.—Our research objective was to determine if past land disturbance due to fire, stand age, or
reported nitrogen saturation status have any influence on soil nitrogen cycling in forested watersheds. Seven
forested watersheds in northeastern West Virginia were chosen for the study: a burned watershed, and
logged watershed (past land disturbance); an old-growth watershed, and two mature 60-90 year old
watersheds (stand age); and a nitrogen saturated watershed, and nitrogen limited watershed (N saturation
status). Monthly net N mineralization and nitrification rates were measured along 3 transects on each
watershed in June, July, and August 1998 by employing buried bags in 0-10 cm of mineral soil. The old-
growth watershed and two nearby mature watersheds had similar net N mineralization and nitrification
rates. The burned watershed had lower net N mineralization rates than a nearby logged watershed,
indicating the importance of past land disturbance. Watershed 4 on the Fernow Experimental Forest, WV,
which has been cited as the best example of a nitrogen saturated watershed in the northeastern United
States, had significantly higher net N mineralization and nitrification rates than nearly adjacent Fernow
watershed 10. The observed difference in nitrate-N export in streamflow between Fernow 4 (5.12 kg ha™!
yr') and Fernow 10 (1.22 kg ha' yr') could be due to significantly higher soil nitrate production rates.

Northern temperate forests long have been considered nitrogen limited systems based on the relative
absence of nitrogen leaching from forested watersheds. However, long-term monitoring of experimental
forested watersheds throughout the eastern United States has shown significant increases in nitrate export
over the past several decades (Johnson and Lindberg 1992, Stoddard 1994, Peterjohn et al. 1996). The
theory of nitrogen saturation has been formulated to explain increasing nitrate leaching. A nitrogen
saturated ecosystem is defined as one in which chronic atmospheric nitrogen deposition results in nitrogen
supplies that exceed plant and microbe demands, and thus, nitrogen is available for export in streamflow
(Agren and Bosatta 1988, Aber et al. 1989, Aber et al. 1998, Aber et al. 2003). However, not all forested
watersheds in the eastern United States show nitrogen saturation symptoms. In fact, substantial variation
(500%) in nitrate exports has been reported for forested watersheds within the mid Appalachian region
(DeWalle and Pionke 1996).

Variability in soil nitrogen cycling has been identified as an important factor in explaining these significant
nitrate export differences (Williard et al. 1996). Many factors can cause differences in soil nitrogen cycling
and subsequent nitrate exports, including differences in wet and dry atmospheric nitrogen deposition (Dise
and Wright 1995, Aber et. al. 2003), soil carbon:nitrogen ratios (Johnson and Lindberg 1992, Lovett et al.
2002), nitrogen saturation status (Peterjohn et al. 1996, Gilliam et al. 2001), forest species composition
(Fenn et al. 1998, Lovett et al. 2002), stand age (Vitousek and Reiners 1975, Goodale and Aber 2001), and
past land disturbance history including agriculture and severe fire (Raison 1979, Compton and Boone 2000,
Goodale and Aber 2001).

Our research objective was to examine if past land use disturbance (severe fire), stand age (old-growth),
and nitrogen saturation status influenced soil N mineralization and nitrification rates in 7 forested
watersheds in northeastern West Virginia. We assessed each factor by comparing “treated” watersheds
(burned, old-growth, and nitrogen saturated) to nearby “control” (logged, mature, and nitrogen limited)
watersheds.

TAssistant Professor of Forest Hydrology (KWJW), Department of Forestry, Southern Illinois University, Carbondale,
IL 62901-4411; Professor of Forest Hydrology (DRD), School of Forest Resources and Institutes of the Environment,
The Pennsylvania State University, University Park, PA 16802; Research Hydrologist (PJE), USDA Forest Service,
Northeastern Research Station, Parsons, WV 26287-0404; former Graduate Research Assistant (P]S), Environmental
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Table 1.—Physical and vegetative characteristics of the seven study watersheds in West Virginia.

Watershed Area (km?) Aspect Geology? Dominant Overstory Vegetation

Fernow 4 0.39 NNW CCr Quercus rubra L., Liriodendron tulipifera L.
Fernow 10 0.15 N CCP Q. rubra L., L. tulipifera L., Acer rubrum L.
Shays Run 6.03 S PVA Tsuga canadensis L.

Otter Run 0.48 E PVA Prunus serotina L., A. rubrum L.

W. Three Spring 0.12 E MCG A. saccharum Marsh., Tilia americana L.
Karly Run’ 0.28 SE MCG A. saccharum Marsh., T. americana L.
Freeland Run 1.28 NNW MCG A. saccharum Marsh., Betula lenta L.

'A previously unnamed stream.
*CCP represents Catskill/Chemung/Pocono shale and sandstone; PVA represents Pottsville/Allegheny sandstone;
MCG represents Mauch Chunk/Greenbrier shale/limestone (Reger 1923, Reger 1931).

Table 2.—Four-week mean (June through August 1998) net N mineralization and net nitrification rates in
the upper 10-cm of mineral soil for 7 study watersheds in West Virginia.

Mean Stream Net N Mineralization Net Nitrification
Watershed Watershed Type Nitrate-N (mg L) (mg kg'4wk!)? (mg kg'4wk™)
Fernow 4 N-saturated 0.751 17.20a 13.02a
Fernow 10 N-limited 0.216 5.26b -0.17b
Shays Run Burned 0.043 4.00a 5.77a
Otter Run Logged 0.111 11.76a 8.00a
W. Three Spring Old-growth 0.753 14.05a 11.11a
Karly Run! Mature 0.547 19.82a 8.02a
Freeland Run Mature 0.500 14.62a 8.53a

'A previously unnamed stream.
*Net N mineralization and net nitrification means with different letters are significantly different among basins at
0=0.05 using Tukey’s HSD mean separation procedure.

There has been little research conducted on the long-term impacts of severe fire on forest soil nitrogen
cycling (Gagnon 1965, Hornbeck and Lawrence 1996). Severe fires may potentially affect long-term forest
nitrogen cycling by volatilizing significant amounts of soil nitrogen (Raison 1979). Thus, we hypothesized
that a historically burned watershed would have significantly lower N mineralization and nitrification rates
than a nearby historically logged watershed. Stand age can affect nitrogen leaching, because young
aggrading forests normally have greater nutrient demands than mature or old-growth forests, and old
growth forests have relatively low productivity resulting in greater soil N accumulation compared to C
accumulation (Vitousek and Reiners 1975, Goodale and Aber 2001). We predicted that an old-growth (>
150 years old) watershed would have significantly greater N mineralization and nitrification rates than
nearby mature (60 — 90 years old) watersheds. We further hypothesized that a nitrogen saturated watershed,
characterized by increasing nitrogen export over an extended period of time, will have greater N
mineralization and nitrification greater rates than a nitrogen limited watershed.

Study Areas

The study watersheds were located in Tucker and Randolph counties within the Monongahela National
Forest and each was 100 percent forested with no major disturbances in the past 60 years. The watersheds
are relatively small and contain first or second order streams (table 1). Predominant overstory species
across the seven watersheds were sugar maple (Acer saccharum Marsh.) and northern red oak (Quercus rubra

L.) (table 1).

The watersheds were classified according to their disturbance history (burned, logged, and old growth)
and nitrogen saturation status (table 2). Burned watersheds experienced severe fires 60 to 90 years ago
caused by the abundant slash left behind after the clearcutting of mid-Appalachian forests in the early
1900’s. Current vegetation resulted from natural recovery. Historical fire records and maps from the
Monongahela National Forest, WV were examined to locate these severely burned areas. The logged
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watersheds were cut 60 to 90 years ago, and did not experience any severe fires, based on fire records.
Stand age inventories for the Monongahela National Forest, WV were used to identify old-growth
watersheds. Old-growth stands were defined as any stand not harvested within the past 150 years. The old-
growth watershed was located adjacent to the Otter Creek Wilderness. The watersheds within each
watershed type comparison (burned vs. logged, old-growth vs. mature, and nitrogen saturated vs. nitrogen
limited) contained the same underlying bedrock geology (table 1). All of the study watersheds were located
on previously unglaciated terrain.

Methods
Field Methods

Monthly net N mineralization and nitrification rates were measured in June, July, and August 1998 along
three 16-m transects on each watershed using buried bags in 0-10 cm of mineral soil (Eno 1960).
Protocols for the buried bag method were adopted from Hart et al. (1994). The three transects were
located at the watershed mouth (near the stream sampling point) at a low elevation, near the middle of the
watershed at a mid-slope elevation, and in the headwaters at a ridge top elevation. Nine sampling points
were spaced at 2-m intervals along each 16-m sampling transect. The organic horizon was removed at
each point and set aside. Then a 10-cm diameter by 10-cm deep mineral soil core was taken and gently
extruded into a quart-sized zipper-lock plastic bag. Bags were closed, placed back in the resulting hole, and
covered with the organic horizon material. After a four-week incubation period, the buried bags were
collected and composited by threes to yield nine composite samples per watershed for post-incubation soil
ammonium and nitrate measurement.

Another soil sampling transect was located adjacent to the buried bags to measure pre-incubation levels of
soil ammonium and nitrate. At each transect, nine mineral soil cores were collected and composited in the
field by threes and put in coolers on ice for transport to The Pennsylvania State University.

Monthly net N mineralization and net nitrification rates were computed according to the following equations:

Net N mineralization = [(NH4-N + NO3-N)t+1 - (NH4-N + NO3-N)t]
Net nitrification = [(NO3-N)t+1 - (NO3-N)¢]

where t represents the pre-incubation levels and t+1 represents the post-incubation levels. NH,-N and
NO;-N were measured in mg per kg of soil. Net nitrification and N mineralization rates were expressed
as mg of N per kg of dry soil per 4-week period (mg kg' 4wk™). Negative net mineralization values were
possible and represented net immobilization of inorganic nitrogen by the soil microbes during the
incubation period.

At each sampling transect, three additional soil cores were taken for gravimetric determination of soil
moisture. One Taylor maximum-minimum thermometer was buried 5-cm in mineral soil to measure
maximum and minimum soil temperatures during the incubation period. Soil temperature at the time of
the site visits also was noted at the start and end of each incubation period.

In August 1998, sampling transects for standard soil chemistry were established adjacent to (within 3
meters) the 3 buried bag transects on each watershed. Nine sampling points were spaced at 2-m intervals
along each 16-m sampling transect. The entire organic horizon and the top 10 cm of mineral soil were
collected at each point. Organic and mineral soil samples were transported to The Pennsylvania State
University, Agricultural Analytical Laboratory for standard soil tests [exchangeable Ca, Mg, K, and B,
effective cation exchange capacity (CEC), acidity, and pH]. Subsamples of organic and mineral soil were
analyzed for total C and N at the Northeastern Research Station’s Timber and Watershed Laboratory in
Parsons, WV.

Stream water grab samples were collected during baseflow from the 7 watersheds during August 1997
and March 1998. They were transported on ice to the Water Analysis Laboratory at The Pennsylvania State
University for dissolved nitrate, ammonium, and organic N analysis.
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Laboratory Measurements

Prior to analysis, organic and mineral soil samples were dried at 70 °C for up to 12 hours and then passed
through a 2-mm sieve. Soil nitrate was extracted with an ammonium sulfate and boric acid solution and
analyzed with an ion-specific electrode (Griffin 1995). Soil ammonium was extracted with a 0.5 N
potassium chloride solution and determined with a Technicon Autoanalyzer (Keeny and Nelson 1982).
Results were expressed as mg of NO;-N and NH4-N per kg of dry soil. Exchangeable Ca, Mg, and K
and labile, mineralized P were determined with the Mehlich 3 method (Wolfe and Beegle 1995).
Exchangeable acidity was extracted and measured by the SMP buffer method (Sims and Eckert 1995). Soil
pH was measured in a soil water slurry (5 g : 5 ml) using an electronic pH meter (Sims and Eckert 1995).
Effective CEC was calculated by summing the exchangeable Ca, Mg, K, and acidity (Ross 1995).

Dried sieved organic and mineral soil was prepared for C:N determination by placing approximately 6 mg
of soil in a 5 mm x 9 mm tin capsule along with a small amount of vanadium pentoxide. Total C and N
percentages in the soil were determined by combustion using an organic elemental analyzer (Carlo Erba
NA 1500 CNS Analyzer, Valencia, CA) (Baccanti et al. 1993).

Moisture content of the soil for the net N mineralization and nitrification study was determined on a dry
weight basis (Gardner 1965). Wet soil was weighed to the nearest 0.01 mg, dried in an oven at 105 °C for
24 hours, and re-weighed to determine the percent soil moisture.

Dissolved (<0.45 Y4m filtered) stream nitrate, ammonium, and organic N (difference between total
dissolved and nitrate plus ammonium) were analyzed at the Water Analysis Laboratory, The Pennsylvania

State University via cadmium reduction, automated phenate, and persulfate oxidation methods, respectively
(American Public Health Association 1995).

Statistical Methods

Prior to performing analysis of variance procedures (ANOVA), data sets were analyzed to determine if
error terms were normally distributed and homogeneous. Normal probability plots and Shapiro-Wilk test
statistics (SAS Institute Inc. 1985) confirmed that all the data sets were distributed normally, and Bartletts
tests (SAS Institute Inc. 1985) showed error variances for the various ANOVA models to be relatively
homogeneous; consequently, no data transformations were required.

An ANOVA model for the net N mineralization and nitrification data set was performed with watershed
type, month, and elevation effects. Another ANOVA model was developed with soil chemistry data to
determine if soil chemistry parameters were significantly different among watershed types. Tukey’s HSD
mean separation procedure was added to each of the ANOVA models (SAS Institute, Inc. 1985).
Maximum R? improvement stepwise regression models were developed to predict net N mineralization
and net nitrification rates from soil chemistry parameters, soil moisture, and soil temperature (SAS Institute,
Inc. 1985).

Results and Discussion
N Saturation Effects

Comparisons of net N mineralization and net nitrification among different watershed types yielded only
one statistically significant result (table 2). Fernow 4, which has been cited as the best example of a nitrogen
saturated watershed in the northeastern United States (Peterjohn et al. 1996, Fenn et al. 1998), had
significantly higher net mineralization and nitrification rates than Fernow 10. Christ et al. (2002) also found
significantly greater soil net nitrification potentials on Fernow 4 than Fernow 10. The two watersheds are
nearly adjacent, have similar management histories, and both serve as experimental controls in the Fernow
Experimental Forest, WV. The observed difference in nitrate-N export in streamflow between Fernow 4
(5.12 kg ha! yr') and Fernow 10 (1.22 kg ha yr') could be due to the significantly greater soil nitrate
production rates (table 2). Mean soil chemistry differences may be causing these differences in nitrate
production. Mean mineralized phosphorus concentrations were over five times greater on Fernow 4
compared to Fernow 10, indicating microbial populations on Fernow 4 are actively decomposing organic
matter and rapidly cycling nutrients. Phosphorus has been cited as a limiting nutrient of N-fixing bacteria
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(Vitousek and Howarth 1991). N-fixation on Fernow 10 may be limited by low phosphorus levels,
resulting in smaller ammonium pools for nitrifying bacteria. Measured ammonium pools were significantly
lower on Fernow 10 (13.62 mg kg') compared to Fernow 4 (16.47 mg kg'), providing support to this
hypothesis. The significantly lower calcium concentrations on Fernow 10 (0.344 meq 100g”) compared to
Fernow 4 (1.267 meq 100g™) also could be limiting the activity of N-fixing bacteria and ultimately reducing
soil nitrification rates (Alexander 1977).

Severe Fire Effects

Within the PVA geology category, Shays Run, a historically burned watershed, had lower net mineralization
rates than logged watershed Otter Run (table 2). Even though the difference was not statistically significant,
it was large enough to warrant discussion. Fire can cause significant N losses from forest ecosystems via
volatilization of N in the litter layer and upper mineral horizons (Grier 1975, Raison 1979). Repeated small
N losses due to low intensity fires or substantial one-time N losses due to an intense burn can deplete long-
term soil N pools (Gagnon 1965, Carreira et al. 1994, Hornbeck and Lawrence 1996). Soil N pools on
Shays Run apparently have been restored since the devastating fire on Canaan Mountain in the early 1920s,
which completely consumed a thick organic horizon and consumed the top portion of the mineral soil (L.
White, Monongahela National Forest - personal comm.); soil N pools (0.266%) on Shays Run were similar
to Otter Run (0.301%). Given that all soil chemistry parameters were relatively similar for Shays Run and
Otter Run, it is difficult to determine why the burned watershed had lower net mineralization rates.
Perhaps the severe fire has had a long-term effect on the ammonifying bacteria populations.

Stand Age Effects

Net N mineralization and nitrification rates in West Three Spring, an old-growth watershed, were on the
same order of magnitude as the other two logged watersheds with the same underlying geology (table 2).
The old-growth watershed had the second-highest net nitrification rates among the seven watersheds
sampled. This was a surprising result considering classical succession theory that predicts nitrification will be
progressively inhibited through succession (Robertson and Vitousek 1981, Robertson 1982). However,
recent research has shown that significant gross soil nitrification can occur in late successional forest
ecosystems, and significant nitrate may become available if microbial immobilization is decoupled through
a disturbance such as the buried bag technique (Stark and Hart 1999).

Predicting Net N Mineralization and Nitrification

Soil N, mineral P, moisture, and C:N ratios together explained 46 percent of the variation in net
nitrification across all watersheds. Soil moisture helps determine nitrification rates by controlling rates of
microbial activity (Stanford and Epstein 1974). Mineralized phosphorus levels are positively correlated with
net nitrification rates, since they are both the result of an active microbial population. Competition for
nitrogen between heterotrophic bacteria and nitrifying bacteria plays a major role in determining soil nitrate
production, and the amount of labile C directly affects this competition (Riha et al. 1986). Heterotrophic
bacteria are thought to be the most successful short-term competitors for N (Schimel and Firestone 1989),
and C serves as the energy source for bacteria. Consequently, higher carbon levels result in greater N
demand. Thus, soils with more available C have more heterotrophic demand for ammonium and less
ammonium is available to be nitrified (Riha et al. 1986).

The prediction of net N mineralization was much weaker than net nitrification. Soil N and mineral P levels
together explained only 19 percent of the variation in net N mineralization rates. C:N ratios were not
significant in explaining net N mineralization rates.

Conclusions

The best example of a nitrogen saturated watershed in the northeastern United States, Fernow 4, exhibited
significantly greater net N mineralization and nitrification rates than a nearby watershed with similar
management history, Fernow 10. These results demonstrate that soil nitrogen dynamics are important in
controlling nitrogen exports from forested watersheds. A historically burned watershed had lower net N
mineralization rates than a nearby logged watershed that did not experience severe fire, indicating that past
land disturbance can impact forest soil nitrogen cycling. An old-growth watershed and two mature (60-90
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year old) watersheds had similar net N mineralization and nitrification rates, supporting the theory that soil
nitrate production can be significant in late successional forested watersheds. Changes in factors that affect
soil nitrogen cycling, such as soil C:N ratios, soil fertility, and soil moisture can significantly affect nitrate
leaching from forested watersheds.
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QUANTIFYING ABOVEGROUND CARBON STORAGE IN
MANAGED FOREST ECOSYSTEMS IN OHIO

Michael A. Nicodemus and Roger A. Williams'

ABSTRACT.—The amount of carbon sequestered was determined on managed even aged
stands on sites in southeastern Ohio. Bottomland hardwood sites that consisted of sycamore
(Plantanus occidentalis) and box elder (Acer negundo) were examined. The other forest types
studied were monocultures of green ash (Fraxinus pennsylvanica), Austrian pine (Pinus nigra),
and pitlolly pine (Pinus rigida X taeda), and five sites of white pine (Pinus strobus). These
represented a chronosequence of ages for each forest type. There were nine .008-hectare plots
located on each white pine site and three plots on each of the other sites. DBH and basal
diameter were measured for all of the trees on each measurement plot. Trees were destructively
sampled to determine the DBH, basal diameter, and dry weight of aboveground components
(bole, crown stem, and branches and foliage) and samples were taken to determine the amount
of carbon in tree components based on percent of weight. Regression analysis was used to
determine the relationship between DBH or basal diameter and total carbon sequestered and
subsequently applied to trees at the plot level to estimate total tree carbon per hectare.
ANOVA was used to test for differences in carbon content between components and species.

Carbon is emitted into the atmosphere from both natural and anthropogenic sources. It is the
emissions from anthropogenic sources that contribute to the accelerated greenhouse effect popularly
called “global warming”. Forestlands are capable of mitigating this effect by absorbing and storing
carbon. Through forest management practices greenhouse gas emissions can be offset. Ohio forest
products and energy industries (and others) are interested in the potential use of their lands for carbon
sequestration. The term carbon sequestration implies the absorption and storage of carbon from the
atmosphere into a long-lived terrestrial pool a medium such as a forest ecosystem.

Forests store two-thirds of terrestrial carbon in soil and biomass by absorbing carbon dioxide from the
atmosphere and converting it into organic material, an equivalent of nearly 1 trillion tons (Brown et al.
1993). Of all the plant kingdom, forests provide the most long-lived storage sink in the carbon cycle
tying carbon up in wood and soil accumulation for years before returning it to the atmosphere by
respiration, decomposition, erosion, or burning. Native forests cover some 3,400 million hectares
worldwide, with an additional 1,700 million hectares of other wooded lands. Forest plantations
comprise of roughly 100 million hectares (Austin et al. 1998). Historically, forests have been a net
source of atmospheric CO,, as 80 percent of the world’s original forest cover has been lost (Austin et al.
1998). Moreover, under current worldwide practices the world could lose 650 million hectares over the
next 60 years, releasing up to 77 billion tons of carbon emissions in the process (Trexler and Haugen
1995). Because of these trends, afforestation, reforestation, and sustainable forest management practices
become critical in creating and maintaining worldwide carbon stores. At the present time, six hectares
are deforested globally for every hectare planted (Totten 1999).

Plantation forestry and sustainable management practices of natural forests will need to be a focus to
offset these losses. Increased timber growth and the resulting carbon sequestration in forests can be
accomplished through improved forest management practices. This includes regeneration, which
involves the replanting of under-stocked forest stands (e.g., those damaged by disease, insects, or fire)
and the harvest and regeneration of mature stands. Stocking control is another approach to increase
timber growth by thinning stands where competition is retarding timber growth. Increasing the
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Table 1.—Descriptions of selected sites for forestry component of this study.

Landowner Classification Forest Type Planted Age (as of 2002)

MeadWestvaco Abandoned White pine 1995 7
agric. land 1993 9

1991 11

1988 14

1985 17
AEP! Marginal Bottomland 1997 5
agric. land hardwoods 1993 9
Pidolly 2000 2
1998 4
1995 8
Reclaimed Mixed 2000 2
grassland hardwoods 1997 5
1994 8
Austrian Pine 2001 1
1997 5
1993 9

'American Electric Power Company.

production and harvesting of wood, or biofuels, for use as a fossil fuel substitute will also augment
sequestration as will afforestation or the planting of trees on previously unforested land.

Accurate data for sites over time for various species do not exist or are limited for Ohio. Sites in this
study were selected that represent a chronosequence of monotypic and mixed species forests that were
planted for different management objectives. Trees were destructively sampled on each site and
understory was sampled to determine the total aboveground carbon sequestered. These data and the
subsequent analysis were used to model the sequestration potential over time. The projections will be
substantiated by future measurements from these sites. The results may be used to provide a basis by
which industries can measure and manage for carbon credits.

The objective of this study was to determine the amount of carbon sequestered in selected managed
forests in Ohio by determining the rate of sequestration by measuring a chronosequence of forests,
validating these rates by installing permanent plots to be monitored over time, and developing species
specific relationship between biomass amount and carbon.

Biometric Model

Many of the experiments in this area in the past have used an allometric model (Kimble et al. 2003,
Canary et al. 2000, Patenaude et al. 2003). This type of model estimates the biomass of the whole tree
based on the measurement of part of the tree. The formulae that are used to make the biomass
estimates are taken from other sources on other sites. The disadvantage of this model is that the results
are based on data from other sources that may or not characterize the site under examination.

This project uses a biometric model. The biometric model uses data from the sites being examined to
develop formulae that characterize the species on the site. The advantage of using the data from the
sites under study to make estimates is that the allometric formulae designed and used in this study are
definitely characteristic of the trees on the plot. Conspicuously missing from the literature are models
that create their own allometric equations from biometric data for all parts of the study.

Site Selection and Description

A total of 16 study sites owned by MeadWestvaco, Corp. and American Electric Power (AEP) were
selected that represent five different forest conditions in a chronosequence in southeastern Ohio. These
sites were visited and selected with assistance from foresters from both of these corporate organizations.
Descriptions of the selected sites for this study are listed in Table 1.

Proceedings of the 14th Central Hardwoods Forest Conference GTR-NE-316

233



The sites selected had similar forest and soil characteristics, such as drainage, slope, etc. within the five
different forest conditions selected. A chronosequence within each forest type was selected to provide a
rate of carbon accumulation over time so that cumulative curve can be modeled. These sites will be
monitored (measured) periodically to refine the model carbon accumulation curve for better future
predictions.

Sites were selected that represent planted forest types at different stages in their development as well as
historical use. The species represented are white pine (Pinus strobus), Austrian pine (Pinus nigra), green
ash (Fraxinus pennsylvanica), pitlolly pine (Pinus rigida X taeda), and bottomland hardwoods (Plantanus
occidentalis and Acer negundo). There were five Pinus strobus sites represented, two bottomland
hardwood sites and three each of the remaining species. The Pinus strobus and Pinus rigida x taeda sites
were located on abandoned agricultural land. The Fraxinus pennsylvanica and Pinus nigra sites were
located on reclaimed surface-mined land, and the bottomland sites were marginal agricultural land.

Permanent square .08-hectare plots were placed on each site with at least a one-chain buffer separating
plots. Within each plot a circular .008-hectare measurement plot was placed. Each tree was
permanently labeled with an aluminum tag. An aluminum nail was placed at 1.4 meters above ground
level on trees large enough to hold a nail to facilitate future measurement of dbh. Trees greater than or
equal to 1.3 centimeters DBH within the measurement plot were measured for dbh and basal
diameter. Trees less than 1.3 cm dbh were measured for height and basal diameter.

Laboratory Methods
Destructive Tree Measurements

Trees were cut at the ground line, and separated into components of bole, branches, and foliage. Large
trees were cut into manageable pieces and weighed in the field to the nearest 0.05 kg. Small trees were
brought back to the lab and weighed to the nearest 0.01 g.

Trees destructively sampled were taken in equal numbers from each site and in sizes to represent the
range of sizes of trees in the study. The number of samples from each site was greater for the young
trees because of the difficulty in destructively sampling very large trees.. The samples were taken from
near the measurement plots but not on the plots so as to not disturb possible future study.

Samples were taken from all trees that represented the different tree components and weighed. In order
to ensure that the samples represented the whole component of each tree, samples were taken from
different parts of each. In stems, the sample consisted of pieces from the base, tip, middle, % and 3.
Branches were sampled that represented a range of sizes and leaves were taken from different parts of
the plant. Samples were dried in ovens for three days at a constant temperature of 60°C. Samples were
then reweighed after drying to determine moisture content. The subsequent moisture content value
was used to determine the total dry weight of the tree and its components.

Surface samples, which includes all surface litter above the mineral soil, herbaceous and woody plants,
were collected on each measurement plot from a 1.0 m? plot centered on the measurement plot. One
sample was taken from each plot for a total of 9 per site in the white pines and 3 per site in the other
sites. The total surface sample was weighed to the nearest 0.05 kg, and a grab sample was taken. This
grab sample was weighed and dried for three days at 60°C to determine moisture content. The percent
moisture content was applied to the total surface sample to estimate the total dry weight.

Carbon Determination

At least 0.04g of sample and usually more was collected from all tree components and surface samples
for the purpose of determining carbon content. This small carbon sample was randomly collected from

each tree component and ground in a Wiley mill to pass a 2mm sieve. These samples were sent to the
STAR laboratory at the OARDC in Wooster, Ohio.
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Table 2.—Equations for predicting total aboveground tree carbon (t/ha) by age
(yrs) for the five forest types examined in this study in southeastern Ohio.

Forest type Equation® R?x 100
Austrian pine C = 0.0040e*171® 99.94
Pidolly pine C = 0.0582(A)>*»% 99.98
Green ash C = 0.0084(A)!7301 89.47
Bottomland hardwoods C = 0.0024(A)>9%1 100.0
White pine C = 0.4340(A)"%018 78.02

*C = the total carbon in metric tons/ha for only the aboveground portion of all trees,
and does not include forest litter above the mineral soil, and any herbaceous and

woody understory; A = the stand age in years.

Carbon analysis was run on an Elementar Americas, Inc., Vario Max Carbon Nitrogen Combustion
Analyzer, with a procedure described in the international standard publication ISO10694:1995(E).
The amount of carbon measured in the samples by this method was expressed in units of percent

carbon by dry weight.
Analytical Methods

Analysis of variance (ANOVA) was performed on the carbon content values by tree component, using
species as the source of the variation, to determine if difference existed in carbon content among

species.

Tree carbon equations were derived using regression analysis relating carbon weight with BD or dbh
(depending on which best fit the data). The total weight of carbon was determined by multiplying the

dry weight by the percent carbon.

These equations were applied to the data from the measurement plots to estimate the total carbon on
each plot. The independent variable (either basal diameter or dbh) was used to determine the amount
of carbon per tree on each plot. The estimated carbon of each tree were summed for each plot, and
divided by plot size to give the carbon stored in grams per hectare, and converted to metric tons.

Carbon content for the surface samples was determined using the same method as described for the

destructive samples. The values for the plots on each
site were averaged to determine the weight of carbon
for the surface.

The total tree carbon per hectare was averaged for
each site, and was added to the carbon content of
surface samples to give a total value of carbon per
hectare on the site. Regression analyses were
performed on the data to show the relationship
between total carbon per hectare and age.

All statistical analysis was performed with Minitab
(Meyer and Krueger 2001) or SAS (SAS Institute
1990).

Results
Total Carbon (plot)
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Figure 1.—Graph of total aboveground tree carbon (t/ha)
versus stand age (y) for Pinus nigra.

The plot data were first considered without the surface samples examining only the total aboveground
tree carbon. The equations with R?* and standard error data are located in Table 2. The model that was
used was chosen since it showed the best fit to the data by R? and by the fit of the predicted values
against the actual values. This model was chosen over cubic, quadratic, and linear models as well as
some other non-linear models. Figure 1 shows the graph of the model for Austrian pine.
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Table 3.—Formulae of carbon stored by age per hectare with R?. values with surface samples included.

Species N Formula R?x 100
Pinus nigra 3 C=21975A 72.87
Pinus strobus 5 C = 0.6990 A'7%¢ 80.77
Fraxinus pennsylvanica 3 C=0.6018 A 24.22
Pinus taeda x rigida 3 C =0.7908 A% 99.71
Bottomland hardwoods 2 C = 0.0609 AZ>%7 100.00

C = carbon (t); A = age (yrs)

Austrian pine, bottomland hardwood, and pitlolly pine sites showed a very strong reliability with R?
values around 100%. The green ash sites showed a somewhat less but still fairly strong correlation
(89.47%). The R* of 78.02% for white pine suggests a weaker reliability but still high enough to
suggest a good fit.

Analyses were attempted using individual plot data as opposed to average plot data to determine if this
would produce a better fit. The data were much less reliable for every species and is not reported here.

Table 3 shows the formulae for the models of carbon sequestered over time per hectare by site
composition with surface samples considered. Bottomland hardwoods and Pinus taeda x rigida show a
very strong reliability (R* around 100%). Pinus strobus has a reasonable level of reliability (R* = 72.87).
Pinus nigra and Fraxinus pennsylvanica were better characterized by a linear regression. Fraxinus had a
very unreliable fit (R* = 24.22). The Pinus nigra and more especially the Fraxinus pennsylvanica were
largely influenced by surface samples in their total aboveground carbon. This is why the models
without surface samples are more reliable for these forest types.

Nonlinear formulae of this form:

C = by*exp(-b,*exp(bs*A))
were attempted to find if these would yield better results than those used in the study. The formula for
Pinus strobus without surface samples was:

C = 84.2505%exp(-0.000016*exp(4.4878*A))
and with surface samples:

C = 93.9602*exp(-0.000043*exp(4.0898*A))
and for Fraxinus pennsylvanica without surface samples:

C = 1.7801%exp(-0.0173*exp(1.0209*A))
with C representing carbon and A representing age. The resulting R* values were 84.08%, 84.20%,
and 50.61%. These data also did not show as good a fit of the predicted values to the residuals. This is
not an improvement on the models used in this section.

The graphs in this paper that were not linear showed a convex form. This is similar to the findings of
Law et al. (2003), Pussinen et al. (2002), and Dieter and Elsasser (2002). The trees show a convex
growth at the beginning of the curve followed by a concave shape toward the end. All of the ages in
this study are in the range of the early part of these curves.

The total carbon per plot by species and land classification is shown in table 4. There are striking
differences in C sequestered by species and land type. Austrian pine at age 9 stored much more C that
green ash on the same type of sites at age 8 (30 and 4 t/ha respectively). Bottomland hardwoods on
bottomland sites stored much more carbon at age 4 than pitlolly pine at age 5 (11 and 3.1 g/ha).
White pine on abandoned agriculture sites changed dramatically in carbon storage between age 11 and

14 (24 and 89 t/ha).
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Table 4.—Total carbon per plot (t/ha) by species and land classification.

Classification Forest Type Age Total C plot (t/ha) Cwl/o litter (t/ha)
Abandoned agric. land White pine 7 26 22
9 20 15
11 24 19
14 89 79
17 89 81
Marginal agric. land Bottomland 5 3.1 0.90
hardwoods 9 19 18
Pidolly pine 2 3.3 0.75
4 11 5.6
8 28 24
Reclaimed grassland Green Ash 2 3.9 0.011
5 3.2 0.20
8 4.0 0.22
Austrian Pine 1 3.2 0.014
5 3.3 0.39
9 30 27

'American Electric Power Company.

Table 5.—Analysis of variance statistics on the percent carbon based on dry weight by tree component.
Species was the source of variation used in the analysis.

Tree component N Mean carbon

(% of dry weight) F-statistic Prob>F
Bole 73 0.4950 99.65 0.0001
Branches 67 0.4994 88.32 0.0010
Foliage 73 0.5024 112.17 0.0010

Table 6.—Carbon content (percent of dry weight) by species for tree components.

Carbon Content' (fraction of dry weight)

Bole? Branch Foliage Branches and Foliage
Species N mean N Mean N Mean N mean
Pinus taeda x rigida 14 0.5110 A 14 0.5121 A 14 0.5204 A 14 0.5158 A
Pinus nigra 20 0.5087 A 20 0.5161 A 20 0.5131 AB 20 0.5146 A
Pinus strobus 12 0.5072 A 6 0.5143 A 12 0.5192 B 12 0.5151 A
Plantanus occidentalis 8 0.4741 B 8 0.4797 B 8 0.4969 C 8 0.4883 B
Acer negundo 7 0.4736 B 7 0.4797 B 7 0.4613 D 7 0.4705 C
Fraxinus pennsylvanica 12 0.4679 B 12 0.4739 B 12 0.4746 E 12 0.4742 D
Values followed by the same letters down columns are not significantly different at the p = 0.05 level, Duncan’s multiple

rage test.
*The bole is defined as the woody component from the ground to the tip, minus branches.

Carbon Content by Species
Table 5 displays the ANOVA statistics performed on the carbon percent by tree component. The

model statistics indicated there were significant differences in carbon content among species. Duncan’s
new multiple range test was performed to determine differences in carbon content between species by
tree component (Table 6).

As is shown in the Table 6, the carbon content for the bole is statistically similar among hardwoods and
among pines but these values are statistically different between pine and hardwood species groups. The
carbon percentages for hardwoods average 47% while the pines average 51%.

Greater variability was present in the foliage (Table 6). Pinus taeda x rigida is similar to Pinus rigida but
different from Pinus strobus. Even though Duncan’s test shows this difference, it may be an artifact of

2
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Table 7.—Equations for predicting total aboveground tree carbon (C, g) for seedlings and saplings
in southeastern Ohio using basal diameter (BD, cm) or diameter at breast height (DBH, cm).

Species N Prediction equation R?x 100
Acer negundo 7 C = 8.1484(BD?7?Y) 99.48
Fraxinus pennsylvanica 12 C = 10.9910(BD>¢%) 96.62
Platanus occidentalis 8 C = 10.1620(BD?**%%%) 99.48
Pinus nigra 20 C = 9.5266(BD?*#4%) 99.02
Pinus taeda x rigida 14 C = 10.5800(BD?#8604) 98.26
Pinus strobus 12 C = 167.4000(DBH!°'%) 93.74

the data due to small sample sizes and greater variability measured in foliage. The hardwoods are
significantly different from the pines and from each other. Plantanus occidentalis, Fraxinus
pennsylvanica, and Acer negundo have percent carbon values based on dry weight of 49.7%, 47.5%, and
46.1% respectively. These values for hardwoods are lower than those observed for pines.

When considering the branches and foliage together (Table 6), the pine group together with similar
values (51.6%, 51.5%, and 51.5%), Plantanus occidentalis stands alone (48.8%), and the other
hardwoods group together (47.4% and 47.1%).

Many of the studies in the literature use one standard percentage of carbon for all trees. For many the
value is 50% (Nowak and Crane 2002, Brack 2002, Kimble et al 2003, Makundi et al 1995, Dieter
and Elsasser 2002), with one at 45% (Nowak 1993) and one at 46% (Patenaude et al 2003). Canary
et al. (2000) calculated the values for fir and found a range of 48.1 % to 54.6% with an average of
51.2%. All of these values seem to be consistent with the values determined by this project. The values
calculated for hardwoods around 47% and pines

around 52% are very close to the values of Canary et al. 2000
(2000) and not far from standardized values of 45% %"1800‘
and 50% for all species. The finding of an average 2 1600
carbon percent by Canary et al. (2000) of 51.2% for fir % 1400
goes to further the idea that conifers have a similar ;1200
carbon content as one another as that values is likely £ 1000
not significantly different than the values found in this 2 500
study for conifers. = 6001
E 400
Carbon Equations (individual tree) 2004 <
The data for the individual tree carbon models had very o 1 : : ; : :

good R?values ranging from with 93.74% to 99.48%
(Table 7). A comparison of the R?values and predicted
versus residual plots, indicate individual tree carbon
models shows a good fit of data per species. All of the
models show a high reliability (R* > 93%).

BD (cm)

Figure 2.—Graph of total aboveground tree carbon (g)
versus basal diameter (g) for Acer negundo.

Figure 2 shows the graph for the model of the carbon data for Acer negundo. Carbon storage begins to
increase dramatically after seedlings become established and more rapid growth occurs. For example,
the ratio of carbon (g) to tree size (BD) increases from about 30:1 to 180:1 for Fraxinus pennsylvanica.
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Discussion

The greatest contribution of this paper is the use of equations of carbon storage by age. This model is
only valid for plantations since it requires an even age. The high R* (78-100) of these formulae suggests
that this is a valid option for plantations. This is significant since equations of stand C by age could
present a potential shortcut in estimating plantation C storage. This would replace having to measure
individual trees or compare inventories to carbon equations for individual trees.

The results from the comparison of land use and species to carbon storage are important (Table 4). The
results suggest that species types should be selected that have the best success on the particular site
that is being used. Management options should consider this when managing for optimal carbon
sequestration. For example, Austrian pine had much better success than green ash on reclaimed mine
sites.

Empirical models developed are useful for predicting aboveground biomass in the carbon pool. The
equations predicting carbon per tree from basal diameter are all valid for southern Ohio for several
species (R* x 100 > 88). This high degree of reliability shows that these models can be used in place of
destructive sampling in future studies. The equations developed in this study to relate C to basal
diameter or DBH are preferable on these sites to equations drawn from the literature since variation
may exist between the stands from which the literature values are drawn and the stands under study in
this paper.

The differences in carbon content for different species pose questions as to what in the make-up of the
trees causes them to have these differences. Pines have a carbon percentage around 52%, while
hardwoods have a carbon percentage around 48%. A study in the biochemistry of these species may
produce interesting findings in how different species function.

Site conditions and spacing are factors that may be worth considering in future studies. These may
have an effect on the carbon sequestered by particular sites. More replications and a broader range of
ages would help support the data.

A useful part of this study is the allometric equations derived from the destructive samples. Assuming
these values to be statistically significant, which they seem to be, at least for the range of values tested,
in most cases, these would make destructive sampling of these species not necessary in future studies of
these species unless as a check.

On the whole, this study proved very effective. The results were in general very reliable. The objective
of determining the carbon sequestered by species was met with a high degree of reliability. The models
should prove useful in future studies.
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SPATIAL, TEMPORAL, AND RESTORATION TREATMENT EFFECTS ON SOIL
RESOURCES IN MIXED-OAK FORESTS OF SOUTHEASTERN OHIO

R.E.]. Boerner and Jennifer A. Brinkman'

ABSTRACT. —As part of a larger study of the use of fire and thinning to restore ecosystem
function in eastern forests, we quantified spatial, temporal, and treatment-related variations in
soil pH, available P, and N mineralization over two years in two southern Ohio mixed-oak
forests (Zaleski State Forest and Raccoon Ecological Management Area/REMA). In each site,
two watershed-scale treatment units of ~25 ha were sampled on a 50m grid for analysis of
spatial autocorrelation and for assessment of temporal variability and treatment effects.
Sampling occurred in summer 2000 (prior to treatment) and summer 2001 (after one unit in
each site had been thinned+burned). Nutrient status differed more between sites than between
treatment units within sites. Semivariance analysis of pretreatment samples demonstrated that
pH, available B, and N mineralization were strongly structured spatially in all four treatment
units (spatial structure >67%). There were no significant temporal differences in pH or N
mineralization (2000 vs 2001) in control areas of the two sites; however, available P did
decrease between 2000 and 2001. Neither patch size nor spatial structure changed
significantly over this time. Analysis of covariance of post-treatment soil status indicated that
the thinning+burning treatment resulted in significant increases in available P and soil pH at
REMA but not Zaleski. Semivariance analysis indicated that the thinning+burning treatment
increased patchiness (decreased patch size) in pH, but decreased patchiness in available P.
Ecosystem restoration treatments affected both overall nutrient status and spatial structure in
ways that should influence how plants and communities respond to such treatments.

Introduction

Forests dominated by oak (Quercus spp.) and hickory (Carya spp.) once covered much of the eastern
United States. Prior to extensive alterations of this landscape by Euro-americans in the 19th century,
these forests were subject to frequent, low intensity fires (Guyette and Cutter 1991, Sutherland 1997).
These fires generally occurred during the dormant season and most were caused by human activities.
Analysis of pollen and charcoal profiles suggests that fire return intervals were relatively constant over
the last three millenia despite a shift from fewer large, regional fires to a larger number of smaller fires
as Native American populations changed (Delcourt and Delcourt 1997). During the 1920’ and
1930’s fire suppression became both widespread and effective in this region, thus altering the fire
regime under which these forests had developed. In addition, these ecosystems have been subjected to a
variety of stresses and disturbances which operate on longer time scales, such as removal of a large
proportion of standing biomass (e.g. periodic cutting, clearing for agriculture), weather-induced
mortality (ice storms, drought), and chronic atmospheric deposition, especially of N. Thus, the mixed-
oak and oak-hickory forest ecosystems that exist in this region today have been shaped by a
combination of human and natural processes quite distinct from those that these ecosystems
experienced for millenia prior to Euro-american settlement.

Restoration of oak forest ecosystems to conditions more similar to those that existed prior to
widespread landscape alteration has begun over the last decade in a number of states. Approaches to
restoration have utilized passive restoration (restricting public access), functional restoration
(reintroduction of dormant season fire), structural restoration (modification of size/age-frequency
distributions and species abundances by mechanical means), and, more recently, by a combination of
structural and functional restoration.

"Professor (REJB) and Research Assistant II (JAB), Department of Evolution, Ecology, and Organismal Biology, The Ohio
State University, 318 W. 12 Avenue, Columbus, OH 43210. REJB is corresponding author: to contact call (614) 292-
6179 or e-mail at boerner.1@osu.edu.
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When prescribed burning is used for fuel and understory control in commercial conifer plantations, the
plots to be burned are often modest in size and relatively homogeneous. Results obtained from burning
one part of a larger plantation can then be extrapolated to estimate effects on larger areas by simple,
linear scaling. In contrast, the forested landscapes of the Appalachian Mountains and surrounding
plateaus which are the focus of current mixed-oak forest restoration efforts are often highly dissected,
rugged, and heterogeneous in geomorphology, soils, and microclimate (e.g. Wolfe et al. 1949). In such
complex landscapes, a specific understanding of the scale-dependency of various ecological processes
and properties is necessary before results from small study plots can be scaled-up to the landscape level.

In earlier studies of the efficacy of single and multiple prescribed burns for restoration of mixed-oak
forests in four sites in southern Ohio we demonstrated that fires effects on forest floor and soil C and
nutrient relations exhibited strong scale dependencies ranging 10’s of km (intersite differences) to 100’
of m (aspect and elevation-related differences) (Boerner et al. 2000, Boerner et al. 2004). We have also
demonstrated significant spatial heterogeneity and patterning at scales of 0.02-0.2 m in microbial
biomass, soil organic matter and soil chemistry in unburned watersheds of this region (Morris and
Boerner 1999, Decker et al. 1999); however, to date no data exist with which to determine if the
effects of fire or other restoration treatments have significant spatial dependency at ranges between 2 m
and 100 m, even though it is within this scale range that most routine sampling takes place. This led
us to conduct a set of experiments to determine the degree to which spatial structure at ranges from a
few m to a few hundred m was present in these study sites, how that spatial structure might be affected
by a combined functional+structural restoration treatment, and how an understanding of spatial
structure might affect the determination of the effect/efficacy of such treatments and the design of
future restoration efforts.

The specific questions we sought to answer were:

» Do two study sites -8 km apart vary more than contiguous watershed-scale treatment units
within those sites?

» Are contiguous treatment units valid pseudoreplicates for large scale experiments?

» Do soil nutrient properties vary significantly between years in the absence of treatment or
disturbance?

» How much do spatially-explicit factors contribute to between-unit and between-year variance?

» To what degree do ecosystem restoration treatments (i.e. reintroduction of low intensity fire and
thinning to presettlement tree density) affect soil nutrient properties?

» What proportion of the treatment effect is the result of spatially-explicit factors?

Methods
Study Sites

The two study sites were located in Vinton County on the unglaciated Allegheny Plateau of southern
Ohio. Each site was a block of 100-150 ha occupied by mixed-oak forests that developed following
cutting for charcoal production 100-150 yr ago. One study site was located in the Raccoon Ecological
Management Area (hereafter REMA) (39°11°’N, 82°22°W), a research area managed cooperatively by
MeadWestvaco Corporation and the U.S.D.A. Forest Service Northeastern Research Station. The
second was located in Zaleski State Forest (39°21’N, 82°22’W), a site managed by the Ohio
Department of Natural Resources, Division of Forestry. The two study sites were approximately 8 km
apart.

The parent materials underlying the study sites were sandstones and shales of Pennsylvanian age. The
soils were silt loams formed from colluvium and residuum, and were predominantly Alfisols (Boerner
and Sutherland 2003). The climate of the region is cool, temperate and continental with mean annual
temperature and precipitation of 11.3 C and 1024 mm (Sutherland et al. 2003). Microclimatic
gradients generated by the steep, dissected topography of the region cause S, SW and W facing slopes
to be drier and warmer than NW, N and E facing slopes (Wolfe et al. 1949).
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A 50 m grid was established within each treatment unit using a random starting point. All grid points
were GPS-located and permanently marked. For this study only two of the treatment units within each
study area were used. One of the two units within each study area was randomly assigned to be a
control and the other to be given restoration treatment consisting of thinning from below to
presettlement tree basal area (-16 m?/ha from typical current basal area of 25-30 m?/ha) in November-
December 2000 and reintroduction of low intensity, dormant season fire (burned in April 2001).
Details of the thinning are given by Yaussy (2001) and fire behavior is described by Iverson and
Hutchinson (2002).

Field Methods

Soil samples of approximately 400 g fresh mass were taken of the top 15 ¢cm (O,+A horizon) at a
random point within 1 m of each of the grid points in July of 2000 and 2001. This sampling intensity
yielded N=63 and 69 per year for the two REMA treatment units and N=43 and 52 per year for the
two Zaleski treatment units. 2001 samples were taken within 50 cm of the 2000 samples, and all
samples were returned to the laboratory under refrigeration.

Laboratory Methods

Each soil sample was air dried and sieved to remove roots and particulate material >2mm. A subsample
of approximately 15 g of soil was extracted with 0.5M K,SOy, and analyzed for NH;* and NOj using
microtiter colorimetry (Hamilton and Sims 1995). Soil pH was determined in a 1:5 soil slurry of
0.01M CaCl, (Hendershot et al. 1993), and available P by the ascorbic acid method (Watanabe and
Olsen 1965).

A second subsample of approximately 50 g was placed in an incubation chamber and artificial
rainwater added to bring the soil up to 70% of field capacity. The soil samples were incubated for 27-
29 days at 22-28 C. Every third day each soil sample was weighed and sufficient artificial rainwater
(Lee and Weber 1979) added to bring the moisture content back to randomly chosen level within the
range of 50-70% of field capacity (Morris and Boerner 1998). Laboratory incubations were chosen for
use in this study because the manner in which the moisture regime of the incubating samples was
maintained recreated the frequent fluctuations in soil moisture characteristic of the growing season in
our ecosystems reasonably well (Morris and Boerner, 1998). At the end of the incubation period, a
subsample of 15 g of the incubated soil was extracted and analyzed for NH;* and NOj as above. Net
N mineralization was determined by subtracting the NH,* and NOj content of the initial samples
from that of the incubated samples.

Data Analysis

All response variables could be transformed to normality using a log transformation (PROC
UNIVARIATE; SAS 1995). Analyses of variance and covariance (using pretreatment conditions as the
covariate) were designed for each of the specific experimental questions listed above, and were
accomplished using the GLM procedure of SAS (SAS 1995). Semivariance analysis was accomplished
using GS* (Gamma Design Software, Plainwell, MI 49080) using untransformed data, lag distances
0.8 of maximum, and both isotropic and anisotropic models. Spatial structure is reported as the
proportion of nugget variance (C,) + structural variance (C) accounted for by structural variance. The
range estimate reported is the direct range estimate (A,) for linear/sill and spherical models and 1/3 of
the estimated range (3A,) for exponential models. Only best fit models are reported here, and point
kriging based on the best fit model was used to interpolate between grid points and visualize spatial
pattern.

Results

Partitioning of variance within and between sites indicated that potentially limiting soil properties
varied significantly between sites (i.e. REMA vs Zaleski) but not between treatment units within each
of the sites (table 1). During the pretreatment year (2000) soil properties varied little between the two
treatment units within each study site (table 1).
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Table 1. —Analysis of variance comparing variations between study sites ~8 km apart to those between

treatment units within a site. Overall N=227, N=132 for REMA, and N=95 for Zaleski.

Between sites Between units within sites
Soil pH F=16.11, p<0.001 F=0.88, p<0.417
Available P F=7.85, p<0.006 F=1.65, p<0.195
N mineralization F=7.38, p<0.008 F=0.35, p<0.704

Between units Between units

at REMA at Zaleski

Soil pH F=1.23, p<0.270 F=0.37, p<0.544
Available P F=1.14, p<0.289 F=3.80, p<0.066
N mineralization F=0.61, p<0.437 F=0.01, p<0.907

Semivariance analysis indicated that 73-80% of the variation in soil pH, available P, and N
mineralization rate in REMA soils in 2000 was attributable to spatial structure, and this differed little
between units within the REMA study site (table 2). At REMA, pH, available P, and N mineralization
reached their maximum in the northern portion of the treatment unit (fig. 1); however the actual
positions of maxima in space differed among soil parameters within a unit. This was a common result
across all treatment units and years we sampled. Patch size (defined by the maximum range of
significant spatial autocorrelation) was greater in the REMA control unit (120->369m) than in the
REMA thin+burn unit (54-98m) (table 2) and these differences in patch size were clearly apparent in
the kriged maps (fig. 1).

At Zaleski, >67% of the variance in soil pH, available P, and N mineralization rate were attributable to
spatial structure (table 2). The pattern in space and maximum patch size of soil pH and available P in
pretreatment soils differed little between the control and the unit to be thinned and burned (fig. 2).
Small, distinct patches of low and high N mineralization rate soils were present in the kriged maps of
the Zaleski control but not the Zaleski thin+burn, and as a result patch size was smaller in the former
than the latter (fig. 2, table 2).

In the absence of treatment and/or disturbance, soil pH and N mineralization rate did not differ
significantly between 2000 and 2001 samplings in control units in the two sites (REMA pH/2000:
3.89 + 0.08 [std. error] vs pH/2001: 3.77 + 0.06, p<0.161; N mineralization/2000: 12.51 + 0.91
mgN/kg soil/dy vs N mineralization/2001: 11.33 + 0.86, p<0.346, and Zaleski pH/2000: 3.63 +
0.06 vs pH/2001 3.73 + 0.05, p<0.220; N mineralization/2000: 10.46 + 1.07 mgN/kg soil/dy vs
10.65 + 1.03, p<0.899). In contrast, there was significantly less available P in 2001 than in 2000 in
the control units in both sites. Available P decreased from 2000 to 2001 by 33% at Zaleski (2000:
231.4 + 21.3 pgP/kg soil vs 2001: 154.3 + 19.3, p<0.009) and 69% at REMA (2000: 348.1 + 23.0
pgP/kg soil vs 2001: 109.0 + 11.3, p<0.001).

The proportion of total variance attributable to spatial structure and the maximum patch size of soil
pH and N mineralization differed little from 2000 to 2001 in the control units at the two sites, with
the sole exception of pH patch size at REMA (figs.1 and 3, table 2). The latter difference in patch size
was the result of the few, scattered patches of relatively high or low pH scattered within the larger
matrix of intermediate pH in that unit. The decrease in available P from 2000 to 2001 noted earlier
was apparent in the kriged maps, but neither the degree of spatial structure nor the patch size changed
over that time in either site (table 2).

Analysis of covariance of the effect of the thinning+burning treatments at the two sites (using
pretreatment conditions as covariates) indicated that only soil pH was affected by treatment alone
(table 3). There were significant interactive effects of treatment and study site on both soil pH and
available B, whereas N mineralization rate was not affected significantly by the thin+burn treatment
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Table 2.—Semivariance analysis of soil parameters in samples taken in 2000 (pre-treatment) and 2001 (posttreatment)

in two treatment units within each of two forested sites in Ohio. N=63,69 for REMA and N=43,52 for Zaleski. Spatial

structure is the percent of nugget semivariance + structural semivariance represented by structural semivariance only.
Range is an estimate of patch size as defined by the maximum distance at which samples are spatially autocorrelated.

Site/Unit Year Model Spatial Range Model
fit (r?) structure (m) form
Soil pH
REMA/Control 2000 0.783 81.4% >369 exponential
REMA/Thin+Burn 2000 0.462 85.7% 98 spherical
Zaleski/Control 2000 0.424 67.4% 183 exponential
Zaleski/Thin+Burn 2000 0.872 68.0% 181 spherical
REMA/Control 2001 0.070 79.5% >369 linear
Zaleski/Control 2001 0.773 99.9% 195 spherical
REMA/Thin+Burn 2001 0.472 93.5% 131 exponential
Zaleski/Thin+Burn 2001 0.279 78.5% 41 exponential
Available P
REMA/Control 2000 0.254 76.6% 120 linear/sill
REMA/Thin+Burn 2000 0.086 80.0% 54 exponential
Zaleski/Control 2000 0.820 99.9% 68 spherical
Zaleski/Thin+Burn 2000 0.239 99.9% 54 linear/sill
REMA/Control 2001 0.503 83.1% 116 exponential
Zaleski/Control 2001 0.313 92.5% 61 spherical
REMA/Thin+Burn 2001 0.967 65.6% 261 linear
Zaleski/Thin+Burn 2001 0.022 84.0% 50 spherical
N mineralization
REMA/Control 2000 0.884 73.8% >369 exponential
REMA/Thin+Burn 2000 0.621 73.3% 62 exponential
Zaleski/Control 2000 0.805 99.8% 147 spherical
Zaleski/Thin+Burn 2000 0.995 66.5% 357 spherical
REMA/Control 2001 0.920 79.9% 294 spherical
Zaleski/Control 2001 0.701 97.8% 138 spherical
REMA/Thin+Burn 2001 0.781 53.0% 374 spherical
Zaleski/Thin+Burn 2001 0.360 79.4% 69 exponential

Table 3.—Analysis of covariance of soil parameters in relation to study site, restoration treatment, and the

interaction between the two, using pretreatment conditions as the covariates. N=227.

Treatment

Site-by-treatment interaction

Soil pH
Available P
N mineralization

F=4.56, p<0.034
F=1.87, p<0.174
F=1.99, p<0.166

F=5.61, p<0.019
F=12.12, p<0.001
F=0.66, p<0.419
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Figure 1.—Interpolated maps of soil parameters in
the REMA Control and Thin+Burn units during
the pretreatment year (2000). See Table 2 for
spatial statistics associated with these kriged maps.
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either overall or in relation to site (table 3). Overall, soil pH in the thin+burn units (3.85 + 0.03)
exceeded that of the control units (3.75 + 0.01) significantly, and at REMA the difference of 0.24 pH
units between the control (3.77 + 0.06) and thin+burn (4.01 + 0.07) units was significant at
p<0.001. At REMA, available P in the treated unit (179.9 + 20.3 pgP/kg soil) was 65% greater than
that of the control unit (109.0 + 11.3), whereas at Zaleski available P in the treated unit (110.0 +
11.1) was 29% lower than that of the control (154.3 + 19.3); the difference at REMA was significant
(p<0.006) whereas the one at Zaleski was not (p<0.195).

Maximum pH and available P patch sizes increased from 2000 to 2001 by 25% and 475%, and the
proportion of variance in available P attributable to spatial structure decreased by approximately 1/3
over that time (table 2). The increase in available P from 2000 to 2001 in the REMA treatment unit
was apparent in the kriged maps as patches of moderate and high P appeared after treatment in what
was a matrix of low soil P prior to treatment (figs. 1 and 3). Although the structural variance in soil pH
and available P changed little from 2000 to 2001 in the treated unit at Zaleski, maximum patch size
for pH appeared to decrease by approximately 77% (table 2). At Zaleski, smaller patches of relatively
high soil P that were present prior to treatment were absent after treatment (figs. 2 and 4). The spatial

structure of N mineralization changed little from 2000 to 2001 in either study site (table 2, figs. 2
and 4).

Discussion

The assessment of the success of ecosystem restoration prescriptions often focuses on determining
whether predetermined, average conditions have been achieved. It is our premise that ecosystem
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restoration at the landscape scale requires and additional understanding of, and an ability to measure,
spatial heterogeneity at multiple scales. Even in regions where tree diversity and topographic
heterogeneity are less than in our Ohio landscape, distinct spatial structure in tree stem and age
distributions were common prior to Euro-american intervention (Selmants et al. 2003), and based on
the well-documented effects of individual trees on soil properties near their bases (Boerner and
Koslowsky 1989; Decker et al. 1999), it is reasonable to postulate that such spatial structuring existed
in the forest floor and soil as well.

The first part of this study was designed to determine what the spatial pattern of potentially-limiting
soil resources was in this heterogeneous landscape prior to the onset of restoration treatments, and to
determine how stable this spatial pattern was in time and space. As has been the case in our prior
studies in this region (e.g. Boerner et al. 2003, 2004, Boerner and Brinkman 2003), we found that
mean soil properties varied much more between study sites separated by km than between neighboring
watersheds. Similarities between/among neighboring watershed-scale treatment units in this region
(this study, Boerner et al. 2003, Boerner and Sutherland 2003) lend strong validity to the use of such
large land units as replicates (or pseudoreplicates) for experimentation, while the significant differences
between sites just a few km apart (Boerner et al. 2003) argue strongly for approaching such
experiments using complete block or Latin Square designs.
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The soil properties we chose for measurement all exhibited strong spatial structure at ranges of 15-360
m across the landscape, with at least two-thirds of the total variance among samples taken in each
treatment unit of ~25 ha being attributable to spatial structure. The patch size at which this spatial
structure occurred (defined as the maximum range of significant spatial autocorrelation among

samples) varied by a factor of 2-6 among soil parameters between the two treatment units at REMA,
and by a factor of approximately 2.4 for N mineralization at Zaleski. At REMA, apparent patch size
was always greater in the control unit than in the unit to be thinned and burned, and this difference
correlates well with the geomorphology of the two units. Approximately half the control unit is
occupied by a relatively flat area classified as xeric in the Integrated Moisture Index (IMI) system of
Iverson et al. (1997), whereas the unit to be thinned and burned exhibits a more equitable distribution
of relatively xeric, intermediate, and relatively mesic IMI areas. Thus the geomorphology of the control
is characterized by fewer and larger patches than is the treatment unit, and this carried over into the
soil properties we quantified. In contrast, the difference in patch size in N mineralization at Zaleski was
due to the presence of a few very small but distinct patches of relatively higher or low activity nested
within larger areas of intermediate activity being present in the control unit but not the treatment
unit. These small, unique patches do not correlate well with geomorphological features and are more
likely the result of finer-scale variations in organic matter deposition or content, as has also been
documented in other forest types (e.g. Boerner and Koslowsky 1989, Bruckner et al. 1999).

The relatively low range in soil pH (3.6-4.4) we observed was notable, as alfisols and inceptisols
formed on these parent materials are often typified as having pH of 4.0-5.0. To some degree, the
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relatively low pH we observed may have been a byproduct of differences in methodology, as pH values
in CaCl, (as we used) can be 0.5-0.7 pH unit lower than those recorded in water. However, enhanced
acidification induced by chronic deposition of N in precipitation and resultant enhanced rates of
nitrification may also be a contributing factor. For example, Boerner and Brinkman (2004) report
similar soil pH, soluble Al concentrations of 100-400 mg/kg soil, and molar Ca:Al ratios of <1 in soils
of sites located contiguous to REMA in which nitrification rates have increased 4-10 fold over the last

decade.

We observed little interannual variation in soil pH or N mineralization in the control treatment units,
though available P avail did decrease in both control units from 2000 to 2001. Although the
magnitude of the year-to-year variation in available P was statistically significant and appeared
relatively large on a proportional basis, it represented an average change of less than 0.10-0.25 mgP/kg
soil, a degree of temporal variability that was small compared to spatial variability within a treatment
unit. In addition, spatial structure and patch size of soil pH, available P, and N mineralization differed
little between years. If anything, we were surprised by how little interannual variation in soil nutrient
status we observed given how variable our summer weather often is from year to year.
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Studies of spatial dependency in soil biological and chemical properties have reported a broad range of
patch sizes/spatial autocorrelation ranges. Among those soil properties reported to exhibit spatial
dependency at scales <1 m are soil pH in a Norway Spruce (Picea abies) forest (Bruckner et al. 1999),
soil pH in Norway spruce, sugar maple (Acer saccharum), and red pine (Pinus resinosa) forests (Riha et
al. 1986), soil pH, N, and K in a sugar maple forest (Lechowicz and Bell), soil organic C in Ohio
beech-maple (Fagus grandifolia-Acer saccharum) forests and successional old fields (Boerner et al. 1998),
and both nitrification and denitrification in a white fir (Abies alba) forest (Lensi et al. 1991). Spatial
patterning at scales of 1-10 m are reported for inorganic N and available P in Ohio beech-maple forests
and successional old fields (Boerner et al. 1998), inorganic N and organic C in a Douglas-fir
(Pseudotsuga menziesii) forest (Antos et al. 2003), and C mineralization and soil moisture a red maple
(Acer rubrum) forest and successional old field in Rhode Island (Gérres et al. 1998). Finally, coherent
spatial structure at coarser spatial scales have also been reported, including ranges of 10-20 m for B, Ca,
Mg, and CEC in North Carolina forests (Palmer 1990), 10-20* m for soil pH, B and organic matter in
an old field in Italy (Castrignano et al. 2000), >20 m for N mineralization in a Norway Spruce forest
(Bruckner et al. 1999), 8-62 m for soil moisture in a slash pine (Pinus elliotti) plantation in South
Carolina (Guo et al. 2002), up to 20 m for inorganic N in a Michigan successional field (Robertson
1987), and 13-42 m for soil pH N mineralization, and available P in a tropical dry forest in the West
Indies (Gonzalez and Zak 1994). One must be cautious in attempting to synthesize these studies into
a general model for hierarchic spatial dependency in soil resources as the diversity of study sites and,
perhaps most importantly, differences in the sampling schemes and scales of possible spatial resolution
differ so much among studies.

Although nested or hierarchic spatial scales are commonly postulated as being common in the field
(e.g. Palmer 1990, Ettema and Wardle 2002, Franklin and Mills 2003), the detection of multiple
scales of variation requires complex, hierarchic sampling designs that are uncommon in the literature.
In most cases, the range at which spatial dependency can be and is reported is severely constrained by
the sampling design to a single, relatively narrow range. In this study, we report observations of spatial
dependency at ranges of 40-200 m for soil pH, 50-260 m for available B, and 14-375 m for N
mineralization. The limitations of our sampling design limited us to detection of ranges from 10-400
m, and would thus miss entirely fine-scale spatial dependency based on single tree influences (e.g.
Boerner and Koslowsky 1989, Bruckner et al. 1999) or patterns of coarse woody debris on the forest
floor (e.g. Morris 1999) and coarse-scale variations based on differences in parent material among sites
separated by km (Boerner et al. 2003, 2004). However, combining this study with those done earlier
in our study sites at coarser (Decker et al. 1999, Boerner et al. 2000, Boerner et al. 2003, 2004,
Boerner and Brinkman 2003) and finer scales (Decker et al. 1999, Morris and Boerner 1999, Morris
1999) allow us to establish the hierarchy of spatial scaling of soil properties we feel is necessary to fully
evaluate the efficacy of broad-scale ecosystem restoration and management efforts.

The second portion of the study was designed to determine the initial effects of a combined structural
and functional restoration treatment on soil resources, both overall and in relation to spatial structure.
Overall, we found that the combined restoration treatment resulted in increased soil pH and available
P at REMA, but not at Zaleski. Fire-induced increases in soil pH, available P, and base saturation have
been reported commonly in eastern forests (review by Boerner 2000), and a similar increase in pH was
observed following fires in studies in nearby watersheds (Boerner et al. 2004). Variations in this
response among studies in the literature are the result of differences in initial base saturation, fire
intensity, and the length of time since fire (Boerner 2000). Our intersite differences seem to be
predominantly the result of differences in fire behavior, with the fire at the REMA site having been
somewhat more intense than that at the Zaleski site (Iverson, unpublished data).

We observed no change in N mineralization rates after thinning+fire in these two sites. These results
were consistent with those following fire only in neighboring study sites (Boerner et al. 2004), but
clearly not with studies in a variety of other ecosystems which show increase in N availability after fire
or fire+cutting. For example, fire-induced increases in TIN and/or N mineralization have been reported
in Pinus ponderosa forests in western North America (Wagle and Kitchen 1972), mixed pine (2 echinata
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and P taeda) forests in east Texas (Webb et al. 1991) and California chaparral (Debano et al. 1979).
Knoepp and Swank (1993) reported increases in N mineralization that persisted at least two yr after
cutting and burning, though the fires employed in that study were considerably more intense than
those in our study sites. In a Douglas-fir forest in the Pacific Northwest, cutting and burning resulted
in an initial increase in N availability, but it lasted less than one yr (Antos et al. 2003), and Phillips
and Goh (1985) reported that the increases in NH, production were greater in a southern beech
(Nothofagus spp.) site in New Zealand that was cut and burned than in a site that was only cut. One
must use caution in extrapolating the effects of fire in one ecosystem to those in far different ones. For
example, Vance and Henderson (1984) found that annual burning over 30 yrs in a Missouri oak forest
reduced N mineralization and TIN to a greater extent than did periodic burns over the same period,
and the sites studied by Vance and Henderson (1984) are more similar to our study sites than are the
others cited as experiencing an increase in N mineralization after fire.

Our thinning and burning treatment tended to homogenize the soil nutrient distribution. We noted
decreases in spatial structure, increases in patch size, and the loss of very small, distinct patches of
differing nutrient availability. This result is consistent with those of Guo et al. (2002) who observed a
loss of spatial structure in soil characteristics following cutting in a South Carolina slash pine stand. If
the short term results we present here persist over a longer period, there may be consequences for
community structure in these forests. Studies in southern forests have demonstrated that human-
induced change in spatial structure of forests can affect ecological processes such as the spread of fungal
diseases and insect pests (Perkins and Matlack 2002). We will continue to evaluate the effects of these
treatments on spatial structure of soil resources through a second fire cycle in expectations of
determining whether the changes we documented in this study are persistent or ephemeral.
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SOIL COMPACTION AFFECTS GROWTH OF YOUNG SHORTLEAF PINE
FOLLOWING LITTER REMOVAL AND WEED CONTROL IN THE MISSOURI OZARKS

Felix Ponder, Jr.t

ABSTRACT.—More frequent use of heavy equipment in intensive forest practices can lead to
soil compaction and reduced productivity. The growth of 8-year-old planted shortleaf pine
(Pinus echinata Mill.) and seasonal soil moisture stress and soil temperature were measured on
cherty silt loam soil from which surface organic materials (whole tree plus leaf litter) had been
removed before applying compaction treatments. Three levels of compaction and two levels of
understory control were compared. Trees were significantly taller and had more height and
diameter at breast height (d.b.h.) growth in compacted treatments than in the no compacted
treatment and when the understory was absent than when present. Mean seasonal soil moisture
stress was much higher for compacted treatments than for the no compaction treatment during
the measurement period, except for September. But differences were significant only for May
(severe compaction>no compaction) and September (severe compaction<no compaction). Soil
temperature, although higher for compacted treatments than for the no compaction treatment,
was not significantly different between treatments. Both soil moisture stress and soil
temperature were higher when the understory was present than when absent.

Compaction affects nearly all properties and functions of the soil, physical as well as chemical and
biological. Compaction causes a rearrangement of the soil particles resulting in the alteration of pore
size distribution, decreased porosity, and changes in the movement and content of heat, air, water, and
nutrients in the soil (Grable and Siemer 1968). These changes in bulk density affect infiltration,
drainage, water availability, aeration, root exploration, and nutrient uptake, all of which can directly
influence soil productivity.

The compaction of soils during forestry operations reduces the rate of establishment of natural
regeneration, has been shown to reduce tree growth for periods spanning at least a decade, and can have
deleterious effects on tree form (Wronski and Murphy 1994). Forest harvesting, especially whole tree
harvesting and litter raking, can remove considerable biomass, leaving the residual forest floor
significantly disturbed. Severe compaction and organic matter removal can affect both the quality and
productivity of the soil. Studies conducted in North America have shown that tree growth and forest
productivity decrease due to compaction. For example, the reduction in ponderosa pine (Pinus
ponderosa Dougl. ex Laws) height and volume growth attributed to soil compaction in southwest
Oregon was still evident 17 years later (Froehlich 1979). On the Coastal Plains of South Carolina, one-
year-old loblolly pine height growth on compacted skid trails was 40 to 50 percent less than height
growth on non-compacted soil (Hatchell and others 1970).

While there is ample evidence supporting the reduction in growth caused by soil compaction, it has
not always produced negative growth effects (Miller and others 1996, Cochran and Brock 1985). For
example, on several California sites, the effect of compaction on 4-year-old ponderosa pine varied with
soil texture and soil water (Gomez and others 2002a). These authors reported that compaction reduced
the growth young ponderosa pine in California on fine textured soils due to increased soil strength, but
soil compaction increased growth on a sandy textured soil due to increased water holding capacity.

Coile (1948) reported that the growth of shortleaf pine increased as soil available water increased in the
subsoil in the North Carolina Piedmont. Mohr (1896) concluded that sands were a poor growth
medium for shortleaf and on the better sites subsoil textures were heavier than topsoil textures. Each
soil has unique properties that interact to respond to compaction in different ways to affect tree growth.

"NC Research Station, 208 Foster Hall, Lincoln University, Jefferson City, MO 65102. Phone (573) 681-5575; fax:
(573) 681-5578; e-mail: fponder@fs.fed.us
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Understanding the effects of compaction on site productivity is among many factors affecting the
development of young trees.

The specific objectives of this work were to: (i) assess the height and diameter response of shortleaf pine
to soil compaction after 8 years and (ii) assess the effect of understory treatments with and without
compaction on height and diameter of shortleaf pine.

Materials and Methods

Site Description

The study is in one of the USDA Forest Service’s Long-Term Soil Productivity (LTSP) sites and located
in the Carr Creek State Forest in Shannon County, Missouri. The LTSP study, composed of large-scale
field experiments located at sites across the United States, was developed to assess the effects of soil
compaction and surface organic matter removal on site productivity across a range of forest sites (Powers
and others 1990). The silt loam soils on the Missouri site are primarily of the Clarksville series (Loamy-
skeletal, mixed mesic Typic Paledults). Soils are derived from Ordovician and Cambrian dolomite with
some areas of Precambrian igneous rock (Missouri Geological Survey 1979). Weathered material has
formed a deep mantle of cherty residuum (Gott 1975). Initial soil chemical properties of the 0-20 cm
depth were: pH (1:1 water) 5.7; total C, 3.3 %; total N, 0.11%; P, 16.9 mg/kg; Ca, 789 mg/kg; and
Mg, 61 mg/kg (Ponder and others 2000). Prior to harvest, the site had a well-stocked, mature, second-
growth oak (Quercus spp.)-hickory (Caraya spp.) forest. The site index indicated that the height of 50-
year-old black oak (Q. velutina Lam.) should range from 74 to 80 feet on this site (Hahn 1991). Mean
annual precipitation and temperature is 112 ¢cm and 13.3° C, respectively (Barnton 1993). Moisture
drains easily through the soil to subsurface channels.

Experimental Design

The LTSP study includes nine treatments derived from combinations of three levels each of organic
matter removal and soil compaction. The three levels of organic matter removal included: (1)
merchantable boles removed (boles only), (2) all living vegetation removed (whole tree), and (3) all
living vegetation plus forest floor removed, exposing mineral soil (whole tree + forest floor).
Merchantable boles included trees with diameters at breast height (d.b.h.) of 25 cm or larger. The
three levels of compaction included: (1) no compaction (Cy), (2) moderate compaction (C,), and (3)
severe compaction (C,). The targeted bulk density of severe compaction treatment was an increase of
30% more than the bulk density of the no compaction treatment. The moderate soil compaction
treatment was intermediate between the severe compaction and no compaction treatments. The latter
was accomplished by using heavy road construction equipment. Mean bulk density increased to up to
1.8 g cm® compared to 1.3 g cm’ for the no compacted treatment. A complete description of the site
and the LTSP installation are provided elsewhere (Ponder and Mikkelson 1995).

For this report, three levels of compaction and two levels of vegetation management were used. For the
first 2 years after planting, a 3-foot radius area around each shortleaf pine seedling was sprayed annually
in the spring with a mixture of glyphosate and simazine mixture to control weeds. Beginning in the 3rd
growing season, half of each plot was kept weed-free (understory absent) to permit planted trees to
grow freely without weeds. Weeds were not controlled (understory present) in the other half of the plot.

Seedling heights were measured after planting and annually thereafter. Diameter at breast height was
measured when trees reached 1.4 m tall or taller. Soil moisture stress (soil moisture resistance) and
temperature to a depth of 30 cm were measured monthly during the growing season using Soiltestd
moisture cells in the no compaction and severe compaction treatments at 10 cm increments from 0 to
30 cm deep for some years. Current-year shortleaf pine leaves were collected in August of years 4 and 8
for macronutrient analyses. For this report, 5- and 6-year data for soil moisture stress and temperature
and 4- and 8-year data for leaf nutrient concentrations were used. Data were not available for all years
for leaf nutrients nor soil moisture stress and temperature. All measurements and analyses were done
according to standard procedures. Rainfall measurements were also recorded at the weather station on
the study site.
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Table 1.—The effect of soil compaction and understory on mean annual survival of 8-year-old shortleaf pine
in Missouri.

Year

Treatment 1 2 3 4 5 6 7 8
Soil compaction Survival (Percent)

No 81 81 78 75 74 72 72 72
Moderate 67 66 66 66 66 66 66 65
Severe 75 74 74 74 72 72 70 70
Understory

Absent 73 73 72 72 70 69 69 69
Present 74 74 73 72 72 72 72 70

Table 2.—The effect of soil compaction and understory control on 8-year height and d.b.h.
(diameter 4.5 ft above the ground) growth of shortleaf pine planted after forest floor removal.!

Treatment Total height growth Total d.b.h. growth
Soil compaction cm cm

None 273+171a? 32+13a
Moderate 304+136a 34+12a
Severe 373+132b 39+13b
Understory

Absent 310%151a 40%13a
Present 324+142a 31+12b

"Values after the + symbol are mean standard deviations.
2For soil compaction or understory treatment, columnar means followed by the same letter are
not significantly different at o = 0.05 Tukey’s Studentized Range test.

Statistical Analyses

The experiment was analyzed as a split-plot design with three levels of soil compaction two levels of
understory as the subplots. Survival was analyzed using the PROC LIFETEST procedure described in
“Survival Analysis Using the SAS System” (Allison 1995). Annual tree survival data were coded
according to tree status, 1 for live trees and 0 for dead trees and subjected to an ANOVA. Survival
differences among treatment variables were tested using the Tukey’s Studentized Range test at the a =
0.05 level of significance. Total height and d.b.h. growth through year 8, leaf nutrients for years 4 and
8, and soil moisture stress and soil temperature were analyzed using analysis of variance with the
PROC GLM procedures in SAS Version 8.2 (SAS Institute, Cary, NC). Prior to analysis, soil moisture
stress and soil temperature data were averaged for the fifth and sixth growing seasons. Data for all
depths were combined. All statistical tests were performed at the a = 0.05 level of significance.

Results
Survival and Growth

Eight years after planting, survival was not significantly affected by soil compaction or understory
treatments (Table 1). Most of the mortality occurred during the first year. This mortality may have
been due to the less than ideal soil moisture during the planting period (May through June). Survival
after year 1 through year 8 declined only by 10, 2 and 5 percent for no, moderate, and severe
compaction treatments, respectively. For understory treatments, survival at the end of the second year
was 73 and 74 percent for understory absent and understory present, respectively and declined by 4
percent between year 1 and year 8 for both understory treatments. The interaction between
compaction and understory was not significant.

Total height and diameter growth were significantly better for compaction treatments than for the no
compaction treatment (Table 2). Differences between moderate and no compaction treatments were
not significant for either measurement at the end of 8 years. Differences in tree height between
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treatments began to appear between years 4 and 5, when most trees were tall enough to measure d.b.h.
(Fig. 1). The presence or absence of an understory was significant only for d.b.h. growth. Shortleaf pine
with the understory absent had more d.b.h. growth than when the understory was present (Table 2).
Interaction between soil compaction and understory treatments was not significant.

Leaf Nutrient Concentration

Leaf macronutrient content is presented for the fourth and eight growing seasons (Table 3). Soil
compaction had no significant affect on leaf nutrient concentrations in the fourth or sixth growing
season, but understory did (Table 3). Leaf N was higher when the understory was absent than when
the understory was for both growing seasons. Calcium and Mg were significantly higher for shortleaf
pine leaves in the understory present treatment than in the understory absent treatment for fourth
growing season but not after six growing seasons. Both P and K were higher for leaves from trees in the
understory absent treatment than in the understory present treatment for year 8, but not for year 4.
There was a significant interaction for Ca in year 6 (Fig. 2A). Leaf Ca was lower when understory was
absent compared to when present for severe compaction. The reverse was true for the no compaction
treatment.

Soil Moisture Stress

Soil moisture stress and soil temperature data are presented only for two treatments; no compaction
and severe compaction (Table 4). Soil moisture stress readings were higher for severe compaction than
for no compaction, except for September. However, readings differed significantly between treatments
only for the months of May and September. Differences between understory treatments were
significant for all months. But, there were significant interactions for both May and September
between understory and soil moisture stress (Figs. 2B and 2C). The interactions showed that regardless
of compaction treatment, moisture stress was highest when understory was present. For May, the mean
soil moisture stress measurement for severe compaction with understory present was 84.7 ohms 10!
and 29.5 ohms 10" when understory was absent compared to an average of 17.0 ohms 10" for these
understory treatments and no compaction. For September, mean soil moisture stress was considerably
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Table 3.—The effect of soil compaction and understory on leaf macro nutrient concentration of shortleaf
pine during the fourth and eighth growing season.

Nutrient
Treatment Nitrogen Phosphorus Potassium Calcium Magnesium
Fourth growing season Concentration (g/kg)
Soil compaction
No 14.45a’ 0.88a 6.39a 2.60a 0.71a
Moderate 14.38a 0.96a 6.12a 2.06a 0.67a
Severe 14.91a 1.02a 6.52a 2.02a 0.66a
Understory
Absent 15.34a 0.96a 6.53a 1.90a 0.63a
Present 13.91b 0.95a 6.18a 2.50b 0.72b
Interaction 0.37032 0.343 0.862 0.568 0.607
Eighth growing season
Soil compaction
No 14.97a 1.07a 5.60a 1.76a 0.84a
Severe 14.90a 1.08a 5.59a 2.20a 0.93a
Understory
Absent 16.57a 1.12a 5.99a 1.90a 0.86a
Present 13.29b 1.03b 5.20b 2.05a 0.91a
Interaction 0.2186 0.634 0.194 0.007 0.067

'For soil compaction or understory treatment, columnar means followed by the same letter are not significantly
different at o = 0.05 Tukey’s Studentized Range test.
“p-value.

higher for no compaction with understory present (158.2 ohms 107) than for severe compaction with
understory present (80.7 ohms 107).

Soil temperature was generally a little higher in the severe compaction treatment than in the no
compaction treatment but differences were not significant except for August (Table 4). Differences in
soil temperature between understory treatments were significant for all months; soil temperature was
higher when the understory was present than when absent. Interactions were not significant.

Discussion

Bulk density data were not presented here but were presented earlier (Ponder and others 1999). The
data showed that severe soil compaction effectively increased soil bulk density over no soil compaction.
The percent change in bulk density between the no compaction treatment and the severe compaction
treatment was 22, 29, and 26 percent for the 10-, 20-, and 30-cm depth increments, respectively.
While the bulk density of the moderate compaction treatment was increased above that for the no
compaction level, it was less than that for severe compaction. At a given bulk density, soil water content
determines root growth potential by influencing soil strength, aeration, and plant available water.
Neither soil strength nor plant available water content was measured for this report. However, in a
laboratory study, Siegel-Issem (2002) found that compaction moderately increased available water and
decreased aeration porosity in the Clarksville soil from this site.

Soil compaction was beneficial to the growth of shortleaf pine growing in the Clarksville silt loam on
this Ozark site. However, neither soil moisture stress nor soil temperature data during the months of
May thru September explain why. These data showed compacted plots usually had both higher soil
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moisture stress and temperatures most of the
measurement period (Table 4), indicating that
compacted plots were drier and hotter than plots with
no soil compaction. As soils became drier, soil
temperatures increased, heating the air above the soil
surface and increasing evaporation. Sauer and others
(2002), in a water balance examination, reported that
evaporation accounted for 91 percent of the rainfall
that fell on a Clarksville soil in Arkansas dominated by
tall fescue (Festuca arundinacea Schreb.) cover.
Excavations at their site showed that the greatest plant
root density was near the surface and that the soil
layers above 0.5 m appear to be primarily responsible
for supplying water for evaporation.

Soil moisture stress variation from year to year depends
a lot on rainfall during the measurement period. For
example, during this study period, plots received
approximately 65.3 c¢cm of rain during May through
August and a total of 137.1 cm during one year
compared to 20.3 cm during May through August and
a total of 79 c¢m for another year.

Several authors have reported that the performance of
young conifers was either better or not significantly
different between compacted and not compacted soil
treatments (Conlin and van den Driessche 1996, Page-
Dumroese and others 1998, Heninger and others
2002, Gomez and others 2002a). For example, soil
compaction had little effect on height growth of 13-
week-old laboratory-grown lodgepole pine (2 contorta
Dougl. ex Loud.), with the tallest seedlings occurring
at the greatest compaction rate (Conlin and van den
Driessche 1996). In another study, Miller and others
(1996) reported that average height for 8-year-old
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var.
menziesii), Sitka spruce (Picea sitchensis (Bong.) Carr.),
and western hemlock (Zsuga heterophylla (Raf.) Sarg.),
did not differ among soil compaction treatments.
Western white pine (2 monticola Dougl. ex D. Don)
seedlings were tallest after soil compaction (Page-
Dumroese and others 1998).

Foil and Ralston (1967) reported that loosening the
soil from its normal structure reduced the height of
loblolly pine (2 taeda L.) on light textured soils, but
stimulated it on clay soils. They concluded that
loosening the light textured soil affected its aeration
porosity reducing the amount of available water and
nutrients to suboptimal levels. Archer and Smith
(1972), Stone and Elioff (1998), and more recently
Gomez and others (2002a) demonstrated this concept.
The implication is that some level of compaction of
sandy loam (medium textured) soils can increase soil
moisture availability while maintaining adequate
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Table 4.—The effect of soil compaction and understory control treatments effect on monthly soil moisture
stress and temperature.

Month

Treatment Level May June July August September

Soil moisture stress (ohms 10")

Soil compaction No 16.9 26.2 24.2 3.6 54.0
Severe 52.6 30.4 25.1 6.1 37.7
p-value 0.001 0.595 0.933 0.126 0.007

Understory Absent 22.0 1.8 2.8 0.4 2.1
Present 47.7 56.4 46.2 9.4 109.4
p-value 0.001 0.001 0.001 0.001 0.001

Interaction p-value 0.006 0.538 0.894 0.106 0.006

Soil temperature (°C)

Soil compaction No 15.1 12.1 14.1 14.3 3.5
Severe 17.0 14.3 13.4 15.5 6.9
p-value 0.105 0.191 0.781 0.047 0.344

Understory Absent 13.1 9.8 10.8 11.6 3.3
Present 18.5 16.3 16.1 17.8 8.5
p-value 0.001 0.001 0.002 0.001 0.042

Interaction p-value 0.873 0.287 0.187 0.350 0.262

aeration, and does not constitute a physiological problem to trees (Gomez and others 2002b).
However, in the present study, soils are cherty silt loams and not sandy loams. But it seems probable
that the cherty silt loam is behaving similar to compacted sandy loam. Voids between the fine-earth
fraction (<0.002-m diam.) and abundant rock fragment surfaces are the dominant macropores in the
chert silt loam soils (Sauer and Logsdon 2002). Upon compaction, soil micropores increase and soil
macropores decrease, creating soil moisture characteristic of a finer textured soil. Nash (1963)
maintained that soil moisture is the principal factor limiting growth of shortleaf pine, especially in
Missouri. It grows best on soils with silt loam and fine sandy loam textures (Lawson 1992).

Additionally, shortleaf pine is apparently more adaptable to the physical changes in the soil
environment on this site than the hardwoods that are also being studied (Ponder 2003). The
hardwoods grew less in the compacted treatments (data not shown). It has been shown that top growth
is less sensitive than root growth to soil disturbance in the early years (Singer 1981, Heilman 1981).
Observations of root systems developed in heavy compacted soils show that lateral roots comprised a
larger percentage of total root weight than was generally the case in less compact soils (Rodney and
Ralston 1967). Work is being initiated in the Missouri LTSP study to compare tree root development
between compaction treatments.

While soil moisture stress is an indicator of the soil moisture level, it may not be sensitive enough to
effectively relate directly to plant physiological conditions. Soil moisture stress levels created by the two
understory conditions were much farther apart but growth differences were significant only for d.b.h.
growth (Table 1). This suggest that some of the growth advantage of shortleaf pine in compacted soil
may be at a period of the growing season when soil moisture stress is more favorable in compacted soil
and not limited to the time of the growing season when there are large differences in soil moisture
stress attributed to understory treatments or compaction. Also, the more rapid growth on the
compacted plots may have created the greater moisture stress found in May. Moisture stress was less on
the compacted plots than on non-compacted plots in September after tree growth had nearly ceased
because the compacted plots inherently held more moisture.
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Leaf macronutrients were not significantly affected by soil compaction. Earlier, Gomez and others
(2002b), using N and ponderosa pine, reported that they did not observe any significant effects of
compaction on leaf N with total removal of the forest floor at two LTSP installations on loam and clay
textured soils. These authors suggest that while leaf N differences attributed to soil compaction
treatments were small, compaction is a significant factor associated with increased N recovery.
Compaction may have prevented losses from the soil by reducing mineralization and increasing the
probability of overall nutrient uptake in years to come.

The importance of understory on foliar N concentration was evident for both measurement periods.
Weeds are hardy competitors for soil nutrients. Data collected over a number of years from loblolly
pine for the LTSP in North Carolina show that foliar N was consistently higher for the understory
absent treatment than for the understory present treatment (data not shown). Weeds reduce the
amount of water and nutrients available to nearby trees, which are needed for growth. Less water
implies reduced mineralization, which in turn influence the acquisition and the availability of other
nutrients (Wilson 1994, Zabowski and others 1994).

Summary

The mechanism by which compacted soil in the present study supported better shortleaf pine growth
than soil not compacted is not completely understood. Much of the better growth is likely due to
better soil physical changes that caused better soil moisture conditions for growth during some part of
the growing season. The better growth for trees in the compacted treatment is consistent with a LTSP
study in California that has medium textured soils also. Controlling the understory increased leaf N
and d.b.h. growth, but not height growth. Forest soils are complex with many components whose
interactions can produce varied results. However, for this 8-year period, compaction has had a positive
effect on shortleaf pine growth.
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HAY-SCENTED FERN (DENNSTAEDTIA PUNCTILOBULA) AND SUGAR MAPLE
(ACER SACCHARUM) SEEDLING OCCURRENCE WITH VARYING
SOIL ACIDITY IN PENNSYLVANIA

William E. Sharpe and Jessica E. Halofsky'

Abstract.—Hay-scented fern is an invasive species that has increased in abundance over the last
half of the twentieth century. Since this species may limit woody regeneration, it is important
for forest managers to understand why its prevalence is increasing. Fighteen sugar maple stands
across Pennsylvania were sampled to determine if soil chemistry and canopy density played a
role in the abundance of hay-scented fern. It was found that percent canopy cover and soil O-
horizon Ca/Al ratios were negatively related to percent fern cover. Percent canopy cover was
related to soil A-horizon pH. In addition, soil A- and B-horizon pH levels were related to sugar
maple seedling presence. These results indicate that soil chemistry should be considered as a
factor controlling hay-scented fern abundance and sugar maple regeneration in Pennsylvania.

Hay-scented fern (Dennstaedtia punctilobula (Michx.) Moore) is a rhizomatous fern commonly found in
deciduous forests, old fields and roadsides in its native range of the Eastern United States and Canada.
This invasive species is capable of growing in a wide range of light and soil conditions (Conard 1908,
Cody et al. 1977, Burnside 1988) and often develops into mono-dominant stands. Once established,
hay-scented fern inhibits woody regeneration (Horsley and Marquis 1983, Bowersox and McCormick
1987, Kolb et al. 1990, Horsley 1993) by outcompeting woody species for light (Horsley 1986,
Burnside 1988, Kolb et al. 1990, Horsley 1993, Hippensteel and Bowersox 1995) and rooting space
(Hammen 1993, Lyon and Sharpe 1996).

Hay-scented fern has apparently increased in abundance over the last half of the 20" century. Several
possible explanations for the dominance of hay-scented fern on forest floors have been proposed.
White-tailed deer (Odocoileus virginianus virginianus (Boddaert)) selectively browse many forest
understory species, such as sugar maple (Acer saccharum Marsh), red maple (Acer rubrum L.), white ash
(Fraxinus americana L.), yellow poplar (Liriodendron tulipifera L.), and eastern hemlock (Zsuga
canadensis L.). These species can be reduced in abundance or eliminated by deer browse (Tilghman
1989). Deer generally do not browse the less palatable hay-scented fern; thus hay-scented fern may be
at an advantage over more palatable species where deer are abundant, and especially in canopy gaps

(Horsley and Marquis 1983, Collins and Pickett 1988).

Another possible explanation for hay-scented fern spread is soil acidification caused by acid deposition.
Pennsylvania soils have become increasingly acidic over the last half of the twentieth century (Robert
1994, Drohan and Sharpe 1997). Soil acidification results in base cation leaching, elevated aluminum
concentrations, and an imbalance of Ca/Al in soil solutions and in the rhizosphere. This imbalance
inhibits Ca and Mg uptake, reduces fine root growth, alters photosynthetic activity, and leads to
nutrient imbalances in forest tree species (Ulrich 1983, Zoettl and Huettl 1986, Godbold et al. 1988,
Shortle and Smith 1988, Wright et al. 1989, Joslin and Wolfe 1992). On forested sites with very acid
soils, soil acidity/nutrient status may limit regeneration of acid sensitive species such as sugar maple
and lead to increased abundance of more acid tolerant species of plants that appear to be more
adaptable to an acidifying edaphic environment. The proliferation of hay-scented fern in extremely acid
soils appears to indicate its adaptability to such conditions. The objective of this study was to
determine possible relationships between hay-scented fern frond density, percent hay-scented fern
cover, soil acidity and canopy density.

"Professor of Forest Hydrology (WES), School of Forest Resources, 104 Land & Water Research, University Park, PA
16802; and Research Assistant (JEH), Department of Forest Science, Oregon State University, Corvallis, OR 97330. WES
is corresponding author: to contact, call (814) 863-8564 or e-mail at wes@psu.edu.
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Figure 1.—General locations of the study sites.

Methods

Eighteen even-aged hardwood stands of predominantly sugar maple, located in Centre, Huntingdon,
Potter, Somerset, and Sullivan Counties, Pennsylvania were selected for study (Figure 1). These stands
were chosen to represent a gradient of soil acidity and Ca:Al values and the widest possible north-south
distribution of sugar maple in Pennsylvania. Age of all stands was in the range of 80 to 90 years, and
the stand size ranged from one to eight ha. Average dominant tree height for all stands (obtained
through a subsample of at least five dominant trees per site) was 20.28 m and ranged from 13.20 m at
site sixteen to 24.26 m at site five. Average dominant tree DBH for all stands (obtained from the same
trees subsampled for height) was 36.25 cm and ranged from 25.03 cm for site sixteen to 50.58 cm at
site seventeen. The stands were located in a variety of topographic locations, including stream bottoms,
mid-slopes, and ridge tops in both the Valley and Ridge and Allegheny plateaus physiographic

provinces.

Each stand was sampled to determine hay-scented fern percent cover, canopy density, sugar maple
regeneration and soil chemistry. Random sampling of fern cover and sugar maple seedling occurrence
was accomplished by throwing a hula-hoop from the center of each stand in a randomly selected
direction. The 0.47-m? area described by the hoop when it landed was established as a sampling plot.
Three such plots were established in each stand. Canopy density was determined from each plot
location using a spherical densiometer. Fern fronds were counted and sugar maple seedling presence
was assessed within the plots, and fern cover was visually estimated. Soil samples were collected from
each plot from a small hand-excavated soil pit (40 cm deep). This depth ensured inclusion of the O, A,
and B-horizons. Soil samples were extracted with 0.01 M SrCl, as a surrogate for plant available Al and
Ca in each of the soil horizons (O, A, and B), and the molar Ca/Al ratio was calculated for each of the
three horizons (Joslin and Wolfe, 1989). In addition, pH was determined in 1:1 water paste of air-
dried soil. Linear and logistic regression techniques were used to analyze the data obtained.

Results and Discussion

The percent cover of hay-scented fern was strongly inversely related to percent canopy density of
overstory sugar maple (p < .001) and O-horizon Ca/Al ratio (p < .004) in a linear regression model
with a non-linear transformation. This linear regression analysis showed that canopy density and O-
horizon Ca/Al ratio accounted for 71 percent of the variation in hay-scented fern cover (percent canopy
density accounted for 53 percent of the variation and O-horizon Ca/Al ratio accounted for the
remaining 18 percent of the variation in fern cover). Percent fern cover was negatively correlated with
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Table 1.—Sugar maple seedling presence (1=present, 0=absent) and mean percent hay-scented fern cover, percent canopy
density, A-, B-, and O-horizon soil pH, and A-, B-, and O-horizon Ca/Al ratio at each study site (ND — no data).

Sugar Mean Mean
Site Maple Percent Percent Mean A Mean B Mean 0 Mean A Mean B Mean O
No  Seedling Fern Canopy Horizon Horizon Horizon Horizon Horizon Horizon
Presence Cover Density pH pH pH Ca/Al Ca/Al Ca/Al

1 0 0.25 0.90 4.74 5.12 5.54 22.56 0.33 147.11
2 1 0.00 0.97 5.18 5.10 4.90 627.15 129.13 1070.45
3 1 0.00 0.96 4.75 4.95 4.85 171.49 0.74 262.47
4 0 0.00 0.94 6.61 ND ND ND ND ND

5 1 0.00 0.94 5.13 5.02 4.57 2.78 5.11 206.70
6 1 0.00 0.91 4.68 5.24 4.45 106.00 331.15 2387.69
7 0 0.47 0.92 3.84 4.58 3.56 8.74 0.69 415.74
8 1 0.52 0.94 4.26 4.52 4.10 1.69 0.59 86.63
9 1 0.40 0.93 3.91 4.46 3.86 5.87 1.47 119.48
10 1 0.07 0.92 3.70 4.51 4.11 4.23 0.70 41.08
11 0 0.33 0.93 3.82 4.60 3.93 25.98 3.88 55.90
12 0 0.42 0.86 3.99 4.80 3.91 15.70 0.54 37.43
13 0 0.13 0.93 3.58 4.36 4.09 1.96 0.22 53.84
14 0 0.53 0.78 4.12 4.32 3.54 3.02 0.22 55.20
15 0 0.90 0.67 4.10 4.65 4.02 2.10 0.62 29.44
16 0 0.27 0.72 4.43 4.75 3.94 10.43 0.49 158.51
17 0 0.98 0.69 4.12 4.80 4.51 0.64 0.18 47.67
18 1 0.09 0.92 4.64 5.66 4.01 23.87 5.67 336.41

percent canopy density of sugar maple, which was expected because more sunlight was likely to reach
the forest floor with reduced canopy density. Percent fern cover was also negatively correlated with O-
horizon Ca/Al molar ratio. Percent canopy density and O-horizon Ca/Al data appear in Table 1.

In addition to the relationship between fern cover and O-horizon Ca/Al ratio, hay-scented fern frond
density was found to be negatively related to the Ca:Al ratio in the A and B horizons (Figs. 2 and 3,
respectively). A positive (p < .057) relationship was also present for percent canopy cover and A-
horizon pH.

Sugar maple seedling occurrence, in relation to soil parameters and hay-scented fern occurrence, was
analyzed by logistic regression. Results indicated that sugar maple seedlings were sixteen times less
likely to occur on plots with hay-scented fern. However, sugar maple seedlings were four times more
likely to occur with every unit increase in A-horizon soil pH and over six times more likely with every

unit increase in B-horizon soil pH, within the pH ranges encountered in this study (pH range of 3.16-

6.98 in the A-horizon and 4.22-5.91 in the B-horizon). Sugar maple seedling occurrence and
corresponding B-horizon Ca/Al ratios are plotted in Figure 4. B-horizon Ca/Al ratio explained 55
percent of the variation in sugar maple seedling numbers on the study plots (Fig. 4).

Higher hay-scented fern densities were associated with reduced canopy density (which was correlated
with low soil A-horizon pH levels) and low O-horizon Ca/Al ratios in sugar maple stands across
Pennsylvania. Hay-scented fern appeared to be a superior competitor in the high light and low Ca/Al
environments of extremely acid soils. Once established, hay-scented fern competes with other species
for light and rooting space, which may further limit woody regeneration. These results indicate that
soil acidity correction by liming may be required to regenerate sugar maple stands on strongly to
extremely acid soils. The liming study of Wilmot et al. (1996) appears to support this hypothesis.

The data indicate that there is a strong association between soil acidity and both sugar maple canopy

density and hay-scented fern abundance. This result is counter to the widely held notion (Marquis and
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Figure 2.—The relationship between
fern frond density and A-horizon
Ca:Al molar ratio.

Figure 3.—The relationship between
fern frond density and B-horizon
Ca:Al molar ratio.

Figure 4.—Sugar maple seedling
density versus B-horizon Ca:Al
molar ratio.
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Brenneman 1981, Horsley and Marquis 1983, Tilghman 1989) that hay-scented fern abundance is
explained primarily by preferential browsing, which reduces competition from plants that are more
palatable to white-tailed deer. It is also clear from the data presented that sugar maple seedling
occurrence is associated with soil acidification on the sites that were studied. White-tailed deer
numbers were not assessed in this study; however, the results represent data from 18 randomly selected
sites across Pennsylvania, and we have no reason to believe background numbers of white-tailed deer
differed in any more than a random way between sites. Further investigation into the relationship
between hay-scented fern abundance, sugar maple regeneration, and edaphic conditions is needed.
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