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Abstract
We explored the effects of land-cover configuration, body size and trophic
diversity in determining avian species richness on Prince Edward Island,
Canada. Data on avian species richness were obtained from the Maritime
Breeding Bird Atlas data. Prince Edward Island was divided into 97 sampling
cells of 10 × 10 km. Land-cover metrics were calculated using a forest inventory database, Fragstats and ArcView version 8.1. The relationships between
avian species richness and explanatory variables were explored using correlation analysis, mixed forward-backward stepwise analysis, generalized linear
models and Akaike’s information criterion. Models predicted between 27%
and 63% of the variability in species richness, attributing substantial explanatory power to both the average body size and the range of body size spanned
by the avian community. The body-size frequency distribution showed that
avian communities were dominated by species weighing between 50 and 80 g.
Habitat metrics associated with forests were more important to the avifauna
than those related to agriculture. Avian species richness also decreased with
both the fragmentation and isolation of wetlands. The total area covered by
the human infrastructure land-cover and its subdivision were also important.
Clearly, body size plays a key role in determining the diversity of birds on
Prince Edward Island. In particular, species weighing 50 - 80 g appear to have
sufficient resources to be successful on Prince Edward Island’s landscapes.
Our findings also highlighted the importance of controlling the expansion of
human infrastructure and both the fragmentation and reduction in size of
wetlands to maintain avian species richness patterns.
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1. Introduction
Understanding the factors that determine spatial variations in species richness
has long been a fundamental question in ecology [1] [2] [3] [4]. Although the
precise mechanisms for the creation and maintenance of patterns of species
richness are still hotly debated [5] [6] it is usually recognized that species richness patterns can be influenced by a variety of environmental, historical and life
history factors that can operate at different temporal and spatial scales.
In large spatial scale, studies have shown that factors such as latitude, climate,
elevation, primary productivity and habitat heterogeneity can affect species
richness patterns [7] [8]. Because many of these factors also explain abundance
and body-size patterns at large spatial scales (e.g. [9] [10]), studies examining
species richness patterns often explore simultaneously the relationships between
species richness and body size. Studies conducted at large spatial scales have
found that species richness is at its highest at intermediate body sizes, suggesting
a numerical dominance of species of this size [11] [12]. Furthermore, studies
conducted at large spatial scales have typically examined the relationship between species richness and body size by focusing on the species-body size distribution (i.e. species body sizes spanned by the whole assemblage or community) and the factors that shape this distribution [13] [14]. The few studies that
have examined the species richness—body-size interspecific relationship at large
spatial scales have found a negative association between these two variables [15]
[16], suggesting that species-rich communities are generally composed of
small-sized species. Studies conducted at smaller spatial scales have generally
failed to show a clear trend between species richness and body size (e.g. [9]).
Factors associated with human land-use development and habitat fragmentation have been shown to be particularly important in determining species richness patterns at small spatial scales [17] [18]. Global patterns of land use have
resulted in widespread conversion of natural environments to landscapes dominated by agricultural fields, roads, and other human infrastructures. For example, wetlands have declined by more than 50% in North America during the last
century mainly due to their conversion into agricultural land [19]. The resulting
shift from continuous habitat to disjoined patches of habitat has also drastically
changed the landscape context in which the remaining natural habitats are embedded [20] [21]. Habitat fragmentation can alter the span of body sizes covered
by an animal community as highly fragmented habitats may only be able to
support small-bodied species due to a decrease in resource availability (e.g. [22]).
If this is true, we predict that as human-induced disturbances (i.e. habitat fragDOI: 10.4236/oje.2019.97018
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mentation, land-use activities, etc.) increase, there should be a decrease in the
average body size of the community and/or in the span of body sizes covered by
the community.
In this study, we investigate the regional patterns of species richness of the
breeding avifauna of Prince Edward Island (PEI), Canada. Specifically, the objectives of this study are threefold. First, to evaluate the relative importance of
body size, trophic diversity, land-cover types and human disturbances in determining avian species richness patterns at the regional scale. Specifically, we predict a dominance of intermediate- or small-sized species as habitats become
more fragmented which will also affect both composition and trophic diversity
of animal communities [23]. Our second objective is to assess the relative contribution of the structure, configuration and diversity of land-cover types to the
variation in avian species richness values. In particular, we are interested in
identifying which landscape configurations and structures could enhance avian
species richness at the regional spatial scale. Our final objective is to examine the
relationship between species richness and explanatory variables (body size,
trophic diversity and land-cover types) for different avian groups (i.e. landbirds,
shorebirds, waterfowl and seabirds). We hypothesize that both body size and
trophic diversity will be important determinants of species richness for all avian
groups. We expect that the structure and configuration of wetlands will be a significant predictor of waterfowl species richness, and that species richness of both
landbirds and shorebirds will be influenced by agriculture and forest areas. Finally, we expect that the structure and configuration of land-cover types will not
influence the species richness of seabirds.

2. Methods
2.1. Data
PEI is located in the St. Lawrence Basin of Eastern Canada (46.5107˚N, 63.4168˚W).
The island is relatively flat (146 m above sea level) and covers an area of ~5665.6
km2. PEI has a mild maritime climate, strongly influenced by the warm waters of
the Gulf of St. Lawrence. Each year, the island receives about 890 mm of rain
and approximately 290 cm of snow. Since the European colonization in the 17th
century, anthropogenic activities such as agriculture and forestry have led to
drastic reduction and fragmentation of much of the natural habitat of the island.
Less than 1% of the original Acadian Forest still remains on PEI [24]. During the
last century, large-scale crop production has also led to the expansion of cultivated areas and has increased pressure on forest habitats [25]. This development
has also resulted in a reduction or transformation of wetlands and an increase in
human population density and infrastructure.
Data on avian species occurrence were obtained from the Maritime Breeding
Bird Atlas [26]. PEI was divided into 97 sampling cells (each 10 × 10 km) out of
which a different set of sampling cells was randomly selected for yearly breeding
surveys between 1986 and 1990. Each year, trained observers used auditory and
DOI: 10.4236/oje.2019.97018

218

Open Journal of Ecology

M. Silva-Opps et al.

visual cues to detect the presence of avian species in all habitat types (e.g. agricultural fields, forests, hedgerows, along roads, human-use areas, wetlands, seashores, etc.) within a sampling cell. Surveys began 15 - 20 minutes before sunrise
and ended within 4 hours after sunrise. The last year (i.e. 1990) was devoted to
ensuring that each sampling cell was surveyed at least once and to limit the observer bias that could arise from a priori knowledge of the avifauna of certain
sampling cells or from differential census intensity. First, we assessed the quality
of the Breeding Bird Atlas data by comparing species richness values with the
total number of species generally known to occur in PEI based on historical data,
previous surveys and provincial records [27]. Second, we included in the analyses a variable indicating the total sampling effort per cell (total number of hours
spent by all observers in a sampling cell) to account for differences in sampling
effort. The information on total sampling effort per cell was also used to exclude
21 sampling cells from the analyses as they were insufficiently sampled. Therefore, the analyses presented in this study are based on 76 sampling cells (Figure
1). Species richness per sampling cell was calculated as the total number of species observed during the 5-years survey period. An effort was made to exclude
from the analyses any avian species known to be a vagrant on PEI. Avian taxonomic classification followed Sibley and Monroe [28]. In this study, we have
not included any phylogenetic corrective procedure [29] [30] in our analyses for
various reasons. Unfortunately, a detailed phylogenetic description for the birds
occurring on PEI is currently unavailable. Phylogenetic relationships provide

Figure 1. Map of Prince Edward Island in relation to Canada (46˚N, 63˚W) showing the
97 sampling cells (each 10 km × 10 km) used in this study. Solid dots indicate the sampling location for each cell. The scale-bar refers to Prince Edward Island only.
DOI: 10.4236/oje.2019.97018
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information on what happened millions of years ago while population abundance is controlled by events that happen on a much shorter time scale [29].
Thus, it has been argued that phylogenetic methods favour explanations based
on phylogeny at the expense of explanations based on ecology [31] [32] [33].
Since we were interested in assessing the relative importance of the land-cover
on the structure of avifauna communities occurring on PEI, we did not include
any phylogenetic corrective procedure in our analyses.
Body size was measured as the average adult body mass (M; g) for each avian
species and was obtained from Dunning [34]. Following Blackburn and Hawkins
[35], we also used a “community” approach that consisted of calculating an average M (Average_M) for all species occurring within each sampling cell. This
approach was also used to calculate a value for the range of M (Range_M)
spanned by all the species occurring within each sampling cell. We also calculated an index of trophic diversity for each avian community. First, each avian
species was broadly classified into a trophic group (carnivore, herbivore, omnivore, insectivore). Then, we calculated an index of trophic diversity (Troph_D)
based on the Shannon-Weiner diversity index (T’ = ∑tilnti; where ti is the proportion of species of a given trophic category; [36]). Avian species were also
classified into landbird, seabird, shorebird or waterfowl using basic habitat preference information [26].
Land-cover types (forests, wetlands, agriculture, roads and other human infrastructures) encompassed within sampling cells were obtained using the 1990
PEI forest inventory data and ArcView version 8.1. The data from 1990 forest
inventory were used to be consistent with the avian data that were collected between 1986 and 1990. Fragstats version 3.3 [37] was used to calculate a set of
metrics that described the structure, configuration and diversity of each
land-cover type. Habitat metrics that characterize the configuration and structure of fragmented landscapes (e.g. size, shape, proximity of habitat patches to
other areas of suitable habitat) have been shown to affect species richness patterns and the composition of animal communities [38] [39] [40]. Therefore, we
selected 14 metrics that quantified different aspects of the structure, configuration and diversity of land-cover types (Table 1).
Table 1. Brief definitions of the selected FRAGSTATS land-use metrics used in this study.
Full definitions and associated equations for these metrics can be found in McGarigal &
Marks [37].

DOI: 10.4236/oje.2019.97018

Acronym

Metric Name

Units

Description

Total Land
Area

Patch area

ha

Total land/wetland-area minus sea-occupied area.

Np

Number of
patches

None

The number of patches of the corresponding land-cover
within a sampling cell; reflecting landscape pattern.

Pd

Patch density

#/100 ha

Number of patches per unit area of a specific land-cover
type; it increases with landscape heterogeneity.
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Pland

Percent

Percentage of area occupied by a given land-cover type
within a sampling cell.

None

Measures the total edge or edge density while adjusting
for the size of an area for a given land-cover type. “Shape”
increases as the patch edges become more irregular and as
the length of patch edges increases.

Shape

Shape index

Para

Perimeter-area
None
ratio

Ratio of the patch perimeter to area. It measures shape
complexity but without standardization to a simple
Euclidean shape (e.g. square).

Frac

Fractal
Dimension
index

None

Shape complexity across a range of spatial scales
(patch sizes). It approaches 1 for shapes with very simple
perimeters (e.g. square) and approaches 2 for shapes with
highly convoluted, plane-filling perimeters.

None

Frequency with which different pairs of patch types
appear side-by-side within a sampling cell. “Clumpy”
equals 0 when the focal patch type is distributed
randomly, and approaches 1 when the patch type is
maximally aggregated.

Percent

Inversely related to edge density. When edge density is
very low (e.g. when a single class occupies a very large
percentage of the landscape), “Contag” is high, and vice
versa. “Contag” is affected by both the dispersion and
interspersion of patch types.

Percent

Measures the degree of aggregation of patch types. Thus,
a landscape containing larger patches with simple shapes
will contain a higher percentage of like adjacencies than a
landscape with smaller patches and more complex shapes.
Contrary to “Contag”, “Pladj” measures only dispersion
and not interspersion.

Percent

Takes into account only the like adjacencies involving
the focal class, not adjacencies with other patch types.
AI increases as the focal patch type is increasingly
aggregated and equals 100 when the patch type is
maximally aggregated into a single, compact patch.

Clumpy

Contag

Pladj

Ai

Clumpiness
index

Contagion
index

Percentage
of like
adjacencies

Aggregation
index

Iji

Interspersion
& juxtaposition Percent
index

This metric is based on adjacent patches and isolates
interspersion or intermixing of patch types. “Iji”
approaches 0 when the corresponding patch type is
adjacent to only 1 other patch type and the number of
patch types increases. “Iji” = 100 when the corresponding
patch type is equally adjacent to all other patch types.

Acronym

Metric Name

Units

Description

Sidi

Simpson’s
diversity index

None

Measures diversity (heterogeneity) of the landscape.
“Sidi” approaches 1 as the number of different patch types
increases and the proportional distribution of area among
patch types becomes more equitable.

None

Measures diversity (heterogeneity) of the landscape.
“Shdi” increases as the number of different patch types
increases and the proportional distribution of area among
patch types becomes more equitable. “Shdi” is more
sensitive to rare patch types than “Sidi”.

Shdi

DOI: 10.4236/oje.2019.97018

Percentage of
landscape

Shannon’s
diversity index
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2.2. Data Analysis
All statistical analyses were carried out using R version 2.7.0
(http://www.r-project.org). All variables were tested for normality using the
Kolmogorov-Smirnov test and were transformed logarithmically if needed. The
relationships between avian species richness and explanatory variables were
examined using correlation analysis, mixed forward-backward stepwise analysis
and generalized linear models. First, we tested all the explanatory variables for
multicollinearity by examining cross-correlations among them using Pearson
correlation analysis. Only variables with cross-correlation < 0.6 were retained for
further analyses. Second, we examined the relationships between species richness and the selected explanatory variables for all birds pooled together and also
each avian group separately (i.e. landbirds, shorebirds and waterfowl) using a
mixed forward-backward stepwise analysis. The use of this analysis allowed us to
further reduce the number of explanatory variables by eliminating insignificant
predictors for the analyses of all species and separated avian groups, except for
seabirds. The dataset for seabirds included too many zeroes to allow us for a
separate statistical analysis.
Third, we undertook a spatial analysis to evaluate the presence of an autocorrelation structure in the species richness data. The presence of autocorrelation
will violate the independence assumption in many regression analyses [41]. As
the distribution patterns of birds are affected by environmental, biological and
anthropogenic factors, the spatial structure present in those factors may also
have spill-over effects on species richness patterns [42]. Using the latitude and
longitude values of each sampling cell, we determined for each sampling cell the
locations of the four nearest neighbours cells. Then, using the species richness
values of the four nearest neighbours, we calculated a value that represented the
average species richness of the four nearest sampling cells (here after called the
average nearest neighbor-species richness; near-richness). We then examined
the spatial autocorrelation structure in the near-richness values using correlograms [41]. Correlograms were constructed by plotting Moran’s I values on the
y-axis against distance classes of sampling cells on the x-axis. For this study, we
generated correlograms of the near-richness data at 10 geographic distance
classes. If these correlograms indicated that there was spatial autocorrelation in
any distance class, then the variable near-richness was used as a potential explanatory variable in the modeling component of this study. Otherwise, this variable was excluded from further analyses.
Finally, models were developed to predict the richness of all bird species together and for each avian group separately using all selected explanatory variables. Several generalized linear regression models, including Poisson distribution, negative binomial distribution, and quasi-Poisson distribution can be used
to model species richness data, but there is no real consensus regarding which of
these regression procedures is the most appropriate [43] [44]. Thus, we first developed predictive models using each of these three regression procedures and
DOI: 10.4236/oje.2019.97018
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then selected the “best model” for each avian group using the Akaike’s information criterion (AIC) value. For each selected model, we also provide the coefficient of determination or R2 value. No genuine R2 values are available in generalized linear models (GLMs), but they can be approximated by dividing the residual deviance statistic (a measure of goodness of fit of the model) by the percentage deviation explained by the model [45]. Spatial autocorrelation in the residuals of these models was examined using Moran’s I and correlograms. The
presence of spatial autocorrelation in the residuals indicated that the GLM model did not adequately describe species richness patterns, and some important but
spatially patterned variables were missed from the model.

3. Results
A total of 156 different breeding bird species were observed in this study. Species
richness varied between 7 and 89 species among sampling cells. The combination of correlation and mixed forward-backward stepwise analyses reduced the
number of meaningful explanatory variables by ~75% - 85% depending upon the
avian group, with only a few variables that were common to all groups (Table 2).
Out of the three different regression procedures examined with GLM analysis,
Poisson regression produced the best predictive models whether all bird species
were pooled together or separated into groups (Table A1). Therefore, only the
predictive models using Poisson regression will be discussed in the following
sections.
Table 2. Explanatory variables selected for each avian group using cross-correlation
analysis (Pearson correlation analysis) and stepwise forward multiple regression analysis.
Only variables with cross-correlation < 0.6 are shown here. “Life History” variables are:
“Average_M” (average body size of all the species), “Range_M” (range of body size
spanned by all the species) and “Troph_D” (index of trophic diversity) of all species
occurring within each sampling cell. “Habitat” variables are landscape metrics that
characterize the forest, wetland, and agriculture land-cover types. “Human Disturbance”
includes landscape metrics that characterize human infrastructures (Infrastr) and roads.
“Other Variables” includes “Effort” (total sampling effort per cell) and “Near_Richness”
(average species richness of the four nearest sampling cells). Table 1 provides brief
definitions of the acronyms used for habitat and human disturbance variables.
All Birds

Landbirds

Shorebirds

Waterfowl

Life-History Trait
Average_M

Average_M

Range_M

Average_M

Range_M

Range_M

Range_M

Troph_D

Troph_D

Habitat

DOI: 10.4236/oje.2019.97018

Forest_Np

Agriculture_Area

Agriculture_Shape

Forest_Np

Forest_Shape

Forest_Area

Forest_Shape

Forest_Shape

Wetland_Area

Forest_Np

Wetland_Area

Wetland_Area
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Wetland_Pladj

Forest_Shape

Wetland_Iji

Wetland_Area

Wetland_Iji

Wetland_Np

Wetland_Np
Wetland_Pladj
Wetland_Iji

Human Disturbance
Infrastr_Area

Infrastr_Area

Infrastr_Area

Infrastr_Area

Infrastr_Np

Infrastr_Np

Infrastr_Np

Infrastr_Np

Infrastr_Para

Infrastr_Para

Infrastr_Pladj

Infrastr_Para

Infrastr_Pladj

Infrastr_Pladj

Road_Clumpy

Infrastr_Pladj

Road_Area

Road_Pd

Road_Para

OtherVariables
Effort

Effort

Effort

Effort

Near_Richness

Near_Richness

Near_Richness

Near_Richness

The pattern of spatial autocorrelation in the species richness values when all
species were grouped together was characteristic of a cline, with significant positive autocorrelation at small distance scales and significant negative correlation
at the largest distance scales (Figures 2(a)-(d)). When examining each avian
group separately, the spatial autocorrelation in species richness was less obvious
though some significant positive correlations at small distances were still
present. However, Poisson regression significantly reduced spatial autocorrelation in richness values whether all bird species were examined together or separated into groups (Figures 2(e)-(h)). Poisson regression produced models that
predicted between 27% to 63% of the variability in avian species richness. Only
the variables Range_M, Forest_Shape, Wetland_Area and Effort were common
to all models. Three other variables (Average_M, Infrastr_Area and Infrastr_Np)
were significant for three of the four avian groups examined in this study. The
variable near-richness was only significant in the model predicting species richness of all bird species pooled together (Table 3).

Influence of Body Size, Trophic Diversity and Land-Cover Types
Poisson regression modeling attributed substantial explanatory power to both
Average_M and Range_M in most predictive models (Table 3). When all avian
species were pooled together, species richness decreased with Average_M
(Figure 3(a)). Similar trends were obtained when avian data were separated into
groups, except for waterfowl that showed the opposite trend (Table 3). Species
richness increased with Range_M whether all bird species were pooled together
(Figure 3(b)) or separated into groups (Table 3). A frequency distribution of all
DOI: 10.4236/oje.2019.97018
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Table 3. Poisson regression models (p < 0.01 for all models) relating avian richness at the
species, genus and family levels on Prince Edward Island to explanatory variables. R2 is
the proportion of variability in the dataset that is accounted by the model. Variable abbreviations are listed in Table 1.
Species Richness

Genus Richness

−0.88 Average M
0.84 Range M

−0.77 Average M
0.75 Range M

Family Richness

Life History
−0.35 Average M
0.59 Range M

Habitats
−1.47 × 10−3 For_Np
−0.95 For_Shape
3.2 × 10−4 Wet_Area
−2.5 × 10−3 Wet_Np

−1.93 × 10−3
−0.84 For_Shape
3.15 × 10−3 Wet_Iji

−4.31 × 10−4 Infrastr_Area
4.47 × 10−3 Infrastr_Np
4.60 × 10−4 Infrastr_Para
0.065 Infrastr_Pladj
7.78 × 10−4 Road_Area

−3.40 × 10−4 Infrastr_Area
3.51 × 10−3 Infrastr_Np
4.78 × 10−4 Infrastr_Para
0.071 Infrastr_Pladj
1.05 × 10−3 Road_Area

6.4 × 10−3 Effort
−3.6 × 10−3 Near-Richness

5.28 × 10−3 Effort
−1.7 × 10−3 Near-Richness

0.003 Effort
−0.23 Near-Richness

R2 = 0.27

R2 = 0.28

R2 = 0.39

Human Disturbance

Other Variables

Figure 2. Spatial correlograms of Moran’s I for raw species richness values (a-d) and for
residuals after fitting Poisson regression models (e-h). The abscissa is lag distance classes
and the ordinate Moran’s I coefficients. For each plot, vertical lines represent the standard deviations of the Moran’s I coefficient of each lag distance class.
DOI: 10.4236/oje.2019.97018
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Figure 3. Relationship between species richness and both (a) the average
body size and (b) the range of body size of all species composing avian
communities based on Poisson regression models presented in Table 3.

Range_M values showed that M varied by 2.5 to 3 orders of magnitude for more
than 50% of avian communities (Figure 4(a)). A frequency distribution of Average-M values from all avian communities indicated the dominance of species
weighing about 60 g with the majority of species falling into the range between
50 and 80 g (Figure 4(b)). Trophic diversity was only significantly associated
with the species richness of landbirds and waterfowl (Table 4).
Habitat metrics associated with forests were more important to the avifauna
of PEI than those related to agricultural lands. Forest_Shape negatively affected
species richness whether all species were pooled together or separated into
groups. This suggested an increase in species richness as forest patches become
more compact or regular in shape (i.e. square or almost square). With the exception of shorebirds, avian species richness decreased with Forest_Np, indicating
that species richness is negatively affected by the fragmentation or subdivision of
the forest land-cover. Species richness also increased significantly with the total
DOI: 10.4236/oje.2019.97018
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area covered by wetlands (Wetland_Area) whether all bird species were pooled
together or were separated into groups. Landbirds were negatively associated
with Wetland_Pladj, suggesting that these birds were the least diverse in areas
dominated by highly disaggregated wetlands (i.e. small wetlands with more
complex shapes). For both landbirds and shorebirds, species richness was also
influenced by the interspersion of wetlands (Wetland_Iji) with species richness
being the highest in areas where wetlands were equally interspersed or adjacent
to each other.
Several variables characterizing areas directly occupied by human infrastructure were also significant determinants of avian species richness in PEI. In particular, metrics that were related to the total area (Infrastr_Area), subdivision or
number of occupied patches (Infrastr_Np), complexity of patch shapes (Infrastr_Para) and interspersion (Infrastr_Iji) of the human infrastructure land-cover
were significantly related to avian species richness (Table 2). Roads were only
minor predictors of species richness.

Figure 4. Frequency distribution of (a) the range of body size and (b) the
average body size of all species composing avian communities.
DOI: 10.4236/oje.2019.97018
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Table 4. Poisson regression models (p < 0.01 for all models) relating avian species richness on Prince Edward Island to explanatory variables. R2 is the proportion of variability
in the dataset that is accounted by the model. Variable abbreviations are listed in Table 1.
Landbirds

Shorebirds

Waterfowl

Life History
−1.09 Average_M
0.85 Range_M
−0.48 Troph_D

0.85 Range_M

1.05 Average_M
0.85 Range_M
1.38 Troph_D

Habitats
2.99 × 10 For_Area
−2.92 × 10−3 For_Np
−1.05 For_Shape
3.29 × 10−4 Wet_Area
−9.49 × 10−3 Wet_Pladj
5.29 × 10−3 Wet_Iji
4.88 × 10−5 Agr_Area
−5

−2.23 For_Shape
0.0003 Wet_Area
0.0065 Wet_Iji
−1.78 Agr_Shape

−2.50 × 10−3 For_Np
−1.31 For_Shape
6.26 × 10−4 Wet_Area
−5.75 × 10−3 Wet_Np

Human Disturbance
−3.88 × 10−4 Infrastr_Area
3.45 × 10−3 Infrastr_Np
4.28 × 10−4 Infrastr_Para
0.065 Infrastr_Pladj

−0.0003 Infrastr_Area
0.0036 Infrastr_Np

−8.54 × 10−4 Infrastr_Area
6.14 × 10−3 Infrastr_Np
8.47 × 10−4 Infrastr_Para
0.12 Infrastr_Pladj
−2.69 Road_Pd

Other Variables
4.61 × 10−3 Effort

0.0076 Effort

7.54 × 10−3 Effort

R2 = 0.25

R2 = 0.63

R2 = 0.43

4. Discussion
Overall, our results show that nearly 27% of the regional variance in the richness
of avian species on PEI could be explained by the factors examined in this study.
Higher levels of explained variability (up to 63%) were obtained when examining avian groups separately, suggesting a potential influence of functional traits
on the regional patterns of avian species richness in PEI. The use of 10 × 10 km
sampling cells helped us to identify some of the factors that are currently shaping avian species richness on PEI. Although species richness values showed
strong spatial autocorrelation (Figures 2(a)-(d)), our best predictive models
have successfully removed most of this autocorrelation (Figures 2(e)-(h)). This
suggests that the observed spatial autocorrelation in species richness was partially due to some of the environmental factors examined here. Having said this,
the relatively low and moderate R2 values of the models developed in this study
indicate that other factors than those examined here are also affecting avian species richness on PEI or that PEI-birds do not have a strong habitat association.
This study examined the role played by M in determining regional patterns of
avian species richness using the interspecific relationship between these two variables and the frequency distribution of both Average_M and Range_M. Our
findings indicated that M is a major determinant of avian species richness on
PEI whether all species were pooled together or separated into groups. These
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results are consistent with studies conducted at larger spatial scales which found
that M plays a key role in determining the patterns of other ecological variables
[10] [14] [46] [47]. Overall, our models suggested that many avian communities
on PEI include a large number of intermediate-sized species, with the variation
in M within communities spanning up to 3 orders of magnitude, reflecting the
presence of some large-bodied size species in at least some landscapes.
Several studies that examined M frequency distributions at large spatial scales
showed an optimal M of 30 - 50 g for bird species resulting mainly from metabolic and/or habitat constraints [48]. In this study, we found that the majority of
species within communities were slightly larger (~50 - 80 g) than the proposed
optimal M. External and physical constraints involving the structure of resources
used by bird species on PEI may explain the numerical dominance of species
~50 - 80 g. A major consequence of the high levels of habitat fragmentation occurring on PEI is that a great proportion of PEI’s landscapes are composed of
forest and wetland habitat patches of small size. In most agricultural landscapes
of PEI, forest habitats have been fragmented into small discrete patches, with
approximately 32% of them being smaller than 0.5 ha [49]. Small and intermediate-sized species may require fewer resources and can partition the environment more effectively than large-bodied ones (also known as “the body size hypothesis”; [50] [51]). Thus, it is possible that intermediate-sized species succeed
better on PEI. This also implies that in our region some avian species may occupy habitat patches whose minimum size is proportional to their body size. On
the other hand, large-bodied species usually require larger contiguous areas of
suitable habitat to meet home-range requirements [52]. Large-bodied terrestrial
birds on PEI include some raptors and waterfowl species. Avian predators can be
affected by the discontinuous distribution of resources in fragmented landscapes
(e.g. [53]). It is likely that most areas of PEI do not include sufficient contiguous
areas of suitable habitat to support many populations of large-bodied species. In
this study, we did not examine individual species responses to habitat metrics,
thus we can only speculate on the specific effects that habitat metrics may have
on some species. It is possible that intermediate-sized species may be more affected by the patch size reduction whereas large-bodied ones are more affected
by the total amount of suitable habitat in the landscape. Given that there are very
few species > 100 g on PEI, it is possible that the total amount of suitable habitat
on PEI’s landscapes may indeed be insufficient to support numerous populations of these large-bodied species, although this is not the case for intermediate-sized species.
Another explanation for the paucity of large-bodied avian species is that species at progressively higher trophic levels (i.e. predators) tend to be less abundant with distributions that are more fragmented, particularly in areas where
resources are discontinuously distributed [23]. As energy flows through a system, the majority is lost at the lower trophic levels of the energy pyramid, leaving
less available energy for species occupying the higher levels of the pyramid.
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Consequently, as population abundance levels decrease and species distributions
become more fragmented, the probability of detecting individual species from
higher trophic levels in a given landscape during a survey also decreases. Thus, it
is possible that some large-bodied species only occurred at very low abundance
levels and/or had very fragmented distributions, explaining why they were undetected during the 5-year survey on which this study is based. Since no reliable
quantitative records exist with respect to the current abundance of most avian
species on PEI, we can only assume that some of the expected, but undetected,
large-bodied species were more abundant in the past. This would explain why
they were detected in short-term surveys that took place during the late 1800s
and early 1900s on PEI [27]. The records of these surveys indicated the presence
of several landbird and waterfowl large-bodied species that were not detected
during the 5-year survey used for this study. Although some of these undetected
species are also locally extinct in nearby continental areas (i.e. Nova Scotia and
New Brunswick), we speculate that other undetected species are only now occasionally observed on PEI. Thus, one possible explanation for our findings is that
the habitat loss and fragmentation that have occurred in the province during the
last ~100 years have resulted in the decline in abundance or local extinction of
several large-bodied avian species in some landscapes of PEI. The area-sensitivity
of some large-bodied species could reflect, in part, preference of the remaining
populations or species for the largest available tracts.
Our findings were also consistent with other studies showing that landscape
characteristics affect the patterns of species richness and structure of avian
communities [54]. However, it is essential to mention that the effects of most of
these variables were relatively weak and varied in importance depending upon
the land-cover type. At the spatial scale examined here, our models showed that
the shape and the number of forest patches within sampling cells negatively affected avian species richness whether all bird species were pooled together or
separated in groups. The combined effects of these two variables suggest a decline in avian species richness as landscapes become dominated by forests that
are subdivided into many patches of irregular shape. On PEI, landscapes that
would correspond to this description are those resulting from agricultural activities where small forest patches are embedded in a matrix of agricultural fields
and hedgerows. Decreased habitat diversity in small forest patches and hedgerows explains, at least partially, the negative relationships between species richness and both the shape and the number of forest patches found in this study.
Support for this explanation also comes from studies conducted at large spatial
scales that have shown a positive influence of landscape heterogeneity on avifauna diversity in agricultural landscapes [54]. In addition, several species
known to occur on PEI (e.g. Red-winged Blackbirds, Agelaius phoenicus; Bobolinks, Dolichonyx oryzivorous) are expected to be sensitive to habitat fragmentation and are more likely to be found in large forest patches. The colonization and
use of forest patches by avian species during the breeding season are also often
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associated with patch area (e.g. [55]). If juveniles search for the next year’s
breeding sites between fledging and migration (e.g. [56]), then both the area and
the proximity to the natal area of the bird might affect the chance a bird will
utilize a given habitat patch during post-fledging exploration. Thus, if large
patches provide higher nest success rates compared to small ones, then they
should have a higher return rate of the previous year’s nesters and be the most
attractive for juveniles and previously unsuccessful nesters. Ultimately, all these
factors should affect abundance levels or the probability that an individual species will be detected in a given patch during surveys.
The association between trophic diversity and species richness found in this
study was unclear, with only two avian groups showing significant, but weak,
relationships. The trophic diversity-species richness relationship was positive for
waterfowl, but negative for landbirds. The negative relationship in landbirds
may just reflect the rarity or absence of large-bodied predators as previously
discussed. Thus, only the results found for waterfowl provide a limited support
to the idea that as species richness increases trophic diversity also increases (e.g.
[23]).
Another important finding was the role played by wetlands in determining the
diversity of the avifauna of PEI. Although our findings were generally in agreement with other studies (e.g. [57]), they clearly indicated that both the fragmentation and isolation of wetlands can have negative effects on the avifauna, especially on landbirds and waterfowl. Our models showed that avian species richness increased with the total area covered by wetlands, implying that any decrease in the total area covered by this habitat type could result in a decrease in
avian species richness. Interestingly, species richness increased with the interspersion of wetlands, suggesting that a cluster of wetlands would have more positive effects on species richness than would have isolated wetlands. It is possible
that some birds have to complement or supplement resource needs whether they
are waterfowl or landbird species [58]. However, our findings also showed that
species richness decreased with the number of wetlands. Although at first view
this may appear contradictory, this finding may reflect the fact that the number
of wetlands is also a measure of the extent of the subdivision of the total area
covered by wetlands (i.e. fragmentation; [37]). We can thus infer that any increase in fragmentation of the area covered by wetlands would also result in an
increase in the number of small wetlands. Small wetlands may not have adequate
heterogeneity in habitat or resources for a large number of species (e.g. [59]) because vegetation diversity tends to be low. In addition, small wetlands are usually
shallower than large wetlands, leading to a dominance of cattails, reduction of
available open water, and the transformation of wetlands into upland habitats. In
larger wetlands, with more habitat types, most avian species have possibly access
to their preferred feeding zones in long shores or wide inner areas of deep open
water.
There was little evidence that human infrastructures were a major determiDOI: 10.4236/oje.2019.97018
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nant of the richness of the avifauna of PEI. These findings contradict other studies (e.g. [18]). Having said this, two metrics associated with human infrastructure were important to the avifauna of PEI: the total area covered by human infrastructure and the number of patches they occupied. The negative effect of
these two metrics on avian species richness clearly validates the ecosystem-stress
hypothesis that states that humans are detrimental to species diversity because
they remove habitat and resources of most species [60]. Since this study was
conducted at the community level, it is important to point out that different species react differently to the same predictor variable. For instance, many common
species benefit from human activities and consequently occur in high densities
in altered areas which are otherwise unoccupied by species sensitive to human
activities [61]. In PEI, avifaunal assemblages in areas where impermeable human
infrastructure tend to be clustered (cities, towns, etc.) are often dominated by
invasive species (e.g. European starling; Sturnus vulgaris) and opportunistic species (e.g. American crow; Corvus americanus), while many rare or less common
bird species seldom occur in such areas. Since the increase of human infrastructure is often economically unavoidable, these findings highlight the importance
of controlling the expansion of human infrastructure on PEI’s landscapes or reducing the clustering of habitat patches occupied by impermeable human infrastructure.
The identification of the factors that influence the richness of an avifauna at
the regional spatial scale is an essential first step to determine the best strategies
to preserve biodiversity. Our study suggests that the loss and fragmentation of
wetlands and forests for agricultural purposes has probably contributed to the
decline and/or disappearance of various avian species on PEI, especially large-bodied
species. Our findings show that the total area covered by wetlands and their interspersion are particularly important for birds, especially those that are
area-sensitive and/or large-bodied. Therefore, the conservation and/or restoration of larger ponds in order to preserve extensive open-water zones into the
wetlands would be essential to maintain the greatest number of specialist,
large-bodied size and/or area-sensitive bird species. Finally, it is critical to mention that even though our models indicate the potential effects of some habitat
metrics on avian species richness, data on the presence/absence of species only
provide rough approximations of their actual minimal requirements. Long-term
demographic data are needed to establish precise estimates of the area required
to maintain truly viable avian populations on PEI, especially those of large-body
sizes.
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Appendix
Table A1. Comparison of candidate generalized linear models (GLM) used to relate species richness to explanatory variables for all avian species pooled together and for separated avian groups. AIC values were not available (N/A) for GLMs that used the Quasi-Poisson procedure. No genuine R2 values are available in generalized linear models, so
we approximated R2 values by dividing the deviance statistic by the percentage deviation
explained by the model.
Regression
Procedure

Akaike’s
Information
Criterion (AIC)

R2

(%)

Number of
explanatory variables
in the Model

Presence of spatial
autocorrelation in
residuals

All Birds
Quasi-Poisson

N/A

25.9

15

Yes

Negative Binomial

618.76

26.0

17

Yes

Poisson

661.35

26.9

13

Yes

Quasi-Poisson

N/A

24.1

17

Yes

Negative Binomial

588.71

24.0

12

Yes

Poisson

610.46

25.0

15

No

Quasi-Poisson

N/A

57.2

11

Yes

Negative Binomial

264.82

57.3

11

Yes

Poisson

262.27

63.0

8

No

Regression
Procedure

Akaike’s
Information
Criterion (AIC)

Landbirds

Shorebirds

R2

(%)

Presence of spatial
Number of explanatory
autocorrelation in
variables in the Model
residuals

Waterfowl
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Quasi-Poisson

N/A

42.5

14

Yes

Negative Binomial

346.13

42.5

14

Yes

Poisson

342.78

43.0

13

No
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