
Forest Ecology and Management 298 (2013) 93–100
Contents lists available at SciVerse ScienceDi rect 

Forest Ecology an d Managemen t

journal homepage: www.elsevier .com/locate / foreco
A cover-based method to assess forest characteristics using inventory 
data and GIS 
0378-1127/$ - see front matter Published by Elsevier B.V. 
http://dx.doi.org/10.1016/j.foreco.2013.02.036

⇑ Corresponding author. Tel.: +1 610 557 4043; fax: +1 610 557 4250. 
E-mail address: jameswestfall@fs.fed.us (J.A. Westfall).
James A. Westfall ⇑, Randall S. Morin 
U.S. Forest Service, Northern Research Station, 11 Campus Blvd., Suite 200, Newtown Square, PA 19073, USA 

a r t i c l e i n f o
Article history: 
Received 30 November 2012 
Received in revised form 27 February 2013 
Accepted 28 February 2013 
Available online 2 April 2013 

Keywords:
Tree crown 
Forest inventory 
Canopy gap 
Canopy cover 
Wildlife habitat 
Forest health 
a b s t r a c t

In most forest inventory data, it is not feasible to estimate the canopy coverage of trees having certain 
characteristics due to the lack of information on crown size. In this study, data from the Forest Inventory 
and Analysis (FIA) program were used to assign crown sizes to individ ual trees using published crown 
width models. This process effect ively links trees to crown area such that estimates of canopy cover 
and changes therein can be made using domains that include tree-level attributes (e.g., dbh, total height, 
etc.). Advantages of implementing this approach are (1) estimation can proceed as with any other esti- 
mate of area derived from forest inventory data, and (2) canopy cover estimates provide different infor- 
mation than classical indicators such as number of trees. A disadvantage is the need to dissolve 
overlapping crowns after the tree-level domain is selected. Examples related to forest health, wildlife 
habitat, and old growth attributes are provided to illustrate applications of the method. 

Published by Elsevier B.V. 
1. Introduction In forest inventory and monitoring programs, area estimates are 
Tree canopy cover plays a critical role in defining forest charac- 
teristics. Canopy cover impacts understory species composition 
and structure by influencing light availability and soil properties 
(Canham et al., 1990; Beatty, 1984 ). Canopy cover also plays a role 
in assessments of wildfire risk and behavior of both modeled and 
actual wildfires (Pollet and Omi, 2002; Agee and Skinner, 2005 ).
Additionally , amounts and types of canopy cover and structure 
influence habitat suitability for many forest-dwell ing vertebrate 
species (Radford et al., 2005; Massé and Côté, 2009 ). A key factor 
in studies of the aforementione d relationships between canopy 
cover and forest-related phenomena is that relevant analyses often 
focus on specific aspects of canopy cover, e.g., cover of trees related 
to characteristics such as species, diameter at breast-height (dbh),
and total height (Gabbe et al., 2002; Abrahamson and Gohn, 
2004). Thus, expansion of research results to landscape-scal e
assessments can be difficult (Mitchell et al., 2001 ). A commonl y em- 
ployed methodol ogy of estimating canopy cover has been to assign 
area to individual trees based on crown size delineation using re- 
motely-sens ed information (Solberg et al., 2006; Leckie et al., 
2003). A limitation to this technique is that often only dominant/ 
co-dominan t trees are quantifiable. A more appealing approach 
would be to utilize comprehensive , large-area forest inventory data 
in order to account for the contributi on to canopy cover from trees 
below the main canopy. 
often made for stand-level attributes such as forest type, and stand 
size. Estimates derived from tree-level variables are also com- 
monly calculated, such as volume and number of trees per unit 
area. However , area coverage of tree-level attributes is usually dif- 
ficult to estimate due to the lack of information on how much areal 
coverage is represented by an individual tree. The area occupied by 
each inventory tree can be approximat ed from the plot data using 
techniqu es such as Thiessen polygons (Lowell, 1997; Kenkel et al., 
1989) or crown width models (Bechtold, 2003; Gill et al., 2000 ).
Applying crown width models to forest inventory data, when 
mapped tree locations are available, allows for spatial representa- 
tion of canopy cover as well as gaps between trees. However, tree- 
level estimates of canopy area are usually aggregated to estimate 
total amount of canopy cover without regard to individual tree 
attributes such as species, size, and canopy position. (Coulston
et al., 2010; Toney et al., 2009 ). Because the crown-wi dth approach 
is specific to individual trees, there is an explicit relationship that 
links canopy coverage to tree-level attributes. The objective of this 
paper is to show that canopy cover of trees with specific attributes 
can be estimated by combining forest inventory data and GIS (Geo-
graphic Information System). Applications of this methodol ogy are 
presente d in examples related to wildlife habitat, forest health, and 
old growth attributes. 

2. Methods 

In the US, a three-phase forest inventory and monitoring effort 
is implemented by the Forest Inventory and Analysis (FIA) program 
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within the U.S. Forest Service (Bechtold and Patterson, 2005 ). Phase 
1 (P1) is the development of a post-stratification scheme using re- 
motely-sens ed data in order to reduce variance in the estimates. 
Under the current FIA sampling design where plot locations are 
fixed over time, stratification occurs after the plot locations are se- 
lected, thus the term post-stra tification. The second phase (P2) of 
data collection entails measuring sample plots on the ground for 
the usual suite of forest mensuratio n variables such as tree species, 
dbh, height, site index, forest type, and stand age. For each sample 
plot, trees having dbh of 12.70 cm or larger are measured on 4 sub- 
plots having a 7.32 m radius; saplings with dbh of 2.54–12.69 cm 
are measured on 4 microplots having 2.07 m radius (Bechtold
and Scott, 2005 ). Phase three (P3) data collection occurs on a 1/ 
16th subset of the P2 plots. On P3 plots, additional data on forest 
health indicators are collected (e.g., down woody material and 
crown condition informat ion). To evaluate the efficacy of the meth- 
ods presente d below, two full cycles of data from Pennsylvani a
were used. Data for the first cycle (T1) were collected over the per- 
iod 2001–2005; while the second cycle (T2) data were collected 
2006–2010 (Table 1). Each cycle represents a measure ment of all 
plots (4871) in the inventory and plots were re-measured at an 
interval of approximately 5 years. 

To estimate the amount of canopy cover provided by each tree 
measured in the inventory, the crown width models described by 
Bechtold (2003) were used. In cases where species were encoun- 
tered that were not listed in Bechtold (2003), coefficients for spe- 
cies of similar form were used. For this analysis, the model using 
dbh and crown ratio as input variables was used and predicted val- 
ues in feet were converted to meters. 

dCW ¼ b̂0 þ b̂1Dþ b̂2D2 þ b̂3CR ð1Þ

where dCW is the estimated crown width (ft; 1 ft = 0.3048 m); D is
diamete r at breast height (in.; 1 in. = 2.54 cm); CR is crown ratio 
(%) b̂0�3 are the species-spec ific coefficients. 

Spatial representat ion of subplot canopy cover was accom- 
plished by centering circles of estimated crown width at the tree 
location recorded during the subplot visit. To assess cover of over- 
story trees (dbh 12.70+ cm), overlapping crowns from neighboring 
trees were combined such that crown overlap was accounted for, 
i.e., the cover as it would appear as viewed from above the canopy. 
A GIS was employed to dissolve the boundaries between individual 
tree crowns in order to create polygons of non-overlap ping crown 
cover for each FIA plot condition (Fig. 1). A key point in the analyt- 
ical method is that crowns extending beyond the sample plot 
boundary are included in the total canopy cover for the plot. It is 
surmised that, on average, this will account for crown areas of non- 
sampled trees extending into the plot but not explicitly accounted 
for.

To quantify the crown cover associate d with saplings (dbh
2.54–12.69 cm), the same methodol ogy was applied using the 
microplot area as the basis. There are thus canopy cover estimates 
at two levels: (1) overstory canopy cover estimated at the subplot 
level, and (2) sapling canopy cover estimated at the microplot le- 
vel. These estimate s cannot simply be summed to obtain the total 
Table 1
Summary of individua l tree attributes dbh (cm), height (m), crown ratio (%), and crown w

Time period Size group n Dbh Height 

Min. Mean Max. IQR Min. Mea

Tl Sapling 12,714 2.5 5.8 12.4 4.1 1.8 6.4
Tree 70,286 12.7 24.1 119.9 13.0 1.5 17.1

T2 Sapling 11,268 2.5 5.8 12.4 4.1 1.5 6.7
Tree 63,990 12.7 24.6 111.5 13.5 1.5 17.4
cover as (1) overstory trees may partially/wh olly obscure sapling 
cover, and (2) the overstory and sapling cover estimates are on a
different area basis. To estimate total canopy cover at the subplot 
level, we assumed that, on average, the overstory:sap ling cover 
relationshi ps found on the microplot would be similar across the 
subplot area. The following steps were taken using GIS: (1) the can- 
opy cover of saplings was mapped, (2) the overstory cover for trees 
whose stems occur within the microplot was overlaid on the sap- 
ling cover, and (3) the area of sapling cover remaining visible once 
overstory trees were accounted for was quantified (Fig. 2). The ra- 
tio of unobscured sapling cover to overstory microplot cover was 
used to estimate the amount of total cover that would be present 
if saplings were measured over the entire subplot area. For exam- 
ple, if the overstory subplot canopy area was 0.01 ha, the overstory 
microplo t canopy area was 0.0005 ha, and the unobscured sapling 
canopy area was 0.0001 ha, the ratio would be 0.0001/0.0005 = 0.2. 
The estimate of cover for all trees and saplings combined would be 
0.01 + 0.01 �0.2 = 0.012 ha. Due to the use of crown area occurring 
outside subplot boundari es and the method of estimating the con- 
tribution of saplings, the area of crown cover exceeded the forested 
area of the subplot in some cases. When this phenomenon oc- 
curred, the canopy cover estimate was constrained to the forested 
area expecting that these plots are, in actuality, those having con- 
tinuous crown cover over the entire plot. As the plot is the primary 
sampling unit, plot-level cover estimate s were obtained by sum- 
ming over subplots. 

Under standard FIA protocols, the total height of saplings is only 
measure d on P3 plots. To facilitate analyses related to vertical 
structure , tree heights for saplings on non-P3 plots were predicted 
from models develope d using observed sapling height data ob- 
tained on P3 plots. Due to the relatively small amount of model fit-
ting data available, coefficients were estimated for hardwood and 
softwood species categories. 

bHS ¼ ĥ0 þ ĥ1D ð2Þ

where bHS is the estimated sapling height (m); D is diamete r at 
breast height (cm) and ĥ0�1 are the coefficients estimated from 
the data. 

Estimate d coefficients and model fit statistics are presented in 
Table 2.

Estimation of area of forestlan d, area of canopy cover within 
forestlan d, and the proportion of forestland area having canopy 
cover was accomplis hed using the standard FIA methods docu- 
mented in Scott et al. (2005). Specifically, the proportion was cal- 
culated using a ratio-of-m eans estimator, 

bR ¼
P

yj

nP
xj

n

¼
�y
�x

ð3Þ

where bR is the proportio n of forestland having tree cover; yj is
proportio n of plot j that is forested and has canopy cover; xj is pro- 
portion of plot j that is forested and n is the sample size (P2 plots).

Because FIA samples all lands, some of the data collected in- 
clude how much of the plot is compose d of forest land. Thus, the 
idt h (m) by time period and tree size group. 

Crown ratio Crown width 

n Max. IQR Min. Mean Max. IQR Min. Mean Max. IQR 

 17.1 3.4 1 32 100 20 0.4 2.8 5.9 1.0 
 42.7 7.6 1 32 100 25 0.6 5.4 21.3 2.0 

 16.2 3.4 1 37 100 23 0.3 3.0 6.1 1.0 
 44.5 7.6 1 34 100 15 1.7 5.5 21.6 2.0 



Fig. 1. Map of individual tree crowns on an FIA plot. Inset shows an expanded view of dissolved polygons of non-overlapping tree crown cover. 

Fig. 2. Map of dissolved polygons of non-overlapping microplot tree crown cover of trees, crown overlap between microplot trees and saplings, and remaining dissolved 
sapling cover with no microplot tree cover above. Inset shows an expanded view of tree/sapling overlap. 
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Table 2
Estimated coefficients and fit statistics for sapling height model (2) by major species 
group. 

Spp. group n ĥ0 (std. error) ĥ1 (std. error) R2 RMSE 

Hardwood 1481 2.8364 (0.1044) 0.6543 (0.0160) 0.53 1.7 
Softwood 33 0.6351 (0.4622) 0.6468 (0.0660) 0.76 1.0 
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proportions alluded to above are obtained directly from the data. 
To better describe the estimator in the context of this paper, it is 
rewritten as a ratio of two area estimates by multiplying the aver- 
age proportions by the total land area: 

bR ¼ AT �y
AT�x
¼
bAFC

bAF

ð4Þ

The variance of (4) is calculated as 

VðbRÞ ¼ 1

nbA2
F

VðbAFC Þ þ bR2VðbAFÞ � 2bRCo vðbAFC ;
bAFÞ ð5Þ

where AT is the total land area (ha) bAFC is estimated area of forest- 
land having canopy cover (ha); bAF is estimated area of forestland 
(ha); V(�) is varianc e of estimated paramete r and CovðbAF ; bAFC Þ is
the covariance betwee n bAF and bAFC .

To estimate the change in proportion of forested area having 
canopy cover, measureme nts at two points in time on the same 
sample plots are used. With the estimation procedures outlined 
above, the proportio n of forestlan d having canopy cover at each 
time can be calculated (bR1 and bR2, respectively ), and the change 
over the time period is, 

bRD ¼ bR2 � bR1 ð6Þ

The varianc e estimator for (6) accounts for the correlation due to 
using the same sample plots at each time (Cochran, 1977 ),

VðbRDÞ ¼ VðbR2Þ þ VðbR1Þ � 2CovðbR2; bR1Þ ð7Þ

The standard error of the estimate s was calculated from 
SEð�Þ ¼

ffiffiffiffiffiffiffiffiffi
Vð�Þ

p
. Estimates not within ±2SE(�) of zero were considered 

statistically different from zero at the 95% confidence level. 
The estimato rs described above are applicable to a simple ran- 

dom sample. In practice, these estimators were impleme nted with- 
in the stratified estimation framewor k employed by FIA (Scott
et al., 2005 ). Specifically, five strata were constructed based on per- 
cent canopy cover classes (0–5%, 6–50%, 51–65%, 66–80%, 81–
100%). The plots were assigned to strata using plot center locations 
and the National Land Cover Database (NLCD) canopy cover map 
(Homer et al., 2004 ).

Three example analyses are presente d in order to illustrate the 
utility of the canopy cover estimation method for assessing con- 
temporary forestry issues like forest health, wildlife habitat, and 
old growth attributes. In each example, canopy cover is estimated 
for trees presenting a given set of attributes . Canopy cover esti- 
mates calculated for specific conditions may be particularly appli- 
Table 3
Estimates of canopy cover area (ha) and the associated proportion of forestland area bR (w
cover data. 

Attribute Time 1 (2001–2005) Time 2

Area (SE) bR1
(SE) Area 

Total canopy cover 5,852,283.5 (50,810.9) 0.880 (0.0066) 5,998,2
Beech bark disease 161,755.2 (9,396.2) 0.024 (0.0014) 171,14
C. warbler habitat 1,593,606.4 (33,143.7) 0.240 (0.0049) 1,679,2
Old trees – public 13,053.6 (3,590.0) 0.009 (0.0018) 40,233
Old trees – private 19,729.6 (4,922.9) 0.004 (0.0011) 33,405
cable for issues such as prediction of the expected loss of host trees 
due to a forest pest. Such informat ion may be more useful to a
manager if that prediction reveals the potential loss of crown cover 
rather than the predicted number or biomass of lost trees. 

In the first example, we estimate the amount of canopy cover 
susceptibl e to mortality by an exotic forest pathogen that kills a
tree species that is important for mast production. Beech bark 
disease, also known as beech scale- Neonectria canker, is an 
insect-fu ngus complex involving the beech scale insect (Cryptococ-
cus fagisuga Lind.) and the exotic canker fungus Neonectria coccinea 
var. faginata Lohm. or the native Neonectria galligena Bres. (Ross-
man and Samuels, 1999 ). The disease kills or injures American 
beech (Fagus grandifolia Ehrh.) when these fungi invade bark 
altered by the feeding activity of the beech scale insects. Trees of 
20.3 cm dbh and higher are more susceptible to mortality (Hous-
ton and O’Brien, 1983 ). To evaluate the potential loss of crown 
cover due to the disease, the proportion of canopy area of American 
beech trees having dbh P 20.3 cm was estimated. 

In the second example, we assess habitat availability for the 
Cerulean warbler (Dendroica cerulean ), a bird species that has been 
variously listed as threatene d, rare, or of special concern in the Uni- 
ted States (Stoleson and Sechler, 2010 ). Jones and Robertson (2001)
found that successful nesting of Cerulean warblers most often oc- 
curred where crown cover occurred at 6–12 m, with additional 
high cover above 18 m. In the absence of crown shape models, 
estimate s of canopy cover were calculated for trees having height 
of 6–12 m where there also existed trees having height of 18 m
or greater on the same subplot. 

In the third example, we estimate the canopy cover of trees hav- 
ing old growth attributes. The diversity of tree ages and sizes in 
late-succ essional (e.g., old growth) forests provides a broad range 
of habitats for flora and fauna while making them more dynamic 
and resilient to disturbance . One major characteri stic of late-suc- 
cessional forests is the abundance of living trees greater than or 
equal 56 cm diameter (McGee et al., 1999 ). There are other features 
that could be included in an assessment of late-successi onal forests 
(e.g., large standing dead trees and large pieces of coarse woody 
debris), but since the focus of this study is crown cover, our esti- 
mates include live trees having dbh of at least 56 cm. A site-level 
characteri stic was also added to the domain to represent late- 
successiona l forests – in addition to the tree-level dbh criterion, 
the trees must also be in stands 100 years in age or older. 
3. Results 

3.1. Total canopy cover 

A preliminary analysis was conducte d to estimate the current 
(T2) proportion of forest area having tree cover (Table 3). The area 
of forestland was estimated to be 6,670,56 6.0 ha (SE = 63,323.3 )
with the area of tree cover being estimate d as 5,998,241. 1 ha 
(SE = 61,037.3). The resultant proportio n of forest area having tree 
cover, bR2 was 0.899 (SE = 0.007). Thus, about 90% of forestland in 
ith standard errors) for total and for four different scenarios examining use of crown 

(2006–2010) Change 

(SE) bR2
(SE) bRD

(SE) Pr(T>|t|)

41.1 (61,037.3) 0.899 (0.0070) 0.0192 (0.0099) 0.0516 
2.7 (10,375.3) 0.026 (0.0015) 0.0013 (0.0008) 0.1140 
32.5 (37,434.8) 0.252 (0.0054) 0.0113 (0.0069) 0.0999 
.9 (5,782.8) 0.01S (0.0026) 0.0094 (0.0019) <0.0001 
.4 (6,267.8) 0.007 (0.0014) 0.0032 (0.0013) 0.0112 
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Pennsylvani a is covered by canopy of trees having dbh of 2.5 cm 
and larger. 

To compute estimates of change, the area of tree cover on for- 
estland was also calculated for the previous cycle (T1). For this 
time period, forestland area was estimated to be 6,650,094.3 ha 
(SE = 50,901.2) with an estimated 5,852,283.5 ha (SE = 50,810.9)
of tree cover (Table 3). The proportion of forestlan d having tree 
cover, bR1 was 0.880 (SE = 0.007). The estimate d change in propor- 
tion of area having tree cover between T1 and T2 was bRD ¼ 0:019
(SE = 0.10). This estimate was not statistically different from zero 
at the 95% (a = 0.05) confidence level (p = 0.05).

3.2. Beech bark disease 

The most recent data (T2) indicate the area of canopy cover of 
American beech susceptible to beech bark disease was 
171,142.7 ha (SE = 10,375.3). Using the total forest area reported 
above, the proportion of canopy area that could potentially be lost 
would be bR2 ¼ 0:0257 (SE = 0.0015).

Canopy cover area of American beech at T1 was smaller with an 
estimate of 161,765. 2 ha (SE = 9,396.2). The correspondi ng canopy 
area proportio n was bR1 ¼ 0:0244 (SE = 0.0014). The estimated 
change in canopy area proportion for American beech having 
dbh P 20.3 cm was bRD ¼ 0:0013 (SE = 0.0008). Although the esti- 
mated canopy area proportion did increase from T1 to T2, the re- 
sult was not significantly different from zero (p = 0.11) at the 95% 
confidence level. 

3.3. Cerulean warbler habitat 

The current (T2) area of desirable Cerulean warbler habitat was 
estimated to be 1,679,232.5 ha (SE = 37,434.8). The associated bR2

statistic is 0.252 (SE = 0.005) of the estimated forestland area –
suggesting that more than 25% of Pennsylvani a forestland may 
be suitable for Cerulean warblers. 

A slightly smaller estimate for the T1 time period was obtained, 
with habitat area being estimated as 1,598,60 6.4 ha 
(SE = 33,143.7). This area as a proportio n of forestlan d, bR1, was 
0.240 (SE = 0.005). Using both the T1 and T2 results, the estimated 
change in proportio n, bRD, of forestlan d containing Cerulean war- 
bler habitat was 0.0113 (SE = 0.0069). The change in proportio n
for warbler habitat was not statistical ly different from zero 
(p = 0.10).

3.4. Old growth attributes 

The most recent estimate of canopy cover area on public land 
for trees having dbh of 56 cm and larger in stands whose age is 
at least 100 years was 40,288.9 ha (SE = 5,782.8). Using the same 
domain for private lands resulted in an estimate d 33,405.4 ha 
(SE = 6,267.8) of canopy cover. As a proportion of forestland area 
within the corresponding ownerships, these bR2 estimates translate 
to 0.018 (SE = 0.0026) and 0.007 (SE = 0.0014), respectively .

To evaluate change in canopy cover area for these trees, the 
same estimates were computed for the previous measureme nt cy- 
cle (T1), which produced estimate s of 18,053.6 ha (SE = 3590.0)
and 19,729.6 ha (SE = 4922.9) for public and private ownerships, 
respectively . The correspondi ng estimates described as a propor- 
tion of forestlan d area, bR1, were 0.009 (SE = 0.0018) and 0.004 
(SE = 0.0011). The change from T1 to T2 (bRD) in proportion of pub- 
lically-owne d forestland area having old growth attributes was 
0.0094 (SE = 0.0019). On privately-ow ned forestland, the propor- 
tional change was 0.0032 (SE = 0.0013). Using a 95% confidence le- 
vel, the changes on both public and private lands were statistical ly 
different from zero (p < 0.01 and p = 0.01, respectively).
4. Discussion 

Pennsylv ania’s forests are largely compose d of mature, closed- 
canopy stands (McWilliams et al., in press ). Thus, it was expected 
the proportion of tree cover would be relatively large (0.90). The 
10% of forestland area without tree cover primarily is due to gaps 
between tree canopies (9.0%), with a modest contribution (1.0%)
from contiguous forested areas having no tree cover (e.g., clearcut).
The change in total cover was not statistically significant, although 
it was nearly so with a p-value only slightly larger than 0.05. How- 
ever, the result may be of practical importance as a nearly 2% in- 
crease in forest cover is indicated. A small part of this increase 
may be attributable to an increase in forestland area of 0.3%; how- 
ever the relative proportions of canopy gaps and open areas re- 
mained nearly identical from T1 to T2. This result is consistent 
with the general trend in Pennsylvania of increasing amounts of 
mature stands (few canopy gaps) and decreasing area of younger 
stands (McWilliams et al., in press ).

Over the last four decades, beech bark disease has spread from 
northeastern Pennsylv ania to most of the remainder of the state 
except the south central and far southeastern regions (Morin
et al., 2007 ). Fig. 3 shows the spatial distribut ion of plots contain- 
ing beech having dbh P 20.3 cm. Clearly, there is a propensity for 
larger-sized beech in the northern part of the state. The analysis 
showed that about 2.5% of the forestlan d in Pennsylvani a has can- 
opy cover that is at risk to the disease. Over the time period eval- 
uated, there was a slight, non-significant increase in canopy cover 
proportio n. While the population of American beech may be re- 
duced in comparis on to pre-infestati on levels (Houston, 1994 ),
there is no evidence that a rapid decline is currently occurring 
(Morin et al., 2007 ). Although beech bark disease is not expected 
to cause a loss of a large portion of the American beech cover, this 
example highlights the potential utility of this method for assess- 
ing impacts of a forest health threat on forest cover. There are his- 
torical examples where exotic pests have caused virtual 
extirpati ons of tree species from forests (e.g., chestnut blight).
Ongoing monitoring is essential to further assess impacts of beech 
bark disease, as changes in canopy cover and the resultant gaps can 
substanti ally influence the growth and structure of the remaining 
stand (DiGregorio et al., 1999 ).

Given the current state of Pennsylv ania forests and the recogni- 
tion as a geographic area of breeding activity for Cerulean warbler 
(Hamel, 2000 ), it is useful to quantify the amount of desirable hab- 
itat based on Jones’ (2001) criteria as 28% of existing forestlan d
area. Many areas in the state appear to have suitable warbler hab- 
itat, although the sparsely forested/ high population density areas 
in the southeast are somewhat sporadic (Fig. 4). Of importance to 
forest managers and bird conservati onists is the direction and 
magnitud e of change in this habitat. Considering the high-cover 
component of warbler habitat, it was not surprising to see an 
approximat e 1.2% increase in canopy area from T1 to T2. However, 
this statistic was not different from zero at the 95% confidence le- 
vel (p = 0.10). As noted above, there was an increase in forestlan d
area of nearly 0.3% over this same time period; however , given 
the criteria used for Cerulean warbler habitat, it seems unlikely 
that newly forested areas would contribute to the habitat change 
estimate .

The results show that only about 1.1% of forestland in Penn- 
sylvania currently has canopy cover from trees having dbh of 
56 cm and larger in stands at least 100 years old. The occurrence 
of such canopy cover is more prominent on publically-own ed 
lands. Geographical ly, the largest concentrations appear to be 
in the northcentral and northweste rn part of the state, where 
most of the state and federal forest ownership occurs along with 
numerous private inholdings (Fig. 5). However , there were 



Fig. 3. Spatial depiction of plots having canopy cover of American beech with dbh P 20.3 cm. 

Fig. 4. Spatial depiction of plots having canopy cover suitable for Cerulean warbler habitat. 

Fig. 5. Spatial depiction of plots having canopy cover of trees with dbh P 56 cm in stands aged P 100 years by ownership. 
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notable and statistical ly-significant (a = 0.05) increases on both 
public and private lands over the 5-year interval. The increase 
in large tree canopy cover in stands aged 100+ years was nearly 
three times larger on public lands than on private lands, likely 
due to the trend of decreased harvestin g on public land. Given 
that Pennsylvani a was heavily logged in the early 20th century, 
a number of stands are crossing the 100-year age threshold. As 
such, it is expected that canopy cover of large trees in stands 
with ages of 100+ will continue to increase in the short term. 
Assessing cover of these large trees is important for managemen t
of wildlife habitat (Thomas et al., 1988 ) and stand regeneration 
dynamics (Runkle, 1981 ). Furthermore, such assessments may 
also be useful for scenic value evaluations for recreation pur- 
poses (Ribe, 1990 ).

One potential source of error in this study is the application of 
crown-widt h models to sapling-sized trees (dbh 2.54–12.69 cm).
Bechtold (2003) used only trees having dbh of 12.7 cm and larger, 
thus the predicted values for saplings are an extrapolation of the 
model outside the range of intended application. It is likely that 
any bias in the predictions for saplings increases as tree size de- 
creases. However , crown size becomes increasingl y smaller as tree 
size decreases, which may limit the effect of issues related to mod- 
el extrapolati on. For best results, crown-widt h models applicable 
to the entire range of trees sizes should be employed. 

Due to the method of assigning crown sizes to trees, the results 
are likely to be highly correlated with basal area or volume. How- 
ever, interpretation of area metrics can be more intuitive in some 
cases. For instance, it would be difficult to meaningfully describe 
the amount of total canopy cover or Cerulean warbler habitat using 
basal area as the unit basis. Additionally, the cover estimate pro- 
vides a different view of forest resources. For example, the old 
growth attributes analysis suggests about 1.1% of canopy cover 
on forestland; whereas these same trees comprise only 0.08% of 
all live trees and contain roughly 1.8% of tree biomass. This out- 
come suggests the usual descriptors of forest attributes do not pro- 
vide information that is a direct surrogate for canopy cover. 
5. Conclusion 

Application of these canopy cover methods to national-scale 
forest inventory data such as FIA affords a wide range of analytical 
opportunities . Any individual-tr ee characteri stic in the database 
can be used to define the canopy cover domain of interest. How- 
ever, some analyses may be difficult to conduct if certain criteria 
are not easily quantifiable, particularly at the microsite scale. 
Canopy cover can be estimate d not only for specific tree-level attri- 
butes but by a combination of tree and site variables (e.g., stand 
age) collected on each plot. Due to the spatially-distribu ted layout 
of inventory plots across the landscape, geographi c scales of anal- 
ysis can range from a single county to an entire region. As with any 
statistical estimate, minimum sample sizes may need to be consid- 
ered in order to attain acceptable levels of error. In some cases (e.g.,
FIA), analysts can also take advantage of stratified estimation 
methods to help improve the precision of estimates. 

Forest managers should consider adding canopy cover area to 
their portfolio of analytical metrics. Canopy estimates provide 
new information that has largely been unavailabl e in the past 
and may suggest alternative management strategies. The methods 
described can be adapted to any forest inventory data when appli- 
cable crown models are available and the locations of sample trees 
within the plot are known. In addition to assigning crown sizes to 
individual trees, accounting for overlapping canopy of neighbori ng 
trees must be accomplished using GIS or some alternative proce- 
dure. The dissolution of overlapping crowns is relatively easy and 
takes approximately 5–15 min (depending on the number of trees).
However , this process must be performed for each specified do- 
main of interest, which precludes straightforwar d impleme ntation 
in most forest inventory analytical tools. The additional effort may 
be worthwhile in cases where canopy cover is of particular 
importance .
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