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ABSTRACT

Aim Many theories of biodiversity and biogeography assume that species

respond equally to variability in habitat area and isolation. This assumption does

not allow for differential responses due to interspecific competition or other

mechanisms, and therefore does not allow community composition to be

predicted. As body size is relevant to area requirements and interspecific

dominance, a natural experiment was conducted to quantify the differential

responses of avian species abundance to variability in remnant area, isolation and

forest cover based on average species body mass.

Location Deciduous forest remnants of varying area and isolation throughout

the State of Delaware, USA.

Methods Forest remnants within stratified area and isolation classes were

randomly selected for breeding bird surveys; total forest cover (ha) within 2 km

of each survey point was subsequently determined as a covariate. Surveys were

conducted within 100–150 m from the edge of each remnant and detected bird

species were divided into five classes based on a log2-transformation of body mass

(very small, small, medium, large and very large). Assuming a negative binomial

distribution, the abundance of detected individuals in each mass class was

analysed using generalized linear models with remnant area, isolation, local forest

cover and two-way interactions specified as independent variables. The same

analyses were conducted for individual species where sample size allowed.

Results Very small, small and very large bodied species decreased in abundance

with decreasing local forest cover and remnant area and with increasing remnant

isolation, while large species increased in abundance. Medium-sized species

decreased in abundance with increasing forest cover, did not respond to remnant

isolation and showed a concave, curvilinear response to increasing remnant area.

Large and medium-sized species were the most abundant birds in small, isolated

remnants despite occurring in the largest remnants with the more abundant very

small and small species, suggesting that communities are not randomly organized.

Main conclusions Regardless of presumed habitat associations, large and

medium-sized species are of the appropriate size to be dominant competitors when

forest resources are limiting, and thus may be considered ‘generalists’. The smallest

species may be excluded entirely from small, isolated remnants even though such

remnants meet their ecological needs; the needs of very large species are not met in

small remnants. The applicability of biodiversity theories to community composition,

species abundance and, by extension, to conservation, can be improved by

incorporating differential responses based on body mass into their assumptions.
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INTRODUCTION

Despite extensive evidence that body mass and interspecific

competition influence community composition and dynamics

(e.g. Schoener, 1983; Martin & Martin, 2001; Luck & Daily,

2003; Brown & Sullivan, 2005; Mac Nally & Timewell, 2005;

Parsons et al., 2006), biotic variables or interactions are poorly

integrated into theories of biodiversity and biogeography.

Many classical and current theories treat the response of

individual species to given area and isolation conditions of

uniform habitat equally and anonymously (MacArthur &

Wilson, 1967; Hubbell, 2001), yet species differentially respond

to these factors (MacArthur & Wilson, 1967; Whittaker, 1998;

Trzcinski et al., 1999; Brown & Sullivan, 2005). While these

assumptions, such as random species turnover, have allowed

some success at predicting species richness among true islands

and habitat islands, theoretical and basic applications related

to community composition and the abundance of individual

species are much more limited.

Predicting community composition in forest remnants is a

continuing challenge because the response of individual species

may depend on the degree of forest removal and the scale at

which the response is measured (Fahrig, 2003). Unlike the

universally negative effect that landscape-scale deforestation

has on populations of forest species (Drapeau et al., 2000;

Fahrig, 2003), local fragmentation effects are not consistent

(Fahrig, 2003). For example, some avian species increase in

local abundance in small, isolated remnants while other species

are rarely present, even if the remnant meets their home range

or territorial area requirements (Brown & Sullivan, 2005). The

negative effects of deforestation may be correlated with, or

confounded by, the secondary effects of forest fragmentation,

defined as ‘the breaking apart of habitat, independent of

habitat loss’ (Fahrig, 2003). Fragmentation effects may include

those due to increased amounts of edge, greater isolation and

loss of connectivity among forest remnants, remnant shape

and interspecific competition (Robinson et al., 1995;

Schmiegelow & Mönkkönen, 2002; Fahrig, 2003; Henle et al.,

2004; Brown & Sullivan, 2005). Except for interspecific

competition, including nest predation and nest parasitism

(‘encounter competition’; Schoener, 1983), these commonly

described fragmentation effects indicate the degree to which

forest resources (e.g. food, nest sites, mates) may be limiting.

Interspecific competition, of various forms (see Schoener,

1983), may be a response to such limitation and influence the

composition of avian communities in forest remnants (Grey

et al., 1997; Brown & Sullivan, 2005; Parsons et al., 2006).

Predicting the effects of forest cover, remnant area, remnant

isolation (see review by Fahrig, 2003) and average species body

mass, a surrogate for competitive ability, on community

composition is of theoretical interest and of practical concern

because a substantial amount of forested habitat has been

removed and degraded at continental (Noss & Cooperrider,

1994; Foster et al., 2002), regional and local scales (Environ-

mental Law Institute, 1999; Radeloff et al., 2005). From a

resource-based perspective, deforestation and the subsequent

isolation and degradation of resultant forest remnants lead to

three general predictions regarding the effects of body mass on

community composition: (1) very large species will not occur in

small remnants because insufficient resources are available to

meet their basal metabolic or ecological requirements; (2) the

smallest species will not occur in small remnants because they

will be out-competed by any larger species whose needs are met

in those remnants; (3) medium- and large-sized species are more

likely to occur in small remnants and may even increase in local

abundance because of reduced interference from other species

(Terborgh, 1974; Brown & Sullivan, 2005). Other medium- and

large-sized species not commonly considered as forest birds (e.g.

European starling, mourning dove, common grackle; see

Appendix S1 in Supplementary Material for scientific names),

yet which use forest remnants during some aspect of their life

cycle, may successfully compete for forest resources too,

especially if resources become limiting. These body mass

patterns also are expected to be nested within guilds, such as

feeding and nesting guilds, which may extend across taxonomic

boundaries.

Interactions among remnant area, isolation and degree of

local forest cover complicate these predictions. Individuals that

occur in remnants within a forest-dominated landscape may

experience effects different from those of individuals in similar

sized remnants in a landscape otherwise devoid of forest

(Trzcinski et al., 1999; Fahrig, 2003). It is expected that any

community structuring effects of limiting forest resources will

be prominent in the smallest and most isolated remnants and

less distinct as local forest cover and remnant area increase and

as remnant isolation decreases (Watson et al., 2005).

Data were collected on breeding bird abundances from 296

forest remnants in the State of Delaware to test the prediction

that species differentially respond to limited forest resources

based on their body mass. Body mass patterns within the

insectivorous and cup-nesting guilds of forest birds also were

explored.

METHODS

As it was logistically impossible to create forest remnants of

controlled area and isolation within landscapes of specified

composition, a natural experiment was conducted (Cody,

1974) to test the above predictions. Delaware was suitable for

such an experiment because most of the state lies within one

physiographic province, the coastal plain, elevation is nearly

constant statewide, many forests have been fragmented and

isolated for more than 30 years (Fleming, 1978; Environmental

Law Institute, 1999) and wide ranges of remnant area and

isolation existed.

Land-use classification

The independently derived classification of the 2002 State of

Delaware land-use/land-cover (LULC; http://stateplanning.

delaware.gov/info/lulcdata/2002_lulc.shtml) map was accepted

for determining forest remnant composition. LULC polygon
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boundaries were first digitized from 1-m resolution ortho-

photos before they were classified into land-cover types.

Additional polygons classified as deciduous forest by the

Delaware Natural Heritage Program from the same data were

merged with the LULC map to create a statewide digital forest

coverage. Only deciduous and mixed deciduous–coniferous

(hereafter ‘mixed’) forest remnants were of concern in this

study; mixed forests may meet some of the breeding require-

ments of birds that use deciduous forest remnants. Coniferous

forest remnants or plantations were not included in any

surveys, analyses or statistics presented here.

As forest birds may be unwilling to cross even short

distances between remnants during the breeding season

(Bélisle & Desrochers, 2002), the forest coverage was overlaid

with a digital statewide road system (http://datamil.

delaware.gov/) used to split forest polygons into separate,

smaller polygons. Remnant statistics and the sampling design

(below) were determined from these modified polygons.

Avian mass classes

Detected bird species (n = 54) were divided into five classes

based on a log2-transformation of body mass (mass followed

Sibley, 2000). The log2-transformation was used to increase the

number of mass categories available for analyses, and therefore

resolution of results (Hubbell, 2001), as compared with a

log10-transformation of mass where only three broad categor-

ies were possible. ‘Very small’ species ranged in mass from 3 to

11 g (log2 = 2–3, n = 7 species), ‘small’ species ranged from 12

to 22 g (log2 = 4, n = 16), ‘medium’ species ranged from 27 to

47 g (log2 = 5, n = 11), ‘large’ species ranged from 49 to 135 g

(log2 = 6–7, n = 12) and ‘very large’ species ranged in mass

from 290 to 7400 g (log2 > 7, n = 8; Appendix S1). These

classifications are for the convenience of grouping and

describing patterns among similar-sized species in this study;

it is not suggested that these designations are necessarily useful

in other systems. All detected species (see Appendix S1) were

used in analyses involving mass classes.

Remnant area, isolation and forest cover

The area, isolation and surrounding local forest cover of

deciduous and mixed forest polygons statewide were deter-

mined using ArcView 3.2 (ESRI, Inc., 1999) and Fragstats 3.3

(McGarigal & Marks, 2002) on a rasterized, resampled

statewide forest coverage with a pixel size of 20 m. Except

for very large birds, home ranges for nearly all other species

were 1–2 ha (see http://www.oikos.ekol.lu.se/app.html, appen-

dix O13725 for home range values of North American forest

birds; Brown & Sullivan, 2005). Other ‘non-forest’ species such

as the European starling, blue jay, northern flicker, brown-

headed cowbird and cedar waxwing have variable, yet similar,

home range or territorial area requirements (1–2 ha; Tarvin

et al., 1998; Moore, 1995; Elchuk & Wiebe, 2003; Hansen &

Urban, 1992). These species were detected during surveys of

Delaware forest remnants (see Appendix S1) and were similarly

detected in other studies of forest birds in eastern North

America (Robbins et al., 1989; Austen et al., 2001). Starting

with this common home range size, 10 classes of forest

remnant areas were determined on a log2-scale to establish an

inclusive sampling scheme: 1–2, 2–4, 4–8, 8–16, 16–32, 32–64,

64–128, 128–256, 256–512 and remnants > 512 ha.

The isolation of a given forest remnant was the shortest

straight-line distance (m) to the next nearest deciduous or

mixed forest remnant (Robbins et al., 1989). As there was no

ecological basis for establishing isolation classes of forest

remnants known to elicit general responses from forest birds,

isolation categories were established based on existing state-

wide variability in this measure. Of the 5051 forest remnants in

Delaware larger than 1 ha, mean isolation was 94.8 m

(SD = 127.5). Three categories of remnant isolation were

defined based on this average, the standard deviation and the

20-m pixel size of the digital forest coverage: 20–100, 100–240

and > 240 m isolation classes. Isolation defined in this manner

reflects anthropogenic habitat conditions in Delaware and it is

useful to know if birds respond at this scale of disturbance.

Deciduous forest remnants within each stratified area and

isolation class combination were randomly selected statewide

for breeding bird surveys, thereby incorporating variability in

habitat quality among remnants. Nonetheless, surveys were not

conducted if the selected remnant was inaccessible, was

generally < 15 m tall, or did not have a shrub layer (a

condition found in very wet or heavily browsed remnants).

After sampling the abundance of breeding birds, remnant area

and isolation were subsequently treated as continuous varia-

bles in analyses. Except for the largest forests (those > 512 ha,

n = 4), from 20 to 47 remnants within each of the nine other

area classes were surveyed. Isolation was more difficult to

control, especially for the larger area classes. Effects of isolation

were probably less relevant for the largest forest remnants,

however (Fahrig, 2003). Within the three isolation classes, 218,

44 and 34 remnants were surveyed, respectively; few forests

> 128 ha isolated by > 100 m from any other remnant were

available for surveys. Local forest cover was defined as the

amount of deciduous and mixed forest (ha) within a 2-km

radius of each survey point (Robbins et al., 1989; Hinsley

et al., 1995; Austen et al., 2001) and was included as a

covariate in the study design.

Breeding bird surveys

Breeding bird surveys were conducted from mid May to late

June, for 2003 to 2005. One circular, fixed-radius (100 m)

point-count survey (Ralph et al., 1995) of 10 min in duration

was conducted in each forest remnant, totalling 296 surveys in

296 forest remnants. This method standardized effort and

survey area among remnants; any differences in species

abundance (the number of individuals detected per survey)

cannot be attributed to differential effort among remnants of

varying area (Robbins et al., 1989; Mac Nally & Horrocks,

2002). Further, all surveys were conducted within 100–150 m

from the edge of each remnant, regardless of remnant area;
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surveys were conducted near the centre of the smallest remnants.

Conducting surveys near the edge of large forests may provide a

conservative abundance estimate for some species in these

forests. The methodology employed here, however, reduced the

error of comparing avian abundance collected from the ‘edge’

habitat of small remnants to the ‘interior’ portions of larger

forests. To some extent, habitat differences among remnants

also were controlled with this design.

Detection probabilities may have differed among species

because of observer bias (only the author conducted surveys),

species behaviours or detection differences due to area,

isolation and forest cover variability among remnants (McShea

& Rappole, 1997). As birds may sing more if they are unmated,

and they are more likely to be unmated in the smallest, most

isolated remnants (Van Horn et al., 1995), results and

conclusions related to differences in abundance in the smallest

and largest remnants are particularly conservative given that all

surveys were conducted near edges. Note that abundance,

defined here as the number of individuals detected per survey,

is also referred to as density or relative abundance in other

survey studies.

Statistical analyses

All species (n = 54) were used in abundance analyses of the

five avian mass classes (n ‡ 7 species in each class) with respect

to local forest cover, remnant area and remnant isolation. As

only a fraction of all species were detected at any given survey

point, the survey data were zero inflated (Barry & Welsh,

2002), or composed mostly of zeros. Zero inflated data are

commonly encountered in ecological survey data, resulting in a

form of overdispersion, in which the variance is greater than

expected under a given model (McCullagh & Nelder, 1989).

Another feature of abundance data is that the variance may

change with treatment (White & Bennetts, 1996), such as

remnant area. Because of its flexibility in handling these issues,

the negative binomial distribution is preferred when analysing

abundance data (White & Bennetts, 1996; Young & Young,

1998) and was the distribution specified here. Abundance

analyses of individual species, conducted separately from those

of mass classes, were completed only if a species was present in

at least nine remnants, which reduced the number of available

species to 41 (see Appendix S2 in Supplementary Material).

Regarding analyses of abundance patterns within guilds, only

mass classes within the open-cup nesting and insectivorous

guilds (Ehrlich et al., 1988) were examined, as sample sizes

were insufficient for analyses of other guilds.

Generalized linear models (proc genmod, SAS version 9.1;

SAS Institute, Inc., 2004, Cary, NC, USA) were used to model

the abundance of each mass class, each mass class within each

guild and each species (those with appropriate sample size, see

Appendix S2). Local forest cover, remnant area, remnant

isolation and two-way interactions of these variables were

specified as independent variables and log2-transformed before

analyses. Linear and quadratic forms of each independent

variable, as well as two-way interactions of variables, were

modelled. The linear model was presented if the linear and

quadratic models were significant (P £ 0.05) and of adequate

fit. Goodness of fit was determined by checking the model

deviance divided by the degrees of freedom. The closer this

value is to 1.0 (values can be less than or greater than 1.0), the

more appropriate the model (McCullagh & Nelder, 1989).

Goodness-of-fit measures between 0.5 and 2.0 indicated an

acceptable model.

Generalized linear models use maximum-likelihood estima-

tion to produce coefficients. This iterative process may require

several passes through the data to estimate stable coefficients.

In some cases, no convergence on stable estimates is possible

even after a large number of iterations. While poor model

specification may cause lack of convergence, misspecification is

often associated with trying to estimate coefficients that are

close to or equal to zero, which in turn leads to lack of

convergence. This is another difficulty of analysing zero-

inflated data. For analyses presented here, specified models did

not always converge for those mass classes or species with no

or few detections in the smallest or largest forest remnants;

these results were indicated where appropriate.

RESULTS

The total area of extant (as of 2002) deciduous and mixed

forest remnants at least 1 ha in size was 122,273 ha, or

approximately 23% of the area of Delaware. The average area

of forest remnants at least 1 ha in size was 24.2 ha (n = 5051,

SD = 69.8). Modal remnant size was < 4 ha (46% of rem-

nants); very few forests greater than 500 ha existed in the state

(0.003%). Mean isolation of patches statewide was 94.8 m

(n = 5051, SD = 127.5, range = 20–1217). Average local forest

cover within 2 km of the survey point was 359.6 ha (n = 287,

SD = 220.6, range = 18.0–960.9).

Nearly 5500 individuals of 54 bird species were detected

during this study. Eight species were detected on ‡ 50% of

survey points, including the red-eyed vireo, wood thrush and

northern cardinal, the most commonly detected species,

respectively, whereas 13 species were detected on eight or

fewer surveys.

Local forest cover

As forest cover within 2 km of the survey point increased, the

abundance of species in the very small, small and very large

mass classes increased while the abundance of medium- and

large-sized species decreased (Table 1, Fig. 1). These results

may be correlated with those of remnant area and isolation: as

the area of the remnant in which surveys were conducted

increased, forest cover within 2 km of the survey point

increased. Likewise, as remnant isolation decreased, forest

cover increased (Table 2).

Of the 41 species with adequate sample size for analyses,

abundance of 32% (n = 13 species) responded positively to

increasing forest cover, 7% (n = 3) responded negatively, 10%

(n = 4) responded in a concave, curvilinear fashion and 44%

Avian community composition
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(n = 18) were not affected by local forest cover (models for

three species did not converge; Appendix S2). Three of the four

species that showed a curvilinear pattern were medium-sized

species; the other was of large size.

Remnant area

Species in the very small, small and very large body mass

classes increased in abundance as remnant area increased.

Medium-sized species initially increased in abundance with

increasing area until remnants were approximately 22 ha in

size and then decreased in abundance. Large species decreased

in abundance as remnant area increased (Table 1, Fig. 2).

The abundance of 37% (n = 15) of Delaware forest birds

with adequate sample size, which does not represent all species

of regional or historical relevance, did not respond to an

increase in remnant area. Twenty-nine per cent (n = 12)

increased in abundance with increasing area, 12% (n = 5)

decreased in abundance, while 15% (n = 6) responded in a

Table 1 The effect of local forest cover (ha), remnant area (ha), and remnant isolation (m) on the abundance of five mass classes of birds

detected in 296 forest remnants in Delaware, 2003–2005. Abundance (individuals per mass class detected per survey) was regressed on log2-

transformed independent variables, assuming a negative binomial distribution of abundance data. Goodness of fit was determined by

dividing model deviance by degrees of freedom; values close to 1.0 indicate a good fit. Medium species (see text) showed a curvilinear

response to remnant area, increasing and then decreasing in abundance as area increased; medium species did not respond to isolation. All

other mass classes responded linearly (either positively or negatively) to forest cover, remnant area and remnant isolation.

Mass class Variable

Parameter

estimate SE

Wald 95%

confidence interval Chi-square P

Goodness

of fit

Very small Cover 0.30 0.07 0.17 0.44 20.1 < 0.0001 0.94

Small Cover 0.39 0.03 0.32 0.46 123.5 < 0.0001 0.94

Medium Cover )0.10 0.03 )0.16 )0.05 12.4 0.0004 0.94

Large Cover )0.17 0.03 )0.23 )0.11 29.6 < 0.0001 1.03

Very large Cover 0.58 0.15 0.30 0.87 16.1 < 0.0001 0.98

Very small Area 0.17 0.03 0.12 0.22 43.1 < 0.0001 0.96

Small Area 0.18 0.01 0.15 0.20 177.9 < 0.0001 0.93

Medium Area 0.17 0.05 0.08 0.25 13.5 0.0002 0.95

Area2 )0.02 0.01 )0.03 )0.01 16.8 < 0.0001

Large Area )0.08 0.01 )0.11 )0.06 40.9 < 0.0001 1.00

Very large Area 0.41 0.06 0.29 0.53 47.0 < 0.0001 0.95

Very small Isolation )0.18 0.05 )0.28 )0.10 14.8 0.0001 0.97

Small Isolation )0.18 0.02 )0.22 )0.13 56.4 < 0.0001 0.91

Medium Isolation 0.02 0.02 )0.01 0.06 1.5 0.22 0.94

Large Isolation 0.09 0.02 0.05 0.13 21.9 < 0.0001 1.03

Very large Isolation )0.40 0.11 )0.62 )0.18 12.2 0.0005 0.92
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Figure 1 Generalized responses of each mass class of forest birds

to forest cover (ha) within 2 km of each survey point. Abundance

(number detected per survey) was modelled using generalized

linear models assuming a negative binomial distribution of

abundance data and log2-transformed forest cover. Very small,

small and very large species increased in abundance with

increasing local forest cover, while the abundance of medium and

large species decreased. All relationships were significant at the

P £ 0.05 level (Table 1). See Supplementary Material for mem-

bership of mass classes.

Table 2 Pearson correlation matrix for forest cover (ha), area

(ha) and isolation (m) among 296 forest remnants in which bird

surveys were conducted in Delaware, 2003–2005. All variables were

log2-transformed. Correlations are listed on the first row, signifi-

cance of the relationship on the second. Forest cover could not be

determined for all survey points due to proximity to the State of

Maryland, where compatible land-use data were not available

(n = 287).

Isolation Cover

Area )0.49 0.61

< 0.0001 < 0.0001

Isolation – )0.45

< 0.0001
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concave, curvilinear manner (models for three species did not

converge; see Appendix S3 in Supplementary Material).

As the effect of remnant area may be confounded with that

of forest cover (Table 2), area was examined after controlling

for local forest cover. Based on simulations, Andrén (1994)

determined that forest birds were negatively affected after 80%

of forest in the landscape was removed. Due to inadequate

sample sizes, the local abundance in forest remnants with 80%

loss of surrounding forest cover could not be examined.

Instead, two categories of forest cover were determined based

on the mean (359.6 ha) and standard deviation (220) of forest

cover within 2 km of all survey points: points that had

< 580 ha of forest cover (mean forest cover + 1 SD, or < 46%

forest coverage) and those that had ‡ 580 ha of forest cover

(‡ 46% forest coverage) within 2 km. Results of these analyses

indicate whether birds in remnants of varying area respond to

anthropogenic patterns of surrounding forest cover. Relative

to existing variability in this measure, the abundance in

remnants with a high percentage of surrounding forest cover

and those with a low percentage of forest cover were

examined.

Restricting analyses of the effect of remnant area on the

abundance of mass classes to survey points that had < 46%

surrounding forest cover reduced the sample of very large

species to the point where model convergence was not possible

or was questionable (goodness of fit < 0.5). Abundance

patterns in the other mass classes did not differ qualitatively

from results when all remnants were considered together (see

Fig. 2): very small and small birds increased in abundance as

remnant area increased, medium birds showed a curvilinear

relationship with remnant area and large birds decreased in

abundance as remnant area increased (Table 3).

Including only survey points that had ‡ 46% surrounding

forest cover produced different results. Very small, small and

very large species increased in abundance as remnant area

increased, while the abundance of medium and large birds did

not respond to remnant area, counter to the above findings

(Table 3).
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Figure 2 Generalized responses of each mass class of forest birds

to increasing remnant area (ha; log2-transformed). See Fig. 1 for

the model description. Very small, small and very large species

increased in abundance (number detected per survey) with

increasing remnant area, large species decreased in abundance,

while medium species initially increased and then decreased in

abundance with increasing remnant area. All relationships were

significant at the P £ 0.05 level (Table 1).

Table 3 The effect of remnant area (ha) on the abundance of avian mass classes within two categories of local forest cover. When local

forest cover was < 46% (see text) medium species increased and then decreased in abundance with increasing remnant area, while large

species decreased in abundance. When local forest cover was ‡ 46% medium and large species did not respond to remnant area. Goodness of

fit is described in Table 1; convergence is described in Methods.

Mass class Model term

Parameter

estimate SE

Wald 95%

confidence interval Chi-square P

Goodness

of fit

< 46% forest cover (n = 227)

Very small 0.15 0 0.08 0.22 17.6 < 0.0001 0.96

Small 0.18 0 0.14 0.22 91.5 < 0.0001 0.93

Medium Linear 0.12 0.1 0.00 0.24 4.1 0.04 0.99

Quadratic )0.02 0 )0.03 0.00 5.1 0.02

Large )0.04 0 )0.07 )0.01 6.8 0.01 1.00

Very large Model did not converge

Mass class

Parameter

estimate SE

Wald 95%

confidence interval Chi-square P

Goodness

of fit

‡ 46% forest cover (n = 60)

Very small 0.11 0.07 )0.01 0.25 3.3 0.06 0.92

Small 0.09 0.03 0.02 0.15 6.7 0.01 0.87

Medium 0.01 0.04 )0.07 0.10 0.1 0.79 0.89

Large 0.01 0.03 )0.05 0.08 0.1 0.76 0.99

Very large 0.29 0.2 0.00 0.57 4.7 0.03 0.88
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Remnant isolation

As remnant isolation increased, the abundance of very small,

small and very large species decreased, while the abundance of

large species increased. The abundance of medium-sized

species was not affected by isolation (Table 1, Fig. 3).

Fifteen per cent (n = 6) of Delaware forest bird species with

appropriate sample size responded positively to increasing

isolation, 34% (n = 14) responded negatively and 44%

(n = 18) were not affected by isolation alone (models for

three species did not converge; see Appendix S4 in Supple-

mentary Material).

Cup-nesting and insectivorous guilds

In general, forest cover, area and isolation models for very

small cup-nesting species were of questionable fit, probably

due to the insufficient sample size of very small species in this

guild. Models for very large insectivores did not converge for

similar reasons. Otherwise, qualitative results for these two

guilds (Table 4) were similar to those observed for all forest

birds considered together (see Table 1).

Interactions

All two-way interactions, positive or negative, between local

forest cover, remnant area and remnant isolation on the

abundance of mass classes of forest birds were explored. Because

of correlations among all independent variables (Table 2) and

therefore the lack of interpretability, the three-way model was

not considered. As surrounding forest cover and remnant area

increased, abundances of small and medium-sized species were

less than predicted by each variable separately (interaction term

estimates: small species = )0.06, SE = 0.02, v2 = 8.9,

P = 0.003; medium species = )0.04, SE = 0.01, v2 = 9.2,

P = 0.002). Compared with each variable considered separately,

large species tended to increase in abundance as forest cover and

remnant isolation increased (interaction term estimate = 0.03,

SE = 0.02, v2 = 3.1, P = 0.08).

No significant interactions between remnant area and

remnant isolation were observed for any mass class, although

medium-sized birds tended to increase in local abundance as

remnant area and isolation increased (interaction term

estimate = 0.02, SE = 0.01, v2 = 2.7, P = 0.10). No models

approached significance (P ‡ 0.15) for any other interaction of

independent variables.

DISCUSSION

Deforestation directly removes breeding habitat and, inde-

pendently, is the overwhelmingly most important factor

related to forest bird population declines (McGarigal &

McComb, 1995; Trzcinski et al., 1999; Fahrig, 2003). The

isolation, connectivity, area and habitat quality of remaining

remnants exert further, secondary, effects on forest species.

Increased isolation may result in greater mortality when

moving or dispersing among remnants (Woodroffe &

Ginsberg, 1998) and there may be lower rates of recolonization

in the most isolated, least connected remnants (Uezu et al.,

2005). Area effects include changes in microhabitat, habitat

composition and structure, food availability, nest predation

and brown-headed cowbird nest parasitism, at least in North

America, which may negatively affect birds in the smallest,

most isolated remnants (see reviews by Fahrig, 2003; Henle

et al., 2004).

Species respond differentially to area and isolation effects,

however. In this study, large and medium species were the

most abundant birds in small, isolated forest remnants. Owing

to their common occurrence in such ‘edge’ habitat, many of

these species are referred to as ‘edge specialists’, ‘generalists’ or

‘interior/edge’ species, including the blue jay, wood thrush,

common grackle, American robin, European starling, northern

flicker and red-bellied woodpecker, among others (Whitcomb

et al., 1981; Freemark & Collins, 1992; Drapeau et al., 2000;

Howell et al., 2000; Moorman & Guynn, 2001). These

classifications are not useful (Villard, 1998) because they are

often wrong (Imbeau et al., 2003), are not consistently applied,

and may change over a species’ geographical range or with

landscape conditions. Very few species are true forest interior

specialists (Villard, 1998) or true edge specialists (Imbeau

et al., 2003). Further, these classifications are confounded by

their lack of independence from ‘area sensitivity’ (Villard,

1998), another problematic term.

Because edge effects, such as nest predation and parasitism,

are presumed to diminish towards the forest interior (Henle

et al., 2004), the differential responses of the avian mass classes

presented here are not directly explained by edge effects per se:

remnant area, isolation and surrounding forest cover
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Figure 3 Generalized responses of each mass class of forest birds

to increasing remnant isolation (m; log2-transformed). See Fig. 1

for the model description. Very small, small and very large species

decreased in abundance (number detected per survey) with

increasing isolation, while the abundance of large species in-

creased. The abundance of medium species (dotted line) was not

influenced by remnant isolation. Except for medium species, all

other relationships were significant at the P £ 0.05 level (Table 1).
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independently influenced avian abundance and differences in

community composition among remnants. Otherwise, no

difference in community composition or abundance is expected

as all surveys were conducted near the edge of all remnants. Only

the edge habitat of large forests held the smallest and largest

birds. The greater abundance of medium and large species in

small remnants also is not explained by edge effects or presumed

habitat associations. For example, so-called edge species such as

the northern cardinal, common grackle, and American robin

were often detected in close proximity to ‘interior’ species, such

as the ovenbird, black-and-white warbler, and scarlet tanager, in

the largest forests. Most large species and some medium species,

including the scarlet tanager, occurred in some of the smallest

remnants surveyed, presumably composed entirely of edge

habitat, while most small species did not. In other words, small

species dropped out of the community as remnant area

decreased, even though they were detected side by side with

larger species in the edge habitat of the largest forests. Medium

and large species were less likely to disappear from the

community in small remnants despite being less numerous

than smaller species in the largest forests (see Fig. 2).

Interspecific competition

That the smallest species were not detected in the smallest

remnants complements findings that subordinate, usually

Table 4 The effect of forest cover (ha), remnant area (ha) and remnant isolation (m) on the abundance of five mass classes of cup-nesting

(a) and insectivorous (b) birds detected in 296 forest remnants in Delaware, 2003–2005. Abundance (individuals per mass class detected per

survey) was regressed on log2-transformed independent variables, assuming a negative binomial distribution of abundance data. Goodness

of fit is described in Table 1; models for very small cup-nesting species were of questionable fit. Inadequate sample size caused a lack of

model convergence (see Methods) for very large insectivores.

Mass class Variable

Parameter

estimate SE

Wald 95%

confidence interval Chi- square P

Goodness

of fit

(a)

Very small Cover 0.05 0.04 )0.03 )0.13 1.5 0.22 0.52

Small Cover 0.38 0.05 0.29 0.48 60.8 < 0.0001 0.90

Medium Cover )0.11 0.03 )0.19 )0.05 11.3 0.0008 0.88

Large Cover )0.37 0.05 )0.46 )0.27 59.6 < 0.0001 1.00

Very large Cover 0.60 0.17 0.27 0.94 12.3 0.0005 0.94

Very small Area 0.04 0.02 0.01 0.07 5.9 0.02 0.51

Small Area 0.19 0.02 0.15 0.23 98.2 < 0.0001 0.91

Medium Area 0.13 0.05 0.03 0.23 6.2 0.01 0.89

Area2 )0.02 0.01 )0.03 )0.01 9.1 0.003

Large Area )0.21 0.02 )0.25 )0.17 105.0 < 0.0001 0.96

Very large Area 0.41 0.07 0.27 0.55 33.3 < 0.0001 0.92

Very small Isolation )0.03 0.03 )0.08 0.02 1.3 0.25 0.52

Small Isolation )0.20 0.03 )0.27 )0.13 35.4 < 0.0001 0.87

Medium Isolation 0.04 0.02 )0.01 0.08 2.8 0.09 0.89

Large Isolation 0.19 0.03 0.13 0.24 44.0 < 0.0001 1.00

Very large Isolation )0.34 0.13 )0.60 )0.09 7.2 0.007 0.86

(b)

Very small Cover 0.34 0.07 0.19 0.48 20.6 < 0.0001 0.94

Small Cover 0.39 0.03 0.32 0.46 123.5 < 0.0001 0.94

Medium Cover )0.11 0.03 )0.17 )0.05 14.0 0.0002 0.95

Large Cover )0.07 0.04 )0.14 0.00 3.4 0.07 1.01

Very large Cover Model did not coverge

Very small Area 0.16 0.03 0.11 0.22 35.0 < 0.0001 0.95

Small Area 0.18 0.01 0.15 0.21 177.9 < 0.0001 0.93

Medium Area 0.16 0.05 0.07 0.25 12.2 0.0005 0.96

Area2 )0.02 0.01 )0.03 )0.01 15.7 < 0.0001

Large Area )0.03 0.02 )0.06 0.00 2.8 0.09 1.00

Very large Area Model did not coverge

Very small Isolation )0.19 0.05 )0.30 )0.09 13.9 0.0002 0.96

Small Isolation )0.18 0.02 )0.22 )0.13 56.4 < 0.0001 0.91

Medium Isolation 0.02 0.02 )0.01 0.06 1.4 0.24 0.96

Large Isolation 0.03 0.02 )0.02 0.08 1.7 0.19 1.01

Very large Isolation Model did not coverge

Avian community composition
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smaller, species may be relegated to sub-optimal habitats by

more competitive species, as evidenced by results of removal

studies (e.g. Robinson & Terborgh, 1995; Martin & Martin,

2001). Perhaps they are completely absent in the smallest

forest remnants due to similar forms of interference compe-

tition. For example, when the dominant competitor, the noisy

miner (Manorina melanocephala), was removed from eucalypt

woodland in Australia, small birds rapidly recolonized the area

(Grey et al., 1997). But, if resources are not limiting, as may be

the case if a small remnant is in close proximity to a

contiguous forest, some species may not experience area

effects (Robbins et al., 1989; Trzcinski et al., 1999; Fahrig,

2003). In this study, negative effects were more prevalent as

forest cover decreased, and were more pronounced for

extremes of body sizes.

Other possible explanations for the reduced abundance, or

absence, of some species in small, isolated remnants are that

resources are limited or depredation is greater in those

remnants. While resources are probably limited for the largest

species (Turner, 1996; Henle et al., 2004), the smallest forests

surveyed met the home range or territorial area requirements

of nearly all other species detected in this study (Brown &

Sullivan, 2005). Some authors have suggested that the abun-

dance of small species should increase in the smallest forests

because predators or dominant competitors will be absent (see

Henle et al., 2004). All empirical results examined refute the

suggestion of an increase in small species in small remnants,

however (e.g. Martin, 1981; Robbins et al., 1989; Austen et al.,

2001; Mac Nally & Horrocks, 2002; Lindenmayer et al., 2002;

Parsons et al., 2006; this study; see also Brown & Sullivan,

2005). Further, dominant competitors – those capable of

usurping nest sites, depredating nests and controlling access to

food sources – may be common in the smallest remnants. In

fact, outcomes of competitive interactions, generally indicated

by body mass, among species capable of utilizing the resources

of a given remnant may determine the community composi-

tion and the relative abundance of species in the remnant

(Grey et al., 1997; Luck & Daily, 2003; Piper & Catterall, 2003;

Brown & Sullivan, 2005; Mac Nally & Timewell, 2005).

Observations of intra- and interspecific interactions and

removal experiments support the hypothesis that competition

is a community-structuring mechanism. In intraspecific

encounters, individuals with greater body mass were generally

dominant to smaller individuals and had preferential access to

food (Dhondt, 1989; Tarvin & Woolfenden, 1997), nest sites

(Krüger, 2002) and mates (Garcia & Arroyo, 2002). Observa-

tions of interspecific interactions signify that dominant

competitors, again indicated by body mass, had preferential

access to nest sites (Ingold, 1994; Piper & Catterall, 2003) and

food resources (Luck & Daily, 2003; Mac Nally & Timewell,

2005). Removal experiments nearly always indicated body

mass as the major factor in dominance determinations and in

access to food or nest sites (Alatalo et al., 1987; Sherry &

Holmes, 1988; Tiebout, 1993; Robinson & Terborgh, 1995;

Grey et al., 1997; Martin & Martin, 2001), the most important

resources relevant to interspecific competition (Newton, 1998).

The structuring properties of interspecific competition may be

of various forms (e.g. Schoener, 1983) and includes direct

competition (Garcia & Arroyo, 2002; Piper & Catterall, 2003),

diffuse competition (Terborgh & Weske, 1975; Mountain-

spring & Scott, 1986) and especially interference competition

(Grey et al., 1997; Martin & Martin, 2001; Mac Nally &

Timewell, 2005; Parsons et al., 2006).

Nest predation and brown-headed cowbird nest parasitism

are forms of interspecific competition referred to as encounter

competition, defined as ‘…a result of an interaction between

mobile, nonspatially attached individuals, in which some harm

comes to one or more; such harm can include time or energy

losses, theft of food, injury, or death by predation, fighting, or

mere accident’ (Schoener, 1983, p. 258). Aggressive nest

defence is one method of reducing rates of parasitism

(Neudorf & Sealy, 1992), perhaps accounting for the lack of

parasitism in the two largest species in a community-wide

study of parasitism (common grackle and mourning dove;

Strausberger & Ashley, 1997); both species are over twice as

large as cowbirds. The common assumption of universal

population declines driven by parasitism in the smallest

remnants may not hold if there is a reduced selection of hosts

to choose from and, following results of this study, many of the

species present are larger than the cowbirds themselves. Even if

active nest defence is not practised, the relatively larger egg size

of larger potential hosts may provide for inadequate brood

patch contact with cowbird eggs (Strausberger & Ashley, 1997).

It may be trivial to point out that predators are commonly

larger than their prey, but the advantage of size also extends to

nest predators (common grackle, blue jay, American crow)

that, like cowbirds, need to overcome any active defence by

nest owners. No studies could be identified that described

greater rates of predation on adult birds in small remnants,

only greater depredation of nests. Even so, given the greater

probability of occurrence and abundance of medium and large

species in small forests (Brown & Sullivan, 2005; this study),

nest predation may also have a mass bias, with the smallest

species disproportionately depredated.

Habitat generality

Habitat generalists are presumed to be the only species found

in small, isolated remnants (Henle et al., 2004). Habitat

generality may be determined more by body mass, however,

and less by the ability to use resources in several habitats per

se. Those species large enough to secure resources, regardless

of resource location, may do so at the expense of less

competitive, usually smaller, species that also may be able to

use the resources (Luck & Daily, 2003; Mac Nally & Timewell,

2005; Parsons et al., 2006). If resources are limiting, small

species may be excluded entirely, as in the removal experi-

ments previously listed (see also Mac Nally & Horrocks, 2002).

Given that ecological requirements are met, which may

preclude the presence of very large species in small remnants,

large species are of the appropriate size to be dominant

competitors and thus be considered ‘generalists’. Several
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medium-sized species also may be large enough, or aggressive

enough, to successfully compete for limiting resources, such as

those in small, isolated forest remnants. Small species cannot

be generalists except in the absence of dominant competitors.

There will always be exceptions in variable ecological systems

and no generality will capture the range of responses among all

species. For example, some small or social species are

notoriously aggressive and attack other species much larger

than themselves (Murphy, 1983; Piper & Catterall, 2003).

Those small species that did occur in the smallest remnants

tended to be cavity-nesting species, perhaps avoiding some

effects of interspecific competition, such as nest depredation,

with this nesting behaviour (Brown & Sullivan, 2005).

Dominance also may depend on the age, social status and

sex of the individual, as well as the time of year and life-history

stage in which dominance was assessed (Arcese & Smith, 1985;

Dhondt, 1989).

Community composition

Although interspecific competition among very large species

restricts access to common resources (Thiollay, 1998; Garcia &

Arroyo, 2002), inadequate resources in the absence of com-

petition may be a sufficient explanation for declines or

absences in small areas (Turner, 1996; Cooper & Walters,

2002; Marsden & Pilgrim, 2003). Abundance patterns exhib-

ited by the other mass classes of birds are difficult to interpret

based solely on resource availability or habitat specificity

because, again, many of the forest remnants in which they were

absent either met or exceeded their all-purpose home range or

territorial area requirements.

Large species were at their greatest abundance in small,

isolated remnants. Several Australian species in the large size

classification used here also increased in abundance in small

forests (Lindenmayer et al., 2002; Parsons et al., 2006). The

mechanism for this pattern may be similar to that of

‘mesopredator release’ in tropical systems (Terborgh, 1974),

where the lack of large predators in small forests leads to an

increase in ‘medium-sized’ predators. In this study, where

there were no formal avian ‘mesopredators’, lack of very large

species may nonetheless benefit the next largest size class of

birds, the large species. As with the species in the very large

size classification used here, there is direct evidence that birds

in the large classification compete for limiting resources

(Schoener, 1983; Ingold, 1994; Picman & Schriml, 1994;

Saracco & Colazzo, 1999). Another attribute of large species

nesting in forest remnants, including those not commonly

considered as forest species, is that some resources necessary

for survival or breeding may be gathered outside of the

remnant (Møller, 1987; Sallabanks & James, 1999). For

example, many large species visit bird feeders and are often

the most behaviourally dominant birds present (e.g. mourning

dove, common grackle, blue jay). Further reflecting the

competitive ability and generality of this mass class, large

species are among the most widespread and numerous in

North America (Cabe, 1993; Sallabanks & James, 1999) and

have successfully invaded new regions worldwide (Cassey,

2001).

As a class, medium-sized species were most abundant in

forest remnants of approximately 22 ha and least abundant in

the smallest and largest remnants. A greater probability of

occurrence in ‘medium-sized’ remnants was reported for some

species in at least two other studies (Robbins et al., 1989;

Lindenmayer et al., 2002); many of those species fall into the

medium size classification defined here. Potential mechanisms

for this pattern are not well described. Several studies have

noted that avian abundance, or density, decreased linearly as

remnant area increased (Beer et al., 1956; Martin, 1981; Austen

et al., 2001; Lee et al., 2002; Loman, 2003), in contrast to the

many fragmentation studies that indicated abundance

increased linearly with habitat area (e.g. Chan & Ranganathan,

2005 and studies therein). Part of this discrepancy may be due

to the rarity of sampling large forests in fragmentation studies

(see review by Debinski & Holt, 2000), with 15–25 ha

fragments considered as ‘large’ remnants in some studies

(Galli et al., 1976; Weinberg & Roth, 1998). Likewise, Whit-

comb et al. (1981) did not find an effect of body mass on

sensitivity to several measures of fragmentation, but none of

the 25 remnants examined in their study was between 14 and

70 ha, the range of remnant area that elicited a response

among medium-sized birds in this study.

Deforestation may cause birds to pack into remaining

habitat remnants or atypical habitat, perhaps for a short time

only (Bierregaard & Lovejoy, 1989), although this study

suggests a more permanent situation. For methodological

reasons, even a small increase in population size in a small area

can inflate abundance estimates when compared to larger

areas. This is, perhaps, yet another underappreciated area effect

and is probably sensitive to the survey methodology employed,

and how it was practiced. Other reasons for a decrease in

abundance with increasing remnant area are less apparent and

refining our understanding of this effect requires further work.

Nonetheless, the abundance of some species may either

decrease with increasing area or increase with decreasing area

(or both), an effect potentially due to limiting forest resources

and body mass.

As with patterns for the other mass classes, the curvilinear

response of medium-sized birds to remnant area may be

driven by interspecific competition (Lindenmayer et al., 2002).

Abundances may be suppressed in the smallest forests by the

heightened presence of large species, which include those

recognized as nest predators and aggressive cavity nesters.

Abundances then increase in somewhat larger forests as large

species decrease, and therefore competition decreases (see

Fig. 2). The abundance of medium species may be reduced in

the largest forests for two non-exclusive reasons: (1) the needs

of very large species, including avian predators, are now met

and their presence either directly or indirectly suppresses the

abundance of medium species (Lima, 1998) – species in the

medium size class defined here are a preferred prey size for

some predators (Forsman et al., 2001); (2) the abundance of

medium species is reduced in the largest forests because of an

Avian community composition
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inherent tendency of abundance or density to decrease as area

increases (references above).

These conclusions must be tempered by acknowledging the

potential for differences in habitat quality among forest

remnants, as well as differences in habitat composition and

remnant placement in the landscape. In this study, however,

nearly all fragments were surrounded by agriculture or

suburban developments; none were surrounded by old fields

or brushy growth that may have confounded results by

providing marginally suitable habitat for some species. The

incidence of pine (Pinus taeda and Pinus palustris) tended to

increase near coastal Delaware and even the presence of a few

pines positively influenced the detection of pine warblers and

chipping sparrows, both in the small size classification. It is

doubtful that the composition of small fragments substantially

differed from larger forests in that both were probably in

existence because they tended to be wet, at least in some years,

and unsuitable for agriculture (Fleming, 1978). Remnants of all

sizes have been high-graded and degraded (Environmental Law

Institute, 1999).

The same mechanisms that structure forest bird communi-

ties by body mass, and that operate within avian guilds, also

may hold for mammalian predators in small, isolated

remnants: insufficient resources exist for the largest potential

predator species and the smallest species are out-competed by

increased abundances of mammalian mesopredators. High

populations of mesopredators occur in small forest remnants

(Hoover & Brittingham, 1998; Crooks & Soulé, 1999). As with

avian nest predators, there may be a mass bias to birds

susceptible to mammalian mesopredators, with the smallest

species most susceptible.

Interspecific competition, as indicated by body mass, may

drive the assembly and maintenance of avian communities

(Grey et al., 1997; Lindenmayer et al., 2002; Mac Nally &

Horrocks, 2002; Brown & Sullivan, 2005; Mac Nally &

Timewell, 2005; Parsons et al., 2006). Removal experiments

show a clear pattern of interspecific dominance based on size

and aggressiveness (Grey et al., 1997; Martin & Martin, 2001).

The presence of predators (Lima, 1998), dominant competitors

(Grey et al., 1997) and brown-headed cowbirds (Strausberger &

Ashley, 1997) differentially affect species of varying body mass,

with the strongest negative effects exerted on the smallest,

subordinate species. The general effects of deforestation are

clear: populations of forest birds decrease with substantial

habitat loss and degradation (Andrén, 1994; Fahrig, 2003), as

has occurred in Delaware (Fleming, 1978; Environmental Law

Institute, 1999). Species exhibit differential responses to the

secondary effects of forest cover, remnant isolation and area,

however (Robbins et al., 1989; Trzcinski et al., 1999; Lindenm-

ayer et al., 2002; Fahrig, 2003; Luck & Daily, 2003; Brown &

Sullivan, 2005; this study), most of which can be predicted

from average species body mass. The generality and applica-

bility of theories of biodiversity and biogeography to commu-

nity composition, species abundance and conservation can be

improved by incorporating these differential responses into

their assumptions.
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