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Table 4

Bird species responding significantly to changes in landscape-level (1-km radius) edge density (m/ha) at the Springfield landscape.

Species Guild Coefficient P R? RC Species Guild Coefficient P R? RC
AUWA Closed" - - - - WISA Generalist - - - -
BCCH Closed’, OG = = = = WIWA Generalist = = = =
BRCR Closed” Negative 0.008 0.281 - AMGO Open’ Positive 0.028 0.201 -
CBCH Closed’, 0OG Negative 0.001 0.375 PIF AMRO Open’ Positive 0.002 0.190 -
GCKI Closed” - = - PIF BEWR Open’ = - = =
GRJA Closed” = = = = CEDW Open’ Positive 0.043 0.174 =
HAFL Closed" - - - - COYE Open’ Positive 0.016 0.238 -
HEWA Closed” = = = PIF DEJU Open’ Positive 0.027 0.102 =
PIWO Closed” Negative 0.010 0.266 DUFL Open’ Negative 0.018 0.117 PIF
PSFL Closed” Negative 0.046 0.170 PIF HOWR Open’ = = = =
RBNU Closed” Negative 0.008 0.278 LAZB Open’ = = = =
RBSA Closed” - - - PIF MGWA Open’ Positive 0.037 0.183 PIF
TOWA Closed” - - - PIF MODO Open’ Positive 0.000 0.254 -
VATH Closed” Negative 0.003 0.342 PIF MOUQ Open’ = = = PIF
WBNU Closed” = = = = OCWA Open’ = = = PIF
WETA Closed” - = - = OSFL Open’ = - = PIF
WIWR Closed” Negative 0.036 0.185 RUHU Open’ Positive 0.008 0.280 PIF
BTYW Closed - - - PIF SOSP Open’ Positive 0.039 0.179 -
CORA Closed - - - - SPTO Open’ Positive 0.000 0.264 PIF
HETH Closed - = - = WAVI Open’ = - = =
HETO Closed - - - - WCSP Open’ Positive 0.045 0.170 -
STJA Closed - - - PIF WIFL Open’ Positive 0.003 0.329 PIF
BHGR Generalist Positive 0.003 0.181 - WREN Open’ - - - PIF
BTPI Generalist Negative 0.049 0.081 PIF BHCO Open Positive 0.012 0.254 -
HAWO Generalist Negative 0.001 0.205 - BUSH Open - - - -
HUVI Generalist - - - PIF PUFI Open - - - PIF
MOCH Generalist - - - PIF PUMA Open - - - -
NAWA Generalist - - - - RSFL Open - - - -
SWTH Generalist Positive 0.040 0.089 - VGSW Open - - - -
WEBL Generalist - - - - YWAR Open - - - -

Guild designations based on literature review.

" Species with significant difference in abundance (P < 0.05) between open and closed canopy stands; OG = species with significantly higher abundance (P < 0.05) in old
growth stands (mean dbh > 53 cm); PIF = Partners In Flight Birds of Regional Concern (RC) (Panjabi et al., 2005).

density (Table 4), compared to the less productive site, Cle Elum,
where 4 of 60 species (7%) responded significantly to changes in
edge density (Table 5). For models where edge density was a
significant predictor of abundance (P < 0.05), R? values ranged
from 0.08 to 0.38 in Springfield (n = 25, mean = 0.20, SD = 0.07) and
from 0.13 to 0.40 in Cle Elum (n =4, mean = 0.21, SD = 0.13).

The slope of response to changes in edge density followed
predictable patterns for bird canopy guilds at both sites (Tables 4-
5, Fig. 5). Open-canopy associated species and most generalist
species responded positively to increases in edge density whereas
closed-canopy associated species responded negatively to
increases in edge density (Tables 4-5, Fig. 5). Of the 25 species
that responded significantly (P < 0.05) to changes in edge density
in Springfield, the relationship was positive for 15 species (13
open-canopy associates and 2 of 4 generalists) and negative for 10
species (7 closed-canopy associates and 2 generalists). All 4 species
that responded significantly (P < 0.05) to changes in edge density
in Cle Elum were closed-canopy associated species and responded
negatively to increases in edge density.

More species identified by Partners in Flight as birds of regional
concern responded significantly to changes in edge density in
Springfield (9) than Cle Elum (1). Of those in Springfield, all but one
of the five open-canopy associated species responded positively to
increases in edge density, three closed-canopy species responded
negatively to increases in edge density as well as one generalist.
The one closed-canopy species of regional concern in Cle Elum
responded negatively to increases in edge density.

3.3.2. Individual species—edge density/productivity interaction

With pooled data from both landscapes, individual bird species
responded differently to edge density as a function of productivity
(Tables 6-7, Fig. 6). The slope of the response to edge density

changed as a function of productivity (GPP) for 25 of 60 species.
Examining individual species responses to changes in edge density
at different levels of productivity, we found that the response to
changes in edge density was most pronounced at high levels of
productivity (Table 7, Fig. 6). Only a few species responded more
acutely to changes in edge density at lower levels of productivity
(Table 7). Generalist species and species associated with open-
canopy forests responded positively to increases in edge density
where productivity was moderate or high. Similarly, species
associated with closed-canopy forests responded negatively to
increases in edge density at moderate and high levels of
productivity. With few exceptions, bird response to edge density
(across all canopy guilds) was most pronounced at the highest
levels of productivity (Table 7).

3.3.3. Community-level response

Paralleling species-level results, we found evidence that bird
communities at the more productive site differentiate across a
gradient in edge density whereas bird communities at a less
productive site do not. In Springfield, bird community assemblages
surrounded by low edge densities were significantly different than
bird community assemblages surrounded by high edge densities
(within to between cluster ratio P =0.003) (Fig. 7). Bird commu-
nities in Cle Elum were not significantly different between low and
high levels of edge density (within to between cluster ratio
P=0.364) (Fig. 7). In Springfield, edge density was a significant
predictor at the community level, explaining 43% of the variation in
bird composition and abundance (Goodness of Fit statistic from
1000 permutations of the maximum correlation between NMDS
ordination scores and edge density). Conversely, in Cle Elum,
edge density was not a significant predictor of bird community
composition and abundance.
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Table 5
Bird species responding significantly to changes in landscape-level (1-km radius) edge density (m/ha) at the Cle Elum landscape.
Species Guild Coefficient P R? RC Species Guild Coefficient P R? RC
BRCR Closed’, 0G Negative 0.015 0.181 - CAFI Generalist - - - -
CAVI Closed” Negative 0.043 0.130 PIF CHSP Generalist - - - -
CBCH Closed’, OG - - - PIF MOCH Generalist - - - PIF
CORA Closed” = = = = REVI Generalist = = = =
GCKI Closed’, 0G - - - PIF SOSP Generalist - - - -
HAFL Closed” = = = = SPTO Generalist = = = PIF
HETO Closed’, 0G - - - - SWTH Generalist - - - -
HEWA Closed’, 0G - - - PIF VEER Generalist - - - -
RBNU Closed’, 0G - - - - BEWR Open’ - - = =
TOWA Closed’, 0G = = = PIF DEJU Open’ = = = =
WETA Closed” Negative 0.005 0.123 = DUFL Open’ = = = PIF
WIWR Closed’, 0OG = = = = FOSP Open’ = = = =
BTYW Closed - - - PIF HOWR Open’ - - - -
EVGR Closed Negative 0.000 0.403 - LISP Open’ - - - -
GRJA Closed, OG = = = = MOBL Open’ = = = =
HAWO Closed, OG = = - - OSFL Open’ - - - PIF
HETH Closed = = = = RSFL Open’ = = = =
PISI Closed - - - - RUHU Open’ - - - PIF
PIWO Closed - - - - STJA Open’ - - - PIF
PSFL Closed = = = PIF WAVI Open’ - = - -
RECR Closed = = = PIF WCSP Open’ = = = =
TOSO Closed = = = = YWAR Open’ = = = =
VATH Closed - - - PIF BHCO Open - - - -
WEBL Closed - - - - LAZB Open - - - -
WISA Closed - - - - MGWA Open - - - PIF
WIWA Closed - - - - NAWA Open - - - -
AMRO Generalist - - - - OCWA Open - - - PIF
AUWA Generalist - - - - PUFI Open - - - PIF
BHGR Generalist - - - - RNSA Open - - - -
BLGR Generalist - - - PIF WWPE Open - - - -

Guild designations based on literature review.
" Species with significant difference in abundance (P < 0.05) between open and closed canopy stands; OG = species with significantly higher abundance (P < 0.05) in old
growth stands (mean dbh > 53 cm); PIF = Partners In Flight Birds of Regional Concern (RC) (Panjabi et al., 2005).

4. Discussion

4.1. Bird response to edge density as a function of productivity

The literature examining organism response to local and land-
scape effects is extensive (Noss et al., 2006; McElhinny et al., 2005;
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Harper et al., 2005; Parker et al., 2005; Fahrig, 2003; Murcia, 1995;
MacArthur and MacArthur, 1961), yet few studies compare these
effects across ecosystems varying in productivity, especially for
higher trophic levels (Sarr et al.,, 2005; Huston, 1994; Huston,
1979). The sensitivity of different organisms to landscape effects is
poorly understood. Harper et al. (2005) outlined ecosystem traits
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Fig. 5. Bird response to edge density. Example of relationship between species abundance and landscape-level edge density for two species: rufuous hummingbird and
chestnut-backed chickadee. Fitted regression with 95% confidence intervals shown. Data shown are from the Springfield landscape.
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Table 6
Bird species responding significantly to changes in edge density (ED, m/ha) and the interaction between edge density and GPP (g C m~2 day ') across both sites (bird species
abundance data combined from both sites).

Species Guild ED—P ED:GPP—P R? RC Species Guild ED—P ED:GPP—P R? RC
AUWA Closed” 0.018 0.011 0.597 = SWTH Generalist 0.003 0.005 0.680 =
BCCH Closed’, 0G 0.053 0.020 0.469 - AMGO Open’ - - - -
BRCR Closed’, 0G 0.029 0.007 0.363 = AMRO Open’ 0.076 0.027 0.110 =
CBCH Closed’, 0G 0.001 <0.001 0.640 PIF BEWR Open’ - - - -
CORA Closed” = = = = CEDW Open’ = = = =
GCKI Closed’, 0G = = = PIF COYE Open’ 0.036 0.011 0.403 =
GRJA Closed’, OG = = = = DEJU Open’ 0.062 0.010 0.508 =
HAFL Closed” - - - - FOSP Open’ - - - -
HETO Closed’, 0G 0.075 0.027 0.368 = HOWR Open’ = = = =
HEWA Closed’, 0G 0.035 0.026 0.702 PIF LAZB Open’ 0.004 0.010 0.279 =
MOCH Closed - - - - LISP Open’ 0.017 0.032 0.121 -
PIWO Closed’, 0G 0.027 0.005 0.473 - MGWA Open’ - - - PIF
PSFL Closed’, 0G 0.002 0.001 0.550 PIF MOUQ Open’ = = = PIF
RBNU Closed’, OG 0.067 0.014 0.498 = OCWA Open’ = = = PIF
RBSA Closed’, OG = = - PIF OSFL Open’ - = = PIF
TOWA Closed’, 0G = = = PIF RSFL Open’ 0.038 0.050 0.304 =
VATH Closed’, 0G 0.019 0.003 0.343 PIF RUHU Open’ 0.076 0.037 0.404 PIF
WETA Closed” = = = = SOSP Open’ = = = =
WIWR Closed’, 0G 0.019 0.009 0.542 - SPTO Open’ - - - PIF
HETH Closed - - - - WAVI Open’ - - - -
PISI Closed 0.070 0.017 0.271 = WCSP Open’ = = = =
RECR Closed - - - PIF WIFL Open’ - - - PIF
TOSO Closed - - - - WREN Open’ - - - PIF
WEBL Closed = = = = YWAR Open’ = = = =
WISA Closed 0.004 0.006 0.486 = BHCO Open <0.001 <0.001 0.472 =
WIWA Closed - - - - PUFI Open - - - PIF
BHGR Generalist - - - - PUMA Open - - - -
MOCH Generalist - - - PIF RNSA Open - - - -
NAWA Generalist 0.072 0.038 0.241 - VGSW Open - - - -
STJA Generalist 0.022 0.015 0.547 PIF WWPE Open 0.074 0.030 0.195 -

" Species with significant difference in abundance (P < 0.05) between open and closed-canopy stands; OG = species with significantly higher abundance (P < 0.05) in old
growth stands (mean dbh > 53 cm); PIF = Partners In Flight Birds of Regional Concern (RC) (Panjabi et al., 2005).

that are especially susceptible to edge effects. These include: and invasive species); and landscape patterns (low inherent
climate (high mean air temperature and solar radiation, low cloud habitat patchiness). Additionally, Hansen and Urban (1992)
cover, frequent extreme winds); disturbance (infrequent stand suggested that the life history attributes of species vary among
replacing disturbances); community structure (many early-seral ecosystems influencing their response to direct biotic edge effects.

Table 7

Bird species response (abundance) to changes in edge density (m/ha) at low, intermediate and high levels of productivity (GPP, (g C m~2 day ).

Species code Guild Low productivity Intermediate productivity High productivity
AUWA Closed” — + +
BCCH Closed’, 0G + = —
BRCR Closed’, 0G + = —
CBCH Closed’, OG + = —
HETO Closed’, OG + - -
HEWA Closed’, 0G + = —
PIWO Closed’, OG + = —
PSFL Closed’, OG + - —
RBNU Closed’, OG + - —
VATH Closed’, 0G + - —
WIWR Closed’, OG + = —
PISI Closed - + ++
WISA Closed —— - +
AMRO Open’ = + e
COYE Open’ = + +Ht
DEJU Open’ = ++ ++
LAZB Open’ = - +
LISP Open’ = - ++
RSFL Open’ — - +
RUHU Open’ = + et
BHCO Open - + +++
WWPE Open + - —
NAWA Generalist - + ++
STJA Generalist + - ——
SWTH Generalist + + ——

Plus symbols indicate a positive relationship with increasing edge density and minus symbols represent a negative relationship with edge density. The number of symbols
(plus or minus) represents the steepness of the slope of the relationship between abundance and increasing edge density.

" Species with significant difference in abundance (P < 0.05) between open and closed canopy stands; OG = species with significantly higher abundance (P < 0.05) in old
growth stands (mean dbh > 53 cm).
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Fig. 6. Bird response to edge density at three levels of productivity. Fitted models represent the relationship between rufuous hummingbird and chestnut-backed chickadee
abundance (log transformed) and increasing edge density when low, intermediate and high values of productivity (GPP, g C m~2 day!) are incorporated into a model with an
edge density/productivity interaction. Values of productivity for each model represent the mean of the lower quartile (low), overall mean (intermediate), and mean of the

upper quartile (high) values of GPP across the two landscapes.

The Biomass Accumulation Hypothesis integrates several of the
ecosystem factors described by Harper et al. (2005) and Hansen
and Urban (1992). Forests with high biomass accumulation tend to
have warm temperatures, high solar radiation, periods of low
clouds, infrequent stand replacing disturbance, and low natural
patchiness in forest/non-forest conditions (Brown and Lugo,
1982). Moreover, species in high productivity and high biomass
systems tend to have small home ranges, low dispersal, and habitat
specialization. Hence, biomass accumulation appears to represent
a syndrome of ecosystem characteristics that increases the mag-
nitude of edge effects.

These predictions were tested by Hansen et al. (in review), who
evaluated the results of 31 published studies from the major forest
biomes of the world. They found that the magnitude of edge
influence of microclimate was significantly related to ecosystem
aboveground biomass for light levels, humidity, and for all
microclimate samples, controlling for microclimate variable type.
The percent of species that specialized on forest interiors was
significantly related to biomass for mammals and birds, and
nearly significantly for beetles. The results suggested that forest
fragmentation is most likely to cause extinction of forest species in
ecosystems in tropical and temperate rainforests, but may have
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Fig. 7. Bird community response to edge density at each landscape. NMDS ordination of closed-canopy bird community similarity by site. Open circles represent forest survey
stands surrounded by landscapes (1-km circular radii) with low edge density (m/ha). Closed circles represent survey stands surrounded by landscapes with high edge density.
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little effect on forest species in low-biomass ecosystems such as
boreal or subalpine forests.

The current study is the first to test the Biomass Accumulation
Hypothesis in forests that are similar in forest physiogamy, in
geographic region, and in bird communities, and differ moderately
in forest biomass. In support of the hypothesis, we found that
differences in vegetation and structural conditions between early-
seral and late-seral stands were more pronounced in the more
productive landscape. Canopy closure, understory herbaceous
cover, the volume of coarse woody debris and structural complex-
ity differed more between open and closed canopy stands in the
productive Springfield landscape than the intermediate produc-
tivity Cle Elum site.

Theresults alsoindicated that bird response to edge effects was
more pronounced in a more productive forest; nearly half of the 60
most abundant species at a more productive site responded to
edge density, whereas only four species responded significantly
at a less productive site, Cle Elum. Edge density explained a
substantive amount of variation in abundance for several species
at the more productive site, Springfield (>20% for 11 species). Bird
community organization also responded significantly to the
influence of spatial patterning where productivity was greater.
Additionally, for a number of species the slope of response to edge
density changed at different levels of productivity. Hence, bird
response was consistently more pronounced where we found the
contrast in environmental conditions between edge and interior
environments to be most acute. Additionally, where landscape
effects were significant, individual species responded predictably
according to canopy guild association. All but one open-canopy
associate and most generalists responded positively to increases
in edge density, whereas closed-canopy associates responded
negatively to increases in edge density.

One explanation for these results is the mechanism presented
under the Biomass Accumulation Hypothesis. In high biomass
forests, microhabitat conditions are predicted to differ substan-
tially between forest edges and interiors allowing finer habitat
portioning among species and greater differences in species
composition between edge and interior habitats. The strong
response to edges by open-canopy species in the productive
landscape suggests an additional mechanism. The rapid vegetative
recovery following disturbance in productive ecosystems appears
to create high-quality habitat and abundant foods for early-seral
specialist species. This rapid recovery is thought to result because
disturbance in highly productive late-seral forests breaks dom-
inance of highly competitive tree species, releasing resources for
other species (Huston, 1979). Support for interpretation comes
from McWethy et al. (in review) who found that bird diversity
increased with disturbance levels in the productive Springfield
landscape but decreased with disturbance in the less productive
Cle Elum site. Hence, both microhabitat differences between
forest edge and interiors and more rapid recovery of early-seral
habitats following disturbance are possible mechanisms explain-
ing why more bird species respond to edge in the more productive
landscape.

We are aware of no other studies that quantified bird response
to edge across gradients in ecosystem productivity. In the forests of
the northwestern United States, a few studies have quantified
vertebrate response to forest edges. In the coastal redwood forests
of Northern California, Brand and George (2001) found that 29% of
the 14 bird species they sampled were associated with forest
interiors. These forests have higher productivity and biomass than
our Springfield landscape and the strong response to edge found by
Brand and George are consistent our findings. However, other
studies in the northwestern U.S. have mostly found fairly weak
responses to edge. Rosenburg and Raphael (1986) and Lehmkuhl

et al. (1991) generally found weak relationships between species’
abundance and forest configuration with most birds responding
positively to increasing levels of forest fragmentation. In a study of
bird response to the amount and configuration of later-seral forests
in the Coast Range, McGarigal and McComb (1995) found few birds
that responded significantly to changes in the configuration of
later-seral forests. Of these, more species responded positively to
increased fragmentation of later-seral forests than negatively. Only
one species, the winter wren (Troglodytes troglodytes), was
consistently shown to be more abundant in less fragmented
later-seral forests. Also looking at bird response to habitat area and
configuration in the Coast Range, Hansen et al. (1991) found 13% of
bird species were associated with forest interior. These coast range
forests have levels of productivity similar to the Springfield
landscape (Verschuyl et al., 2008). We speculate that response to
edge in the Coast Range is less than predicted given this high
productivity due to forest structure. Fires were extensive in these
Coast Range study areas in the late 1800s and current forests
appear to be lower in forest structural complexity and canopy
closure than the older, better developed forests in Springfield
(Verschuyl et al., 2008).

4.2. Scope and limitations

Our results suggest that bird response to edge density varies
across productivity levels based on the correlation between edge
density and bird abundance. We attempted to control for factors
unrelated to productivity that may influence bird response to edge
density by looking at bird response both across and between sites
and by incorporating an edge density/productivity interaction
term in our models. Thus, while not causal, our results provide
preliminary evidence supporting the hypothesis that bird response
to landscape effects varies across productivity gradients. Experi-
mental investigations of our hypotheses, while difficult to
implement, would help clarify the relationship between landscape
effects and bird abundance across productivity levels.

Studies examining the effects of different patterns of forest area
and configuration on birds typically identify a small group of
species associated with specific patterns in forest habitat area and
configuration (McGarigal and McComb, 1995; Hansen and Urban,
1992; Lehmkuhl et al., 1991; Rosenburg and Raphael, 1986). Most
birds responding to landscape-wide changes in pattern are found
to be influenced more by changes in habitat area than configura-
tion (Schmiegelow and Monkkonen, 2002; Villard et al.,, 1999;
Trzcinski et al., 1999). In our study, changes in edge density were
correlated with changes in habitat amount, number of patches,
patch size and patch isolation yet correlations were typically low
(<0.50). Based on the premise that the contrast between edge and
interior environments is greater in more productive environments,
we evaluated bird response to changes in edge density because it
most directly tested our hypothesis that birds would respond
differently to landscape effects across productivity levels. Hence,
bird response to landscape effects in our study represents response
to both changes in area and configuration of forest patches across
the landscape.

Factors other than productivity may also explain how bird
response to landscape effects varies across different landscapes.
Differences in the composition of dominant canopy species and
associated understory communities may influence bird response
to the amount of edge present across the landscape. The vertical
and horizontal configuration of vegetative structure and biomass is
unique for each dominant canopy species. Productive Douglas-fir
forests show more even distribution of vegetative layering from
canopy to forest floor than occurs in ponderosa pine forests (Lefsky
et al., 2002). The resulting gradient in environmental conditions
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between edge and interior likely varies as a result of these diff-
erences in biomass distribution and layering. Hence, it is possible
that bird response to the amount of edge across the landscape
would vary across forests with different canopy dominants. We
suggest, however, that abiotic conditions ultimately influence
the distribution of these canopy dominants, and that birds are
responding to both site productivity and the distribution of
different canopy dominants influenced by site productivity. In our
design, we test whether bird response to edge density interacts
with productivity, both across and within each site. Our approach,
therefore, incorporates a reasonable control for differences bet-
ween sites, other than productivity, that might influence bird
response to edge density.

4.3. Management implications

The primary implication of this study is that response of birds to
forest edges varies with ecosystem productivity. Thus, manage-
ment of forest landscape pattern should be tailored to local
ecosystem conditions in order to best achieve biodiversity
objectives. In the less productive Cle Elum landscape, where
relatively few bird species responded to edge density, attention
to forest edge configuration may not be a high priority for
biodiversity managers. A higher priority for managers there may be
judicious use of logging or other disturbances because recovery
rates of vegetation are relatively slow in that landscape and total
bird diversity decreases with increased disturbance (McWethy
et al, in review).

In the relatively high productivity Springfield landscape,
thirteen bird species associated with open-canopy stands
responded positively to increases in edge density (Table 4), four
of which are Partners In Flight species of regional concern
exhibiting significant negative trends in abundance from 1966
to 2003 (Sauer et al., 2005). Hence, the maintenance of open-
canopy patches within productive environments seems particu-
larly important in supporting open-canopy associates, especially
those experiencing population declines over the past four decades.
Alternatively, a number of bird species associated with closed-
canopy and old-growth forests responded negatively to higher
edge density (Tables 4-5) and have been shown to depend on
structural conditions only found in older forests (i.e. presence of
abundant legacy snags, coarse woody debris, broken tops, and
large mature trees) (Franklin et al., 2002).

In order to balance the needs of these differing groups of birds
in productive landscapes, it may be most effective to focus on
creation of relatively large late-seral patches with low edge
density in parts of the landscape to favor closed-canopy species. In
other parts of the landscape, creation of more forest edge and
smaller patch sizes would allow larger populations of open-
canopy specialists. More detailed studies are needed to determine
the thresholds in landscape configuration that are needed to
maintain viable populations of various open and closed-canopy
species.
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