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Figure 13—Aerial views of plots after cable (top, no traffic lanes visible) and ground-based harvesting
(bottom, traffic lanes visible along the main plot axis) at the Fall River research area.

Postharvest Biomass and C and N Stores

Methods

Coarse woody debris—

We measured residual CWD in one randomly chosen plot from each of the four
cable-yarded biomass-removal treatments within each block from February to May
2000. We tallied CWD by using the line-transect method (Brown 1974, Harmon
and Sexton 1995). As in the preharvest assessment, plots were divided into five
equal sections (17 by 30 m), and two randomly located 10-m transects were
surveyed in each section, resulting in a total transect length of 100 m per plot.
Transect lengths were not adjusted by slope because slopes were short and < 15
percent. The starting point for each transect was a randomly-located coordinate.
Transect direction was determined by random compass bearings from 1° to 360°.
Transects that would have extended outside the plot were ended at the plot border,
and then extended back into the plot from the origin in the opposite direction (180°)
to result in the correct length. Transects were allowed to extend into adjoining
subplot sections.
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Figure 14—Tillage with an excavator in plots with soil compaction (top), and traffic lanes before
(bottom left) and after tillage (bottom right) at the Fall River research area.

Woody residues were subsampled by size class. Residues with diameters from
0.6 to 2.5 cm were measured along the first 1 m of each transect; residues with
diameters from 2.5 to 7.6 cm were measured along the first 2.9 m; and residues
with diameters greater than 7.6 cm were measured along the entire 10 m of the
transect. Diameters were measured at the point of intersection of the transect with
the measured residue piece, and perpendicular to the piece’s longitudinal axis.

We classified decay classes of CWD according to Maser et al. (1988) (table
18). No attempt was made to distinguish between classes 1 and 2 because the
harvesting treatments were completed 8 to 10 months before sampling. Coarse
woody debris from recently harvested trees was classified as class 2 if limbs were
present, foliage was not evident, and wood was discolored but firm. Decay class 5
material, commonly referred to as “red rot,” was not determined on line transects
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but was included with the forest floor component. We did not attempt to classify
woody material by plant species.

Volume of woody debris (VWD, m3/m2) found on line transects was calculated
by using the equations in Harmon and Sexton (1996):

For debris diameters < 7.6 cm VWD = 9.869 x N, X a X (d2/8L) [4]

For debris diameters > 7.6 cm VWD = 9.869 x N, X (d2/8L) [5]
where

N, = the number of pieces of the given size class intercepted by the transect, a =
average secant for pieces (adjustment for nonhorizontal orientation of pieces), d =
average diameter in meters for pieces < 7.6 cm, or actual diameter in meters for
pieces > 7.6 cm, and L = length of transect (m).

The computed volumes were summed by size class to yield CWD volume
by plot. These volumes were then multiplied by wood density to determine wood
mass. Wood density was determined from additional samples collected 4 to 6
months after the line-transect survey was finished. We collected four to seven
samples per plot on the transects in each of the following diameter ranges (in centi-
meters): 0.6-2.5, >2.5-7.6, and >7.6-60 for decay classes 1+2, 3, and 4, with the
exception of the smallest size class in decay class 4, which was not encountered.
Methods for sampling old-growth logs for wood density and C and N concentra-
tions are described in the next section. Half of these CWD samples were collected
in blocks I and I1, and half in blocks 111 and IV. This block grouping reflected dif-
ferent proportions of Douglas-fir to western hemlock basal areas in each block
(Terry et al. 2001). Samples for density determination were collected from two
10-m line transects across selected treatment plots. Line transects were initiated
at a random starting point 2 m inside plot borders along the south boundary, and
extended across the plot at a 90° angle. Decay class 2 samples were collected from
the BO and BO5 plots, which had more residual material than the other treatments.
Classes 3 and 4 were collected from TT and TT+ plots. This scheme was designed
to allow easy access to debris of specified decay classes. For diameters and decay
classes not found in the transects, the given plot was systematically traversed to
find the samples needed. Caution was taken not to collect two samples directly
adjacent to one another along the traverse line to ensure spreading the samples out
across the test area. On several occasions other plots (BO5) in each block were sys-
tematically traversed to acquire the samples not found in the bole-only plot within
a block.
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Small pieces were cut with hand-pruners or loppers into 10-cm-long sections,
and protruding twigs were trimmed. Larger pieces were cut with handsaws and
chainsaws into about 10-cm-thick disks. Diameter of each 10-cm disk was meas-
ured at both ends and in the middle, and thickness was measured in four quadrants
of the disk to get an average. These measurements were used to obtain volume
assuming a cylinder shape. Disks from the large pieces were quartered with an axe
into wedges and then submerged in water until air bubbles subsided. Volume was
obtained from the weight of displaced water. Most pieces, including those in decay
class 4, held their form enough to obtain volume. All samples were oven dried at
70 °C until constant weight. Wood density was averaged for blocks | and I, and
blocks 111 and IV, and for the diameter classes described in line transects. There
were eight samples per block-group and diameter class. We used N and C concen-
trations by decay class for branch and wood material collected from the preharvest
tree biomass and CWD assessments to determine C and N stores as described in
previous sections.

Old-growth legacy wood—Old-growth logs greater than 60 cm in diameter were
sampled in January 1999 before harvest for determination of wood density, and C
and N concentration. At least four random transects were located in each block and
the closest old-growth log was chosen as the sample log. Three to five logs were
sampled per block. Each log was classified as decay class 3, 4, or 5 (table 18). A 9-
to 13-cm-thick wedge extending to the center of the log was cut from the upper to
middle log section with a chain saw. Volume of the wedge was determined by
measuring the angle (generally less than 90°), the thickness at two places along
each cut side and around the uncut edge, and the wedge radius (r), averaged from
three readings along the cut side and in the middle. Volume of the wedge (Vw; m3)
was calculated from these measurements as:

Vw = angle/360 (3.1416 r2 X thickness) [6]

Wet weight of the wedge was determined in the field, and a subsample of the
wedge was taken to the laboratory to determine oven-dry weight. Subsamples were
stored in zip-lock bags in a cooler until oven-drying. We used the C and N concen-
tration values for CWD decay classes in the preharvest surveys for all nutrient cal-
culations in the posttreatment surveys. Analyses were conducted at the University
of Washington Analytical Services Laboratory as described previously for other
woody debris.
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Stumps—

Volume of the aboveground portions of stumps from the recent harvest was deter-
mined per block. Diameter of the fresh-cut face of each stump was measured with
calipers in two perpendicular directions. Root-collar-diameter was measured with a
diameter tape at the lowest point on the stump above the swelling associated with
roots close to groundline. We then measured height from the root collar to the cut-
face along two sides. Diameters of the root collar and the cut-face were averaged to
calculate stump volume assuming that stumps were cylinders. Volume was multi-
plied by wood density of class-2 woody debris to estimate stump mass. To estimate
stump C and N contents, mass was multiplied by concentrations of C and N from
class-2 woody debris (fig. 9).

Forest floor—

Forest floor was assessed along the same transects used for CWD determinations.
At approximately 2, 4, and 6 m along each transect, we described forest floor
condition, depth, and cover area in a 0.5- by 0.5-m metal frame. Stumps and old-
growth logs were avoided, and the forest floor area was adjusted accordingly
because the area occupied by these components had been previously assessed.
Additionally, we surveyed the forest floor beneath slash in the BO and BO5 treat-
ments. Slash had been removed in TT and TT+ treatments, allowing an unobstruct-
ed view of the forest floor and soil surface. At approximately 8 m along each line
transect, the metal frame was positioned and forest floor was collected to determine
dry weight. After the frame was positioned, we used hand pruners and chain saws
to cut woody material along the frame borders. Forest floor of each class found
within the frame was collected separately. Coarse woody debris > 0.6 cm in diame-
ter was accounted for in the line transects; this material was set aside. All smaller
woody and forest floor materials down to mineral soil were excavated and collected.
Often, larger sized woody materials were buried beneath a layer of needles or dis-
turbed soil on the surface. These woody pieces, regardless of size, were collected to
a depth where mineral soil was reached. Samples were dried at 70 °C to constant
weight.

To determine specific gravity of red rot, 20 additional red-rot samples were col-
lected close to the plot borders in areas previously not sampled. A straight, narrow
shovel was inserted into the red-rot sample. A piece of plywood (14 by 40 cm) was
inserted behind it, and the shovel was removed. Three more pieces were inserted,
each at 90° to the previous piece, with their edges touching to form a square sam-
ple “box.” Red rot was transferred from inside the square to a paper bag, and the
dimensions of the excavation were recorded for volume calculations. Depending
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on depth, one to three bags per square were necessary. The shallowest sample was
12 cm, and the deepest was 64 cm. For depths greater than 40 cm, shovel and ply-
wood pieces were used as described to extend depth. Red rot samples were dried at
70 °C to constant weight, and density was calculated as dry weight per unit vol-
ume. Even though red rot extended almost twice as deep into the soil in BO and
BO5 than in TT and TT+ treatments, the density of the red rot material by depth or
treatment was not statistically different; therefore, an average of all samples (0.15
Mg/m3) was used for mass calculations. The total mass of red rot per plot was
obtained by multiplying plot cover of individual sampling points in square meters
by depth and density.

Total area used for forest floor and red rot mass calculations was reduced by
percentage of area covered by stumps, old-growth logs, and large CWD pieces.
The percentage of area covered by fresh and old-growth stumps, and remnant old-
growth logs was determined by surveying one randomly chosen BO, TT, and TT+
plot within each of four blocks during July 2001. We placed a 1- by 1-m frame
divided into 16 equal sections in the four quadrants around each of 30 trees per plot
using the tree location as the plot center. Trees were selected by having a random
start on one of the first five seedlings in the first measurement plot row, then alter-
nately sampling every 5th, then every 6th tree, down the row. Area of stumps, old-
growth logs, and forest floor around individual seedling were estimated to the
nearest 1/2 square (1/32 or 3 percent) per 1-m? grid. This area averaged 7.4
percent in BO, BO5, and TT, and 2.4 percent in the TT+ treatments. The main
objective of this survey was to permit assessment of seedling performance in the
different forest floor conditions. The area covered in stumps and old-growth logs
was likely underestimated, because planting locations were moved when pin-flag
location landed on these obstructions.

Forest floor samples were dried, weighed, and chipped with a Yard Shark ™
chipper/shredder (Tilton Equipment Co.). Forest floor materials were pooled by
plot and forest floor class. Samples were thoroughly mixed on a tarp, arranged in a
square and divided into fourths; two diagonal parts were kept for nutrient analysis;
the rest of the material was stored. Nutrient analysis was also done on treatment-
level composites created by mixing 50 g of sample from each plot for class 2 and
for class 4. Forest floor class 5, bare soil, was not analyzed for nutrient concentra-
tion because it is not organic forest floor.

Total C and N concentrations were determined at the University of Washington
Analytical Services Laboratory as described above. A subset of samples were ana-
lyzed by using the same methods at the Weyerhaeuser Analytical Laboratory for
cross-checking.
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Carbon and N stores—
We determined nutrient concentrations in samples of forest floor conditions 1
through 7 composited by plot. Total C and N were determined at the University
of Washington Analytical Services Laboratory. A subset of samples were also ana-
lyzed at the Weyerhaeuser Analytical Laboratory for cross-checking. Carbon and
N concentrations were multiplied by the mass of the corresponding organic matter
type to calculate C and N stores. For old-growth logs, we used mean values
weighed by the relative abundance of old-growth logs by decay classes determined
in the preharvest sampling, as C and N concentrations changed with decay class.
Masses of individual organic matter components and N pools were added to deter-
mine plot-level totals.

To determine C and N pools, we used C and N concentration values deter-
mined from the preharvest woody debris samples for material >7.6 cm diameter
in similar decay classes (fig. 9). For the material in classes 1, 2, and 3, and 0.6- to
7.6-cm diameters, we used C and N values determined from the preharvest stand
biomass sampling of live and dead limbs. The same C and N values for class 4
material were used for all diameter classes (fig. 9). For old-growth stumps and
snags, we used C and N concentrations determined for old-growth logs by decay
class. The C and N values for old-growth logs were weighted by the proportion of
old-growth logs in each decay class in each block.

Results

In general, wood density decreased with decreasing diameter and with increasing
degree of decay. Wood density of CWD ranged from 0.14 g/cm3 in decay class 4
for the >2.5- to 7.6-cm-diameter material to 0.41 g/cm3 in decay classes 1+2 in the
>7.6 to 60.0-cm-diameter material (table 24). The average wood density in g/cm3
for old-growth logs by decay class was 0.38 for class 3, 0.20 for class 3.5, 0.16 for
class 4, and 0.14 for class 5.

Biomass of CWD, old-growth logs, and recent stumps after treatments ranged
from 8 Mg/ha in TT+ to 135 Mg/ha in BO with a clear trend toward less residue
mass as the intensity of biomass removals increased (table 25). Decay class 2 mass
showed the same downward trend with increased biomass removals (i.e., BO >
BO5 > TT > TT+) as expected. Recent stumps added approximately 5 Mg/ha in
each treatment. Old-growth logs were the largest mass of woody debris in all treat-
ments except TT+ where they were removed as part of the treatment specifications.
Decay class 4 was a small component of coarse woody debris (excluding old-
growth logs and stumps) in all treatments, averaging less than 0.5 Mg/ha in each.
Carbon and N concentrations for CWD 0.6- to 7.6-cm diameter in decay class 1



The Fall River Long-Term Site Productivity Study in Coastal Washington: Site Characteristics, Methods, and Biomass and Carbon...

and 2 were 49.4 and 0.22 percent, respectively, and in class 3 were 48.8 and 0.17
percent, respectively. Average old-growth log C concentrations were 49.8 percent
in decay class 3, and 52.5 percent in classes 4 and 5. Average N concentrations
were 0.13 and 0.28 percent for old-growth logs in class 3, and classes 4 and 5,
respectively. Overall, average C and N concentrations for old-growth logs weighted
by decay class and diameter were 50.4 and 0.17 percent, respectively. The N con-
centration for old-growth logs is relatively low compared to small CWD of similar
decay class (fig. 9) because of the amount of solid wood still remaining in the cen-
ter of many of these logs.

Carbon and N stores in CWD for the four treatments followed a similar trend
as observed for biomass (i.e., BO, BO5 > TT > TT+) (table 26). Carbon stores
combining CWD, old-growth logs, and recent stumps ranged from 4 to 67 Mg/ha,
and N stores ranged from 8 to 210 kg/ha.

Table 24—Wood density by decay class for coarse woody debris and
old-growth logs after forest harvesting at Fall River

Class Wood density by log diameter class (cm)
0.6-2.5 >2.5-7.6 >7.6-60.0 72-115
Mg/m3
142 0.28 (0.01)  0.29(0.02) 0.41(0.01)
3 22 (.01) .22 (.01) .35 (.01)
4 14 (.01) .25 (.05)
Old-growth logs 0.291% (.08)

Values are means with one standard error in parentheses. The number of observations (n)
ranged between 6 and 27 samples for diameter classes between 0.6 and 60.0 cm, and 17
samples for the 72- to 115-cm class.

# Wood density weighted by the biomass of old-growth logs in each decay class across
four blocks.

Table 25-Coarse woody debris biomass? after forest harvesting at Fall River

Biomass by decay class

Old-growth Recent Total

Treatment 1+2 3 4 logs stumps biomass
————————————————— Mg/ha--------------- Mg/ha
Bole only 49.8 (6.9) 10.1 (3.0) 0.1(0.2) 70.0 (29.5) 5.2 135.2
Bole only to 27.3 (2.6) 100(4) 0 76.3(36.2) 5.2 118.8

5-cm top

Total tree 10.7 (2.4) 8.8 (5.0) 5 (.5) 27.9 (9.5) 5.2 53.1
Total tree plus 1.9 (.9 3 (1) 2 (.2 0 5.2 7.6

Values are means with one standard error in parentheses (n = 4 plots).
a Excluding old-growth stumps and snags.
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Table 27—Description of forest floor classes used in the postharvest assessment at Fall River

Class Name Description

1 Intact forest floor Undisturbed mat of brown and gray needles

2 Small slash or buried wood Slash <0.6 cm in diameter or buried wood under the forest floor

3 Forest floor mixed with soil ~ Soil particles scattered on top of and among needles

4 Red rot Decay class 5 material; reddish, unconsolidated woody pieces, found
mostly in piles

5 Bare soil Bare mineral soil

Table 28—Forest floor cover? and depth to mineral soil by forest floor condition and biomass-removal
treatment at Fall River

Small slash or Forest floor mixed Bare
Treatment Intact forest floor buried wood with soil Red rot soil
Cover Depth Cover Depth Cover Depth Cover Depth cover
percent m percent cm percent cm percent cm percent

Bole only 66 (8.2) 8.8(3.2) 51(55) 145(1L5) 9(334) 111(44) 18(31) 19031 4(12
Bole only to

5-cm top 59 (7.3) 104 (11) 47@47) 111 (8) 23(6.7) 46 (3.0) 17(33.00 221(5.2) 2 (.6)
Total tree 53 (3.5) 4.7 (1.0) 6(26) 75 (9 16(2.0) 16 (5 19(3.3) 72 (5) 6(23)
Total tree 42 (4.5) 4.0 (1.0 3(28) 12(12) 2333 20 (5) 2417 70 (7) 8(17)
plus

Values are means with one standard error in parentheses (n = 4 plots).

a Percentage of cover sums for a given treatment are greater than 100 because material from some classes overlapped in areas
where buried wood was found.

We categorized five forest floor conditions based on visual observations (table
27). Intact forest floor with no slash ranged from 23 percent of the plot area in
BO5 to 53 percent of the plot area in TT. Because woody debris obstructed the
view of the forest floor in BO and BOS5 treatments, we also examined underneath
the woody debris and estimated an additional 37 percent of the plot area in these
treatments contained intact forest floor. Thus, intact forest floor in BO and BO5
covered 66 and 59 percent of the plot areas (table 28). Areas with small slash and
buried wood were more abundant in BO and BO5, covering 51 percent and 47 per-
cent of the plot areas, respectively. Forest floor mixed with soil was least abundant
in BO (9 percent) and most abundant in BO5 and TT+ (23 percent).

Red rot cover varied relatively little across treatments from 17 percent in BO5
to 24 percent in TT+ (table 28). Bare soil was relatively rare, but most frequent in
the TT and TT+ treatments (6 percent and 8 percent, respectively), where large
biomass amounts were removed.

Depth of the forest floor differed with treatment and category. Intact forest
floor, small slash or buried wood, and red rot were two to three times as deep in
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Table 29—Carbon (C) and nitrogen (N) concentrations in forest floor, small slash or
buried wood, mixed forest floor, and red rot after forest harvesting at Fall River®

Bole only to Total tree
Bole only 5-cm top Total tree plus
Material C N C N C N C N
Percent

Intact forest floor 427 0.66 40.3 0.66 36.2 066 347 0.66
Small slash or buried

wood 46.1 b8  46.1 .58
Forest floor mixed

with soil 28.4 b5 284 .55 28.4 b5 284 .55
Red rot 48.8 36 4838 .36 48.8 36 488 .36

# Mean values averaged across treatments were used when values were similar or statistical tests
indicated that treatment differences were not significant.

BO and BO5 treatments as in TT and TT+ (table 28). Depths in BO and BO5
treatments were relatively similar to each other, as were depths in the TT and TT+
treatments. Depth of forest floor mixed with soil tended to be greater in BO (11
cm) compared to the other treatments. Red rot was scattered more in the TT and
TT+ treatments because of dragging whole trees across the soil surface during
cable yarding. In contrast, protective limbs and tops were left on the soil surface in
the BO and BOS5 treatments. Although a shovel-excavator working in the treatment
buffers around measurement plots was used to either remove slash and CWD or
uniformly scatter slash in all treatments, this equipment caused more scattering of
red rot in treatments that had the most CWD removals. Considerable scattering and
some inadvertent removal of red rot occurred in the buffer area of the TT treatment
where the shovel excavator moved piles of broken tops and other logging slash out
of the plot.

Carbon and N concentrations in intact forest floor, small slash, mixed forest
floor, and red rot differed substantially (i.e., 28 to 49 percent for C, and 0.36 to
0.66 percent for N) (table 29). Red rot was the greatest mass among all forest floor
materials within the BO and BOS5 treatment, whereas intact forest floor was the
greatest mass in TT and TT+ (table 30). The range in red rot biomass was from 20
Mg/ha in the TT treatment to 51 Mg/ha in the BO5 treatment. The unexpected low
mass of red rot in the TT treatment compared to the BO and BO5 treatments may
have been caused by the shovel excavator picking up, temporarily piling, and then
removing broken limb material. Some red rot material could have been removed
during this operation, as the buffer area represents 60 percent of the overall treat-
ment plot. Another possibility is that there may have been initially small amounts
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Table 30—Forest floor mass by forest floor condition and biomass-removal treatments
at Fall River

Intact forest Small or Forest floor mixed Red rot
Treatment floor buried slash with soil material Total
Mg/ha
Bole only 29.8 (11.2) 20.2 (9.7) 0.7 (0.4) 46.9 (12.7) 97.6
Bole only to 33.1 (9.3) 16.3 (3.5) 2.0(1.2) 51.1 (9.5) 102.5
5-cm top
Total tree 324 (2.9 0 (0) 1.6 (1.0) 19.9 (4.5) 53.9
Total tree plus 29.9 (7.0) 0 (0) 4.8 (2.4) 239 (1.0 58.6

Values are means with one standard error in parentheses (n = 4 plots per treatment).

of red rot on these plots, or that the sampling did not completely address the vari-
ability in this characteristic.

Red rot was a
significant store of
C and N in the BO
and BO5 treatments.

Intact forest floor mass was similar across all biomass removal treatments
ranging from 30 to 33 Mg/ha (table 30). According to the tree biomass data, there
should have been 10 Mg of fresh foliage added to the forest floor after the harvest
in BO and BO5. Very little fresh foliage was left in TT and TT+ as fresh foliage
was removed mechanically and by hand in these treatments. During future assess-
ments, sampling intensity should be increased to detect differences in forest floor
biomass between BO and BO5, and TT and TT+ treatments. Forest floor mass in
the different treatments was also calculated by using forest floor cover percentage
by class and depth, for each of mass and volume. Results from using this approach
were similar to those for red rot material (table 30) (i.e., 6.1 percent greater values,
on average, with the alternative approach), and small or buried slash (i.e., 8 percent
greater on average). Differences between the two methods were extremely large
(i.e., up to threefold) for forest floor mixed with soil probably because of broad
variability in mass per unit volume recorded when sampling these classes. As a
consequence, the method consisting of calculating mass of forest floor classes by
collecting, drying, and determining weights per unit area was adopted as the more
reliable calculation method.

Small or buried slash ranged from 0 Mg/ha in TT treatments to 20 Mg/ha in
BO. The 16 and 20 Mg/ha of buried slash in the BO and BO5 treatments, respec-
tively, is a store that is often missed in postharvest forest floor sampling protocols.
Mixed forest floor had the smallest mass among all treatments and ranged from 1
in BO to 5 Mg/ha in TT+.

Carbon and N stores in intact forest floor were similar for all treatments rang-
ing from 10 to 13 Mg/ha for C and 197 to 218 kg/ha for N (table 31). As expected,
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C and N stores in small and buried slash were quite similar for the BO and BO5 Total N above the
treatments (9 and 8 Mg/ha for C, and 117 and 94 kg/ha for N, respectively), and mineral soil aver-
absent in the TT and TT+ treatments. Red rot was a significant store of C and N in aged 734 kg/ha in
BO and BO5 treatments (i.e., 23 and 25 Mg/ha for C, and 169 and 184 kg/ha for N, BO and BO5, and
respectively). decreased to 414

The postharvest assessment quantified biomass and C and N stores left ineach ~ @nd 353 kg/ha in
treatment. Coarse woody debris, old-growth logs, and some forest floor compo- TT and _TT+’

. ) respectively.

nents were the stores that changed substantially from pre- to postharvest time.
After harvest, CWD biomass (excluding old-growth stumps, snags, and logs)
ranged from 2 Mg/ha in TT+ to 60 Mg/ha in BO (table 32). Because of the harvest
residues (i.e., branches, bole parts) left on the ground, biomass of CWD in BO was
2.7 times and in BO5 1.7 times the biomass in the preharvest assessment (table
23). Coarse woody debris was almost completely removed in TT+. Biomass of old-
growth logs averaged 73 Mg/ha in BO and BOS5, and 28 Mg/ha in TT. As planned,
old-growth logs were completely removed in the TT+ treatment. Forest floor bio-
mass was similar in BO compared to BO5 (98 vs. 102 Mg/ha), and in TT compared
to TT+ (54 vs. 59 Mg/ha).

Carbon stores ranged from 29 Mg/ha in BO to 1 Mg/ha in TT+ for CWD, from
0 Mg/ha in TT+ to 38 Mg/ha in BO5 for old-growth logs, and from 22 Mg/ha in
TT to 46 Mg/ha in BOS for forest floor (table 32). After the harvest, 89 kg N/ha
remained in CWD in BO, but this store decreased to only 5 kg N/ha in TT+.
Similarly, there was still 131 kg N/ha in old-growth logs in BO5 but nothing left in
TT+. Relative to initial stand conditions, the forest floor N store increased in BO
and BOS5 but decreased in TT and TT+. The average N store in the forest floor
within BO and BO5, and TT and TT+ was 497 and 302 kg N/ha, respectively.

Discussion

Postharvest CWD biomass in BO and BO5 at Fall River was markedly greater
than that in TT and TT+. Forest floor represented greater biomass and C and N
stores than CWD. If recent stumps and remnant old-growth logs, stumps, and snags
were included in CWD, then this aggregate woody material C store would be
greater than the forest floor C, but this would not be the case for N because of the
large forest floor N stock.

Amounts and dimensions of CWD and old-growth logs are usually smaller
in managed than in unmanaged forests (Duvall and Grigal 1999, Krankina and
Harmon 1995, Spies et al. 1988), because substantial amounts of wood are removed
at shorter intervals. Also, micrometeorological conditions, size of material, and soil
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nutrient processes in old-growth forests differ from those in harvested areas affect-
ing the amount and size of downed wood (Edmonds et al. 1986). Consequently,
the 170 Mg/ha of aboveground woody debris biomass in BO (CWD, old-growth
stumps/snags, old-growth logs, and recent stumps) at Fall River was markedly
lower than the 456 Mg/ha biomass of debris > 0.6 cm in diameter in an old-growth
forest in Olympic National Park (Agee and Huff 1987).

Given the very low N concentrations in wood, CWD generally constitutes a
relatively small N store (Graham 1982 as cited in Harmon and Sexton 1995, Sollins
et al. 1987). Its sheer mass, however, can make CWD a substantial C pool especi-
ally in those treatments that leave large amounts of residue on site as was the case
for BO and BO5 at Fall River. Old-growth logs at Fall River originated both by
natural death in the old-growth forest present before 1952-53, and from nonmer-
chantable portions of logs felled or bucked during harvesting of the old-growth
stand. Large old-growth logs may persist for up to 200 years (Sollins et al. 1987).
Old-growth log mass in Douglas-fir forests in western Oregon averaged 215 Mg/ha
(Sollins et al. 1980), or about three times as much as the old-growth log residues
in BO and BOS5 at Fall River. In the future, logs greater than 60 cm will not be a
common component in the woody debris store in intensively managed Douglas-fir
stands except perhaps in some riparian-zone buffers.

Coarse woody debris plus old-growth logs, stumps, and snags constituted
major C pools in BO, BO5, and TT, but represented a relatively minor N store
compared with forest floor and, possibly, roots. Given their average C:N ratio of
296, old-growth logs likely contribute little to total N availability of the site, but
they are important for long-term C storage. At 5.2 Mg/ha, recent stumps composed
a small biomass store. Although stump removal has been linked to smaller root
collar diameter and less total N content in 4-year-old Douglas-fir and western white
pine in northern Idaho (Page-Dumroese et al. 1998), this could be alternatively
attributed to displaced topsoil.

The amount of red rot, buried slash, and CWD in BO and BO5 was markedly
greater than in TT and TT+. Harvest in BO and BO5 left slash and foliage from
the felled trees, which were removed in TT and TT+. The proportion of bare soil
increased in TT and TT+, and additional bare soil was created in TT+ because of
the removal of all old-growth logs. The forest floor/red rot that existed before har-
vest was also scattered somewhat during the harvesting operation in TT and TT+
because no slash covered the soil surface when trees were cable-yarded out of the
plots. In contrast, the woody residues in BO and BO5 plots protected the forest
floor against mechanical dispersion.
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The forest floor pool was the largest C pool above the mineral soil in all bio-
mass removal treatments. Greater C concentration in red rot than in intact forest
floor resulted in red rot being the largest C store among forest floor components in
BO, BO5, and TT+. The intact forest floor, however, was the largest N store among
forest floor components across all treatments. The intact forest floor is likely to
most rapidly decompose, mineralize, and quickly supply nutrients to the growing
trees because of its relatively low C:N ratio (Edmonds 1979). Buried slash and fine
roots will also likely decompose quickly because of warmer temperature near the
surface soil.

On average, 18 Mg/ha of small or buried slash was found in BO and BO5. This
material was removed in the TT and TT+ treatments, when mostly broken limbs
were removed from plots. In addition, more logging slash may have been pushed
into the soil surface during the logging operation in BO and BO5. The C:N ratio of
this buried material at Fall River was 80 compared with 225 (49.4/0.22) in fresh
class 1 to 2 limb material. Bole-only and BO5 contained far more of this material
than TT and TT+, suggesting that short-term N-immobilization after imposing the
treatments may be greater in BO and BO5 that in TT and TT+.

Biomass, C, and N Removals

Methods

Biomass removals were not measured directly during the harvest operation. Instead,
we calculated removals in each biomass-removal treatment by subtracting the aver-
age sum of CWD and forest floor left after harvest in the treatment from the sum of
the preharvest standing crop biomass in bole wood, bark, live and dead branches,
foliage, dead trees and snags, CWD, and the forest floor prior to harvest. Preharvest
estimates of these stores were based on plot averages for all 48 study plots. In addi-
tion, as we did not measure old-growth logs in the TT+ at plot-level accuracy prior
to harvest, we estimated the old-growth log removals in this treatment by using the
average postharvest estimate present in the BO, BO5, and TT treatments, because
we believe that Brown's transect method, used only in the postharvest assessment,
provided the best estimate of this component. Carbon and N removals in the differ-
ent treatments were calculated by multiplying biomass removal levels in each
component by elemental concentrations for that component.

Results

Estimated biomass removed during harvest averaged 358 Mg/ha in BO, 381 Mg/ha
in BO5, 424 Mg/ha in TT, and 498 Mg/ha in TT+ (fig. 15). These removals represent

Biomass-removal
treatments had

a significantly
greater impact on
the site C store
than the N store
because of the

large N reservoir in

the mineral soil.
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Figure 15—Biomass, carbon, and nitrogen removals at harvest at
the Fall River research area. Treatments are bole-only removal
(BO), hole to 5-cm top removal (BO5), total-tree removal (TT),
and total-tree plus all-legacy-wood removal (TT+).

59 to 82 percent of the initial biomass store above the mineral soil, and 31 to 43
percent of the initial biomass store (including soil organic matter) to 80-cm soil
depth. Estimated C removals were 175 Mg/ha in BO, 187 Mg/ha in BO5, 206 Mg/ha
in TT, and 244 Mg/ha in TT+. Fractions of the initial C store removed were similar
to those for biomass: 60 to 83 percent of the C store above the mineral soil, and 30
to 42 percent of the total C store to 80-cm soil depth. Estimated N amounts removed
during harvest were 432 kg/ha in BO, 445 kg/ha in BO5, 796 kg/ha in TT, and 925
kg/ha in TT+. Compared with the biomass and C pools, greater proportions of the
initial N store above the mineral soil were removed at harvest (33 to 70 percent),
but the total N store to 80-cm soil depth only decreased by 3 to 6 percent because
of the large belowground N stores.
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Discussion

The treatment array at Fall River provided a wide range of biomass removals from
498 Mg/ha in TT+ to 358 Mg/ha in BO. Differences in biomass removals between
BO and BOS5 were small, as this change in the merchantable wood standard had

a relatively minor impact on removals even though most wood greater than 5 cm
in diameter was removed in BO5 regardless of length. Equipment operators inad-
vertently removed some CWD and forest floor as they piled and removed broken
limbs and tops from TT plots. In an operational total-tree harvest operation, most
limbs are broken off in the felling and forwarding operations, and considerable
mass of broken tops, limbs, and branches would be left in place.

Absolute biomass removals at Fall River (498 Mg/ha in TT+) were within the
upper third of the range recorded in the LTSP sites that encompassed 96 to 532
Mg/ha of removals (Powers et al. 2005). Relative biomass removals at Fall River
mostly fell within the mid-third of the 42- to 100-percent range in the LTSP sites.
The most intensive biomass removal treatment at Fall River (i.e., TT+), however,
did not remove all forest floor as was done in the LTSP studies (Powers et al.
2005). Had the forest floor been removed, the removal would have increased to
559 Mg/ha, exceeding the range noted above.

Estimated N removals at Fall River (925 kg/ha in TT+) were mostly within the
upper half of the LTSP site range of 98 to 1068 kg/ha (Powers et al. 2005). The
fraction of N above the mineral soil removed at Fall River ranged from 33 to 70
percent and from 18 to 100 percent in the other LTSP site installation. If total forest
floor removal at Fall River had been similar to other LTSP studies, it would have
increased N removals to 1240 kg/ha.

A “stability ratio” (Evans 1999) has been proposed as an indicator of unstable
or nonsustainable conditions created by excessive nutrient removals. The ratio is
calculated as the proportion of a nutrient removed relative to the total site capital of
the nutrient. A stability ratio greater than 0.3 (i.e., 30 percent of the nutrient store
removed) likely indicates serious long-term stability concerns, and a stability ratio
greater than 0.5 would create an immediate stability concern. The stability ratios
for the biomass-removal treatments at Fall River were 0.03, 0.03, 0.04, and 0.06
for BO, BO5, TT, and TT+. Even if the forest floor had been removed, the stability
ratio would have only been 0.08. These low removal ratios are a consequence of
the high amount of N in the mineral soil at Fall River. Long-term tree-growth mon-
itoring within the Fall River study will ultimately determine whether site produc-
tivity has been impacted by biomass removals at harvest. The assessment of the
existing and removed biomass and C and N stores will be of value when tree

Total site N was
only reduced by
6 percent in the
most intensive
biomass-removal
treatment (TT+).
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growth and soil/tree physiological processes are evaluated across treatments and
when study results are compared and contrasted with other studies.

Final Remarks

Lessons Learned

One of the primary objectives of the Fall River study was to add to the strategic
forest productivity database in the Pacific Northwest and enhance understanding of
the consequences of biomass manipulation, ground-based harvesting, and vegeta-
tion control for short- and long-term forest productivity. Through affiliation with
the USFS LTSP network, much can be learned by comparing treatment responses
across a wide range of sites. Also, active interaction with the participants in that
research program improved the experimental design and methodological approach-
es used at Fall River. The national study benefits from the research at Fall River by
adding data from a study with (1) high site quality, (2) additional treatments, (3)
additional assessments and protocols, and (4) replicated treatments.

Research at Fall River is designed to contribute to the understanding of mecha-
nisms of treatment response and to better define soil quality thresholds (i.e., soil
property values that are advantageous, inconsequential, or detrimental to tree
growth) and to improve guidelines for best management practices. Characterizing
pre- and postharvest biomass and nutrient stocks is a critical step in long-term site
productivity studies, and permits interpretation of how base-level conditions were
altered by the imposed conditions, particularly biomass manipulation treatments.
We believe that the postharvest treatment assessments are especially important
because unintended operations during treatment implementation can affect treat-
ment outcomes. At Fall River, for example, we confirmed that some forest floor
removal did occur in the total-tree removal treatments when the shovel-excavator
removed small limbs and broken tops.

The Fall River study was designed to include biomass-removal, soil-com-
paction, and vegetation-control treatments similar to those of the LTSP program.
The soil-compaction treatment achieved by ground-based harvesting of commercial
boles provided realistic treatment conditions that will allow information to be
directly transferred to operational guidelines for similar sites. After imposing the
biomass-removal treatments, we realized that BO and BO5 were similar in terms of
the amount of the material removed from the site. In retrospect, we believe that it
may have been better to replace BOS5 either with a mini-piling treatment, which is
used operationally for heavy slash conditions to provide more favorable planting
spots, or with a total CWD plus forest floor removal treatment like that in other



The Fall River Long-Term Site Productivity Study in Coastal Washington: Site Characteristics, Methods, and Biomass and Carbon...

LTSP study sites. Testing the mini-pile treatment would have enabled us to evaluate
effects and operational value of manipulating biomass without removing it from
the site. The mini-piling treatment at Fall River was dropped because the study plot
size was deemed too small to accommodate the treatment. In hindsight, however,
we believe this treatment could have been installed successfully. The mini-piling
treatment is being tested in LTSP studies recently installed in the Olympic
Peninsula (Washington) and in the Western Cascades (Oregon) (Harrington et al.
2005). Testing the full forest floor removal treatment would have also provided a
wider range of biomass-removal treatments. Having one treatment beyond normal
operational treatments is beneficial because it allows interpolation between treat-
ment values rather than extrapolation of results. In addition, extreme treatments
help to better understand the resiliency or susceptibility of the site to disturbance,
and the potential for ameliorative treatments to restore productivity potential.

Local biomass equations for Douglas-fir and western hemlock generated from
trees felled at the harvested stand at Fall River were important to more accurately
estimate component biomass, and biomass and nutrient removal. The widely used
equations by Gholz et al. (1979) developed for larger trees overestimated some
components of biomass, particularly foliage of Douglas-fir.

Two methods were used for assessing CWD: (1) a transect method whereby
all CWD within 30-cm by 15-m transects were classified and weighed, and (2) the
line-transect method (Brown 1974, Harmon and Sexton 1995). The line-transect
method was by far the most efficient, and likely the most accurate of the two meth-
ods. The transect method required daily collection of material for moisture content
adjustment, and the occurrence of large logs oriented down the full transect caused
large variation in biomass estimates. Calculating the volume of the logs intercepted
by the transect was also challenging although a method was developed to deter-
mine log volumes. We would recommend that the line-transect method be used in
future evaluations of CWD at the research site.

Subsequent plans for evaluation of forest floor biomass should include more
samples per plot than those used in this investigation in order to address the
increased variability that followed treatment implementation. A preliminary sam-
pling across all treatments is recommended to determine an adequate sample size.

Great care was taken during this investigation to assure that red rot was pro-
perly sampled down to the mineral soil. Red rot can be a significant component of
the forest floor biomass on some sites and should be sampled any time the forest
floor biomass is determined. It was beneficial to separate the forest floor into com-
ponents (e.g., red rot, intact and decomposed foliage, buried slash, etc.) in the
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postharvest forest floor assessment to understand the relative proportion of the area
in different substrate materials. After harvest, buried wood and slash constituted a
significant biomass pool and, therefore, should not be overlooked during forest
floor characterization because of its role in nutrient cycling dynamics.

Two representative portions of the preharvest stand were not harvested. This
was a wise decision that allowed us to contrast soil solution chemistry, N leaching,
and soil temperature across a wide range of treatments including an uncut stand.
Maintaining nonharvested plots within the study design would not have been pru-
dent, as damage from windthrow could have been severe, and microsites within
plots in proximity to the uncut stands would have had shading and other impacts
from the old stand.

Another very useful study design decision was to plant extra trees in each plot
to be destructively sampled for biomass determinations and other needs. The num-
ber of extra trees was the same in each plot, and equal tree counts were maintained
across all treatments even though biomass harvest and other investigations took
place only in selected treatments.

Finally, developing a collaborative working relationship across organizations
(USFS Pacific Northwest Research Station, University of Washington College of
Forest Resources, and Weyerhaeuser Company) was extremely valuable as team
members brought different insights and skills to meet the broad range of study
objectives. Additionally, this collaboration has spawned other long-term site pro-
ductivity studies that expand the regional strategic database, and ancillary collabo-
rative projects that further explore the mechanisms of treatment response. Equally
important, this study allowed several graduate students to gain a broad range of
experience and make significant research contributions.

Future Research Action and Directions

The long-term site productivity study at Fall River was designed as a full-rotation-
cycle experiment. Hopefully, treatments can be repeated (or modified as needed)
and carried out through multiple rotations. Although much has been learned in the
6 years (at the time of this writing) since study installation, the real value in the
study comes from long-term assessment and from integrating findings with other
regional and national LTSP studies. Followup actions that may be of value to
understanding the implications of biomass removal, soil compaction, and vegeta-
tion control on site productivity are outlined below.
e Assessment of CWD and forest floor in BO, TT, and TT+ with vegetation
control and in the BO without vegetation control should be made every



10 years or at least at midrotation and before thinning to understand how
these pools change with time.

Changes in mineral soil C and N could be assessed periodically in BO with
and without vegetation control and in the TT+ treatment. In retrospect, it
would have been better to sample soils to specified depths rather than sam-
pling the A horizon first and then at specified depths below the A horizon. It
was somewhat subjective to estimate where the A horizon ended and the AB
horizon started at the study site.

Tree growth, foliar nutrient content, and leaf area should be assessed at least
every 5 years. Leaf area could be assessed by measuring light interception,
recording litter fall, or with LIDAR technology.

Fertilization treatments are part of the study's experimental design. Foliar
nutrient concentration and content of Douglas-fir should be assessed periodi-
cally across treatments to determine if nutrients are becoming limiting. If
nutrient limitations do not occur, fertilization should not be carried out,
allowing more replications of the biomass removal treatments. If growth
differences become evident between the most intensive organic-matter-
removal treatment and the other treatments, this may be an indicator that
fertilization is needed.

The stand planted at 1,600 trees/ha should be thinned when treatments reach
a given relative density, so that early treatment differences are not subse-
guently negated by severe between-tree competition.

There is considerable value in carrying this study through multiple rotations
with similar treatments (and probably replacing the BO5 treatment with a
total forest floor removal treatment). The next clearcut harvest at Fall River
could occur earlier (e.g., at age 30 to 35) than in current operational rotations
to accelerate the information cycle and increase the disturbance pressure on
the system. Fertilization treatments should be maintained as part of the study
design in case biomass-removal treatments negatively affect tree growth.

Additional research directions that could be explored are outlined below:

Data arising from the Fall River and other LTSP studies could be used to
validate the stability ratio concept (Evans 1999) and the proposition that
long-term site productivity would decline if that ratio is greater than 0.3 (i.e.,
removal of more than 30 percent of a growth-limiting nutrient store). This is
a simple approach that needs to be refined through a better understanding of
tree nutrient demands and site supply dynamics across treatments and sites.

The Fall River Long-Term Site Productivity Study in Coastal Washington: Site Characteristics, Methods, and Biomass and Carbon...
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» Tree growth data by treatment at Fall River and other LTSP sites could be
compared to growth potential predictions from physiological-based models
(e.g., 3P-G, Waring and McDowell 2002) to determine how accurately they
predict growth across the range of site and treatment conditions. Carbon
sequestration, C contributions to the atmosphere, and C storage in deep soil
layers could also be assessed.

Developing a regional strategic database aimed at maintaining and enhancing forest
productivity, and understanding the implications of intensive management on tree
growth will continue to be a worthwhile endeavor. Whatever the future brings,
public agency, university, and forest industry collaboration on this research will
likely be the most fruitful approach for gaining scientific knowledge. A study of
this magnitude cannot be completed without the dedication and full support of each
organization involved and other sponsors. Resources and commitment allowed
project continuity, enabling us to assemble and summarize the pre- and postharvest
site characterization and biomass and nutrient store data. \WWe hope that this report
will provide useful information for those interested in forest sustainability issues
and for the scientists working on the study in the future.
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English Equivalents

When you know: Multiply by: To find:

Degrees Celsius (°C) (°Cx1.8)+32  Degrees Fahrenheit (°F)
Angstroms (A) 3.94° Inches (in)

Nanometer (nm) 3.94°8 Inches (in)

Centimeters (cm) 0.394 Inches (in)

Meters (m) 3.281 Feet

Kilometers (km) 0.621 Miles

Square meters (m2) 10.76 Square feet (ftz)

Square meters per hectare (mzlha) 4.356 Square feet per acre (ft2/ac)
Hectares (ha) 2471 Acres (ac)

Kilograms (kg) 2.205 Pounds (Ib)

Kilograms per hectare (kg/ha) 0.891 Pounds per acre (Ib/ac)
Megagrams per hectare (Mg/ha) 0.446 Tons per acre (T/ac)

Megagrams per hectare 892 Pounds per acre (Ib/ac)

Grams per cubic centimeter (g/cm3) 0.036 Pounds per cubic inch (Ib/in3)
Cubic meters per square meter (m3/m2) 3.285 Cubic feet per square foot (ft3/ft2)
Liters per hectare (L/ha) 0.107 Gallons per acre

Trees per hectare 2471 Trees per acre

Kilopascals (kPa) 0.145 Pounds per square inch (Ib/in2)
Megajoules per square meter (MJ/mZ) 68,517 Foot-pounds (force) per square foot
Megajoules per square meter 88.10 British Thermal Units per square foot
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