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Abstract: Although many local and regional variables structure fish assemblage composition, few studies have assessed
the effects of aquatic connectivity on fish assemblages in wetlands. Fish and habitat surveys were conducted in 12 wet-
lands across the lower Great Lakes basin in the spring and fall of 2003 and 2004. Spatial and temporal connectivity were
classified into four connectivity classes to evaluate the interaction between aquatic connectivity and fish assemblage struc-
ture. Sequential, nested analysis of covariance was used to model the effect of habitat area and connectivity at long- and
short-term time scales on aggregate descriptors of assemblage structure (i.e., species richness, piscivore richness, abun-
dance, and diversity). Although no species–area relationship was detected, increases in connectivity were shown to posi-
tively affect species richness and piscivore richness. A variation decomposition method indicated that a combination of
aquatic connectivity, followed by environmental and area variables, was most influential in structuring fish assemblages at
short-term time scales. Connectivity thus influences both the local species pool present, as well as the abundance of these
species within a wetland. Future fundamental and applied studies (e.g., climate change predictions, impact of humans on
water budget, wetland management) on wetland fish assemblages should include connectivity as an important structuring
process.

Résumé : Bien que de nombreuses variables locales et régionales soient responsables de la composition des peuplements
de poissons, peu d’études ont évalué les effets de la connectivité aquatique sur les peuplements de poissons dans les terres
humides. Nous avons fait des inventaires des poissons et des habitats dans 12 terres humides réparties dans toute la région
aval du bassin versant des Grands-Lacs au printemps et à l’automne 2003 et 2004. Nous avons défini quatre classes de
connectivité spatiale et temporelle afin d’évaluer l’interaction entre la connectivité aquatique et la structure des peuple-
ments de poissons. Une analyse séquentielle et emboı̂tée de covariance a servi à modéliser les effets de la surface et de la
connectivité de l’habitat à des échelles temporelles longues et courtes sur les descripteurs synthétiques de la structure des
peuplements (c’est-à-dire, richesse spécifique, richesse, abondance et diversité des piscivores). Alors qu’aucune relation
surface–espèces n’a pu être mise en évidence, les augmentations de connectivité affectent positivement la richesse spécifi-
que et la richesse en piscivores. Une méthode de décomposition de la variation montre que c’est une combinaison de la
connectivité aquatique, suivie des variables du milieu et de la région, qui influence le plus la structure des peuplements de
poissons aux échelles temporelles courtes. Ainsi, la connectivité influence à la fois le pool d’espèces locales présentes et
l’abondance de ces espèces au sein d’une terre humide. Les études futures fondamentales et appliquées sur les peuplements
de poissons des terres humides (par ex., les prédictions concernant le changement climatique, l’impact anthropique sur le
bilan hydrique, la gestion des terres humides) devraient donc inclure la connectivité comme processus majeur de structura-
tion.

[Traduit par la Rédaction]

Introduction
A number of concepts have been developed to explain

species interactions and environment relationships at differ-
ent spatial scales. General ecological theory currently recog-
nizes two scales of processes: local processes, such as
competition, predation, trophic interactions, and abiotic en-
vironmental variables; and regional dispersal processes.
While local processes have been intensively studied over
the last century in aquatic systems (Minns 1989; Jackson et
al. 2001), regional dispersal processes have received rela-
tively less attention. Wetlands that are important in terms of
relative species richness (Rey Benayas et al. 1999), and
aquatic ecosystem functioning (e.g., nursery, Lane et al.
1996; productivity, Payne 1992; pollution control, Mitsch
and Gosselink 2000) have received little consideration. Few
studies have explicitly linked different theoretical frame-
works with the appropriate time scales and measures of
community structure. Below, we give an overview of these
frameworks, their relevant time scales, measures of com-
munity structure, and specific hypotheses tested.

Island biogeography theory (MacArthur and Wilson 1967)

Received 16 September 2008. Accepted 20 January 2009.
Published on the NRC Research Press Web site at cjfas.nrc.ca
on 2 June 2009.
J20778

Paper handled by Associate Editor D. Boisclair.

L.D. Bouvier.1 Department of Integrative Biology, University of
Guelph, Guelph, ON N1G 2W1, Canada; Great Lakes
Laboratory for Fisheries and Aquatic Sciences, Fisheries and
Oceans Canada, Burlington, ON L7R 4A6, Canada.
K. Cottenie. Department of Integrative Biology, University of
Guelph, Guelph, ON N1G 2W1, Canada.
S.E. Doka. Great Lakes Laboratory for Fisheries and Aquatic
Sciences, Fisheries and Oceans Canada, Burlington,
ON L7R 4A6, Canada.

1Corresponding author (e-mail: Lynn.Bouvier@dfo-mpo.gc.ca).

933

Can. J. Fish. Aquat. Sci. 66: 933–948 (2009) doi:10.1139/F09-050 Published by NRC Research Press



proposed that island species richness is an equilibrium be-
tween extinction rates of established species and coloniza-
tion rates of new species, which are affected by both
distance from the island to the mainland and size of the is-
land. Since the resulting species–area relationship is the re-
sult of equilibrium dynamics, it can be used to explain long-
term dynamic species richness on the island. This theory has
been widely adopted for assemblages in fragmented terres-
trial (Brown and Dinsmore 1988; Lunt and Spooner 2005;
Joshi et al. 2006), isolated lake (Barbour and Brown 1974;
Browne 1981; Tonn and Magnuson 1982), and pond systems
(Brönmark 1985; Oertli et al. 2002). However, there is a
paucity of studies that have applied this theory to wetland
systems (Brazner 1997; Johnson et al. 1997; Markham et al.
1997).

Metapopulation theory outlines more refined interactions
between populations, separated by space or barriers, that
persist through short- and long-term extinction and coloniza-
tion events (Opdam 1991). This theory has become popular-
ized with conservation biologists to mitigate the detrimental
effects of habitat fragmentation (Harris and Scheck 1991). In
theory, the establishment of corridors allows for the move-
ment of immigrants to patches where populations are declin-
ing in numbers, thereby rescuing the population from
possible extinction (Barbour and Brown 1974); this is re-
ferred to as source–sink dynamics (Pulliam 1988). Connec-
tivity can thus affect populations in habitat fragments by
modulating the island biogeography processes and act at
long-term time scales comprising several seasons or by
modulating population persistence through the relatively
fast, short-term rescue effect within a season. Debate as to
whether corridors are necessary to maintain a population or
community exists (see Hobbs 1992; Simberloff et al. 1992;
Beier and Noss 1998), but dispersal and connectivity are
factors often used in terrestrial conservation (Saunders and
Hobbs 1991).

Despite the many important functions of wetland connec-
tions (migrations, escaping adverse environmental condi-
tions, access to nursery and spawning grounds), very few
studies on the effects of decreased connectivity exist for
wetland fish assemblages (Johnson et al. 1997; Markham et
al. 1997). Moreover, habitat fragmentation and decreased
connectivity have been linked to more specific patterns of
altered trophic interactions (Steffan-Dewenter and Tscharntke
2000; Purtauf et al. 2005). The trophic-rank hypothesis
(Holt et al. 1999) states that species–area effects become
stronger as trophic rank increases. This phenomenon occurs
because individuals of higher trophic rank are not only de-
pendent on their own spatial dynamics but are also depend-
ent on the spatial dynamics of their prey (Holt et al. 1999).

More recently, studies on various taxa have focused on
connectivity from a metacommunity perspective (insects:
Kruess and Tscharntke 1994; Gilbert et al. 1998; Gonzalez
2005; invertebrates: Lewis and Magnuson 2000; amphibians:
Urban 2004; and aquatic macrophytes: Bornette et al. 1998).
Metacommunity ecological research has centered on smaller
organisms and short-term direct affects of dispersal, but the
impacts of decreased connectivity may be amplified for
larger organisms because they use different habitat types
and have complex life histories. Few studies have focused
on the role of local and regional factors in structuring fish

assemblages (Tonn et al. 1990; Magnuson et al. 1998;
Hershey et al. 1999), and even so, these studies were fo-
cused on lake systems and not wetlands.

Wetlands provide an interesting model system in which to
study metacommunity theory applied to fish assemblages
because direct measures of spatial and temporal connectivity
to larger systems are possible. Studies by Markham et al.
(1997) and Johnson et al. (1997) are two studies that have
examined the effects of complete isolation by comparing
closed and adjacent open wetland systems. Because ad-
equate estimates of dispersal rates between sites are difficult
to obtain, previous studies (e.g., Gilbert and Lechowicz
2004; Cottenie 2005) have relied on spatial distances to ap-
proximate dispersal intensity. The present study does not
measure the number of dispersing individuals into each wet-
land, but rather uses the size of the connection and the
amount of time it is open for dispersal as a more direct
proxy for dispersal, rather than space.

Our main objective was to study the relative impacts of
multiple levels of connectivity acting at different time scales
in structuring wetland fish assemblages across the lower
Great Lakes. First, larger wetlands were predicted to yield
larger assemblage composition measures (i.e., species rich-
ness, piscivore richness, species diversity and abundance)
than smaller wetlands (i.e., island biogeography at relatively
long time scales). Second, we examined the effects of
aquatic connectivity on fish assemblage structure. Increased
aquatic connectivity was predicted to counter local extinc-
tion processes by increasing the potential of a rescue effect,
leading to an increase in species richness, species diversity,
and species abundances. Also, species of higher trophic rank
would be more susceptible to decreased connectivity, lead-
ing to decreased piscivore richness in less connected wet-
lands (metapopulation theory at long and short times
scales). Lastly, we determined the amount of variation ex-
plained by aquatic connectivity, wetland area, and environ-
mental variables at different spatial scales. If aquatic
connectivity was important in structuring fish assemblages
in coastal wetlands at short-term time scales, then it was
predicted to explain a significant amount of the variation in
both fish occurrence and fish abundance data (metacom-
munity theory at short time scales).

Materials and methods

Site selection
Fish and environmental data were collected from 12 wet-

lands located in the southern Great Lakes basin (Fig. 1). The
original sampling design consisted of paired sets of rela-
tively closed and open wetlands. As our study progressed, it
became apparent that the systems were not, in all cases,
truly closed and open systems; therefore, the classification
of the wetlands on a gradient of aquatic connectivity was
necessary.

A quadrat and transect-based sampling approach was used
for fish and habitat sampling. Ideally, an area of 160 000 m2

(200 m � 200 m � 4 quadrats) was covered in each of the
12 study wetlands. There were five transects per quadrat.
The first transect was placed within emergent vegetation (if
possible), and subsequent transects were spaced at 50 m par-
allel to the initial transect. Transect locations were fixed
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through time, in that the first transect was placed at the
same geographical location during each subsequent sampling
period. In some instances, transect locations were modified
because of decreased water depth and a lack of navigable
water. Owing to wetland size and fluctuating water levels,
we could only sample three quadrats in three of the wetlands
for all sampling periods (Amherst Island, Parrott’s Bay,
Martindale Pond). To make species abundances comparable,
we expressed abundances per area (km sampled) and time (h
sampled).

Fish sampling
All fish sampling was completed during daylight hours.

Two methods of fish sampling were used to obtain informa-
tion on fish assemblage composition in the study wetlands:
boat electrofishing and fyke netting. A Smith-Root 5.0 GPP

Boat Electrofishing Unit mounted on a 5.2 m Jon boat used
pulsed DC current at 250–300 V. Voltages were adjusted to
maintain 6 A during electrofishing depending on water con-
ductivity. Shock seconds per transect (effort) were standar-
dized but this was difficult on occasion because of wind
conditions, heavy vegetation, or physical obstructions. All
fish abundance data were standardized after sampling by the
total area of sampled wetland and total shock hours. Fyke
netting was included as a second sampling method to better
sample the entire fish assemblage present in the wetlands
and decrease known sampling biases of electrofishing (Rey-
nolds 1984). One fyke net (mesh size = 0.64 cm, hoop diam-
eter = 1 m, throat diameter = 15 cm, wing length = 7.62 m,
lead length = 15.24 m) was placed in the center of each
quadrat for approximately 24 h. All fish abundance data
were standardized by the number of successful fyke net sets

Fig. 1. Location of the 12 study wetlands in the southern Great Lakes basin, Ontario, Canada. 1, Mitchell’s Bay; 2, Lake St. Clair National
Wildlife Area; 3, Canard River; 4, Holiday Beach; 5, Point Pelee; 6, Hillman Marsh; 7, Big Creek Marshes; 8, Long Point Inner Bay; 9,
Jordan Harbour; 10, Martindale Pond; 11, Amherst Island; and 12, Parrott’s Bay. Symbols represent the aquatic connectivity classification
of the wetland (small rarely (*), small occasionally (&), small frequently (&), and large frequently (!)). Source: Ontario Ministry of
Natural Resources Great Lakes Shoreline.
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per wetland per sampling trip. A fyke net set was considered
to be successful if it did not collapse before it was retrieved
and if the mesh was not damaged by other animals.

All sites were visited in the spring and fall of 2003 and
2004. Electrofishing data from two sites (Hillman Marsh
and Lake Pond at Point Pelee) sampled in spring 2003 were
not included in the analysis because a pilot point sampling
design was initially being tested and was found to be a defi-
cient methodology compared with transect-based sampling.
These data were excluded to avoid bias based on sampling
method. Also, one of the wetlands (Big Creek Marsh) was
not sampled in the fall of 2003 because of inaccessibility
due to low water levels.

Cumulative species richness was calculated for each site
as a count of the total number of species recorded over the
entire sampling period. The total number of piscivore spe-
cies was also calculated by combining all piscivores caught
over the entire sampling period. Piscivore classification was
applied using Scott and Crossman (1973), Coker et al.
(2001), and Froese and Pauly (2006). Relative abundance
was calculated for each site for each visit and each gear
type. Average abundance values were calculated for each
site by gear type, and these values were used in the richness
analysis. Species diversity was calculated using Simpson’s
reciprocal diversity index, which was calculated for each
sampling visit at each wetland, and subsequently, the mean
index value for both gear types for each wetland was calcu-
lated. Average Simpson’s reciprocal diversity index values
were used in all subsequent analyses.

Environmental variables
Many studies have identified important environmental

variables influencing fish species assemblage in aquatic sys-
tems (Jude and Pappas 1992; Brazner and Beals 1997; Jack-
son et al. 2001). A subset of theses variables that were
measured in the present study included dissolved oxygen;
thermal regime (i.e., average temperature, maximum annual
temperature, daily variation in temperature); water depth;
Secchi depth (as a measure of turbidity); substrate composi-
tion; and macrophyte composition. Temperature data was re-
corded from May until November of each sampling year at
30 min intervals using a StowAway Tidbit. These variables
were measured using common sampling procedures (see
Bouvier 2006) at transect end points and averaged per wet-
land for each sampling trip.

Aquatic connectivity
The level of connectivity between a wetland and an adja-

cent, open water body was determined using two measures
of connectivity: three levels of temporal connectivity (rarely,
occasionally, and frequently) and two levels of spatial con-
nectivity (small and large). The temporal connectivity was
assigned by comparing daily mean water level elevation
data (metres above sea level) from Marine Environmental
Data Services (MEDS; www.meds-sdmm.dfo-mpo.gc.ca/
meds/Home_e.htm) with barrier elevation data collected dur-
ing field surveys (see Bouvier (2006) for a detailed descrip-
tion of methodology used in classifying wetlands). The
mean water level elevation data from MEDS was available
from either 1961 or 1962 to the present, depending on the
water level gauging station. The temporal connectivity of

each wetland was determined by calculating the percentage
of days that the mean water level elevation was greater than
the barrier elevation. Rarely connected wetlands had a <5%
connection to the open water. Occasionally connected wet-
lands showed a 35%–65% connection, while frequently con-
nected wetlands showed a >95% connection. The size of the
connection between each wetland and its associated water
body was measured during field surveys or approximated
with a geographic information system (GIS). Wetlands with
an opening width of less than 25 m were classified as hav-
ing a small connection, while those greater than 200 m were
classified as having a large connection. Isolation was coded
as a categorical variable because there appeared to be four
distinct categories emerging from the connectivity measure-
ments.

Regional variable

Functional wetland area
The functional area of water accessible to the wetland fish

assemblage was determined for each study site. Functional
wetland areas were determined for both upstream and down-
stream areas from the study sites with the aid of a GIS layer
created by the Great Lakes Coastal Wetland Consortium
(www.glc.org/wetlands/inventory.html). Area was calculated
using a GIS layer created by the Ontario Ministry of Natural
Resources from the 1:10 000 Ontario Base Maps. The area
upstream and downstream from a wetland, or the area of an
embayment composed of wetland area, was delineated by
digitizing freehand boundaries. The wetland areas were de-
termined based on known hydrologic, bathymetric, and
shoreline features. The amount and type of macrophyte cov-
erage, as well as the type of sediment recorded in an area,
were also considered when determining wetland area. The
accessible area upstream from a wetland was determined by
using the global positioning system (GPS) coordinates of the
first barrier to fish migration within the quaternary water-
shed and selecting all water bodies (polygons) downstream
of the barrier to the studied wetland. The area of each poly-
gon was calculated within the boundaries of the layer and
was used as a proximate variable for total functional wet-
land area in all subsequent analyses.

Statistical analysis

Habitat area, connectivity, and assemblage composition
estimates

To test the effect of area and connectivity on species
composition (i.e., species richness, piscivore richness, spe-
cies diversity, and abundance), we constructed a series of se-
quential, nested analysis of covariance (ANCOVA) models.
These models test the effect of area and connectivity on spe-
cies composition and whether the area effect differed among
the different connectivity classes. Model 1 fitted area–species
composition regressions by connectivity category (different
intercepts and slopes). Model 2 fitted individual but paral-
lel area–species composition regressions by connectivity
category (different intercepts, but same slopes). If connec-
tivity influences the area–species composition relationship
differently between each connectivity category, then model
1 should explain a significantly higher amount of variation
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compared with model 2. Model 3 fitted one area–species
composition relationship for all connectivity categories. If
the area–species composition relationship is the same in
all connectivity categories, but connectivity influences
overall richness, then model 2 should explain the same
amount of variation as model 1, but a significantly higher
amount than model 3. If richness is not influenced by con-
nectivity but only by the area, then model 3 should explain
the same amount of variation as model 1 and model 2, with
a significant area effect. A series of nested ANCOVA analy-
ses (Venables and Ripley 2002) tested whether the variance
explained by the model with more parameters was signifi-
cantly higher than the variances of the simpler models. The
sequential analysis was stopped after the first significant dif-
ference between models. In addition, ANCOVA analyses
tested the effect of area on species composition if a signif-
icant relationship was noted between model 2 and model
3. Since these statistical tests are related to hypotheses
that determine the effect of connectivity at long-term only
(species–area) or long- and short-term temporal scales
(connectivity and metapopulation dynamics), the sample
size for these tests is the number of unique wetlands (i.e.,
12).

Redundancy analysis (RDA)
Five types of assemblage composition matrices were cre-

ated: presence–absence matrices for both sampling methods
(electrofishing and fyke) separate; a presence–absence ma-
trix for the electrofishing and fyke netting presences com-
bined; and separate abundance matrices for electrofishing
and fyke netting data. Both electrofishing and fyke netting
abundance data were transformed prior to analysis because
they exhibited non-normal distributions and unequal varian-
ces, which is common for abundance data (Zar 1984). All
standardized abundance data were transformed using the
Hellinger transformation, a method appropriate for assem-
blage composition data containing many zeros (Legendre
2005).

Three matrices composed of explanatory variables were
included in the analysis: the environmental–area matrix,
the connectivity matrix, and the confounding effects ma-
trix. The first explanatory matrix (environmental–area ma-
trix) consisted of environmental and area variables
(Appendix A, Table A1). The second explanatory matrix
(connectivity matrix) described the level of connectivity of
each wetland to open water (i.e., small rarely, small occa-
sionally, small frequently, and large frequently, as de-
scribed above; Table A1). The third explanatory matrix
(confounding matrix) consisted of variables that, for the
purpose of the current research objectives, may have had
confounding effects (Table A1). The confounding effects
matrix included variables representing year (2003, 2004)
and month sampled (scale from 5 to 10, where 5 = May
and 10 = October) to account for potential temporal and
seasonal confounding effects. An additional variable was
used to account for the original paired sampling design
(see Fig. 1). GPS coordinates were included to account for
geographic positioning of the sampled wetlands. An ecore-
gion variable was included to account for the potential con-
founding effect of sampling areas with differing fish
distributions within the Great Lakes basin (N.E. Mandrak,

Great Lakes Laboratory for Fisheries and Aquatic Sciences,
Fisheries and Oceans Canada, Burlington, Ontario, Canada,
unpublished data).

Each sampling event was considered as an independent
sample for the RDA. Since there is potentially considerable
temporal variation in environmental variables, averaging the
data across the different time steps would mean obscuring
important information. We did, however, use this approach
for the presence and absence analyses, since the literature
on short- and long-term processes does not explicitly incor-
porate environmental variability in their predictions, and
thus for these tests, collapsing the data into the 12 sampled
wetlands is advisable.

Direct gradient analysis was used to partition the variation
in the fish species assemblage related to aquatic connectivity
and other environmental variables. A linear ordination re-
sponse model (RDA) was used rather than the unimodal or-
dination response model, based on preliminary analyses with
detrended correspondence analysis (DCA; ter Braak 1995;
Leps and Smilauer 2003). All DCA analyses for all fish
presence–absence and abundance data for all combinations
of sampling method yielded <2.8 standard deviations for
which the linear model of RDA was more appropriate (ter
Braak 1995; Leps and Smilauer 2003). All multivariate anal-
yses were performed using CANOCO 4.5 (ter Braak and
Smilauer 2002a).

Automatic forward selection of environmental variables
was used to identify those that explained a significant
amount of the variation in the dependent variables (i.e., fish
presence–absence and abundance data). Only the variables
that were selected by the forward selection analyses were
used in the variation decomposition analysis. Significance
(p < 0.05) of the variation components was determined with
a Monte Carlo permutation test set at 1000 permutations.

We computed the unbiased, adjusted amount of variation
following the methods outlined by Peres-Neto et al. (2006).
We also tested whether the amount of variation explained
independently by the connectivity variables was signifi-
cantly different (10 000 random bootstrap samples) from the
independent amounts of variation explained by the environ-
mental and confounding variables, using the method and
statistical routine provided by Peres-Neto et al. (2006).

The partial RDA ordination plots represented the residual
variation in the fish assemblage data after all the covariables
were factored out by multivariate linear regression (Leps
and Smilauer 2003). Ordination plots consisted of a two-
dimensional biplot of species and environmental variables,
where the broken arrows represent species and the solid
arrows represent environmental and connectivity variables.
The angle between arrows represents the degree of correla-
tion, where 08 represents a strong positive correlation, 908
represents no correlation, and 1808 represents strong nega-
tive correlation (ter Braak 1995; ter Braak and Smilauer
2002b). Subjective exclusion rules were applied to species
and explanatory variables to increase the readability of the
ordination plots. A 25%–100% species range and an ex-
planatory variable correlation range ‡ |0.30| were placed
on the fish abundance data.

Since these statistical tests relate to hypotheses that pre-
dict the effect of connectivity at short-term temporal scales,
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the sample size for these analyses is the number of individ-
ual sampling events (i.e., 45).

Results

Overview of species presence
A total of 17 607 individuals representing 63 species, 42

genera, and 18 families were caught over the 2-year period
from a combination of electrofishing collections and suc-
cessful fyke net sets. A complete list of species, including
common and scientific names (according to Nelson et al.
2004), can be found in Table A2. Hybrids, larval fishes,
and individuals that could not be identified to species were
removed from the data set, corresponding to 0.08%,
0.018%, and 0.10%, respectively. This resulted in a total of
17 554 individuals that were subsequently used in data anal-
yses. Five species were caught in all 12 wetlands: brown
bullhead, common carp, pumpkinseed, bluegill, and yellow
perch. Brown bullhead was the most common fish species
caught, consisting of 21.76% of the total catch, followed by
gizzard shad (15.49%), pumpkinseed (14.94%), emerald
shiner (14.13%), and yellow perch (11.65%).

Habitat area, connectivity, and assemblage composition
estimates

No significant difference was detected when model 1 was
compared with model 2 for any of the community structure
and area estimate scenarios (Table 1; Fig. A1). Therefore,
the area–richness estimate relationship was not influenced
by connectivity differently between each connectivity class.
For area–species richness and area–piscivore richness esti-
mates, model 2 explained the same amount of variation as
model 1, but a significantly higher amount of variation than
model 3. This indicates that increased connectivity influen-
ces both species richness and piscivore richness. Electrofish-
ing abundance was also influenced by connectivity, but the
area effect was the same for the different connectivity
classes (i.e., parallel area–abundance slopes, but different in-
tercepts for the different connectivity classes). No significant
difference was detected when model 2 was compared with
model 3 for fyke netting abundance and species diversity
for both electrofishing and fyke netting. This indicated that
the species–area relationship did not have different inter-
cepts for the different connectivity classes, and therefore
there was no connectivity effect on these assemblage com-
position estimates.

RDA

Forward selection and variation partitioning
The results of the automatic forward selection procedure

indicated which variables explained the greatest amount of
variation in the fish species matrices (Table A3). In all sce-
narios, a minimum of two connectivity classes was added to
the model as one of the first four significant variables. The
small occasionally connected class was added as one of the
first three variables in all five analyses. Functional wetland
area and percent composition of open water also explained
a significant amount of the variation in the fish assemblage
matrices and were chosen as significant variables in four of
the fish species matrices.

The results of the variation decomposition for the three
groups of explanatory variables (environmental variables,
confounding variables, and aquatic connectivity) were very
similar for all three fish presence–absence matrices (com-
bined and separately for both gear types; Fig. 2). The total
variation in the species matrices explained by the model
ranged from 26.1% (electrofishing presence–absence matrix)
to 58.0% (electrofishing abundance matrix). The variation
explained by the interaction between the three independent
matrices ranged from 7.6% (fyke netting abundance matrix)
to 19.1% (electrofishing abundance matrix).

Species, environment, connectivity relationships
Ordination plots of fish presence–absence results for both

electrofishing and fyke netting were very similar to fish
abundance results for electrofishing and fyke netting. There-
fore, only the ordination plot of the fish electrofishing abun-
dance analysis will be presented and discussed. The
similarity in patterns implies that gear type did not influence
the species, environment, and connectivity relationships,
even though different gear types potentially sample different
species.

Ordination scatterplots revealed some separation between
sites with differing levels of connectivity (Fig. 3a). There
was a very distinct separation between small occasionally
connected wetlands and all other wetland connectivity clus-
ters. Small rarely and large frequently connected wetlands
showed a slight overlap in scatter, while small frequently
connected wetlands had an almost complete overlap in dis-
tribution with both small rarely and large frequently con-
nected wetlands (see Fig. 3a). There was also evidence of a
separation of connectivity classes in the fyke netting scatter-

Table 1. Results of a series of sequential nested analysis of covariance (ANCOVA) models.

Model 1 vs. Model 2 Model 2 vs. Model 3 Model 3 vs. no effect

Richness estimate F p F p F p
Species richness +0.1038 0.954 –9.8781 0.007** — —
Piscivore richness +0.4154 0.752 –6.5294 0.019 * — —
Abundance (electrofishing) +0.2222 0.877 –5.9303 0.025 * — —
Abundance (fyke netting) +0.3871 0.769 –2.9313 0.109 +0.0494 0.829
Diversity (electrofishing) +4.2873 0.097 –0.6559 0.604 +1.0820 0.323
Diversity (fyke netting) +0.8703 0.527 –1.7480 0.244 +0.3171 0.586

Note: Model 1 fitted area–species composition regressions by connectivity category (different intercepts and slopes). Model 2
fitted individual but parallel area–species composition regressions by connectivity category (different intercepts, but
same slopes). Model 3 fitted one area–species composition relationship for all connectivity categories (see Materials and
methods section for a full description of all model comparisons). *, p < 0.05; **, p < 0.01.
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Fig. 3. Correlation biplots produced by multivariate redundancy analysis (RDA) of species assemblage electrofishing abundance data. Panel
(a) represents individual site values for small rarely (*), small occasionally (&), small frequently (&), and large frequently (!) connected
wetlands; outer limits are outlined. Panel (b) represents species vectors (broken arrows) and environmental and connectivity variables (solid
arrows). Arrows pointing in the same relative direction are correlated. Subjective exclusion rules were applied to increase the readability of
the ordination plots. A 25%–100% species fit range and an explanatory variable correlation range ‡ | 0.3 | were imposed on the data to
increase the readability of the ordination plots. Variables included water depth (WateDept), Secchi depth (SeccDept), percentage of floating
macrophytes (Floating), percentage of open water (OpenWate), percent composition of clay (Clay), maximum annual temperature (MxAn-
Temp), and connectivity categories small rarely (SmalRare), small occasionally (SmalOcca), and large frequently (LargFreq). Fish species
include brook silverside (Labidesthes sicculus, LabiSicc), goldfish (Carassius auratus, CaraAura), fathead minnow (Pimephales promelas,
PimeProm), freshwater drum (Aplodinotus grunniens, AploGrun), emerald shiner (Notropis atherinoides, NotrAthe), and gizzard shad (Dor-
osoma cepedianum, DoroCepe).

Fig. 2. Results of multivariate redundancy analyses (RDA) for the species presence–absence (combined, fyke netting, and electrofishing),
fyke netting abundance, and electrofishing abundance matrices. Stacked bars represent the percentage of the variation explained by the three
groups of explanatory variables (connectivity variables, confounding variables, and environmental variables) after removing the effect of the
two other groups, as well as the variation explained by the interaction among the three independent matrices. Significance was determined
for each of the three matrices (*, p £ 0.001; **, 0.001 > p < 0.05). Significance could not be determined for the interaction.
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plot between small occasionally connected wetlands and
both small rarely and large frequently connected wetlands.
The almost complete overlap in scatter of small frequently
connected sites indicated that small frequently connected
wetlands had similar characteristics to both the small rarely
and large frequently connectivity classes (see Fig. 3b).

Discussion

Habitat area, connectivity, and assemblage composition
estimates

This study did not provide support for the application of
island biogeography theory and the connectivity effect at
long-term time scales to wetlands. The lack of a species–
area relationship was inconsistent with the results of Magnu-
son et al. (1998), who found a moderately strong species–
area relationship in fish assemblages in small northern lake
systems, and Tonn and Magnuson (1982), who found a rela-
tionship between lake area and summer species richness.
However, the results of the current study were consistent
with results from Snodgrass et al. (1996), who found no cor-
relation between wetland size and fish species richness. An
explanation for these similarities could be attributed to the
fact that the lake systems studied by Tonn and Magnuson
(1982) were truly closed systems, while during periods of
high water levels, the wetlands studied by Snodgrass et al.
(1996) would overflow to nearby wetland systems, creating
temporary connections.

Several ecological explanations are proposed as to why a
significant area effect was not observed, next to the statisti-
cal possibility of a relatively low number of observations per
connectivity class, to detect any area effect. First, the major-
ity of studies to provide evidence for species–area relation-
ships in aquatic systems have examined isolated lake
systems (Tonn and Magnuson 1982; Magnuson et al. 1998;
Dodson et al. 2000), in which it is easier to delineate distinct
boundaries. It is speculated that a significant species–area
relationship may not have been detected because the major-
ity of wetland sites were not truly closed systems. The area
of functional wetland was demarcated based on known hy-
drologic, environmental, bathymetric, and shoreline features,
but may not accurately represent the species’ abilities to col-
onize the sampled wetland. Because the study wetlands po-
tentially do not functionally act as true islands, finding the
correct scale for applying island biogeography theory to ex-
plain species richness in these systems will continue to re-
main a challenge and will probably vary with home range
size of different species.

Second, terrestrial systems are generally considered to be
composed of two dimensions, whereas a third dimension,
water depth, should be considered when studying aquatic
systems. A study on stream fish by Angermeier and
Schlosser (1989) indicated that although there was a signifi-
cant relationship between habitat area and species richness,
habitat volume was a better predictor of species richness.
This was also supported by Taylor (1997), who found a pos-
itive relationship between log pool volume and log species
richness when studying fish assemblages in stream pools. It
may have been more appropriate to relate fish species rich-
ness to habitat volume, rather than habitat area. Unfortu-
nately, water level fluctuations in the shallow coastal

wetlands and a lack of detailed bathymetric data in some
areas created difficulties in estimating true habitat volumes,
even when average depth was known.

Lastly, the range of areas used to test the prediction that
area will have an affect on species richness may not have
been large enough to find a significant relationship. In addi-
tion, it is noted that the lack of an area effect may be the
result of a small number of independent wetlands in each of
the connectivity classes, limiting our degrees of freedom.

Although it is true that the original island biogeography
theory was based on the assumption of a shared regional
species pool, the number of species in the regional species
pool for the 12 studied wetlands was very similar (102–108
species; Cudmore-Vokey and Crossman 2000), and the total
number of species found in the wetlands were only a frac-
tion of this (18%–32%). As such, it is unlikely that the lack
of area effect is caused by differences in regional species
pool richness.

Although there was no area effect on fish species richness
and piscivore richness, a connectivity effect was detected.
Connectivity was shown to positively influence both species
richness and piscivore richness. This indicates that while is-
land biogeography theory alone was not the appropriate
framework, metapopulation and fragmentation theory better
explained the site richness at long-term time scales, but not
the number of interacting species within a wetland (esti-
mated by species diversity) at short-term time scales.

Species richness results are consistent with our prediction
that increased aquatic connectivity would yield increased
species richness and also consistent with results reported in
previous studies. Johnson et al. (1997) observed that the
presence of dykes, as barriers to fish movement, reduced
fish species richness despite increasing levels of habitat di-
versity, while Brazner (1997) acknowledged that species
richness significantly decreased in developed areas (here de-
fined as areas modified by physical alterations, such as
dykes and landfills). In riverine systems, Taylor (1997) also
found increased species richness in connected stream pools
compared with isolated stream pools.

Wetland systems may undergo large environmental
changes over a short period of time. These changes include
increases in turbidity from runoff events (Engel 1988), more
rapid increases in water temperature, and associated de-
creases in dissolved oxygen during warm summer months
(Jude and Pappas 1992; Navarro and Johnson 1992; Johnson
et al. 1997). These changes may substantially affect less tol-
erant species, leading to increased local extinction events.
The effect of large environmental changes is likely ampli-
fied in systems with decreased or no connectivity, because
there are decreased colonization opportunities for immi-
grants from neighbouring habitat patches (e.g., lake or large
river systems) following local extinction events. Therefore,
there is decreased probability that immigrants will rescue
the populations, resulting in decreased species and piscivore
richness in unconnected systems (Brown and Kodric-Brown
1977).

A significant connectivity effect was also noted for pisci-
vore richness, wherein piscivore richness increased with in-
creased wetland connectivity. This result may provide
support for the trophic-rank hypothesis, which states that
species of higher trophic rank (i.e., piscivores) will be af-
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fected more than species of lower trophic rank by decreases
in connectivity because of their high energy and resource re-
quirements.

Positive connectivity effects on piscivore richness should
be adopted judiciously because the increase in piscivore
richness in well-connected systems may also be related to
the increased overall species richness. It is difficult to de-
couple the effects of aquatic connectivity on piscivore rich-
ness from its relationship to total species richness, since
piscivore richness will always be a subset of overall rich-
ness. However, the proportion of piscivores will vary de-
pending on the system being studied. Linear regression
between piscivore richness and species richness values indi-
cated a positive relationship between these two variables
(R2 = 0.474), although there was much spread about the data.

In general, decreased abundance at sites with decreased
connectivity may be indicative of a decreased ability of
fishes to colonize the wetlands because of long-term connec-
tivity restrictions. The pattern of decreased abundance in
wetlands with a very low level of connectivity are consistent
with a comparative study by Johnson et al. (1997), in which
they found a distinct decrease in fish abundance when com-
paring an open-water fish assemblage with that of an adja-
cent dyked wetland. The marked decrease in fish abundance
in small rarely connected wetlands when compared with all
other wetland classes suggests that a connectivity threshold
may exist in wetland systems. Fish abundance may be main-
tained through emigration into wetlands that exceed this
connectivity threshold, negating local area effects. This
threshold could be specifically identified if a greater number
of wetlands across connectivity gradients were studied.

Finally, the absence of an area or connectivity effect on
diversity shows that both area and connectivity failed to ex-
plain this aggregated, assemblage-level metric. This may be
attributed to the loss of information associated with combin-
ing both species presence and abundance into a single varia-
ble. This is supported by the results of our analyses in which
a clear area and connectivity effect was noted when taking
into account the abundances of locally interacting species.

RDA

Forward selection and variation partitioning
Factors relating to habitat complexity have long been as-

sociated with species presence, abundance, and diversity.
The analyses of habitat area and connectivity as the sole de-
scriptors of varying levels of richness, diversity, and abun-
dance have only shown some effects at long-term time
scales and may have been too simplistic for the complex
wetland systems. Therefore, the incorporation of environ-
mental variables is necessary to better understand the factors
structuring the fish assemblages at short-term time scales.

Results of the variation partitioning analyses indicated
that fish assemblage structure was influenced by aquatic
connectivity at short-term time scales, although the con-
founding and environmental variables were also found to ex-
plain a significant amount of the variation in fish
assemblage structure.

Aquatic connectivity explained a similar amount of varia-
tion as the confounding variables and a greater amount of
variation than the environmental variables in all cases. This

is remarkable since the connectivity variable captures a time
and space integrated measure of connectivity, as opposed to
the direct link between community composition and the
structuring environmental variables. The temporal environ-
mental variation thus did not overwhelm the connectivity
signal. These results were similar to those presented by
Baber et al. (2002), who found that fish assemblage struc-
ture, in temporary wetlands, was principally influenced by
connectivity to permanent wetlands and secondarily influ-
enced by environmental characteristics. Because of the per-
manent nature of the studied wetlands, it is expected that
small-scale environmental processes would play a greater
role in structuring local fish assemblages, while connectivity
would be a driving factor in structuring temporary wetlands
that are recolonized on a yearly basis (Snodgrass et al.
1996). This phenomenon was first proposed by Snodgrass et
al. (1996), who hypothesized that frequently disturbed sys-
tems will depend more heavily on colonization rates, while
environmental characteristics play a leading role in systems
where disturbances are rare. This hypothesis suggests that in
the studied permanent wetlands, fish assemblage structure
would be more dependent on environmental characteristics
than on aquatic connectivity. Our results suggest that the
studied wetlands, with varying levels of aquatic connectiv-
ity, may be acting more similar to temporary wetlands than
permanent wetlands.

Species, environment, connectivity relationships
The results of the RDA showed an association between

the level of aquatic connectivity and fish assemblage com-
position. This suggests that aquatic connectivity plays an
important role in structuring wetland fish assemblages. A
separation between classes, with the exception of small fre-
quently connected wetlands, was also apparent from ordina-
tion plots. The overlap of the small frequently connected
wetland data points with those of small rarely and large fre-
quently connected wetland data points indicated a similarity
in fish species presence–absence and abundance data to all
other wetland classes. As well, this overlap in scatter may
indicate that both spatial and temporal aquatic connectivity
play a role in structuring fish assemblages. In addition, the
separation of small rarely, small occasionally, and large fre-
quently connected wetland sites suggests dissimilarity, to
various degrees, in fish assemblage composition for these
three wetland classes among each other.

There was also a correlation between small rarely con-
nected wetlands, Secchi depth, and water depth. This corre-
lation may be due to the fact that small rarely connected
wetlands are protected from lake processes and are under
strict management plans, which has resulted in highly vege-
tated areas with very low levels of turbidity. This result is
consistent with Johnson et al. (1997), who noted greater
water clarity in a dyked wetland compared with an adjacent
open water wetland.

There was also a distinct separation between the small oc-
casionally connected wetlands and all other wetland types.
The small occasionally connected wetlands generally had
decreased water depth values and increased turbidity values
(i.e., decreased Secchi depth values; Table A4). Increased
turbidity values are thought to be related to increased agri-
cultural runoff in the areas where the small occasionally
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connected wetlands were located. These characteristics may
have created an unsuitable environment for some intolerant
fish species. Any further studies completed in these areas
should incorporate human impacts and surrounding land-
scape features.

This study did not provide strong support for the applica-
tion of island biogeography theory to wetland fish assem-
blage structure. The lack of an area–species relationship
was noted at most spatial scales studied. However, some
support for the application of the theoretical framework of
metapopulation and fragmentation theory to wetland fish as-
semblage was found. The results of the nested ANCOVA
analysis indicated that increased connectivity did positively
affect fish species richness and piscivore richness at long-
term time scales. The comparative analysis of assemblage
composition estimates provided support for the hypothesis
that colonization is necessary for maintaining richness in
wetlands. Metacommunity analysis of environmental and
connectivity variables related to fish species composition at
short-term time scales in wetlands of the lower Great Lakes
provided evidence that a combination of several suites of
variables best explained variation in fish presence and
abundance. Connectivity thus influences both the local
time-integrated species pool present within a wetland, as
well as the locally interacting species abundances. In addi-
tion to these important connectivity effects, environmental
variables also structure locally interacting fish communities.
Thus, future fundamental and applied studies (e.g., climate
change predictions, impact of humans on water budget,
wetland management) on wetland fish assemblages should
include connectivity as an important structuring process.

Acknowledgements
We thank numerous people at the Great Lakes Laboratory

for Fisheries and Aquatic Sciences, Fisheries and Oceans
Canada, including numerous field assistants, GIS personnel,
and fish identification gurus. In addition, we specifically
thank Nicholas Mandrak and Kevin McCann for all the sup-
port they provided to the project. Numerous organizations
allowed for the collection of, or provided us with, data:
Long Point Canadian Wildlife Services, Lake St. Clair
Canadian Wildlife Services, Big Creek Hunt Club, Long
Point Valley Conservation Authority, Essex Region Conser-
vation Authority, Point Pelee National Park, Nut Isle Hunt
Club, Little Cataraqui Conservation Area, Niagara Region
Conservation Authority, Canadian Henley Rowing Corpora-
tion, Kingston Ministry of Natural Resources, Glenora Min-
istry of Natural Resources, St. Catherines’ Hydro Generating
Station, and Ontario Power Generating Station. We also
thank the two anonymous reviewers who provided very con-
structive comments. All data were collected, and this project
funded, through the Climate Change Action Fund Project
A592-A599: Great Lakes Coastal Wetland Communities:
Vulnerabilities to Climate Change and Response to Adapta-
tion Strategies.

References
Angermeier, P.L., and Schlosser, I.J. 1989. Species–area relation-

ship for stream fishes. Ecology, 70: 1450–1462. doi:10.2307/
1938204.

Baber, M.J., Childers, D.L., Babbit, K.J., and Anderson, D.H. 2002.

Controls on fish distribution and abundance in temporary wet-
lands. Can. J. Fish. Aquat. Sci. 59: 1441–1450. doi:10.1139/f02-
116.

Barbour, C.D., and Brown, J.H. 1974. Fish species diversity in
lakes. Am. Nat. 108: 473–489. doi:10.1086/282927.

Beier, P., and Noss, R.F. 1998. Do habitat corridors really provide
connectivity? Conserv. Biol. 12: 1241–1252. doi:10.1046/j.1523-
1739.1998.98036.x.

Bornette, G., Amoros, C., and Lamouroux, N. 1998. Aquatic plant
diversity in riverine wetlands: the role of connectivity. Freshw.
Biol. 39: 267–283. doi:10.1046/j.1365-2427.1998.00273.x.

Bouvier, L.D. 2006. The effects of aquatic connectivity on the dis-
tribution and abundance of fishes in wetlands of the lower Great
Lakes. M.Sc. thesis, Department of Integrative Biology, Univer-
sity of Guelph, Guelph, Ont., Canada.

Brazner, J.C. 1997. Regional, habitat, and human development in-
fluences on coastal wetland and beach fish assemblages in
Green Bay, Lake Michigan. J. Great Lakes Res. 23: 36–51.

Brazner, J.C., and Beals, E.W. 1997. Patterns in fish assemblages
from coastal wetland and beach habitats in Green Bay, Lake Mi-
chigan: a multivariate analysis of abiotic and biotic forcing fac-
tors. Can. J. Fish. Aquat. Sci. 54: 1743–1761. doi:10.1139/cjfas-
54-8-1743.

Brönmark, C. 1985. Freshwater snail diversity: effects of pond
area, habitat heterogeneity and isolation. Oecologia (Berlin), 67:
127–131. doi:10.1007/BF00378463.

Brown, M., and Dinsmore, J.J. 1988. Habitat islands and the equili-
brium theory of island biogeography — testing some predic-
tions. Oecologia (Berlin), 75(3): 426–429. doi:10.1007/
BF00376947.

Brown, J.H., and Kodric-Brown, A. 1977. Turnover rates in insular
biogeography: effects of immigration on extinction. Ecology,
58: 445–449. doi:10.2307/1935620.

Browne, R.A. 1981. Lakes as islands: biogeographic distribution,
turnover rates, and species composition in the lakes of central
New York. J. Biogeogr. 8: 75–83. doi:10.2307/2844594.

Coker, G.A., Portt, C.B., and Minns, C.K. 2001. Morphological and
ecological characteristics of Canadian freshwater fishes. Can.
Manuscr. Rep. Fish. Aquat. Sci. 2554.

Cottenie, K. 2005. Integrating environmental and spatial processes
in ecological community dynamics. Ecol. Lett. 8: 1175–1182.
doi:10.1111/j.1461-0248.2005.00820.x.

Cudmore-Vokey, B., and Crossman, E.J. 2000. Checklists of the
fish fauna of the Laurentian Great Lakes and their connecting
channels. Can. Manuscr. Rep. Fish. Aquat. Sci. 2550.

Dodson, S.I., Arnott, S.E., and Cottingham, K.L. 2000. The rela-
tionship in lake communities between primary productivity and
species richness. Ecology, 81(10): 2662–2679.

Engel, S. 1988. The role and interactions of submersed macro-
phytes in a shallow Wisconsin lake. J. Freshwat. Ecol. 4: 329–
341.

Froese, R., and Pauly, D. 2006. FishBase. Available from www.
fishbase.org [accessed November 2008].

Gilbert, B., and Lechowicz, M.J. 2004. Neutrality, niches, and dis-
persal in a temperate forest understory. Proc. Natl. Acad. Sci.
U.S.A. 101(20): 7651–7656. doi:10.1073/pnas.0400814101.
PMID:15128948.

Gilbert, F., Gonzalez, A., and Evans-Freke, I. 1998. Corridors
maintain species richness in the fragmented landscapes of a mi-
croecosystem. Proc. R. Soc. Lond. B. Biol. Sci. 265: 577–582.
doi:10.1098/rspb.1998.0333.

Gonzalez, A. 2005. Local and regional community dynamics in
fragmented landscapes. In Metacommunities: spatial dynamics
and ecological communities. Edited by M. Holyoak, M.A. Lei-

942 Can. J. Fish. Aquat. Sci. Vol. 66, 2009

Published by NRC Research Press



bold, and R.D. Holt. University of Chicago Press, Chicago, Ill.,
USA. pp. 146–169.

Harris, L.D., and Scheck, J. 1991. From implications to applica-
tions: the dispersal corridor principle applied to the conservation
of biological diversity. In Nature conservation 2. The role of
corridors. Edited by D.A. Saunders and R.J. Hobbs. Surrey
Beatty & Sons Pty Limited, Chipping Norton, New South
Wales, Australia. pp. 189–220.

Hershey, A.E., Gettel, G.N., McDonald, M.E., Miller, M.C.,
Mooers, H., O’Brien, W.J., Pastor, J., Richards, C., and Schuldt,
J.A. 1999. A geomorphic–trophic model for landscape control of
Arctic lake food webs. Bioscience, 49: 887–897. doi:10.2307/
1313648.

Hobbs, R.J. 1992. The role of corridors in conservation: solution or
bandwagon? Trends Ecol. Evol. 7: 389–391. doi:10.1016/0169-
5347(92)90010-9.

Holt, R.D., Lawton, J.H., Polis, G.A., and Martinez, N.D. 1999.
Trophic rank and species–area relationship. Ecology, 80(5):
1495–1504.

Jackson, D., Peres-Neto, P., and Olden, J.D. 2001. What controls
who is where in freshwater fish communities — the roles of bio-
tic, abiotic, and spatial factors. Can. J. Fish. Aquat. Sci. 58:
157–170. doi:10.1139/cjfas-58-1-157.

Johnson, D.L., Lynch, W.E., Jr., and Morrison, T.W. 1997. Fish
communities in a diked Lake Erie wetland and an adjacent un-
diked area. Wetlands, 17(1): 43–54.

Joshi, J., Stoll, P., Rusterholz, H.P., Schmid, B., Dolt, C., and Baur,
B. 2006. Small-scale experimental habitat fragmentation reduces
colonization rates in species-rich grasslands. Oecologia (Berlin),
148(1): 144–152. doi:10.1007/s00442-005-0341-8.

Jude, D.J., and Pappas, J. 1992. Fish utilization of Great Lakes
coastal wetlands. J. Great Lakes Res. 18(4): 651–672.

Kruess, A., and Tscharntke, T. 1994. Habitat fragmentation, species
loss, and biological control. Science (Washington, D.C.), 264:
1581–1584. doi:10.1126/science.264.5165.1581. PMID:
17769603.

Lane, J.A., Portt, C.B., and Minns, C.K. 1996. Nursery habitat
characteristics of Great Lakes fishes. Can. Manuscr. Rep. Fish.
Aquat. Sci. 2338.

Legendre, P. 2005. Species associations: the Kendall coefficient of
concordance revisited. J. Agric. Biol. Environ. Stat. 10: 226–
245. doi:10.1198/108571105X46642.

Leps, J., and Smilauer, P. 2003. Multivariate analysis of ecological
data using CANOCO. The Press Syndicate of the University of
Cambridge, Cambridge, UK.

Lewis, D.B., and Magnuson, J.J. 2000. Landscape spatial patterns
in freshwater snail assemblages across Northern Highland catch-
ments. Freshw. Biol. 43: 409–420. doi:10.1046/j.1365-2427.
2000.00514.x.

Lunt, I.D., and Spooner, P.G. 2005. Using historical ecology to un-
derstand patterns of biodiversity in fragmented agricultural land-
scapes. J. Biogeogr. 32(11): 1859–1873. doi:10.1111/j.1365-
2699.2005.01296.x.

MacArthur, R.H., and Wilson, E.O. 1967. The theory of island bio-
geography. Princeton University Press, Princeton, N.J., USA.

Magnuson, J.J., Tonn, W.M., Banerjee, A., Toivonen, J., Sanchez,
O., and Rask, M. 1998. Isolation vs. extinction in the assembly
of fishes in small northern lakes. Ecology, 79: 2941–2956.

Markham, C.A., Lynch, W.E., Jr., Johnson, D.L., and Petering, W.
1997. Comparison of white crappie populations in diked and un-
diked Lake Erie wetlands. Ohio J. Sci. 97(4): 72–77.

Minns, C.K. 1989. Factors affecting fish species richness in Ontario
Lakes. Trans. Am. Fish. Soc. 118: 533–545. doi:10.1577/1548-
8659(1989)118<0533:FAFSRI>2.3.CO;2.

Mitsch, W.J., and Gosselink, J.G. 2000. Wetlands. John Wiley &
Sons, Inc., New York.

Navarro, J.E., and Johnson, D.L. 1992. Ecology of stocked northern
pike in two Lake Erie controlled wetlands. Wetlands, 12: 171–
177.

Nelson, J.S., Crossman, E.J., Espinosa-Pérez, H., Findley, L.T.,
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Appendix A

Table A1. Summary of all variables included in the multivariate redundancy analysis (RDA), in-
cluding type of variable, variable description, units, and CANOCO code used in all multivariate
redundancy analyses.

Variable Description Unit CANOCO code
Environmental Water depth m WateDept

Secchi depth m SeccDept
Mean water temperature 8C WateTemp
Maximum annual water temperature 8C MxAnTemp
Daily average water temperature 8C DAvgTemp
Daily water temperature variation StDvTemp
Dissolved oxygen mg�L–1 DissOxyg
Silt content % Silt
Sand content % Sand
Detritus content % Detritus
Clay content % Clay
Greater than sand content % grSand
Emergent coverage % Emergent
Submergent coverage % Submerg
Floating coverage % Floating
Open water % OpenWate

Area Functional wetland area km2 AFucWet
Aquatic connectivity Small, rarely connected wetland SmalRare

Small, occasionally connected wetland SmalOcca
Small, frequently connected wetland SmalFreq
Large, frequently connected wetland LargFreq

Confounding Year sampled (2003, 2004) Year
Paired wetland sampling design PairWetl
Month sampled Month
Latitudinal position N
Longitudinal position W
Ecoregions EcoRegio
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Fig. A1. Results of the first model used in the series of sequential nested analysis of covariance (ANCOVA) models used to test the effects
of functional wetland area and connectivity (small rarely (*), small occasionally (&), small frequently (&), and large frequently (!)) on
species composition (i.e., (a) species richness, (b) piscivore richness, (c, d) species diversity, and (e, f) abundance).
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Table A2. List of all fish species recorded during the study, including species code used for all multivariate
redundancy analyses (RDA), piscivore classification indicated by an X, and the total number sampled (n).

Scientific name Common name Species code Piscivore n
Alosa pseudoharengus Alewife AlosPseu 54
Ambloplites rupestris Rock bass AmblRupe X 111
Ameiurus melas Black bullhead AmeiMela 101
Ameiurus natalis Yellow bullhead AmeiNata 4
Ameiurus nebulosus Brown bullhead AmeiNebu 3135
Amia calva Bowfin AmiaCalv X 60
Aplodinotus grunniens Freshwater drum AploGrun 125
Carassius auratus Goldfish CaraAura 798
Carpiodes cyprinus Quillback CarpCypr 12
Catostomus commersonii White sucker CatoComm 89
Culaea inconstans Brook stickleback CulaInco 1
Cyprinella spiloptera Spotfin shiner CyprSpil 1
Cyprinus carpio Common carp CyprCarp 130
Dorosoma cepedianum Gizzard shad DoroCepe 2232
Erimyzon sucetta Lake chubsucker ErimSuce 6
Esox americanus vermiculatus Grass pickerel EsoxAmVe X 1
Esox lucius Northern pike EsoxLuci X 32
Esox masquinongy Muskellunge EsoxMasq X 2
Etheostoma exile Iowa darter EtheExil 1
Etheostoma nigrum Johnny darter EtheNigr 3
Fundulus diaphanus Banded killifish FundDiap 620
Ictalurus punctatus Channel catfish IctaPunc X 46
Ictiobus cyprinellus Bigmouth buffalo IctiCypr 8
Labidesthes sicculus Brook silverside LabiSicc 202
Lepisosteus oculatus Spotted gar LepiOcul X 4
Lepisosteus osseus Longnose gar LepiOsse X 54
Lepomis cyanellus Green sunfish LepoCyan 39
Lepomis gibbosus Pumpkinseed LepoGibb 2153
Lepomis gulosus Warmouth LepoGulo 6
Lepomis humilis Orangespotted sunfish LepoHumi 24
Lepomis macrochirus Bluegill LepoMacr 870
Luxilus chrysocephalus Striped shiner LuxiChry 3
Micropterus dolomieu Smallmouth bass MicrDolo X 6
Micropterus salmoides Largemouth bass MicrSalm X 410
Minytrema melanops Spotted sucker MinyMela 2
Morone americana White perch MoroAmer X 126
Morone chrysops White bass MoroChry X 255
Moxostoma macrolepidotum Shorthead redhorse MoxoMacr 4
Moxostoma valenciennesi Greater redhorse MoxoVale 1
Neogobius melanostomus Round goby NeogMela 27
Nocomis micropogon River chub NocoMicr 1
Notemigonus crysoleucas Golden shiner NoteCrys 806
Notropis anogenus Pugnose shiner NotrAnog 14
Notropis atherinoides Emerald shiner NotrAthe 2036
Notropis buchanani Ghost shiner NotrBuch 6
Notropis heterodon Blackchin shiner NotrHedo 65
Notropis heterolepis Blacknose shiner NotrHelp 5
Notropis hudsonius Spottail shiner NotrHuds 138
Notropis volucellus Mimic shiner NotrVolu 12
Noturus gyrinus Tadpole madtom NotuGyri 10
Oncorhynchus tshawytscha Chinook salmon OncoTsha X 1
Opsopoeodus emiliae Pugnose minnow OpsoEmil 1
Perca flavescens Yellow perch PercFlav X 1678
Percina caprodes Logperch PercCapr 16
Percopsis omiscomaycus Trout-perch PercOmis 2
Pimephales notatus Bluntnose minnow PimeNota 102
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Table A2 (concluded).

Scientific name Common name Species code Piscivore n

Pimephales promelas Fathead minnow PimeProm 549
Pomoxis annularis White crappie PomoAnnu X 43
Pomoxis nigromaculatus Black crappie PomoNigr X 169
Salmo trutta Brown trout SalmTrut X 2
Sander vitreus Walleye SandVitr X 9
Scardinius erythrophthalmus Rudd ScarEryt 4
Umbra limi Central mudminnow UmbrLimi 117

Note: Scientific and common names according to Nelson et al. (2004); piscivory according to Scott and Crossman
(1973), Coker et al. (2001), and Froese and Pauly (2006).

Table A3. Results of automatic forward selection procedure.

Presence–absence Abundance

Combined Fyke netting Electrofishing Fyke netting Electrofishing

Variable p Variable p Variable p Variable p Variable p
LargFreq 0.001 SmalOcca 0.001 LargFreq 0.001 LargFreq 0.001 SmalOcca 0.001
SmalOcca 0.001 Sand 0.001 SmalRare 0.001 SmalOcca 0.001 SmalRare 0.001
SeccDept 0.001 SmalRare 0.002 SmalOcca 0.005 SeccDept 0.001 OpenWate 0.001
AFucWat 0.001 DissOxyg 0.005 OpenWate 0.008 AFucWat 0.001 AFucWat 0.002
WateTemp 0.003 DAvgTemp 0.005 MxAnTemp 0.022 WateTemp 0.003
OpenWate 0.012 AFucWat 0.005 grSand 0.034 OpenWate 0.012

Note: See Materials and methods section and Table A1 for detailed description of explanatory variables. All significant (p < 0.05) explanatory variables
are listed in order of their inclusion in the model. Only variables shown to explain a significant amount of the variation are presented. Associated probabil-
ities after 1000 permutations are also included.
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Table A4. Wetland characteristics for all 12 study wetlands.

(A) Description and location.

Wetland code Wetland name Wetland type* N W Ecoregion

AIDW Amherst Island Protected lacustrine wetlands 44.12366 –76.70818 N. Ontario
APOW Parrott’s Bay Protected lacustrine wetlands 44.21931 –76.69495 N. Ontario
BCDW Big Creek Marshes Protected lacustrine wetlands 42.58385 –80.45515 N. Erie
HBDW Holiday Beach Barrier beach wetland 42.03704 –83.05084 N. Erie
HMOW Hillman Marsh Barrier beach wetland 42.02878 –82.48966 N. Erie
HPOW Canard River Drowned river mouth 42.16442 –83.10201 N. Erie
JSOW Jordan Harbour Drowned river mouth 43.16906 –79.37104 N. Ontario
LPOW Long Point Inner Bay Open embayment wetland 42.59917 –80.44689 N. Erie
MBOW Mitchell’s Bay Open embayment wetland 42.48586 –82.42297 N. Erie
MPDW Martindale Pond Diked wetland 43.18241 –79.27617 N. Ontario
NWDW St. Clair National Wildlife Area Diked wetland 42.36851 –82.41105 N. Erie
PPDW Point Pelee National Park Barrier beach wetland 41.96597 –82.50807 N. Erie

(B) Physical characterisitcs.

Wetland code
AFucWet
(km2)

WateDept
(m)

SeccDept
(m)

WateTemp
(8C)

MxAnTemp
(8C)

DAvgTemp
(8C)

StDvTemp
(8C)

DissOxyg
(mg�L–1)

AIDW 1.3238 0.65±0.12 0.48±0.09 17.31±3.67 28.99±0.37 18.08±3.43 2.06±0.19 7.90±0.79
APOW 0.7872 0.61±0.12 0.55±0.11 16.84±3.27 26.47±0.44 17.68±2.60 0.95±0.23 8.33±1.38
BCDW 2.1667 0.40±0.05 0.40±0.05 22.45±1.96 30.36±0.84 22.52±1.57 1.94±0.45 10.01±1.20
HBDW 6.3402 0.51±0.50 0.28±0.05 19.90±2.25 30.66±0.11 22.05±1.69 2.33±0.43 10.36±1.06
HMOW 2.7921 0.68±0.05 0.26±0.03 23.63±0.54 30.59±0.04 21.42±1.93 2.66±0.46 10.20±1.73
HPOW 2.1667 0.77±0.06 0.35±0.03 20.11±3.40 27.45±1.09 20.95±1.99 1.64±0.40 9.33±1.06
JSOW 1.3769 0.80±0.13 0.35±0.02 18.97±2.81 28.77±0.48 18.36±3.11 1.67±0.32 9.15±1.38
LPOW 104.7663 0.77±0.07 0.60±0.11 18.63±1.77 26.13±0.51 18.30±1.27 1.27±0.19 8.63±1.10
MBOW 592.6884 0.75±0.04 0.68±0.08 24.62±0.96 29.82±0.58 22.92±0.50 2.66±0.31 8.68±0.92
MPDW 1.7159 1.20±0.02 1.04±0.05 17.07±1.95 26.21±0.25 18.56±2.20 0.79±0.11 9.36±0.88
NWDW 1.0558 0.82±0.03 0.77±0.08 23.50±1.07 26.13±0.46 20.70±1.76 1.85±0.45 6.70±1.48
PPDW 9.7828 1.30±0.08 0.53±0.05 22.75±2.58 28.37±0.28 21.85±2.06 2.02±0.56 8.27±0.60

(C) Sediment composition, macrophyte coverage, and percent open water.

Wetland code Silt (%) Sand (%) Detritus (%) Clay (%) GrSand (%) Emergent (%) Submerg (%) Floating (%) OpenWate (%)

AIDW 17.29±3.31 1.74±0.76 68.52±4.06 12.45±1.86 0 9.17±6.39 16.13±6.03 39.69±9.67 35.01±11.04
APOW 32.57±4.07 0.90±0.90 65.80±4.97 0.74±0.74 0 0.92±0.73 22.73±3.80 52.27±17.47 24.08±14.27
BCDW 10.35±8.81 0 89.04±8.57 0.61±0.54 0 7.87±1.32 52.81±23.95 31.93±25.68 7.38±6.70
HBDW 33.54±12.29 1.04±0.34 50.19±19.35 15.21±10.33 0.02±0.02 0.29±0.23 10.93±10.44 9.66±6.40 79.12±11.53
HMOW 35.00±17.50 3.16±3.87 52.30±16.14 7.55±4.33 0 0.91±0.91 9.12±9.12 0.31±0.31 89.65±9.01
HPOW 41.30±7.79 4.58±0.95 17.15±4.45 36.32±8.69 0.52±0.62 0.19±0.19 6.70±5.29 5.15±2.06 87.96±7.27
JSOW 49.98±8.36 5.65±2.94 19.15±1.95 25.19±8.33 0.04±0.04 0 2.92±2.92 3.29±1.15 93.79±1.86
LPOW 27.82±3.16 39.86±8.77 16.16±3.28 16.16±6.68 0 12.25±6.11 34.54±18.75 19.46±19.00 33.75±21.78
MBOW 44.25±9.21 26.20±12.87 17.14±2.38 12.36±4.96 0.04±0.04 0.77±0.53 38.73±22.70 26.64±23.77 33.87±23.07
MPDW 45.55±9.07 26.41±13.05 8.68±0.98 19.36±11.53 0 0 3.76±2.13 13.87±13.18 82.37±12.22
NWDW 9.09±7.64 1.74±1.26 89.03±7.41 0.15±0.10 0 1.77±0.56 40.08±6.43 54.00±9.30 4.14±3.20
PPDW 41.70±21.42 6.77±6.03 51.37±24.31 0.16±0.16 0 0 2.84±1.52 14.23±14.18 82.93±12.77

Note: Characteristics include wetland type; geographical positioning (N, W); functional wetland area (AFucWet); water depth (WateDept); Secchi depth (SeccDept); water temperature (WateTemp); daily
average temperature (DAvgTemp); standard deviation of temperature for the week following sampling (StDvTemp); dissolved oxygen (DissOxyg); percentages of silt (Silt), sand (Sand), detritus (Detritus),
clay (Clay), and greater than sand (GrSand) particles in the sediment; and the percentage of emergent (Emergent), submergent (Submerg), and floating (Floating) macrophyte coverage; as well as the per-
centage of open water (OpenWate). Average and standard error values have been provided for all characteristics where multiple values were recorded.

*Wetland type classifications based on the Great Lakes Coastal Wetlands Classification.
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