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Abstract Management of communities in fragmented systems requires application of

models for predicting and understanding patterns of diversity at relevant scales. Meta-

community models may help explain patterns of beta-diversity, but more empirical

investigations are needed to determine the generality of these models and the importance of

matrix identity as a mediator of metacommunity processes. We studied patterns of beta

diversity among cypress domes in a landscape composed of two different matrix types

within Big Cypress National Preserve to determine whether community composition dif-

fered by matrix type and to evaluate predictions of metacommunity models. We sampled

fully-aquatic vertebrates in 16 cypress domes. A causal modeling framework was used to

assess the relative importance of space and environmental variables measured in the domes

and in the nearby matrix in explaining variation in community similarities. Our results

show that community composition was influenced by matrix type, which violates the

common metacommunity assumption that matrix identity has negligible effect on patch

patterns. We found different drivers of beta-diversity patterns between matrix types;

similarities among dome communities within cypress-prairie matrix were influenced by

local environmental conditions and matrix characteristics, while communities in pine-

rockland domes were most influenced by conditions in the matrix. Our results have

implications for use of metacommunity models in conservation planning and we suggest
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that future research should focus on the importance of matrix identity and complexity in

mediating community patterns in patchy landscapes.

Keywords Metacommunities � Species composition � Matrix � Aquatic vertebrates �
Cypress domes

Introduction

Much of the biodiversity on Earth is threatened by habitat loss and degradation (Vié et al.

2009). With land-cover change and fragmentation expected to continue in coming decades

(Ehrlich and Pringle 2008), there is a need for testing and application of generalized

models of community dynamics in spatially-structured systems. Metacommunity theory is

organized around alternative models that make specific predictions regarding patterns

of species composition among sites (i.e., beta-diversity) and the control of spatially-

autocorrelated processes and environmental characteristics over community variation

(Mouquet and Loreau 2003; Leibold et al. 2004; Chase 2005; Holyoak et al. 2005;

Legendre et al. 2005). If the assumptions of metacommunity models are robust when

confronted with data from natural systems, knowledge of the mechanisms driving patterns

of beta-diversity will be invaluable for designating the location and number of reserves

within conservation areas. However, theoretical developments currently far exceed

empirical data and additional field investigations are needed to evaluate their predictive

power and potential value for conservation planning (Driscoll and Lindenmayer 2009).

A nearly universal assumption of metacommunity models is that the matrix surrounding

habitat patches is uniform and has negligible influence on patterns of local occupancy and

relative species abundances (Holyoak et al. 2005; Kupfer et al. 2006). However, recent

research suggests that matrix heterogeneity can alter functional landscape connectivity,

thereby influencing dispersal probabilities (Ricketts 2001; FitzGibbon et al. 2007), genetic

divergence of local populations (Storfer et al. 2007; Greenwald et al. 2009), and patterns of

occupancy and abundance (Watling et al. 2011). The landscape context of habitat networks

can also have a strong influence on community structure (Richter-Boix et al. 2007).

Therefore, matrix characteristics may be critical for describing patterns of beta-diversity

and determining the extent to which natural systems conform to alternative metacom-

munity models by mediating important processes such as dispersal (Bender and Fahrig

2005). It is necessary to first understand the role of the matrix with respect to alternative

metacommunity models before metacommunity theory can be used to inform conservation

decisions in heterogeneous landscapes (e.g., Werner et al. 2009).

Leibold et al. (2004) summarized four overlapping metacommunity approaches that vary

in the predicted influence of dispersal and local environmental conditions over community

patterns—the patch-dynamics, neutral, species-sorting, and mass-effects frameworks. The

neutral model approach assumes ecological equivalence of constituent species, uniformity

of patch conditions, and that dispersal limitation, community drift, and speciation are the

primary processes influencing community composition (Leibold et al. 2004; Chase 2005;

Hubbell 2006; Hu et al. 2006). Neutral theory predicts that similarity in composition

among local communities should decrease with increasing inter-site distance as a function

of dispersal limitation; adjacent local communities are expected to exhibit higher similar-

ities because frequently exchanged migrants homogenize community composition and

counteract drift (Chave 2004; Chase 2005; Bell et al. 2006; Hu et al. 2006; McGill et al.

2006).
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Species-sorting models also predict a similarity decay function when there is spatial

autocorrelation in habitat variables and a resultant sorting of species according to local

conditions (Chase 2005; Legendre et al. 2005; Bell et al. 2006). The species-sorting

approach posits that heterogeneity of environmental conditions among local patches and

species interactions drive variation in community composition, (Chase 2003; Leibold et al.

2004), and that dispersal has little effect on communities (Leibold et al. 2004; Chase 2005).

A community-environment relationship is also expected under the mass-effects approach,

but only when local communities are relatively isolated (Mouquet and Loreau 2003;

Driscoll and Lindenmayer 2009). Mass effects (source-sink) dynamics are expected to be

relevant when immigration of individuals originating from source populations allow sink

populations to persist, thereby expanding the realized niche beyond the breadth of the

fundamental niche (Pulliam 1988; Driscoll and Lindenmayer 2009). At high levels of

dispersal, sink populations are subsidized and community divergence is expected to be

low. However, at high levels of isolation, sinks are unlikely to persist and isolated com-

munities should be strongly affected by local environmental factors. Predictions of beta-

diversity based on theoretical work have not been formulated for the patch-dynamics

model (Leibold et al. 2004; Chase 2005). So, we do not include consideration of this fourth

metacommunity approach.

We evaluated the robustness of predictions from metacommunity theory to variation in

matrix structure by examining patterns of community composition among similar habitat

patches embedded in two distinct matrix types. We characterized community structure of

aquatic vertebrates in a network of cypress domes, which are distinct forested ponds,

surrounded by cypress-prairie or pine-rockland matrix in the Raccoon Point area of Big

Cypress National Preserve (BCNP; Fig. 1). Cypress domes in this landscape are isolated

Fig. 1 Aerial photo (1:6,700) showing cypress domes embedded in a a cypress prairie matrix and b a pine
rockland matrix at study sites in Big Cypress National Preserve, Florida
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during the dry season, but the pine-rockland matrix experiences a shorter-duration hydroperiod

than the cypress-prairie matrix; therefore, hydrological connectivity is greater for cypress-

dome communities embedded within the cypress-prairie matrix than for communities

within the pine rockland. Given these differences in dispersal opportunity between matrix

types, we distinguished among sets of metacommunity predictions relating to beta-diver-

sity using a causal-modeling framework (Legendre 1993; Cushman et al. 2006; Fig. 2).

If neutral processes are dominant in aquatic vertebrate communities in BCNP, we

expected to see a stronger community similarity-by-distance relationship among domes

embedded in the pine-rockland matrix because of greater constraints on dispersal oppor-

tunity in comparison to the longer-hydroperiod cypress-prairie matrix. We expected to see

no correspondence with environmental variables in either matrix type unless local con-

ditions were spatially-autocorrelated. If species-sorting dynamics pervade in cypress

domes and dispersal limitation does not influence community structure, then we would

expect to see strong correspondence between local environmental conditions and com-

munity composition in domes irrespective of matrix type. Under mass-effects dynamics,

we expected to find stronger correspondence between community composition and local

environment in the pine rockland than in the cypress-prairie matrix because dispersal

among these domes is presumably less frequent given the shorter window during which

domes are connected and therefore sink populations are less likely to be maintained.

Materials and methods

Study area

Big Cypress National Preserve is located in southern Florida and protects approximately

290,000 ha of wetland habitats adjacent to Everglades National Park. The heterogeneous

landscape within BCNP provides a natural experiment for studying how communities are
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Fig. 2 In each box, the diagram on the left represents the predicted relationship between community
similarity (C), geographic distance (D) and local dome environment (Ed) under different metacommunity
frameworks. The thickness of the arrow indicates the relative strength of the relationship expected in cypress
prairie and pine rockland habitats. Expected corresponding outcomes for Mantel tests are given on the right
in each box. For partial Mantel tests, the controlled matrix is represented in brackets. Non-significant
outcomes are shown as =0 and significant correlations, along with direction and relative strength, are
represented by \ or \\ symbols. For all frameworks the expected relationship between C and matrix
environmental variables (Em) is non-significant
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structured in patchy environments. The Raccoon Point area of BCNP is a landscape

dominated by two macro-habitat types that experience seasonal inundation—cypress

prairie and pine rockland. Cypress prairies are grasslands with a relatively open-canopy

forest of dwarf cypress (Taxodium distichum) and remain flooded for an average of

120 days of the year (Duever et al. 1986). Pine-rockland habitat is characterized by an

over-story dominated by Florida slash pine (Pinus elliottii var. densa) and by a diverse

groundcover of shrubs and grasses growing on limestone bedrock. The hydroperiod of the

pine rockland, an average of approximately 70 days, is short in comparison to cypress

prairie. Embedded within cypress prairie and pine rockland are ponds known as cypress

domes, which hold water throughout most of the year (typically[240 days). These aquatic

habitats are dominated by an over-story of cypress trees (T. distichum) that are typically

tallest toward the center of the pond, where water levels are deepest, giving it a dome-

shaped profile. Pond apple (Annona glabra), willow (Salix spp.) and wax myrtle (Myrica
cerifera) are common in the mid-story and under-story and are interspersed with emergent

and submerged-aquatic vegetation. Aquatic-vertebrate communities within cypress domes

are primarily composed of amphibian and fish species. Three fully aquatic salamanders are

known to occur in BCNP, the greater siren (Siren lacertina), the dwarf siren (Pseudo-
branchus striatus) and the two-toed amphiuma (Amphiuma means), as well as one par-

tially-aquatic salamander with an aquatic-adult life stage, the red-spotted newt

(Notophthalmus viridescens). A recent inventory of fishes in the BCNP produced a record

of 67 species known to occur within the preserve, 30 of which were captured in cypress

dome habitats (Ellis et al. 2005).

Sampling methods

For comparison of species diversity between cypress prairie and pine rockland, we con-

sidered cypress domes the unit of replication. Eight cypress domes in each matrix type

were selected for sampling of aquatic species. We preferentially chose domes that had

deep-open centers and that were greater than 500 m apart; however, two pairs of domes

were 303 and 415 m apart. All domes occurred within an area of approximately 62 km2

and there were no obvious dispersal barriers in the landscape impeding movement among

domes or between matrix types. Dome area ranged from 0.24 to 1.43 ha. Replication of

landscapes was not possible, because the pine rockland occurs as one large continuous area

within Raccoon Point.

Initially, we used a combination of sampling methods to compensate for any potential

biases associated with each method (Magurran 2004), including area-constrained dip

netting, funnel (or minnow) trapping, hoop trapping, cast netting, and gill netting. How-

ever, we settled on dip netting and funnel trapping as our primary methods, because other

methods proved less effective or resulted in unwanted by-catch. Aquatic vertebrates were

sampled on six different occasions, four dip-net occasions (in April, July, October 2008,

and April 2009) and two trapping sessions (in July and December 2008).

For area-constrained dip netting, we visually divided each dome into three concentric

depth zones where the dome center represented the deepest zone, intermediate water

depths were sampled in a ring around the center, and a third outer zone included the

shallowest areas of the dome (e.g., Shaffer et al. 1994; Rozas and Minello 1997; Hermann

et al. 2005). These zones shifted seasonally with water levels and this approach allowed us

to distribute sampling effort proportionally across approximate depth classes (Hermann

et al. 2005). During each sampling occasion, 21–1 m long dip net sweeps were made in

each dome (seven sweeps within each depth zone). On one sampling occasion (April
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2009), when domes held water only near the center, all dip-net sweeps were made in the

center zone.

On two separate occasions, eight funnel traps were deployed along a center-to-edge

transect in each dome. Traps were spaced equally so that transects started in the dome

center and ended near the edge of the dome when fully inundated or near the edge of the

inundated area when domes were not completely filled. Placement of traps along this

transect allowed us to distribute sampling effort across depth zones and potentially detect

species that occupy different microhabitats within domes. Traps were set for 24–36 h, after

which captures were identified to species and released.

We measured a suite of environmental variables in cypress domes and in the adjacent

matrix. These variables included tree basal area, water temperature, water depth, com-

position and relative abundance of over-story and understory plants, ground cover com-

position, and number of logs as an index of downed woody debris. We established a 50 m

transect in each dome that was oriented from the center to the edge of the dome along a

random compass heading. We established a second transect in the adjacent matrix at a

constrained random distance from the dome edge (50 m \ d \ 200 m) also oriented along

a random compass heading. Along each transect at 10 m intervals, we conducted Braun-

Blanquet surveys of ground-cover composition using a 1 9 1 m quadrat, assessed com-

position of overstory and understory plants using the point-quarter method, and estimated

basal area using a cruise angle. We counted the number of logs ([7 cm diameter) crossing

transects within each 10 m-interval. Water depth and water temperature (measured 15 cm

below the surface) were measured at the beginning, middle and end of each transect.

Vegetation characteristics were measured in August 2009. Temperature and depth mea-

surements were made on seven occasions, during periods of peak, intermediate, and low

water depths, from May 2008 to August 2009.

Data analyses

Because water depth data were non-normal, we analyzed differences in mean water depth

and hydroperiod among the two types of domes and the two matrix types using Friedman’s

test, the non-parametric analogue to a repeated measures analysis of variance. For all

analyses of community composition data, we log-transformed species abundance data

(counts) to reduce the dominance of abundant species and used the Bray-Curtis similarity

metric to describe pairwise similarity among cypress domes. For analyses of environmental

variables that were calculated from multivariate-distance matrices, we used the Euclidean

distance metric calculated for pairs of sites from a normalized site-by-variable matrix. To

assess the metacommunity assumption that matrix identity should have negligible effect on

community patterns, we tested for differences in community structure by matrix type using

the non-parametric ANOSIM statistic in the Primer-E v.6 software package (Clarke and

Warwick 2001). The ANOSIM statistic is calculated using rank similarities in a site-by-site

triangular matrix and compares the mean of the ranks within groups to the mean of the

ranks among groups (Clarke 1993; Legendre and Legendre 1998). The ANOSIM R statistic

typically ranges between 0 and 1, although negative values are possible; values near 1

indicate high separation among groups and values near 0 indicate negligible separation

among groups (Clarke and Warwick 2001). If the matrix does not influence metacom-

munity structure, we expected the ANOSIM R statistic to be small and non-significant. An

ANOSIM was also used to compare environmental conditions among cypress-prairie and

pine-rockland domes and cypress-prairie and pine-rockland matrix sites. Differentiation of

local communities was visually examined using non-metric multidimensional scaling
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(NMDS) plots based on the Bray-Curtis similarity metric between pairs of domes (Clarke

and Warwick 2001). The NMDS plots were also used to visualize rank similarities among

dome and matrix sites based on all environmental variables. Goodness-of-fit of the NMDS

was assessed using stress values derived from the non-parametric regression of commu-

nity similarity or environmental distance on the distances in the two-dimensional NMDS

plot.

We used partial Mantel tests to evaluate metacommunity predictions regarding the

importance of spatial and environmental variables in structuring communities in cypress

domes (Legendre and Legendre 1998). We used a causal modeling framework in which

sets of partial Mantel tests corresponding to alternative sets of hypotheses (Fig. 2;

Legendre 1993; Cushman et al. 2006) allowed us to determine support for a given

metacommunity framework and to evaluate the effect of matrix characteristics on com-

munity structure. We constructed community-similarity data matrices for cypress-prairie

and pine-rockland domes, geographic-distance matrices for cypress-prairie and pine-

rockland domes, and environmental distance matrices for cypress-prairie and pine-

rockland domes, and both sets of matrix sites. We measured geographic distances among

pairs of domes using georeferenced 0.61 m resolution aerial photographs from 2009 and

ArcGIS 9.3 software (ESRI). Geographic distances were measured from the center of each

dome. Partial Mantel tests allowed us to assess correlations between pairs of data matrices

while controlling for a third data matrix (e.g., geographic distances). We used simple

Mantel tests to examine the relative strength of the controlled variable on the correlation

between independent and dependent variables. All significance values are based on 999

permutations of the test statistic. All simple Mantel and partial Mantel tests were con-

ducted using the vegan library (Oksanen 2007) in program R v2.10.1 (R Development Core

Team 2010).

Unlike least-squares multiple regression, increasing the number of variables in an

environmental distance matrix can diminish the correlation between community and

environmental matrices (Clarke and Ainsworth 1993). To select subsets of environmental

variables that best explained variation in community similarities for use in Mantel anal-

yses, we used the BVSTEP routine, in program Primer-E v.6 (Clarke and Warwick 2001).

The BVSTEP is analogous to stepwise model selection in multiple linear regression. The

procedure first selects a matrix of environmental distances constructed from a single

variable from a random starting set that maximizes the Spearman rank correlation coef-

ficient with the community similarity matrix and then progressively adds variables to the

environmental distance matrix, which are then checked during the backward elimination

phase. We ran the BVSTEP procedure five times each for matrix and dome environmental

variables, each time starting with a random subset of eight variables from the 15 measured.

We constructed environmental distance matrices using variables from the two highest

ranked subsets according to Spearman’s rank correlation coefficients.

Results

There was a significant effect of habitat on hydroperiod (v2 = 14.04, df = 3, P = 0.002);

the pine-rockland matrix had the shortest hydroperiod with all sites being dry during three

out of seven sampling occasions (Fig. 3). The cypress-prairie matrix had the second

shortest hydroperiod and cypress domes in both matrix types had the longest hydroperiod,

with most domes holding some water throughout the duration of the study. However,

during the driest periods, only small pools remained near the center of many domes. Many
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of these pools were formed by active or abandoned alligator burrows and served as refugia

for aquatic organisms.

We captured 3,792 individuals representing 22 species of fish and fully aquatic

amphibians. Twenty-two species (3,023 individuals) were captured in domes within the

cypress-prairie matrix and 14 species (769 individuals) were captured in domes within the

pine rockland (Table 1). The most abundant species encountered in cypress domes were

Eastern Mosquitofish (G. holbrooki), Flagfish (Jordanella floridae), and Marsh Killifish

(Fundulus confluentus) with 1,793, 1,142, and 242 captures, respectively. One-way

ANOSIM results showed that groups of sites differed significantly according to environ-

mental structure (Fig. 4a and Table 2; Global ANOSIM R = 0.69, P = 0.001). Cypress-

prairie and pine-rockland matrix sites were highly separated (ANOSIM R = 0.83, P =

0.001) while domes in each matrix type exhibited low, but statistically significant, sepa-

ration (ANOSIM R = 0.31, P = 0.004) based on all environmental variables. Analysis of

similarity suggested that there is significant divergence in community composition between

assemblages in pine-rockland and cypress-prairie domes (Fig. 4b; ANOSIM R = 0.606,

P = 0.001).

After controlling for dome and matrix environmental variables, the relationships

between community similarities among domes and geographic distances were non-sig-

nificant in cypress prairie and pine rockland (Table 3). This result demonstrates the lack of

a community-distance relationship in either the pine-rockland or cypress-prairie matrix at

the scale of the study. After controlling for geographic distance and matrix environment,

the relationship between community similarity and dome environment was significant in

cypress prairie and non-significant in the pine rockland, indicating that the importance of

within-dome variables differs between matrix types The relationship between community

similarities and matrix environmental variables were significant in both the cypress prairie

and pine rockland suggesting the potential control of matrix characteristics over com-

munity composition.
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Discussion

Community composition affected by matrix type

Here we describe the apparent influence of matrix type on the structure of an aquatic-

vertebrate metacommunity. Local community composition was more divergent among

domes in different matrix types than among domes embedded within the same matrix; this

pattern occurred despite relatively similar vegetation and hydrological conditions within

both dome types (Figs. 3, 4a, Table 2). Hydroperiod during this study was shorter in the

pine-rockland matrix than in the cypress-prairie matrix. Characterization of habitats in Big

Cypress on the basis of environmental variables showed that cypress-prairie domes were

moderately different from cypress-prairie matrix sites, pine-rockland domes were highly

separated from pine-rockland matrix sites, while cypress-prairie domes and pine-rockland

domes exhibited low, but statistically significant, separation. The small difference between

domes based on environmental characteristics may have contributed to the observed dif-

ferences in community structure between matrix types (Table 2). However, taken together

these environmental data support the assumptions that aquatic communities in cypress

domes reside within relatively similar habitat patches surrounded by one of two distinct

matrix types and that hydrologic connectivity is greater among domes embedded in the

cypress-prairie matrix (Figs. 3, 4a).

Table 1 List of species and their
abundances in cypress domes
embedded in the cypress-prairie
(CP) and-pine rockland (PR)
matrices in BCNP

Common name Species name CP PR

Least killifish Heterandria formosa 30 24

Flagfish Jordanella floridae 1,039 103

Marsh killifish Fundulus confluentus 222 20

Eastern mosquitofish Gambusia holbrooki 1,329 464

Bluefin killifish Lucania goodei 29 15

Bluespotted sunfish Ennecanthus gloriosus 1 0

Golden topminnow Fundulus chrysotus 87 13

African jewelfish Hemichromis letourneuxi 25 36

Sailfin molly Poecilia latipinna 20 6

Dollar sunfish Lepomis marginatus 9 0

Yellow bullhead Ameiurus natalis 110 65

Black acara Cichlasoma bimaculatum 16 9

Warmouth Lepomis gulosus 9 6

Pike killifish Belonesox belizanus 57 2

Largemouth bass Micropterus salmoides 1 0

Spotted tilapia Tilapia mariae 8 0

Brook silverside Labidesthes sicculus 2 0

Brown hoplo Hoplosternum littorale 8 1

Red-spotted newt Notophthalmus viridescens 16 5

Greater siren Siren lacertina 1 0

Bluegill Lepomis macrochirus 3 0

Mayan cichlid Cichlasoma urophthalmus 1 0
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Metacommunity predictions in the context of a heterogeneous matrix

Matrix identity mediated the relative importance of factors explaining beta-diversity and

observed community patterns did not exhibit strong correspondence with predictions of

any single metacommunity model. There was no evidence for distance decay in commu-

nity similarity predicted by neutral theory among either the pine-rockland or cypress-

prairie domes after controlling for local environmental variation (Table 3). There was a

Fig. 4 Non-metric multidimensional scaling plots showing a rank similarity of dome and matrix transects
based on Euclidean distance matrices of all measured environmental variables and b rank similarity of
domes based on the Bray-Curtis community similarity metric. ANOSIM R statistic is reported for global
tests of differences among groups and P value was obtained through 999 permutations

Table 2 Pairwise ANOSIM R statistics for combinations of dome and matrix sites in cypress prairie (CP)
and pine rockland (PR) sites based on environmental variables at Big Cypress National Preserve, Florida.
The R statistic ranges in value between 0 and [1] with high values indicating greater differences among
groups and lower values indicating low separation among groups

CP matrix CP dome PR matrix PR dome

CP matrix 0.00

CP dome 0.56 0.00

PR matrix 0.83 0.82 0.00

PR Dome 0.90 0.31 0.84 0.00
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significant community-distance relationship in the pine rockland according to a simple

Mantel test, but this relationship was likely attributable to a weak correlation between

community and dome environment or significant spatial autocorrelation of matrix envi-

ronmental variables. In addition, strong effects of environmental variables, measured at the

dome and matrix level, fail to support an explanation of community structure based pri-

marily on neutral processes.

Partial Mantel tests depicted community patterns opposite to those expected under the

mass-effects (source-sink) metacommunity approach, because local environmental vari-

ables were important under relatively high hydrological connectivity in the cypress prairie,

while in the more isolated pine rockland domes, there was no significant correspondence

between community composition and local environment. Under mass-effects, we would

expect a community-environment relationship in the pine rockland that is comparable to or

stronger than that observed in the cypress prairie because fewer sink populations should be

supported under relatively lower connectivity, and local communities should be structured

by local conditions (Driscoll and Lindenmayer 2009).

Species-sorting may be important in the cypress prairie as indicated by significant

correspondence between community similarity and local environment, but there was no

effect of local environment on community structure in the pine rockland. Because the same

species occurred in domes embedded in both matrix types, the study system can be con-

sidered a single metacommunity (Leibold et al. 2004). If the same species-sorting pro-

cesses determined community structure at the scale of the entire metacommunity, we

expected to observe a community-environment relationship in domes within both matrix

types. Matrix identity, therefore, may alter the fit of metacommunity models to a given

system comprised of the same species pool.

Matrix characteristics can mediate connectivity and habitat quality

In both the cypress prairie and pine rockland, environmental characteristics measured in

the matrix were important predictors of community similarity. Landscape-scale variation in

beta-diversity is expected to arise from spatially-autocorrelated processes such as dispersal

limitation or by the influence of environmental variables that may also exhibit spatial

structure (Legendre et al. 2005; Legendre et al. 2008). Variation in matrix characteristics

Table 3 Mantel coefficients and
P values obtained through ran-
domization of the matrices for
correlations between community
similarity (C), geographic dis-
tance (D), environmental dis-
tances for variables measured in
domes (ED) and in the matrix
(EM). Controlled matrices are
represented in brackets for partial
Mantel tests

Bold values indicates significant
P values

Cypress Prairie Pine Rockland

Mantel r P Mantel r P

C 9 D -0.07 0.326 -0.32 0.045

C 9 ED -0.70 0.006 -0.35 0.065

C 9 EM -0.56 0.004 -0.69 <0.001

ED 9 D 0.24 0.094 0.38 0.030

EM 9 D 0.20 0.151 0.34 0.058

C 9 D[ED] 0.14 0.223 -0.21 0.137

C 9 D[EM] 0.05 0.381 -0.12 0.281

C 9 ED[D] -0.70 0.002 -0.26 0.134

C 9 ED[EM] -0.64 0.005 -0.15 0.284

C 9 EM[D] -0.56 0.007 -0.65 <0.001

C 9 EM[ED] -0.46 0.022 -0.64 <0.001
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may modify patch patterns expected under a uniform matrix assumption by altering con-

nectivity or resource availability for local communities (Kupfer et al. 2006).

In this study, we assumed a priori that connectivity was lower among domes in pine-

rockland matrix because they are typically connected by standing water for much shorter

periods than domes in the cypress-prairie. However, we did not find an effect of geographic

distance on community composition in either matrix type, which can be attributed to

several explanations. First, it is possible that aquatic organisms are able to freely disperse

among domes during periods of inundation in both matrix types so that communities are

not structured by dispersal limitation. However, we observed a short period of inundation

in the pine rockland where average water depths reached or exceeded 10 cm for approx-

imately three months (Fig. 3). The narrow temporal window and shallow depths are likely

sufficient to limit dispersal for at least some species, particularly larger species, which may

explain the notable absence of many centrarchids in pine-rockland domes (Table 1).

However, without direct observation of dispersal, we cannot exclude the possibility of high

movement rates within the pine rockland.

Second, dispersal limitation may differ between domes, but local environmental factors

have a stronger influence on community structure than dispersal limitation. Our results do

not fully support this explanation, because local factors did not predict composition in

pine-rockland domes. Third, heterogeneity within each matrix type affects dispersal

pathways and thereby disrupts simple community-distance relationships (Watling et al.

2011). We found a strong relationship between matrix characteristics and assemblages in

both dome types, which may indicate an effect of matrix-mediated connectivity.

Landscape connectivity is a function of dispersal ability of organisms and the resistance

of matrix features (Tischendorf and Fahrig 2000; Ricketts 2001; Vandermeer and Carvajal

2001; FitzGibbon et al. 2007). When the matrix is heterogeneous, migration rates among

patches may be greatly influenced by matrix characteristics and less by distance (Stevens

et al. 2006; FitzGibbon et al. 2007). We measured vegetation structure, which is known to

vary with microtopography and moisture conditions in BCNP and therefore may provide a

better proxy for hydrologic connectivity than water depth measured at a coarse temporal

resolution (Duever et al. 1986). During periods of dry-down, we observed that standing

water was patchily distributed within each matrix type and that some aquatic organisms

would use these drying waterways. This suggests that connectivity in this system may be

more dependent upon matrix microtopography than on geographic distances among domes.

In addition to potentially mediating connectivity, the strong relationship between matrix

characteristics and community composition could simply reflect variation in habitat quality

of the matrix for aquatic vertebrates in BCNP (Vandermeer and Carvajal 2001, Kupfer

et al. 2006). The level of contrast between patch and matrix habitat may be important for

determining the degree to which matrix represents inimical habitat or actually extends the

resource base beyond the primary-patch boundary (Kupfer et al. 2006). Because we did not

sample in the matrix, we cannot comment directly on which species in this study used the

matrix. However, it is likely that lower patch-matrix contrast and longer hydroperiod

within cypress-prairie allow some species to access more resources for longer periods of

time, effectively increasing total habitat area (Figs. 1, 3). This explanation is supported by

the observation that the cypress-prairie domes had higher diversities and higher abun-

dances of aquatic organisms than domes in the pine-rockland matrix.

Predation and refuge availability are known to be important variables structuring

freshwater communities (Morin 1981; Wellborn et al. 1996; Jackson et al. 2001; Cottenie

and De Meester 2004). Matrix environmental variables may also reflect variation in refuge

availability and in turn, the ability of prey species to persist within sites where predators
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are present. As in terrestrial systems, the extent to which aquatic organisms use the matrix

is likely species dependent. If matrix quality benefits some species and not others, the

outcomes of competitive interactions, and predator–prey dynamics could be a function of

matrix characteristics.

Conclusions

In this study, the common assumption that the matrix has negligible effect on metacom-

munity patterns was not concordant with our observations. In contrast, our data suggest that

the matrix in this system is an important environmental filter influencing the structure of

local communities. The matrix may act as a dispersal filter determining which species can

readily migrate amongst domes or as seasonally-available habitat that extends the resource

base beyond the boundaries of the dome. However, caution should be taken when inter-

preting these observations; as with all natural experiments, there is the inherent possibility

that unmeasured factors could confound the observed effects. More work is needed, such as

mark-recapture studies, manipulations of pond connectivity, and sampling of matrix

assemblages, to draw strong inferences about underlying processes contributing to

observed patterns in this system.

The influence of the matrix has rarely been considered in studies using a metacom-

munity approach (but see Davies 2005) despite a growing number of reports that show

landscape composition can influence patterns of species richness, abundance and occu-

pancy in habitat patches (Carr and Fahrig 2001; Pellet et al. 2004; Gagné and Fahrig 2007;

Attum et al. 2007; Eigenbrod et al. 2008), and can also influence probability of movement

among patches (Ricketts 2001; FitzGibbon et al. 2007). The lack of agreement between our

results and any single metacommunity framework suggests that processes not yet con-

sidered by metacommunity theory or processes from multiple metacommunity models may

be important in the study system. Other studies have observed a general lack of fit between

observed patterns and metacommunity predictions (Richter-Boix et al. 2007; Vansc-

hoenwinkel et al. 2007; Driscoll and Lindenmayer 2009; Werner et al. 2009), which should

raise questions about the potency of metacommunity theory in conservation practice.

Given the potential importance of the matrix in modifying the effects of habitat loss and

fragmentation, future conservation research should focus on identifying general patterns

associated with matrix identity and complexity. Reconciling the metacommunity approach

with perspectives from landscape ecology may aid the development of patch-based com-

munity models with greater predictive power while sacrificing little of the generality

offered by metacommunity models. For example, landscape measures (e.g., geographic

isolation) derived from island models tend to be relatively poor predictors of migration

rates (Bender and Fahrig 2005) and relative abundances (Watling et al. 2011) when the

matrix is complex, while measures of isolation that account for matrix heterogeneity can be

more informative (McRae and Beier 2007). Understanding the general contexts in which

the matrix is an important mediator of patch processes will aid in the development of

landscape models that can be used for conservation planning. Because most fragmented

systems are inherently heterogeneous, it is reasonable to predict that the matrix frequently

plays a role in shaping community patterns.
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