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Insights gained from metapopulation and metacommunity biology indicate that the 

connectivity of subpopulations and communities by species dispersal can profoundly 

impact population dynamics, community structure, and ecosystem attributes.  Recent 

advancements in metacommunity theory further suggest that the rate of species dispersal 

among local communities can be important in altering local and regional species richness 

and ecosystem functioning.  The role of species dispersal rates relative to patch-type 

heterogeneity and associated intrinsic community structuring mechanisms (competition, 

predation) in affecting diversity of multi-trophic communities, however, remains 

unknown.   Here, I address the relative influence of regional and local processes in 

altering species richness and ecosystem functioning at multiple spatial scales in 

freshwater pond metacommunities.  In a series of experiments, I employed pond 

mesocosm metacommunities to manipulate planktonic species dispersal rates and the 

incidence of top predators which differed in prey selectivity.  The consequences of 

dispersal and predation to zooplankton species richness, trophic structure, ecosystem 

stability, and prey traits were evaluated.  Generally, my findings support predictions from 

metacommunity models, and demonstrate that dispersal strongly affects community and 

ecosystem-level properties.  In accord with dispersal-diversity theory, dispersal rate 
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affected species richness and ecosystem stability at multiple spatial scales.   The 

presence, but not the rate, of dispersal had strong effects on the partitioning of biomass 

amongst producers, grazers, and top predators.  The relative influence of predation on 

local and metacommunity structure varied across experiments and largely depended upon 

predator identity and the degree of feeding specialization.  The research presented herein 

is some of the first work to evaluate how species dispersal rates can affect dispersal-

diversity relationships, diversity-stability relationships, trophic structure, and the 

distribution of prey traits in metacommunities.  In addition to advancing ecological 

theory, the results have important implications for conservation as fragmented landscapes 

become increasingly prevalent, and local and regional biotas modified. Ultimately, it 

proves critical to identify drivers of local and regional species richness in order to 

maintain biotic integrity at the global scale.  
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Chapter 1 

 
DISPERSAL-DIVERSITY AND ECOSYSTEM STABILITY RELATIONSHIPS IN 

EXPERIMENTAL POND METACOMMUNITIES 

 

ABSTRACT 

Mechanisms affecting patterns and directionality of diversity-stability relationships 

remain highly controversial in ecology.  A recent interest in diversity generated through 

species dispersal among local communities yields promising but largely untested 

predictions of novel mechanisms behind biodiversity and ecosystem stability.  In this 

study, I experimentally evaluated the relative importance of dispersal rate and local 

predation perturbations in affecting diversity and stability in metacommunities.  To test 

the relative roles of local and regional processes, I constructed pond metacommunities 

composed of three mesocosm communities, where two of the three communities 

maintained constant food webs to reflect ‘press’ predation disturbances, one with and one 

without fish (Lepomis macrochirus), while the third community experienced simulated 

fish colonization-extinction to reflect ‘pulsed’ predation disturbances.  These triads of 

pond communities were connected at either no, low (5% wk-1), or high (140% wk-1) 

planktonic dispersal.  Dispersal rate generated unimodal local dispersal-diversity 

relationships in zooplankton species richness. The response of local ecosystem stability to 

dispersal was additionally rate-dependent, where low dispersal communities exhibited 

enhanced stability relative to high dispersal communities.  In contrast to dispersal, 

predation only altered diversity.  The demonstrated consequences of dispersal rate to both 

diversity and ecosystem stability have important implications for the role of connectivity 

in affecting the spatial patterning of diversity and stability across patchy landscapes.  The 

results emphasize the importance of regional influences on biodiversity and ecosystem 

stability, and justify adopting a metacommunity approach to diversity-stability 

relationships. 



                                                                                                                                    

INTRODUCTION 

A long-standing interest in the relationship between species diversity and ecosystem 

stability arises from the pressing need to understand consequences of human-mediated 

extinctions and invasions to ecosystem processes (Elton 1958).  Dating back to the 

conceptual models of MacArthur (1955) and Elton (1958), theory predicts that more 

speciose communities will exhibit enhanced stability and resistance to disturbance.  A 

quantitative extension of these ideas suggests that the weak interspecific interactions 

found in more diverse communities can stabilize ecosystems (McCann et al. 1998).  

Other models (notably May 1972), however, demonstrate a negative relationship between 

diversity and stability.  Reflecting these contradictory lines of theory, observational and 

empirical works show both positive and negative correlations between diversity and 

ecosystem stability (reviewed in Pimm 1984, McCann 2000, Ives and Carpenter 2007).  

Empirical approaches to testing these relationships often center on ecosystem response to 

manipulations of diversity within one trophic level at the scale of a community (Loreau et 

al. 2001, Ives and Carpenter 2007).  A burgeoning interest in multi-scale diversity 

generated through species dispersal among local communities within a metacommunity 

(Leibold et al. 2004, Holyoak et al. 2005), however, yields promising but largely untested 

predictions of novel mechanisms behind relationships of biodiversity and ecosystem 

stability (Loreau et al. 2003a, 2005).     

 The rate of species dispersal among local communities can alter species richness 

(reviewed in Cadotte 2006a) and may additionally affect ecosystem stability (Loreau et 

al. 2003b, Holt 2004).  Competitive metacommunity models predict that local diversity 

and ecosystem stability will be maximized at intermediate rates of species dispersal 

(Mouquet and Loreau 2002, Loreau et al. 2003b).  At low to intermediate dispersal in the 

metacommunity, source-sink dynamics (mass effects; Schmida and Ellner 1984) can 

increase local species richness by maintaining competitors in communities where they are 

excluded in the absence of dispersal.  This increase in richness and associated 

compensatory dynamics serves to stabilize the ecosystem through a decrease in the 

fluctuation of productivity.  In competitive metacommunities under high dispersal, 
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however, global colonization and local dominance by a regionally superior competitor 

may reduce both local and regional richness (Mouquet and Loreau 2002, 2003), thus 

acting to destabilize local ecosystems (Loreau et al. 2003b).  While empirical data 

generally support dispersal-diversity predictions of competitive metacommunity models 

(reviewed Cadotte 2006a), no experiments evaluate how diversity and ecosystem stability 

covary in response to dispersal rate (as proposed by Loreau et al. 2003b).   Moreover, no 

predictions exist for how the response of ecosystem stability to disturbance will be 

affected by dispersal rates in the metacommunity.  The joint response of species richness 

and ecosystem stability to disturbance in metacommunities will likely depend upon 

species dispersal rates and whether the disturbance reflects a fluctuating ‘pulse’ 

perturbation or a constant ‘press’ perturbation (sensu Ives and Carpenter 2007).  

 Metacommunity theory suggests that predation perturbations from the top 

predator in the ecosystem can strongly affect stability (Post et al. 2000, McCann et al. 

2005) and local species richness (Shurin and Allen 2001, Kneitel and Miller 2003).  For 

example, pulse predation from a mobile top predator may destabilize spatially 

compressed food webs in the metacommunity (McCann et al. 2005).  It remains unclear 

how this destabilizing effect might vary under different dispersal rates of lower-order 

species and the subsequent changes in local richness associated with mass effects.  

Competitive metacommunity models further suggest that the relationship between 

dispersal rate and local species richness can change as a function of community response 

to predation (Kneitel and Miller 2003).  The predicted unimodal relationship between 

dispersal and diversity may be dampened or enhanced, depending upon whether the 

predator excludes species (e.g. Kneitel and Miller 2003, Cadotte et al. 2006) or 

suppresses dominant competitors and facilitates local coexistence (e.g. Shurin 2001).  

The consequences of predation to local species richness can additionally feedback to 

affect predator efficiency within the local community.  For instance, coexisting non-prey 

species can reduce predator consumption rates through a negative response of predation 

efficiency to non-prey richness (Kratina et al. 2007).  Following these insights, one might 

predict that non-prey species maintained by dispersal in a local community under press or 
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pulse predation will serve to stabilize local ecosystems relative to less speciose 

communities or communities with larger prey to non-prey ratios.  

 Here, I empirically evaluate the consequences of species dispersal rates and food 

web perturbations from predation to diversity and ecosystem stability in pond 

metacommunities.  The natural variation in the spatial arrangement of ponds 

encompasses a broad range of dispersal rates in passively dispersed pond plankton, thus 

providing a model system in which to test for effects of dispersal rate on community and 

ecosystem-level properties (Michels et al. 2001, Cottenie et al. 2003, Leibold and 

Norberg 2004).  Previous works have shown that the dispersal rate of zooplankton in 

pond metacommunities can influence zooplankton species richness (Michels et al. 2001, 

Shurin 2001, Cottenie and De Meester 2004).  Moreover, size-selective planktivory by 

top predators in freshwater ecosystems is established to have strong effects on 

zooplankton diversity (Shurin 2001, Hessen et al. 2006) trophic structure (Leibold et al. 

1997, Howeth and Leibold 2008) and stability (Post et al. 2000).  Size-selective 

planktivores typically generate distinct ‘prey’ and ‘non-prey’ functional groups of 

zooplankton classified by body size (Brooks and Dodson 1965, Soranno et al. 1993, Ives 

et al. 1999).  Thus, the differential response of prey and non-prey to dispersal and 

predation can be conveniently measured in pond ecosystems.  

 This study tests for the effects of planktonic dispersal rate and predation 

perturbations from the size-selective planktivore, bluegill sunfish (Lepomis macrochirus), 

on the covariation of zooplankton diversity and ecosystem stability in experimental pond 

metacommunities.  A pond metacommunity consisted of three mesocosm communities, 

where two of the three communities maintained stable food web configurations to reflect 

press predation disturbances, one with and one without fish, while the third community 

experienced simulated fish colonization-extinction to reflect pulsed predation 

disturbances.  The triads of pond communities did not differ in initial richness of 

planktonic species and were connected at either low or high global planktonic dispersal.  

Low dispersal approximated 7% of the demographic turnover rate of zooplankton in this 

experiment (0.10 per day; Gillooly 2000), while high dispersal approximated 200% of the 
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turnover rate.  These dispersal thresholds represent natural dispersal rates in pond 

metacommunities, and were determined by combining insights of zooplankton dispersal 

in hydrologically connected ponds (Michels et al. 2001) with estimates of generation 

times in zooplankton (Gillooly 2000) and dispersal-diversity and stability predictions of 

metacommunity models (Mouquet and Loreau 2002, Loreau et al. 2003b, Mouquet and 

Loreau 2003).  The response of species diversity and ecosystem stability to dispersal and 

predation in metacommunities open to dispersal were contrasted with responses in closed 

control communities.  Further, the richness response of L. macrochirus prey, the large-

bodied zooplankton, and unsuitable prey, the small-bodied zooplankton was evaluated.   

 I expected dispersal rate and predation perturbations to generate spatially-explicit 

patterns of species diversity and ecosystem stability in metacommunities.  Following the 

mass effects metacommunity models of Loreau et al. (2003) and Mouquet and Loreau 

(2002, 2003), I predicted that (i) communities closed to dispersal would support fewer 

species than communities under low dispersal and would be more unstable than 

communities under low or high dispersal.  (ii)  Metacommunities under low dispersal 

would maintain higher local diversity through source-sink dynamics, and would 

additionally exhibit more stable ecosystems relative to closed and high dispersal 

metacommunities.  (iii)  Metacommunities under high dispersal would support smaller 

regional species pools and reduced local diversity relative to closed and low dispersal 

metacommunities, and would be less stable than low dispersal metacommunities.  

Additionally, I predicted that predation would either strengthen or weaken the 

hypothesized unimodal local dispersal-diversity relationship (following Kneitel and 

Miller 2003) and that the relationship would depend upon the differential responses of 

prey and non-prey to predation and dispersal rates.   

 

MATERIALS AND METHODS 

The experiment was performed at the Experimental Pond Facility of Kellogg Biological 

Station (Michigan State University, Hickory Corners, Michigan, USA) from June to 

September 2004.  An experimental metacommunity consisted of three 322 L 

5 
 

 

 



                                                                                                                                    

polyethylene stock tank mesocosms (Figure 1.1).  Each mesocosm metacommunity was 

replicated four times for each dispersal treatment, yielding a total of 36 mesocosms in the 

experiment.  

 

Experimental metacommunity design 

Tanks were acid washed and filled with 20 L of silica sand for substrate, and 300 L of 

well water.  Well water was measured for ambient levels of total nitrogen (N) and 

phosphorus (P) using spectrophotometric methods.  N (NaHNO3) and P (NaH2PO4) were 

subsequently added to each tank to achieve target nutrient levels of 2100 µg L-1 N and 

150 µg L-1 P.  Weekly additions of N (0.173 g tank-1) and P (0.009 g tank-1) maintained 

target levels and offset 5% day-1 loss of nutrients to the bottom substrate (Leibold, 

unpublished data).  All mesocosms received 150 mL of a mixed pond water inoculum 

containing a diverse regional assemblage of zooplankton, algal, and bacterial 

communities representative of biota from 12 south-central (Barry and Kalamazoo 

Counties) Michigan ponds.  Mesocosms were additionally inoculated with six snails 

(Physa spp.) to establish grazer populations which regulate periphyton growth and aid in 

the recycling of nutrients.  Pond mesocosms, regardless of future fish occupancy, 

received one 250 L floating cylindrical fish enclosure constructed of 13 mm polyethylene 

tubing and 9.5 mm square nylon mesh netting.  Mesocosms were covered with 45% 

shade cloth and 1 mm screen mesh lids to mimic natural levels of ultraviolet radiation 

protection found in shaded Michigan ponds and to exclude immigration of external 

organisms.   

Lepomis macrochirus was introduced to fish enclosures after one month of 

allowing planktonic communities to reach near-equilibrium.  One 1-year old L. 

macrochirus (range 42–58 mm SL) was randomly added to one of the two press 

predation communities in each metacommunity, and half of the pulse predation 

communities.  This density of L. macrochirus is similar to that found in natural lakes of 

the region (Mittelbach and Osenberg 1993).  To simulate colonization-extinction 

dynamics in the pulse predation communities, fish incidence was manipulated by moving 
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fish among these communities every three weeks.   

Planktonic dispersal within metacommunities of the low dispersal treatment was 

simulated by manually moving water within the triads once per week using an integrated 

depth polyvinyl chloride (PVC) sampler (5% tank water volume per week; 8 L week-1 

transferred from each of the two press communities to the pulsed predation community 

and 8L subsequently transferred back to each press community; Figure 1.1a).  This low 

dispersal rate approximates natural levels of zooplankton dispersal among ponds in 

south-central Michigan (Cohen and Shurin 2003).  To achieve high dispersal rates (140% 

tank water volume per week; 62.2 L day-1), water was transferred within 

metacommunities using a centrifugal water pump and 19 mm PVC pipe (Figure 1.1b).  

Based upon data presented in Michels et al. (2001), this rate approximates an upper 

dispersal limit found among natural ponds that are hydrologically connected.  Each 

community in the no dispersal and low dispersal treatments supported a pump and PVC 

loop to control for possible pump-induced effects on plankton mortality sustained in the 

high dispersal treatment (Figure 1.1a).  All pumps were activated for two minutes daily 

during the evening (19:30 to 19:32 hr), when zooplankton were distributed throughout 

the water column during diel vertical migration.  

 

Sampling 

Mesocosm metacommunities were sampled for zooplankton every seven days over a 12 

week period using a 1 L depth-integrated PVC sampler to remove 10.5 L of water from 

each tank.  Ten liters of the sample were filtered through 80 µm mesh to isolate 

zooplankton.  Zooplankton samples were cleaned manually to rid of debris and were 

preserved in 5% acid-sucrose Lugol’s iodine solution for later microscopic enumeration 

in the laboratory.  Following Smith (2001), cladoceran zooplankton were identified to 

species for Alona affinis, Ceridodaphnia reticulata, Chydorus sphaericus, Daphnia 

pulex, Pleuroxus denticulatus, Scapholeberis mucronata, and Simocephalus serrulatus 

(species hereafter referred to by genus) and copepods were identified to the orders 

Calanoida and Cyclopoida.  Pond ecosystem productivity, assayed by dissolved oxygen, 
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was measured once weekly concurrent with zooplankton sampling.  Dissolved oxygen 

was measured with a probe (YSI Oxygen Probe; YSI Environmental, Yellow Springs, 

Ohio, USA) at sunrise and sunset in 3 L of water removed from each tank with a depth-

integrated sampler.   

 

Diversity and ecosystem stability 

To evaluate the effects of planktonic dispersal and L. macrochirus predation on species 

diversity, zooplankton species richness was measured at local (community) and regional 

(metacommunity) spatial scales for each pond metacommunity over the duration of the 

experiment.  Local species richness represents the total number of species or taxonomic 

groups (for copepods) assayed within a community on a given sample date.  Regional 

species richness represents the sum of unique species or taxonomic groups sampled in the 

three communities of the metacommunity on a sample date.  Additionally, an index of 

beta diversity, Sorenson’s dissimilarity (1 – Sorenson’s quantitative index; Bray and 

Curtis 1957), measured the influence of dispersal rate on dissimilarity of zooplankton 

community composition in the two press communities, those expected to differ most. 

 Local and regional zooplankton species richness was further assessed within two 

functional groups defined by L. macrochirus prey suitability.  Cladoceran zooplankton in 

the family Daphniidae (Ceriodaphnia, Daphnia, Scapholeberis, Simocephalus) are 

generally considered prey of L. macrochirus and are hereafter referred to as ‘prey.’  The 

remaining taxa in the experiment, the cladocerans Alona, Chydorus, Pleuroxus, and 

calanoid and cyclopoid copepods are considered unsuitable prey and are hereafter 

referred to as ‘non-prey.’   

 The response of pond ecosystem stability to dispersal and predation was evaluated 

as the amplitude of fluctuation in productivity, where productivity was calculated as the 

change in dissolved oxygen within a pond mesocosm during the 12 hour period between 

oxygen samples (following Downing 2005).  This productivity response variable 

incorporates multi-trophic processes and respiration occurring within the ponds, and 

differs from that of Loreau et al. (2003b), where species biomass was the chosen measure 
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of productivity.  Ecosystem stability was measured as both the temporal and spatial 

stability of ecosystem production over the 12 week experiment, as determined by the 

coefficient of variation (CV) corrected for bias in estimation of the standard deviation 

(Sokal and Rohlf 1995).  Local temporal stability addressed the CV of ecosystem 

productivity within a pond mesocosm through time.  Regional temporal stability 

represented the CV of mean productivity of the three communities in the metacommunity 

for the 12 sample dates (following Loreau et al. 2003b).  Spatial stability determined the 

CV in ecosystem production across the three communities in a metacommunity for a 

given sample date, and was calculated for all 12 sample dates.  

 Diversity and CV values were assessed for normality with a Shapiro-Wilks test 

prior to analysis with ANOVA.  Diversity data were analyzed over the entire experiment 

and the final seven weeks (to align with Howeth and Leibold 2008), using repeated 

measures ANOVA.  Statistical analyses were performed in STATISTICA v6.1 (StatSoft 

Inc., Tulsa, Oklahoma).   

 

Community Composition 

In order to evaluate the response of zooplankton community composition to planktonic 

dispersal and L. macrochirus predation, a two-way permutational multivariate analysis of 

variance (Anderson 2001) was performed on all zooplankton, L. macrochirus prey, and 

non-prey in PERMANOVA v6 (Anderson 2005).  Analyses were conducted on Bray-

Curtis dissimilarity measures calculated from log (x+1) transformed density data 

generated from a mean of sampling weeks 4 through 9.  This six week time period 

encompasses one full fish colonization-extinction cycle completed prior to the observed 

negative seasonal impact on zooplankton densities, a temporal effect previously 

documented in limnetic ecosystems (Soranno et al. 1993).  In the Bray-Curtis distance 

measure, abundant and rare species contribute equally to the dissimilarity between sites.  

Thus, Bray-Curtis is especially appropriate for normalized density data (Legendre and 

Legendre 1998).  For those effects shown to be statistically significant at an α of 0.05, 

post-hoc pairwise comparisons with the PERMANOVA t statistic were subsequently 
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used to assess treatment differences.  All tests were performed using 10,000 unrestricted 

permutations of the Bray-Curtis distance measures.  

 To determine the response of individual taxa to dispersal rate and predation 

regime, an indicator species analysis, IndVal (Dufrene and Legendre 1997), was 

employed in PC-ORD (version 4; McCune and Mefford 1999).  In this method, an 

indicator value (I.V.) represents a percentage score corresponding to a species strength of 

treatment specificity and fidelity, as determined by species densities, where a score of 

100 is a perfect predictor or ‘indicator’ of the treatment.  The I.V. score is based only on 

within-species density comparisons and is thus independent of other species responses.  

For communities under a press disturbance, species density data for weeks 4 through 9 

were averaged for the analysis.  For communities under a pulse predation disturbance, 

one predator colonization-extinction event per community was evaluated by averaging 

species density data for each of two predation (presence-absence) regimes, sampling 

weeks 4, 5, 6 and weeks 7, 8, 9.  Density data were log (x+1) transformed to reduce 

variance prior to analysis.  Statistical significance of a species’ I.V. was evaluated by 

comparing the observed I.V. to a null distribution generated through 10,000 Monte Carlo 

permutations.  The proportion of simulated I.V. greater than or equal to the observed I.V. 

determined significance for an α of 0.05.   

 
RESULTS 

Species richness and ecosystem stability 

Dispersal rate significantly influenced zooplankton species richness at both local and 

regional spatial scales (Table 1.1, Figure 1.2a, b).  Metacommunities under low dispersal 

maintained a larger regional species pool than metacommunities closed to dispersal but 

did not differ in richness from high dispersal metacommunities.  Further, regional 

richness in closed and high dispersal metacommunities did not differ (Figure 1.2a).  This 

effect of dispersal varied over time, as there was only a significant influence of dispersal 

rate on regional species richness over the final half of the experiment.  Relative to 

regional richness, local richness responded more strongly to dispersal (Figure 1.2b).  A 
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unimodal relationship between local species richness and dispersal rate resulted from low 

dispersal communities supporting a greater number of species than communities closed to 

dispersal or under high dispersal.  There was a negative effect of L. macrochirus 

predation on local species richness over the duration of the experiment, where the 

predator excluded species in press predation communities relative to press communities 

without the predator.  Additionally, there was an interactive effect of predation and 

dispersal on local species richness.  In contrast to the significant effects of dispersal rate 

on local and regional richness, there was no influence of dispersal on beta diversity in the 

press communities over the final half, or entire duration, of the experiment (rmANOVA 

12 week; dispersal F 2,9 = 2.42, P = 0.144; time F 11,99 = 4.12, P < 0.001; time X dispersal 

F 22,99 = 0.94, P = 0.547; rmANOVA 7 week; dispersal F 2,9 = 2.86, P = 0.109; time F 6,54 

= 4.12, P = 0.044; time X dispersal F 12,54 = 1.27, P = 0.265).   

 Evaluating effects of dispersal and predation on species richness within functional 

groups defined by prey suitability reveals differential dispersal-diversity relationships.  

There was no influence of dispersal rate on regional or local species richness of prey 

(Table 1.1, Figure 1.2c, d).  In contrast, non-prey regional and local richness exhibited a 

strong unimodal response to dispersal rate (Figure 1.2e, f).  Metacommunities under low 

dispersal maintained a greater number of non-prey species than metacommunities closed 

to dispersal or under high dispersal.  Local non-prey richness also substantially increased 

under low levels of dispersal in the metacommunity.  Neither prey nor non-prey richness 

responded to predation (Figure 1.2d, f).   

 Dispersal rate affected temporal ecosystem stability at local and regional spatial 

scales (Figure 1.2g, h).  Regional stability in ecosystem productivity increased (CV 

decreased) in low dispersal metacommunities relative to communities under high 

dispersal (one-way ANOVA; dispersal, F 2,9 = 7.58, P = 0.012; post-hoc Tukey’s HSD; 

no dispersal versus low dispersal, P = 0.078, no dispersal versus high dispersal, P = 

0.418, low dispersal versus high dispersal, P = 0.010; Figure 1.2g).  At the local scale, 

dispersal rate significantly influenced ecosystem stability while disturbance from 

predation did not (two-way ANOVA; dispersal, F 2,27 = 6.30, P = 0.006; predation, F 2,27 
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= 2.40, P = 0.109; dispersal X predation, F 4,27 = 0.60, P = 0.663).  Low dispersal 

communities exhibited enhanced stability in ecosystem production relative to high 

dispersal communities (post-hoc Tukey’s HSD; no dispersal versus low dispersal, P = 

0.211, no dispersal versus high dispersal, P = 0.184, low dispersal versus high dispersal, 

P = 0.004; Figure 1.2h).  In contrast to the strong effects of dispersal on the temporal 

stability of pond ecosystem production, there was no effect of dispersal, time, or their 

interaction on the spatial stability of productivity in the metacommunity (rmANOVA 12 

week; dispersal F 2,9 = 3.12, P = 0.093; time F 11,99 = 3.31, P = 0.102; time X dispersal F 

22,99 = 3.11, P = 0.094).  

 

Community Composition 

For the nine zooplankton taxa in the study, there was an effect of dispersal rate and 

predation regime on community composition (Table 1.2).  There was, however, no 

significant interaction between dispersal and predation.  Differences between 

zooplankton community assemblages existed for all post-hoc pairwise comparisons of the 

three dispersal treatments.  Pairwise comparisons of the three predation treatments 

revealed that communities under press predation differed in composition from press 

communities without the predator and pulsed predation communities.   

 Prey and non-prey assemblages responded differentially to dispersal and 

predation (Table 1.2).  Prey communities were strongly affected by both dispersal rate 

and predation regime.   In the dispersal treatments, prey composition differed between the 

no dispersal and low dispersal communities.  Furthermore, prey assemblages differed in 

the pairwise treatment comparisons which included communities under press predation.  

Non-prey community composition responded to dispersal rate but not predation.  There 

were significant differences in non-prey community composition for all pairwise 

dispersal treatment comparisons.    

 The response of individual taxa to dispersal rate identifies key species and 

taxonomic groups responsible for changes in local and regional species richness and 

composition.  Three non-prey (Alona, Pleuroxus, cyclopoid copepods) and two prey 
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(Ceriodaphnia, Scapholeberis) taxa were strongly associated with communities open to 

dispersal (Table 1.3).  The indicator analysis assigned Pleuroxus as the strongest 

indicator species in the experiment, with I.V. values of 100 and 82 in pulse and press 

predation communities, respectively, in the low dispersal treatment (Figure 1.3a-c).  

Pleuroxus typically went extinct in communities closed to dispersal and 

metacommunities under high dispersal around sampling weeks 4 and 6.  As a robust 

indicator of the low dispersal treatment, Pleuroxus is thus largely responsible for the 

unimodal relationship between local species richness and dispersal rate.  Alona and 

Scapholeberis were also indicators of the low dispersal treatment, but were present in all 

three dispersal treatments, as reflected in their lower indicator scores (Figure 1.4).  These 

two species were proportionally more abundant in low dispersal communities and 

consequently contributed to differences in community composition, but not richness.  

Ceriodaphnia and cyclopoid copepods were relatively weak indicators of the high 

dispersal pulse predation communities and were thus also in part responsible for 

dispersal-induced changes in community composition, but not richness (Figure 1.4).   

 In contrast to the response of numerous zooplankton taxa to dispersal, only a few 

taxa were significantly affected by predation (Table 1.3).  Daphnia was a strong indicator 

of communities where the predator was absent, including both the press predator-free 

communities (I.V. = 85) and pulsed predation communities during predator extinction 

events (I.V.= 62, Figure 1.3d-f).  Local extinction of Daphnia in communities under press 

predation was largely responsible for the significant negative effect of predation on local 

zooplankton species richness.  Calanoid copepods were also indicators of predator-free 

communities, and additionally contributed to the effects of predation on local species 

richness (Figure 1.4).   
 
DISCUSSION 

Dispersal rates of plankton among pond communities significantly influenced species 

richness and ecosystem stability at local and regional spatial scales in metacommunities.  

The results demonstrate that both regional (dispersal) and local (predation) processes 
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determined spatial patterns of diversity, while only dispersal affected stability.  These 

findings can be summarized into three important consequences of metacommunity 

dynamics.  First, low rates of species dispersal among communities maintained a larger 

regional species pool relative to closed metacommunities due to regional maintenance of 

non-prey species.  In contrast to the prediction of mass effects at high dispersal, the high 

dispersal metacommunities were not homogenized and did not differ in regional richness 

from closed or low dispersal metacommunities.  Second, local species richness exhibited 

a unimodal response to dispersal rate, where low dispersal communities supported more 

species than communities closed to dispersal or open to high dispersal.  The unimodal 

dispersal-diversity relationship depended upon the response of local richness to predation 

and was driven by the maintenance of non-prey species at low dispersal.  Third, regional 

and local temporal stability in ecosystem production was enhanced at low dispersal 

relative to high dispersal, although open metacommunities did not differ in stability from 

closed metacommunities.  There was no direct effect of predation perturbations on local 

ecosystem stability.   

 Counter to my hypothesis, the response of regional species richness to dispersal 

rate did not align with predictions from the mass effects metacommunity model of 

Mouquet and Loreau (2003).  Competitive metacommunity theory suggests that the 

regional species pool for single-trophic communities under high dispersal will be smaller 

than the regional pool for closed or low dispersal metacommunities due to regional 

homogenization and dominance by a superior competitor.  To date, this relationship has 

been empirically supported in zooplankton (Forbes and Chase 2002) and protist-rotifer 

(Cadotte 2006b) metacommunities, where the regional species pools were homogenized 

and reduced by high rates of species dispersal. In this experiment, however, 

metacommunities open to low levels of dispersal maintained larger regional species pools 

relative to closed metacommunities, and there was no evidence for mass effects at high 

dispersal.  The results are congruent with regional dispersal-diversity relationships 

generated through a similar multi-trophic framework in pitcher plant inquiline 

metacommunities (Kneitel and Miller 2003).  Taken together, these contrasting dispersal-
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diversity relationships produced in metacommunities which vary substantially in trophic 

complexity suggest that dispersal may interact with food web structure to shape the 

regional species pool.  The relative importance of local trophic interactions in affecting 

regional properties is well-supported by the differential regional richness response of 

prey and non-prey elucidated in this experiment.  Specifically, there was no effect of 

dispersal rate on the regional richness of prey, indicating that species sorting from L. 

macrochirus predation excluded species regardless of connectivity and the potential for 

spatial augmentation of prey populations.  Regional non-prey richness, however, 

exhibited a unimodal response to dispersal rate, where low dispersal metacommunities 

maintained the largest regional species pool.  These quantitatively different regional 

dispersal-diversity relationships yielded as a function of prey suitability indicate that 

dispersal rate and predation jointly influence regional richness.               

 In accord with mass effects metacommunity theory (Mouquet and Loreau 2002), 

local species richness exhibited a unimodal dispersal-diversity relationship.  This finding 

reinforces previous local dispersal-diversity relationships generated in natural 

(Vanschoenwinkel et al. 2007) and experimental metacommunities (reviewed in Cadotte 

2006a), including single-trophic marine microalgae metacommunities (Matthiessen and 

Hillebrand 2006) and multi-trophic pitcher plant inquiline metacommunities (Kneitel and 

Miller 2003).  The unimodal local richness relationship demonstrated in this experiment 

was largely driven by the maintenance of Pleuroxus at the low dispersal rate.  Pleuroxus, 

as a non-prey species, was competitively excluded in communities closed to dispersal and 

under high dispersal, but likely persisted at low dispersal via source-sink relations or 

complex interactions with co-occurring species. Based upon the temporal density 

dynamics and short-term persistence of Pleuroxus in press predator-free and pulsed 

predation communities closed to dispersal, it is plausible that at low dispersal these two 

communities served as a source of migrants to the metacommunity.  Regardless of the 

mechanism, the finding of dispersal-mediated coexistence at low dispersal provides 

support for the importance of spatial coupling in structuring local communities.   

 The results further demonstrate that dispersal-diversity relationships can depend 
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upon species sorting from predation perturbations, in alignment with the predictions of 

Kneitel and Miller (2003).  Communities under press predation supported fewer species 

than press predator-free communities.  This was largely a consequence of the negative 

response of Daphnia, the preferred prey of L. macrochirus (Mittelbach 1981, Mittelbach 

and Osenberg 1993), to press predation across dispersal treatments.  In contrast, the 

fluctuating environments and associated temporal refuge provided by pulsed predation 

facilitated local coexistence of Daphnia.  The importance of predation in structuring local 

communities is especially well-illustrated by the differential richness response of prey 

and non-prey to dispersal.  There was no effect of dispersal rate on prey richness due to 

strong specialized predation.  This runs counter to previous findings of the potential for 

prey dispersal to rescue prey populations from predation-induced local extinction 

(Holyoak and Lawler 1996, Shurin 2001).  In this experiment, however, predation 

pressure in communities open to dispersal increased because of a positive growth 

response of the predator to prey immigration (Howeth and Leibold 2008), thereby 

potentially overriding any beneficial effects of prey dispersal on prey populations.  The 

influence of prey dispersal on prey persistence, therefore, depends upon the relative roles 

of species sorting (e.g. predation), dispersal rate, and their interaction (e.g. predator 

efficiency enhanced by prey immigration).  In contrast to the static response of prey 

richness to dispersal, low levels of community connectivity promoted local coexistence 

of non-prey.  The unimodal non-prey dispersal-diversity relationship largely resulted 

from the successful establishment of Pleuroxus in low dispersal metacommunities.  The 

contrasting local richness response of prey and non-prey to dispersal rate suggests that 

species which are not directly impacted by the prevailing disturbance respond most 

strongly to the strength of community connectivity. 

 Low dispersal metacommunities exhibited enhanced temporal stability in regional 

ecosystem productivity relative to high dispersal metacommunities, but did not differ in 

stability from closed metacommunities.  The same dispersal-stability relationships were 

produced at the local spatial scale.  These results are partially congruent with predictions 

of the metacommunty model of Loreau et al. (2003b), where stability is maximized at 
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intermediate rates of dispersal.  However, Loreau et al. (2003b) showed that dispersal 

promotes stability relative to closed communities, yet there was no significant difference 

in stability between closed and low or high dispersal metacommunities.  Additionally, 

counter to theoretical predictions (Post et al. 2000, McCann et al. 2005), neither press nor 

pulse predation perturbations affected local stability.  This result was unexpected, as both 

classes of perturbations are well-documented to alter stability of aquatic ecosystems (e.g. 

Frost et al. 1995, Klug et al. 2000, Fischer et al. 2001).  The lack of response of 

ecosystem stability to predation suggests that communities maintained a relatively 

constant equilibrium and resistance to disturbance through time.  

 This is the first study to indicate that local species richness and ecosystem 

stability can covary in a broadly predictable response to dispersal rate, as proposed by the 

mass effects metacommunity model of Loreau et al. (2003b).  Specifically, low dispersal 

communities maintained more species and were generally the most stable.  This finding 

supports the conceptual framework set forth by MacArthur (1955) and Elton (1958), 

where more diverse communities support more stable ecosystems.  In this experiment, it 

is possible that the persistence of additional non-prey species (i.e. Pleuroxus) at low 

dispersal served to stabilize local ecosystems by increasing the number and pattern of 

weak interactions in the food web, a stabilizing mechanism proposed by McCann et al. 

(1998) and others (de Ruiter et al. 1995, Rooney et al. 2006).  Additionally, the 

establishment of Pleuroxus in low dispersal communities may have incorporated a 

functionally unique species into the local guild and contributed to enhanced ecosystem 

function via niche complementarity, as documented previously in marine 

metacommunities (France and Duffy 2006, Matthiessen et al. 2007).  While the 

experimental design does not test for causal diversity-stability relationships, the 

demonstrated consequences of dispersal rates to both diversity and ecosystem stability 

have important implications for the role of community connectivity in affecting their 

spatial patterning across patchy or fragmented landscapes.   

 In conclusion, this study finds that species dispersal rates among local 

communities can impact local and regional species richness and ecosystem stability in 
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metacommunities. The results underscore the importance of spatial coupling and 

demonstrate that dispersal can be relatively more important in determining diversity and 

stability than predation.  The differential dispersal-diversity relationships generated by 

prey and non-prey functional groups highlight the role of selective predation and its 

interaction with dispersal in shaping local community structure and the regional species 

pool. While predation in part shaped patterns of diversity, predation perturbations had no 

detectable influence on ecosystem stability.  Dispersal, in contrast, had a rate-dependent 

effect on stability.  This impact of dispersal on stability may not have been independent 

of local processes, however, as diversity and stability can feedback to affect each other in 

multi-trophic food webs which invoke complex species interactions across trophic levels 

(Worm and Duffy 2003).   

 These results emphasize the importance of regional influences on biodiversity and 

ecosystem stability.  The findings additionally yield novel insight into the potential for 

community and ecosystem-level consequences of habitat fragmentation and increasing 

habitat isolation.  They indicate that at least low levels of habitat connectivity are 

required to maintain biodiversity and ecosystem function in patchy or fragmented 

landscapes.  Finally, acknowledging different levels of connectivity across natural 

landscapes provides a unique perspective into factors affecting the strength and 

directionality of diversity-stability relationships.  Adopting a metacommunity or 

metaecosystem framework (sensu Loreau et al. 2003a, 2005) for investigating diversity 

and stability offers much promise for future theoretical and empirical advancements in 

ecology. Ultimately, a spatially-explicit approach to diversity-stability may help 

ameliorate the deeply entrenched controversy of mechanisms behind diversity-stability 

relationships (reviewed in McCann 2000).   
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(a)  High dispersal (b)  No dispersal / low dispersal 

 
 
 
 
Figure 1.1.  Schematic illustration of experimental pond metacommunities under no, low, and 
high planktonic dispersal. Each metacommunity replicate consisted of three mesocosm 
communities under heterogeneous fish predation, where two communities maintained a constant 
‘press’ disturbance and varied in the incidence of bluegill (Lepomis macrochirus) and the third 
community maintained a ‘pulse’ disturbance and experienced bluegill colonization-extinction.  
(a). Metacommunity replicate design for the no dispersal and low dispersal treatments.  (b). 
Metacommunity replicate design for the high dispersal treatment.   
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Figure 1.2.  Response of zooplankton species richness and ecosystem stability to dispersal rate 
and predation in pond metacommunities.  (a).  Regional (metacommunity) richness as a function 
of dispersal rate.  (b). Local (community) richness as a function of dispersal rate and predation 
regime. Local richness for press, no predator communities (black bars); pulse, predator 
colonization-extinction communities (hatched bars); and press, predator communities (gray bars) 
(c) and (d) prey; (e) and (f) non-prey. (g) Regional and (h) local ecosystem stability, as 
determined by the temporal coefficient of variation (CV) of dissolved oxygen. Letters denote 
post-hoc contrasts.  Richness values are mean of sampling weeks 6 through 12 ± 1 SE, n = 4.  
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Figure 1.3.  Indicator species strongly associated with dispersal and predation treatments in pond 
metacommunities.  (a-c). Pleuroxus density through time (weeks) in no dispersal (closed circles), 
low dispersal (open circles), and high dispersal (open triangles) treatments, and by predation 
regime (symbols as in Figure 1.1).  Pleuroxus was a perfect indicator of the low dispersal 
treatment under the press disturbance and a robust indicator under the pulsed predator 
disturbance. (d-f).  Daphnia was a robust indicator of predator-free press communities.  The 
incidence and density responses of Pleuroxus and Daphnia to dispersal and predation were 
primarily responsible for significant effects of these treatments on zooplankton species richness.  
Note difference in y-axis scales.  Values are mean [log (density + 1)] + 1 SE, n = 4. 
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Figure 1.4.  Indicator species weakly associated with dispersal and predation treatments in pond 
metacommunities. (a-c). Alona density through time (d-f). calanoid copepods (g-i).  
Ceriodaphnia (j-l). cyclopoid copepods and (m-o).  Scapholeberis. These indicator species 
affected a compositional response to treatments.  Symbols as in Figure 1.1.  Note difference in y-
axis scales.  Values are mean [log (density +1)] + 1 SE, n = 4.       
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Table 1.1.  Effects of dispersal and predation on regional and local zooplankton species richness, 
including all species, prey, and non-prey, as analyzed with repeated measures ANOVA.  Post-
hoc pairwise comparisons (Tukey’s HSD) are reported for significant main effects.  Significant 
probability values in italics. 
 
 
 

    
Richness response    d.f. SS F P-value Contrasts 
    
    
Regional     
    
     Dispersal 2 18.95 4.88  (2.07) <0.050 (0.182) [C, L↑*] 
    
     Time 6 4.48 1.53  0.185  
    
     Time x disp 12 6.38 1.09  (1.84)  0.385 (<0.050)  
    
    
Regional prey§     
    
     Dispersal 2 0.21 0.17  0.850  
    
     Time  6 1.95 1.01  0.428  
    
     Time x disp 12 3.62 0.99  0.475  
    
    
Regional non-prey    
    
     Dispersal 2 22.31 15.79 (7.52) <0.001 (<0.010) [C,L↑**]; [L↑,H**]; 

(C,L↑*); (L↑,H*)
      
     Time 6 0.67 0.62  0.712  
    
     Time x disp 12 3.69 1.72  (1.79)  0.088 (<0.050)  
    

 
 
 
 
 
 

 



                                                                                                                                    

 
Table 1.1.—(Cont.). 

 

 

      
Richness response    d.f    SS F P-value Contrasts 

 
    
Local     
    
     Dispersal 2 58.74 9.86 (7.23) <0.001 (<0.005) [C,L↑**]; [L↑,H**]; 

(C, L↑***) 
      
     Predation 2 15.02 2.52 (4.17)  0.099 (<0.050) (N↑,P*) 
    
     Disp x pred 4 29.31 2.46 (2.81)   0.070 (<0.050)  
    
     Time† 6 40.60 7.25 <0.001  
    
     Time x disp† 12 26.93 2.40 <0.050  
    
     Time x pred† 12 12.14 1.08  0.380  
    
     Time x disp x pred† 24 28.19 1.26  0.237  
    
    
Local prey     
    
     Dispersal 2 0.74 0.12  0.887  
    
     Predation 2 10.45 1.71  0.200  
    
     Disp x pred 4 12.95 1.06  0.395  
    
     Time  6 25.55 6.32 <0.001  
    
     Time x disp  12 19.10 2.36 <0.010  
    
     Time x pred  12 10.05 1.24  0.258  
    
     Time x disp x pred 24 11.38 0.70  0.842  
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Table 1.1.—(Cont.). 
 
 

  
Richness response d.f. SS F P-value Contrasts 
  
  
Local non-prey  
  
     Dispersal 2 55.67 28.40 <0.001 [C,L↑***]; [L↑,H***]
  
     Predation 2 0.88 0.48  0.327
  
     Disp x pred 4 3.52 0.95  0.451
  
     Time  6 1.97 1.41  0.214
  
     Time x disp  12 5.22 1.87 <0.050
  
     Time x pred  12 2.34 0.84  0.611
  
     Time x disp x pred  24 6.75 1.21  0.241
  

 
 
§ Square-root transformed 

† Greenhouse-Geisser modified probability values   

 

Probability values from 12 weeks of zooplankton biomass are noted in parenthesis, if degree of 

significance is different from the 7 week analysis.   

 
Post-hoc contrasts notation, dispersal: C = closed (no dispersal); L = low dispersal; H = high 

dispersal; predation: N = press predator-free; P = press predation; N + P = pulse predation. 

 
Contrasts significance levels: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ↑, higher richness value.   

Twelve week contrasts results are noted in parentheses, if different from the 7 week analysis.   

 

 
 
 

25 
 

 

 



                                                                                                                                    

 
Table 1.2.  Results of two-way PERMANOVA testing for effects of dispersal and predation on 
zooplankton community composition.  Post-hoc pairwise comparisons (PERMANOVA t) are 
reported for significant main effects.  Significant probability values in italics. 
 
 

   
Response variable d.f. SS F P-value Contrasts
   
   
All species   
   
     Dispersal 2 3664.44 8.29 <0.001 [C,L***]; [C,H**]; [L,H***]
   
     Predation 2 2253.09 5.10 <0.001 [N+P, P*]; [N,P***] 
   
     Disp x pred 4 432.59 0.49   0.947
   
Prey   
   
     Dispersal 2 4592.97 4.24 <0.010 [C,L**]
   
     Predation 2 7201.34 6.64 <0.001 [N+P, P*]; [N,P***] 
   
     Disp x pred 4 1599.11 0.74   0.691
   
Non-prey   
   
     Dispersal 2 3029.64 12.49 <0.001 [C,L***]; [C,H*]; [L,H***]
   
     Predation 2 405.27 1.67   0.142
   
     Disp x pred 4 282.13 0.58   0.821
   

 
 

Post-hoc contrasts notation, dispersal: C = closed (no dispersal); L = low dispersal; H = high 

dispersal; predation: N = press predator-freet; P = press predation; N + P = pulse predation   

Contrasts significance levels: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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Table 1.3.  Results of the indicator species analysis assessing the strength of zooplankton taxa association with dispersal rate (D; 0 = 
none, 1 = low, 2 = high) and predator (Lepomis macrochirus) incidence (P; 0 = absent, 1 = present) in press and pulse predation 
communities.  Observed indicator value (I.V.) and the indicator value from randomized groups (I.V.rand) are relayed, with 100 being a 
perfect indicator score.  Significant probability values in italics. 
 

  
Disturbance Press Pulse Press Pulse
  
Treatment Dispersal Dispersal Predation Predation
     
     
Species D I.V. I.V.rand P D I.V. I.V.rand P P I.V. I.V.rand P P I.V. I.V.rand P 
     
     
     
 Alona  1 42.1 36.9  0.009 1  44.1 37.3  0.002 1 54.3 53.0  0.250 1 54.7 52.6 0.249
     
 Calanoid  2 12.7 27.1  0.994 1  16.5 17.9  0.589 0 64.3 29.2 0.003 1 9.8 16.8 1.000
     
 Ceriodaphnia  2 42.4 38.5  0.222 2  47.8 37.8  0.028 0 58.3 51.2  0.133 0 55.6 50.8 0.190
     
 Chydorus  0 34.5 34.8  0.607 1  34.1 34.1  0.432 0 50.1 51.2  0.963 0 51.4 50.6 0.065
     
 Cyclopoid  1 39.0 36.6  0.092 2  37.6 35.5  0.047 1 54.6 52.7 0.166 0 51.7 51.8 0.470
     
 Daphnia  2 36.7 38.7  0.591 2  36.4 36.8  0.479 0 84.8 51.4 <0.001 0 61.8 49.0 0.035
     
 Pleuroxus  1 82.1 26.4 <0.001 1 100.0 24.3 <0.001 0 18.9 29.1  0.987 0 16.7 26.1 0.987
     
 Scapholeberis 1 41.3 37.3  0.042 1  37.2 35.7  0.122 1 51.9 53.3  0.638 0 51.3 52.0 0.602
     
 Simocephalus  0 26.8 37.1  0.968 2  28.4 32.5  0.690 1 37.7 47.1  0.974 0 38.9 40.5 0.480
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Chapter 2 

 
TROPHIC CASCADES IN METACOMMUNITIES: CAN DISPERSAL ALTER 

THE STRENGTH OF INDIRECT PREDATOR EFFECTS? 
 

ABSTRACT 

Trophic cascades, in which changes in predation affect the biomass of lower trophic 

levels, vary substantially in strength and incidence.  Most work to explain this variation 

has focused on local factors and has ignored larger regional effects.  To study how 

metacommunity dynamics can alter trophic cascades, I constructed mesocosm 

metacommunities consisting of three pond communities with heterogeneous levels of fish 

predation and examined how planktonic dispersal rate (5%-140% wk-1) affected biomass 

partitioning.  Two of the three communities differed continually in the occurrence of fish 

and supported different but constant environments in a ‘spatial trophic cascade,’ while 

the third community supported temporally variable fish occurrence in a ‘temporal trophic 

cascade.’  I found that the presence, but not the magnitude, of dispersal dampened 

temporal trophic cascades through an increase in grazer biomass.  In contrast, dispersal 

had no effect on the strength of spatial cascades due to strong sorting pressures in the 

communities with constant presence or absence of fish as top predators.   
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INTRODUCTION 

Trophic cascades, in which predation by a top carnivore indirectly alters the biomass of 

organisms at lower trophic levels, is one of the most important ways by which 

community structure affects ecosystem attributes (Brooks and Dodson 1965, Carpenter et 

al. 1987).  Natural variation in trophic cascade strength in terrestrial and aquatic 

ecosystems (Brett and Goldman 1996, Shurin et al. 2002, Shurin et al. 2006), as 

measured by the biomass response of herbivores and primary producers to the addition or 

removal of a top predator (Hairston et al. 1960, Polis et al. 2000, Shurin 2001), has 

inspired multiple experiments aimed at isolating mechanisms affecting trophic structure 

(reviewed in Leibold et al. 1997, Pace et al. 1999, Shurin et al. 2002, Borer et al. 2005).  

These studies indicate that a suite of local biotic factors, including the taxonomic identity 

of predators and associated differences in their traits (Borer et al. 2005), predator and 

herbivore behavior (Schmitz et al. 1997, Grabowski and Kimbro 2005, Byrnes et al. 

2006) and predator, herbivore, and producer species richness (Finke and Denno 2004, 

Hillebrand and Cardinale 2004, Bruno and O'Connor 2005) may all contribute to the 

variability in cascade strength via the attenuation or transmission of indirect predator 

effects.  Much of this work also suggests that a component of unexplained variation in 

trophic cascades occurs at the plant-herbivore interface (Brett and Goldman 1996, 

Leibold et al. 1997, Shurin et al. 2002).   

All of these studies indicate that various forms of community compositional 

change as a response to top predators are likely important in mediating trophic cascades.  

Recent work in metacommunity ecology has elucidated ways in which compositional 

changes in food webs can depend upon dispersal of species from the regional pool 

(Leibold et al. 2004, Holyoak et al. 2005).  These insights further indicate that dispersal 

may alter trophic interactions and regulate community response to predation.  As a 

consequence, I suggest that dispersal among communities may have substantial and 

important effects on the strength of trophic cascades by altering food web structure. 

To illustrate how dispersal may affect the strength of trophic cascades, I contrast 

predictions of trophic structure in communities closed to immigration with communities 
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open to different levels of immigration from the metacommunity.  Relative to closed 

communities, low levels of immigration may facilitate local compositional tracking of 

changes in predation (the species sorting paradigm; Leibold et al. 2004).  In contrast, high 

levels of immigration may produce strong source-sink relations among communities, 

regardless of predation (the mass effects paradigm; Leibold et al. 2004).  For example, 

according to a model of closed communities, trophic structure is purely a function of 

direct and indirect predation (Hairston et al. 1960).  In species sorting metacommunities, 

local niche space that becomes available through changes in predation may be occupied 

by immigrants and the equilibrium structure of the community results from local species 

interactions (Leibold et al. 1997, Leibold and Norberg 2004).  If the immigration rate 

exceeds local demographic rates, sorting mechanisms can be overridden (Holyoak and 

Lawler 1996), thereby augmenting biomass in a community through mass effects 

(Mouquet and Loreau 2003) and buffering changes in trophic structure.   

Local mechanisms altering trophic structure in limnetic communities, and 

specifically planktonic food webs, are especially well-understood relative to other 

ecosystems (Brett and Goldman 1996, Leibold et al. 1997) providing a model framework 

to test for and interpret effects of metacommunity processes.  Planktonic food webs are 

structured in part by size-selective planktivores that prey upon large-bodied herbivorous 

zooplankton and that can catalyze a shift in mean body size of zooplankton yielding 

communities composed of smaller-bodied species (Brooks and Dodson 1965, Rudstam et 

al. 1993, Soranno et al. 1993, Ives et al. 1999, Shurin 2001).  Grazing by large-bodied 

zooplankton often substantially reduces edible phytoplankton biomass relative to grazing 

by smaller-bodied zooplankton (Burns 1968).  As a result, size-selective planktivory can 

catalyze strong trophic cascades through indirect predator effects on primary producer 

biomass (Carpenter et al. 1985, Carpenter et al. 1987, Brett and Goldman 1996, Leibold 

et al. 1997).    

The presence of size-selective planktivores can vary temporally due to 

immigration from adjacent habitats, human-mediated invasions, and winterkills 

(Mittelbach et al. 1995, Mittelbach et al. 2006) and spatially due to these mechanisms and 
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other biogeographic processes (Masson et al. 2004).  Temporal variation in planktivory 

may generate transient trophic interactions in what I term a ‘temporal trophic cascade.’  

To date, temporal cascades are addressed by most experimental venues (e.g. enclosures) 

in studies evaluating factors affecting variation in trophic cascade strength (reviewed in 

Brett and Goldman 1996, Leibold et al. 1997).  In contrast, spatial variation in 

planktivore incidence within a metacommunity can be constant though time and yield 

what I term a ‘spatial trophic cascade.’  From a species sorting perspective, temporal 

variation of the top planktivore may allow colonization of zooplankton which possess 

suitable traits maintained from the metacommunity, facilitating establishment during 

periods of predator release and thereby tracking environmental change.  A mass effects 

perspective might predict that planktonic communities are less sensitive to temporal or 

spatial local variation in planktivore presence or absence, and that communities will 

exhibit more uniform biomass partitioning and consequently mute trophic cascades at 

high levels of planktonic dispersal (Leibold and Norberg 2004, Leibold et al. 2005).  

These insights suggest that the degree to which spatial and temporal variation of the size-

selective planktivore will affect herbivore and primary producer biomass through 

cascading predator effects can depend upon the balance between dispersal and variation 

in environmental factors leading to species sorting.   

In pond metacommunities, zooplankton dispersal is largely passive and 

individuals can be transported via wind (Caceres and Soluk 2002), animal vectors (Cohen 

and Shurin 2003), or hydrologic connections (Michels et al. 2001), and dispersal 

limitation of community composition is considered rare (Shurin 2000).  Phytoplankton 

dispersal is even less constrained along these same pathways (reviewed in Kristiansen 

1996).  However, the natural variation in the spatial arrangement of ponds and lakes 

encompasses a broad range of potential dispersal rates in the plankton (Michels et al. 

2001, Leibold and Norberg 2004).  A study evaluating the effect of zooplankton dispersal 

on population size in interconnected ponds found that even at very high levels of 

emigration from a source community (7000 ind h-1), there was little effect on population 

size in the target community (<1% 24 h-1; Michels et al. 2001), suggesting that dispersal 
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rate in the plankton must be extremely high to yield substantial mass effects.   

In this study, I test whether planktonic dispersal alters spatial and temporal 

trophic cascade strength in response to a size-selective planktivore, bluegill sunfish 

(Lepomis macrochirus Rafinesque), in experimental pond metacommunities.  By the term 

‘spatial trophic cascade,’ I refer to the contrasting community structures seen when two 

local habitats continually differ in trophic structure due the presence of a top predator in 

one habitat but not the other.  By the term ‘temporal trophic cascade,’ I refer to the 

contrasting community structures seen in one local habitat when a top predator is present 

or absent at different times due to colonization and extinction events.  I compare these 

two types of trophic cascades by using mesocosm metacommunities consisting of three 

pond communities which support two species-rich planktonic trophic levels.  I examine 

the effects of dispersal on the two kinds of trophic cascades by connecting the triads of 

pond communities at three different dispersal rates: no dispersal, low dispersal, or high 

dispersal.  These dispersal rates were calibrated to putative species sorting and mass 

effects levels by combining insights of zooplankton dispersal in natural systems (Michels 

et al. 2001, Cohen and Shurin 2003) with estimates of generation times in zooplankton 

(Gillooly 2000) and dispersal-productivity predictions of competitive metacommunity 

models (Mouquet and Loreau 2002, 2003).  Low dispersal approximated 7% of the 

demographic turnover rate of zooplankton in this experiment (0.10 per day; Gillooly 

2000), while high dispersal approximated 200% of the turnover rate.  To test for spatial 

trophic cascades under these different dispersal regimes, I contrasted the trophic structure 

of communities with fish and without fish in each metacommunity.  To test for temporal 

trophic cascades, I simulated colonization-extinction of fish in the third community of 

each metacommunity and contrasted trophic structure in the presence and absence of fish 

through time.  In order to assess the influence of dispersal on trophic cascade strength, I 

evaluated biomass partitioning among key zooplankton and phytoplankton functional 

groups.  Functional groups in this study were thus defined by susceptibility to predation.   

The following predictions were made about the strength of spatial and temporal 

trophic cascades for each dispersal treatment: (1) closed communities are structured 
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according to the top-down mechanisms proposed by Hairston et al. (1960), where fish 

negatively impact zooplankton and positively affect phytoplankton, thereby producing 

strong spatial and temporal trophic cascades (2) low dispersal communities are structured 

by species sorting, yielding a well-defined spatial trophic cascade; dispersal facilitates 

planktonic tracking of fish colonization-extinction and dampens temporal trophic 

cascades (3) high dispersal communities are homogenized by mass effects; the 

metacommunity reflects the mean impact of planktivory, thus further dampening spatial 

and temporal trophic cascades relative to low dispersal communities.  

 

MATERIALS AND METHODS 

Research was conducted at the Experimental Pond Facility of Kellogg Biological Station 

(Michigan State University, Hickory Corners, Michigan, USA) from June to September 

2004 in thirty-six 322 L polyethylene stock tank mesocosms.  An experimental 

metacommunity consisted of three pond mesocosm communities (Figure 2.1).  Two of 

the three communities maintained stable food web configurations, one with and one 

without bluegill sunfish (Lepomis macrochirus), while the third community experienced 

fish colonization-extinction.  Metacommunities were subjected to one of three planktonic 

dispersal treatments: no dispersal, low dispersal, or high dispersal.  Each mesocosm 

metacommunity was replicated 4 times for each dispersal treatment.  

 

Mesocosm metacommunity design 

Stock tanks were acid washed and filled with 20 L of silica sand for substrate, and 300 L 

of well water.  Well water was measured for ambient levels of total nitrogen (N) and 

phosphorus (P) using spectrophotometric methods.  I added N (NaHNO3) and P 

(NaH2PO4) to achieve target nutrient levels of 2100 µg L-1 N and 150 µg L-1 P.  

Subsequent weekly additions of N (0.173 g tank-1) and P (0.009 g tank-1) offset 5% day-1 

loss of nutrients to the bottom substrate (Leibold, unpublished data).  All mesocosm 

communities received 150 mL of a mixed pond water inoculum containing a diverse 

assemblage of south-central Michigan (Barry and Kalamazoo Counties) zooplankton, 
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algal, and bacterial communities representative of biota from 12 ponds.  Communities 

were also inoculated with six snails (Physa spp.) to establish grazer populations that 

would regulate periphyton growth and aid in the recycling of nutrients.  Finally, all 

communities, regardless of future fish occupancy, received one 250L floating cylindrical 

fish enclosure constructed of 13 mm polyethylene tubing and 9.5 mm square nylon mesh 

netting.  Mesocosms were covered with 1 mm screen mesh and 45% shade cloth lids to 

exclude immigration of external organisms and mimic natural levels of ultraviolet 

radiation protection found in shaded Michigan ponds.   

Fish were introduced to enclosures after one month of allowing planktonic 

communities to reach near-equilibrium.  A single one year-old juvenile bluegill (range 

42–58 mm SL) was randomly added to one of the two constant communities in each 

metacommunity, and half of the colonization-extinction communities.  This density of 

Lepomis is similar to that found in natural lakes of the region (Mittelbach and Osenberg 

1993).  To simulate colonization-extinction dynamics, fish presence-absence in the target 

communities was manipulated by moving fish among target communities every 3 weeks, 

after sampling for that week.   

To simulate planktonic dispersal within a metacommunity of the low dispersal 

treatment, water was manually moved among communities once per week with an 

integrated depth polyvinyl chloride (PVC) sampler (5% tank water volume per week; 8 L 

week-1 transferred from each of the two constant communities to the community 

supporting fish colonization-extinction and 8L subsequently transferred back to each 

constant community; Figure 2.1a).  This low dispersal rate roughly corresponds to 

zooplankton dispersal among ponds in this region of Michigan (Cohen and Shurin 2003).  

To achieve high dispersal within a metacommunity (140% tank water volume per week; 

62.2 L day-1), water was transferred among communities through 19 mm PVC pipe with a 

centrifugal water pump (Figure 2.1b).  Based upon data presented in Michels et al. 

(2001), I believe that this rate corresponds to an upper dispersal limit found among 

natural ponds that are hydrologically connected.  Each community in the no dispersal and 

low dispersal treatments supported a pump and PVC loop to control for possible pump-
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induced effects on plankton mortality sustained in the high dispersal treatment (Figure 

2.1a).  All pumps were activated for two minutes daily during the evening (19:30-19:32 

hr), when zooplankton are distributed throughout the water column during diel vertical 

migration.  

 

Response variables and sampling 

Pond communities were sampled every 7 days over a 12 week period for zooplankton and 

phytoplankton using a 1 L depth-integrated PVC sampler to remove a total of 10.5 L of 

water.  Five hundred mL of water from this sample were allocated to phytoplankton 

analyses, and subsequently divided into zooplankton inedible (> 75 µm), resistant (75 ≤ 

35 µm) and edible (< 35 µm) fractions by filtering through Nitex mesh.  Active 

chlorophyll for each fraction was measured with a PHYTO-PAM™ fluorometer (Heinz 

Walz GmbH, Effeltrich, Germany).  The remaining 10 L sample was filtered through 80 

µm mesh to isolate zooplankton which were then preserved in acid-sucrose Lugol’s 

solution.  Zooplankton were identified to species (Alona affinis, Ceridodaphnia 

reticulata, Chydorus sphaericus, Daphnia pulex, Pleuroxus denticulatus, Scapholeberis 

mucronata, Simocephalus serrulatus) or order (Calanoida, Cyclopoida) following Smith 

(2001) and enumerated using a dissecting microscope.  Further, adult and juvenile stages 

of Ceriodaphnia, Daphnia, Scapholeberis, and copepods were assessed independently.  

Zooplankton dry biomass estimates were obtained from body lengths of approximately 

25 individuals of each species, genus, or order, and published body length-weight 

regressions (McCauley 1984).  Finally, fish were weighed every 3 weeks to determine 

growth rates.   

 

Spatial and temporal trophic cascades 

The strength of trophic cascades was evaluated by two different approaches.  The first 

method assessed the joint biomass response of total zooplankton and edible 

phytoplankton; whereas, the second method assessed the individual biomass response of 

fish, zooplankton, and phytoplankton.   
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 To evaluate temporal trophic cascades, I contrasted treatment-specific slopes 

generated from linear regression of zooplankton and edible phytoplankton in 

communities experiencing fish colonization-extinction (Figure 2.1).  Specifically, raw 

zooplankton and phytoplankton biomass in the presence of fish or the absence of fish was 

averaged for each of these community states over sampling weeks 3, 6, and 9.  Biomass 

data from week 12 was not used due to negative seasonal impacts on zooplankton in this 

experiment, a temporal effect previously documented in limnetic ecosystems (Soranno et 

al. 1993).  Zooplankton biomass was subsequently log transformed; phytoplankton 

biomass was log (x+1) transformed; and the data were averaged across replicates for each 

dispersal treatment.  Linear regression was applied to mean biomass for each dispersal 

treatment, and 95% confidence intervals for the slope were generated using 1,000 

bootstrap simulations in the R statistical environment (R Development Core Team 1996).  

To assess whether slopes differed by dispersal treatment, sampling distributions 

representing a difference in pairwise treatment slopes were generated through 10,000 

bootstrap simulations.  The actual difference in the treatment slopes was compared to the 

sampling distribution of simulated differences, and the proportion of simulations above 0 

(if true slope difference < 0) or below 0 (if true slope difference > 0), determined 

statistical significance for α =  0.05.   

 Spatial trophic cascade zooplankton-phytoplankton response slopes were 

generated similarly from a cross-community comparison of the constant communities 

(Figure 2.1).  Zooplankton and edible phytoplankton biomass in the constant 

communities under the presence of fish or the absence of fish was averaged for each 

community over the sampling weeks corresponding to fish colonization-extinction (wks 

3, 6, 9) in order to align the analysis with temporal cascades.  Spatial cascades were 

subsequently contrasted by the same statistical approach as the temporal cascades.   

Consequences of dispersal to trophic cascades were further evaluated by the 

individual biomass response of fish, zooplankton and phytoplankton.  I predicted that fish 

would respond positively to prey (daphniid cladocera) immigration in all communities 

and therefore evaluated growth rates with linear contrasts (no dispersal vs. low and high 
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dispersal).  In temporal trophic cascades, direct predator (fish) effects on zooplankton 

biomass, and indirect predator effects on edible phytoplankton biomass, were assessed by 

the biomass difference in the presence and absence of fish at the time steps flanking 

colonization-extinction, weeks 3, 6 and 6, 9.  The two direct and indirect predator effect 

events (wks 3,6; 6,9) were averaged for each community and the dispersal treatment 

means were compared with linear contrasts (no dispersal vs. low and high dispersal).  In 

spatial trophic cascades, direct and indirect predator effects were evaluated in cross-

community comparisons of the constant communities by first averaging zooplankton and 

edible phytoplankton biomass for weeks 3, 6, and 9 for each community. 

 

 Biomass partitioning 

Total zooplankton biomass, daphniid cladocera biomass (Ceriodaphnia, Daphnia, 

Scapholeberis, Simocephalus), and non-daphniid biomass (Alona, Chydorus, Pleuroxus, 

copepods) was analyzed for the long-term effects of planktonic dispersal, Lepomis 

macrochirus predation, and time for weeks 1-12 and 6-12 using repeated-measures 

ANOVA.  Total, inedible, resistant, and edible phytoplankton biomass fractions were log 

(x+1) transformed to reduce heteroscedasticity, and were analyzed for the same effects on 

weeks 6-12.  Earlier dates were omitted from the phytoplankton analysis as technical 

difficulties during the experiment prevented acquisition of data for weeks 4 and 5.  

Statistical analyses were performed in STATISTICA v6.1 (Statsoft Inc, Tulsa, Oklahoma, 

USA).   

 

RESULTS   

Spatial and temporal trophic cascades 

There was a negative effect of the top predator, Lepomis macrochirus, on zooplankton 

biomass and a positive effect on edible phytoplankton biomass relative to pond 

communities without L. macrochirus, yielding strong spatial trophic cascades in all 

dispersal treatments (closed spatial trophic cascade = -1.468x + 5.626, slope 95% CI: -

3.544, -0.581; low dispersal = -1.779x + 7.326, slope 95% CI: -6.92, -0.782; high 
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dispersal = -1.465x + 5.918, slope 95% CI: -6.37, -0.651; Figure 2.2a).  These spatial 

cascades showed no difference in the strength of the joint response of zooplankton and 

phytoplankton to the incidence of fish in space across dispersal treatments (bootstrapped 

spatial slopes; no dispersal vs. low dispersal, P = 0.381; no dispersal vs. high dispersal, P 

= 0.517; low dispersal vs. high dispersal, P = 0.381).   

The temporal trophic cascades also produced similar responses across dispersal 

treatments, where the low dispersal temporal trophic cascade slope (y = -0.144x + 0.917, 

slope 95% CI: -0.624, 0.264) and high dispersal temporal slope (y = -0.335x + 1.698, 

slope 95% CI: -2.26, 0.057) were somewhat muted relative to a no dispersal temporal 

slope (y = -0.770x + 3.058, slope 95% CI: -3.38, -0.099), though not significantly 

(bootstrapped temporal slopes; no dispersal vs. low dispersal, P = 0.093; no dispersal vs. 

high dispersal, P = 0.272; low dispersal vs. high dispersal, P = 0.342; Figure 2.2b).  In 

contrast, when comparing the strength of temporal versus spatial trophic cascades within 

each dispersal treatment, the temporal cascades in low dispersal communities were 

strongly dampened relative to the spatial cascades in low dispersal metacommunities due 

to joint differences in spatial and temporal trophic cascade strength in this treatment 

(bootstrapped spatial vs. temporal slopes; P = 0.002; Figure 2.2a, b); whereas, this was 

not the case in the no dispersal (P = 0.189) or high dispersal treatments (P = 0.277). 

There was a trend of increased levels of zooplankton biomass under low and high 

dispersal, regardless of the presence or absence of predators, in both temporal and spatial 

trophic cascades.  

 Assessing trophic cascades by the individual biomass response of Lepomis 

macrochirus, zooplankton, and phytoplankton, yields a different perspective of trophic 

cascade response to dispersal.  In the spatial and temporal trophic cascades, fish 

experienced increased growth rates in communities open to planktonic dispersal, and thus 

prey immigration (linear contrasts; F 1,15 = 7.93, P = 0.013; Figure 2.3a).  In spatial 

trophic cascades, dispersal did not influence direct predator effects on daphniid (linear 

contrasts; F 1,9 = 2.76, P = 0.131) or non-daphniid biomass (F 1,9 = 0.676; P = 0.432) or 

indirect predator effects on edible algae biomass (F 1,9 = 0.073, P = 0.794; Figure 2.3b, 
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d).  Within these spatial cascades, however, daphniid and non-daphniid zooplankton 

biomass differentially responded to predation.  Generally, the preferred prey of L. 

macrochirus, daphniid zooplankton, responded negatively to predation and non-daphniid 

zooplankton responded positively in all dispersal treatments (one-tailed t-tests; no 

dispersal, t = 3.86, df = 5, P = 0.006; low dispersal, t = 2.62, df = 4, P = 0.029; high 

dispersal, t = 3.36, df = 4, P = 0.014; Figure 2.3b).   

When temporal trophic cascades were measured by individual trophic biomass 

response, rather than the joint response of zooplankton and phytoplankton, dispersal 

reduced both the frequency and strength of trophic cascades (Figure 2.3c, e).  The direct 

effect of fish on daphniid and non-daphniid biomass during cascade events was not 

significantly different across dispersal treatments (linear contrasts; daphniid, F 1,9 = 1.73, 

P = 0.221; non-daphniid, F 1,9 = 1.71; P = 0.223; Figure 2.3c).  As in the spatial trophic 

cascades, daphniid zooplankton were more strongly impacted than non-daphniid 

zooplankton in communities closed to dispersal (one-tailed t-test; t = 3.34, df = 4, P = 

0.014).  Non-daphniid zooplankton exhibited a positive response to predation in 

communities closed to dispersal, while daphniid zooplankton exhibited a negative 

response.  Unlike the strong, differential responses of daphniid and non-daphniid 

zooplankton in spatial trophic cascades under low and high dispersal, daphniid and non-

daphniid mean biomass did not differ from one another within low and high dispersal 

temporal cascades, and were both negative (one-tailed t-tests; low dispersal, t = 1.54, df = 

3, P = 0.110; high dispersal, t = 1.69, df = 3, P = 0.094).   The analysis of indirect 

predator effects on edible phytoplankton biomass reveals a relatively reduced biomass 

shift in communities open to planktonic dispersal, resulting in dampened or absent 

trophic cascades in these communities (linear contrasts; F 1,9 = 5.82, P = 0.039; Figure 

2.3e).  Cascading predator effects on edible algae biomass were not apparent in 50% (n = 

2) of the low dispersal communities. 

 

Biomass partitioning 

Planktonic dispersal resulted in an overall increase in grazer biomass (Table 2.1).  During 
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the final 7 weeks of the experiment, high dispersal communities supported greater levels 

of zooplankton biomass relative to communities closed to dispersal.  When analyzed over 

all 12 weeks, low dispersal communities additionally supported elevated levels of 

zooplankton biomass.  While both daphniid and non-daphniid zooplankton biomass 

increased in open communities, non-daphniid biomass responded more strongly to 

dispersal (Table 2.1; Figure 2.4a, c).  Communities experiencing sustained predation 

from Lepomis macrochirus supported less zooplankton biomass relative to communities 

without the predator.  There were no interactive effects of dispersal and predation on 

zooplankton.  The negative effect of fish on zooplankton biomass can be attributed to the 

differential response of zooplankton functional groups to predation.  The reduction in 

grazer biomass primarily resulted from the strong negative impact of fish on daphniids, as 

the biomass of non-daphniid zooplankton did not respond to predation (Table 2.1; Figure 

2.4b, d).   

In contrast to zooplankton, phytoplankton biomass responded negatively to 

planktonic dispersal (Table 2.1).  Phytoplankton response, however, varied by functional 

group and thus the degree of edibility to zooplankton.  The overall decrease in 

phytoplankton biomass in communities open to dispersal resulted from a decrease in 

inedible algae relative to closed communities (Figure 2.4e).  Low dispersal communities 

accrued more inedible algae than high dispersal communities.  There was no effect of 

fish, or an interactive effect with dispersal, on inedible algae (Figure 2.4f).  Elevated 

levels of resistant algae were present in closed and low dispersal communities (Figure 

2.4g).  Resistant algae biomass production also increased in communities with fish 

(Figure 2.4h), suggesting a local trophic cascade response.  There were no interactive 

effects of dispersal and predation, however, on resistant algae biomass.  While edible 

algae responded to dispersal in temporal trophic cascades, there was no long-term effect 

of dispersal on edible algae (Figure 2.4i).  Fish positively affected edible algae biomass in 

communities under sustained predation in a strong local trophic cascade (Figure 2.4j).   
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DISCUSSION 

Dispersal substantially influenced trophic structure in pond communities and 

metacommunities, resulting in an overall increase in zooplankton biomass and a decrease 

in phytoplankton biomass relative to communities closed to dispersal.  The impacts of 

dispersal on trophic cascades and the partitioning of biomass among zooplankton and 

phytoplankton functional groups reveal three important and novel influences of 

metacommunity processes on trophic structure.  First, dispersal reduced the strength and 

incidence of temporal trophic cascades via dampened indirect predator effects on edible 

algae.  Dampened temporal trophic cascades in the presence of dispersal involved 

enhanced populations of non-daphniid zooplankton, and to a lesser extent daphniids.  

Second, counter to my prediction, communities open to dispersal did not differentially 

respond in the spatial trophic cascades.  This suggests that species sorting processes, here 

via the strong effects of fish predation, can still operate under a broad range of dispersal 

rates.  Third, high dispersal did not significantly homogenize local communities within a 

metacommunity supporting heterogeneous predation regimes, thereby further indicating 

that species sorting can shape community composition in the presence of substantial 

immigration.    

 Temporal trophic cascades behaved as predicted in communities under no and 

low levels of dispersal, while high dispersal temporal cascades were still apparent despite 

the prediction of local homogenization.  Planktonic communities closed to dispersal 

exhibited a classic trophic cascade response to fish planktivory, following the model of 

Hairston et al. (1960).  Low and high dispersal temporal trophic cascades, as measured by 

the biomass response of edible phytoplankton, were dampened relative to communities 

closed to dispersal.  This dampening can be attributed to an overall increase in grazer 

biomass in communities open to dispersal, and specifically a substantial increase in non-

daphniid biomass.  Elevated grazer biomass resulted in higher Lepomis macrochirus 

growth rates, indicating that the effect of dispersal-induced dampening was robust despite 

stronger predation pressure and thus the potential for amplified indirect predator effects.  

An enhancement of grazer biomass resulted in a long-term decrease in total 
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phytoplankton biomass, and specifically biomass of algal functional groups more 

resistant to grazing.  The decline in producer biomass may also be attributed to an 

increase in grazing efficiency as a function of herbivore composition and 

complementarity, as has been previously documented in marine metacommunities 

(France and Duffy 2006, Matthiessen et al. 2007).  In this study, metacommunity 

influences facilitating grazer efficiency in temporal trophic cascades may include the 

immigration and colonization of zooplankton species better suited to the fluctuating 

environment, made possible by predator tolerance or avoidance traits maintained in the 

metacommunity.  Although the experiment did not assay effects of fish predation and 

planktonic dispersal on nutrient levels, nutrient recycling rates can be modified by 

planktivory (Vanni and Layne 1997) and the interaction with dispersal could have also 

influenced producer biomass.   

 Spatial trophic cascades did not differ in magnitude across dispersal treatments 

and were strong relative to temporal trophic cascades.  The similarity in spatial trophic 

cascade response is a result of effective predation by L. macrochirus, which had 

substantial negative impacts on grazer, and specifically daphniid biomass, regardless of 

dispersal.  In this context, the constant environments likely prevented species turnover 

and changes in planktonic community composition and consequently facilitated species 

sorting.  This was reflected in the steady-state dynamics of edible algae biomass where 

there was no effect of dispersal over the duration of the experiment.  Constant, directional 

predation on daphniid zooplankton resulted in positive growth rates of non-daphniids, 

and what may be competitive release, in all dispersal treatments.  This increase of 

smaller-bodied zooplankton in response to planktivory is well-documented (Soranno et 

al. 1993, Shurin 2001).  Interestingly, non-daphniid biomass and the strength of potential 

release varied more under dispersal, and in a positive direction, suggesting that non-

daphniid immigration from the metacommunity augmented population sizes.  In temporal 

trophic cascades, signatures of competitive release in non-daphniids under fish predation 

were only evident in communities closed to dispersal, where daphniids lost through 

predation cannot be replaced by immigration.   
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 High dispersal did not produce the predicted uniform levels of biomass 

partitioning among functional groups.  This lack of metacommunity homogenization 

suggests that species sorting from fish predation continued to shape community 

composition under high dispersal, despite a planktonic dispersal rate 135% greater than 

that found in the low dispersal treatment.  For the same reason, biomass partitioning 

among functional groups did not substantially differ between low and high dispersal 

communities.  These results suggestive of strong sorting effects emphasize the 

importance of taking a multi-trophic perspective of metacommunities.  Works which 

invoke only a single trophic level in the evaluation of biomass response to dispersal, 

including both experiments (e.g. benthic marine microalgae; Matthiessen and Hillebrand 

2006) and metacommunity models (e.g. plant communities structured by competition; 

Mouquet and Loreau 2003), find more proportional responses to dispersal rate.       

 These key findings provide not only the first evidence demonstrating that 

dispersal can differentially affect temporal trophic cascade strength and biomass 

partitioning across heterogeneous landscapes, but perhaps the most convincing evidence 

demonstrating that local sorting processes can still operate at very high rates of dispersal.  

The results suggest that it is largely the mere presence of spatial coupling of community 

dynamics and not the quantitative degree of connectivity that more strongly influences 

such species sorting, at least over the realistically large range of dispersal studied here.  

This evidence of species sorting corresponds well with results from a recent meta-

analysis assessing the influence of local environmental versus regional spatial processes 

on community structure in 158 aquatic and terrestrial habitats (Cottenie 2005).  The meta-

analysis demonstrates that species sorting, via the joint effects of environmental 

heterogeneity and spatial variables, plays a stronger role relative to mass effects in 

determining community structure in these habitats.    

 Additional but limited evidence of species sorting and metacommunity influences 

on community and ecosystem properties exists.  For example, in an experiment 

contrasting the strength of planktonic biomass response to a gradient of productivity in 

microcosms composed of a local versus regional species pool, Naeslund & Norberg 
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(2006) found that under increased levels of production, zooplankton biomass in 

microcosms composed of the regional pool was enhanced, and phytoplankton biomass 

reduced, relative to microcosms composed of only the local pool.  The authors suggest 

that this response was due to increased ecological trait variance and complementary traits 

represented in the larger regional species pool.  In a pond enclosure experiment, Cottenie 

& DeMeester (2004) addressed how planktonic dispersal from the regional species pool 

can affect local community response to different environmental conditions that are also 

represented in the metacommunity.  The study demonstrated that zooplankton dispersal 

from ponds which vary in the incidence of fish and macrophytes can enhance 

zooplankton community response, in terms of compositional similarity, to local 

structuring by these same pressures.   

 The role of dispersal in the short-term dampening of indirect predator effects in 

this study may explain a component of variation in temporal cascade strength found in 

other studies of natural ecosystems (reviewed in Brett and Goldman 1996, Leibold et al. 

1997).  Dispersal may not always dampen temporal cascades, however.  For example, if 

the taxonomic identity of the top predator differed (e.g. invertebrate planktivore) in this 

experiment, or the predator had a shorter generation time, a numerical response of the 

predator to planktonic dispersal could ensue, potentially leading to a decrease in grazer 

biomass and stronger trophic cascades.  Ultimately, I suggest that the spatial coupling of 

community processes via dispersal within the metacommunity can cause variation in the 

strength of temporal trophic cascades. 

 The strong response of zooplankton and phytoplankton biomass to dispersal in 

this experiment demonstrates that connectivity can substantially alter trophic structure.  

Moreover, the differential responses of temporal and spatial trophic cascades to dispersal 

yield insight into the role of metacommunity processes in affecting compositional 

change.  Temporal trophic cascades were dampened while spatial cascades remained 

largely unaffected by dispersal because of constant sorting pressures.  This role was 

consistent over a range of dispersal rates that varied from much less than the population 

turnover rate to values that exceeded it.  Additional possible effects of dispersal, via the 
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maintenance of source-sink relations, were not seen even though I hypothesized that mass 

effects would occur at high dispersal.  The results indicate that such effects, if present, 

must require even higher dispersal rates.  The findings from this study emphasize the 

critical role of connectivity in affecting ecosystem properties, and justify a contemporary 

approach to trophic structure at the local and metacommunity scale. 
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Figure 2.1.  Schematic illustration of pond mesocosm metacommunities under no, low, and high 
planktonic dispersal.  The strength of spatial trophic cascades was determined by the response of 
zooplankton and phytoplankton biomass to the planktivorous bluegill sunfish (Lepomis 
macrochirus) in one community relative to another community where fish were absent.  The 
strength of temporal trophic cascades was determined by planktonic biomass response to 
simulated colonization-extinction of fish in one community through time.  (a).  Metacommunity 
replicate design for the no planktonic dispersal and low dispersal treatments.  (b). 
Metacommunity replicate design for the high planktonic dispersal treatment.   
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Figure 2.2.  Spatial and temporal trophic cascades as determined by the joint biomass response 
of zooplankton and edible phytoplankton to no, low, and high planktonic dispersal in pond 
metacommunities.  (a) Spatial trophic cascades in pond communities varying in the incidence of 
the top predator, bluegill sunfish (Lepomis macrochirus).  (b) Temporal trophic cascades 
representing biomass response to colonization-extinction of fish.  Solid line = no dispersal 
communities, long-dash line = low dispersal communities, short-dash line = high dispersal 
communities.  Values are mean ± 1 SE, n = 4. 
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Figure 2.3.  Biomass response of bluegill (Lepomis macrochirus), zooplankton, and edible 
phytoplankton to no, low, and high planktonic dispersal in pond metacommunities.  (a) Fish 
growth response (g / wk, n=6) in spatial and temporal trophic cascades.  (b) Direct effect of fish 
on their prey, daphniid zooplankton (black bars; µg / L biomass, fish present – µg / L biomass, 
fish absent), and on non-daphniid zooplankton (gray bars) in spatial trophic cascades and (c) 
temporal trophic cascades.  (d) Indirect effect of fish on edible algae (µg / L biomass, fish 
present – µg / L biomass, fish absent) in spatial trophic cascades and (e) temporal trophic 
cascades.  There was no difference in the strength of spatial trophic cascades across dispersal 
treatments.  In contrast, temporal trophic cascades were strongly dampened by low and high 
planktonic dispersal.  Values are mean ± 1 SE (n = 4 for zooplankton and phytoplankton).  Note 
difference in y-axis scales. 
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Figure 2.4.  Metacommunity (mean of three communities) and community biomass response of 
the five planktonic functional groups to dispersal and predation. (a) Daphniid zooplankton 
biomass in no dispersal (closed circles), low dispersal (open circles), and high dispersal (open 
triangles) treatments (b) daphniid biomass in communities without fish (black bars), 
communities with colonization-extinction of fish (hatched bars), and communities with fish (gray 
bars) under different dispersal regimes (c) and (d) non-daphniid zooplankton biomass (e) and (f) 
inedible phytoplankton biomass (g) and (h) resistant phytoplankton biomass (i) and (j) edible 
phytoplankton biomass.  Values are mean + 1 SE, n = 4.  Note difference in y-axis scales.   
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Table 2.1. Metacommunity influences of planktonic dispersal and local effects of bluegill 
(Lepomis macrochirus) predation on biomass of total zooplankton, daphniid zooplankton, non-
daphniid zooplankton, total phytoplankton, inedible phytoplankton, resistant phytoplankton and 
edible phytoplankton, as analyzed with repeated measures ANOVA. Post-hoc pairwise 
comparisons (Tukey’s HSD) are reported.  Significant probability values in italics. 
 

   
Biomass response d.f. F P-value Contrasts 

   
     

Total zooplankton     
  
     Dispersal 2 5.85 < 0.010 (<0.005)  (C, H↑*); [ (C, L↑*);  

  (C, H↑**) ] 
  
     Predation 2 3.69 < 0.050 (<0.005) (N↑, P*); [ (N↑, P**) ]
  
     Disp x pred 4 0.11   0.981 (0.848)
  
     Time 6 17.51 < 0.001
  
     Time x disp 12 3.33 <0.010
  
     Time x pred 12 1.51  0.192 (0.173)
  
     Time x disp x pred 24 0.81  0.632 (0.760)
  
  
Daphniid zooplankton  
  
     Dispersal 2 3.70  0.064 (<0.050) [ (C, H↑*) ] 
  
     Predation 2 11.57 <0.001 (N↑, P***); (N+P↑, P**);  

  [ (N+P, N↑*); (N+P↑, P***) ]
  
     Disp x pred 4 0.72  0.585 (0.375)
  
      Time 6 14.91 < 0.001
  
      Time x disp 12 3.11 <0.050 
  
      Time x pred 12 3.44 <0.050 (<0.010)
  
      Time x disp x pred 24 1.03  0.424 (0.500)
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P-value F  Biomass response d.f. Contrasts 

     
     

 Non-daphniid zooplankton    
     

<0.001       Dispersal 2 8.84 (C, L↑*); (C, H↑**);  

    [ (C, L↑**) ] 
     
      Predation 2 1.11   0.343 (0.252)  
     
      Disp x pred 4 0.90   0.476 (0.427)  
     

< 0.001       Time 6 8.10  
     

   0.075 (<0.050)       Time x disp 12 1.86  
     
      Time x pred 12 1.97    0.058 (0.084)  
     
      Time x disp x pred 24 0.47    0.957 (0.849)  
     
     
Total phytoplankton      
     

< 0.001       Dispersal 2 38.25 (C↑, L***); (C↑, H***);  

    (L↑, H***) 
      Predation 2 2.32    0.117  
     
      Disp x pred 4 1.28    0.303  
     
      Time 6 1.61    0.172  
     

< 0.005       Time x disp 12 3.13  
     
      Time x pred 12 1.12    0.353  
     
      Time x disp x pred 24 0.72    0.774  
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P-value F  Biomass response d.f. Contrasts 

  
     

Inedible phytoplankton  
  

< 0.001       Dispersal 2 38.36 (C↑, L***); (C↑, H***);  

(L↑, H***)   
  
      Predation 2 1.94   0.163           
  
      Disp x pred 4 1.01   0.419           
  
      Time 6 1.84   0.118
  

< 0.005      Time x disp 12 3.22
  
      Time x pred 12 1.20   0.302
  
      Time x disp x pred 24 0.60   0.891
  
  
Resistant phytoplankton  
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      Dispersal 2 < 0.00111.78 (L↑, H*); (C↑, H***) 
  

< 0.010 (N, P↑*); (N+P, P↑*)       Predation 2 5.70
  
      Disp x pred 4 0.31   0.868
  
      Time 6 0.67   0.610
  
      Time x disp 12 1.82   0.083
  
      Time x pred 12 0.54   0.821
  
      Time x disp x pred 24 1.50   0.117
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P-value F  Biomass response d.f. Contrasts  

      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Greenhouse-Geisser modified probability values are reported for within-subject effects.   
 
Probability values from 12 weeks of zooplankton biomass are noted in parenthesis, if degree of 
significance is different from the 7 week analysis.   
 
Post-hoc contrasts notation, dispersal: C = closed (no dispersal); L = low dispersal; H = high 
dispersal; predation: N = fish absent; P = fish present; N + P = fish colonization-extinction.  
 
Contrasts significance levels: *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ↑, elevated biomass.   
 
Twelve week contrasts results are noted in brackets, if different from the 7 week analysis.   
 
 
 
 
 
 
 
 

     
Edible phytoplankton     
     
      Dispersal 2 0.83     0.446  
     

< 0.001       Predation 2 13.71 (N, P↑***); (N+P, P↑**)  
     
      Disp x pred 4 0.15     0.964  
     

< 0.050       Time 6 3.58  
     

    0.099       Time x disp 12 2.35  
     
      Time x pred 12 0.58     0.528  
     
      Time x disp x pred  24 1.18    0.495
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Chapter 3 
 
 

PREY DISPERSAL RATE ALTERS PREY METACOMMUNITY RESPONSE TO 

FUNCTIONALLY DISSIMILAR PREDATORS 

 
ABSTRACT 
 
It is well established that large-scale spatial processes interact with community 

structuring mechanisms to determine local and regional assemblages of predators and 

their prey.  The consequences of regional predator heterogeneity and prey dispersal rates 

to prey species diversity and trait composition, however, remains unknown.  Here, I 

empirically test for interactive effects of prey dispersal rate and spatially and temporally 

heterogeneous predation from functionally dissimilar predators on local and regional prey 

diversity and body size distribution in experimental metacommunities.  An experimental 

metacommunity consisted of three pond mesocosm communities reflective of a spatial 

and temporal prey refuge from differentially size-selective macroinvertebrate predators, 

the backswimmer Notonecta ungulata and the whirligig beetle, Gyrinus sp. Mesocosm 

metacommunities were connected at either low (5% wk-1) or high (70% wk-1) global 

planktonic prey dispersal.  The results suggest that prey dispersal rate more strongly 

influenced prey richness and relative abundance than predation. Dispersal rate negatively 

affected local prey species richness, where high dispersal communities maintained fewer 

species.  There was no effect of dispersal on regional prey richness or beta diversity.  The 

frequency distribution of prey body sizes in local communities depended upon both prey 

dispersal rate and predator identity.  The findings suggest that dispersal rate can mediate 

the strength of ecological selection and can influence the local frequency distribution of 

traits in metacommunities.  They further indicate that the spatial and temporal prey 

refuges in the metacommunity were critical to maintaining a diverse regional pool of 

ecologically important prey traits.   

 
 



                                                                                                                                            

INTRODUCTION 

Large-scale spatial processes interact with community structuring mechanisms to 

determine local and regional assemblages of predators and their prey (Holt 1993).  Across 

regional spatial scales, biogeographic history (Schluter and Ricklefs 1993), predator and 

prey dispersal distances (Cronin et al. 2000, Hammond et al. 2007), and the strength of 

environmental gradients (Werner and McPeek 1994, Chase 2003) interactively determine 

predator-prey spatial co-occurrence patterns.  The taxonomic and functional diversity of 

predators represented in the landscape can additionally alter both prey assemblages and 

the spatial distribution of prey traits (Chalcraft and Resetarits 2003a, DeWitt and 

Langerhans 2003).  At the local community scale, selective predators may exclude prey 

species (Sih et al. 1985, Spiller and Schoener 1998), facilitate prey coexistence through 

suppression of dominant competitors (Paine 1966, Leibold 1996, Shurin and Allen 2001), 

or alter prey densities via apparent competition (Holt 1977, Bonsall and Hassell 1997).  

Recent advances in metacommunity ecology further suggest that predator and prey 

dispersal rates among local communities can influence local and regional predator-prey 

assemblages (Holt 1993, Warren 1996, Shurin and Allen 2001, Amarasekare 2006).  The 

consequences of spatial and functional predator heterogeneity and prey dispersal rate to 

prey trait composition, however, remains empirically unexplored.   

 The spatial frequency of prey species and prey traits maintained in 

metacommunities will depend in part upon prey dispersal rates among local communities 

(Holyoak and Lawler 1996, Warren 1996, Leibold et al. 2004, Cadotte and Fukami 2005, 

Cadotte et al. 2006).  Prey immigration may mediate the negative impact of local predator 

selectivity by delivering migrant prey representative of the range of species maintained in 

the regional pool, and may thereby reduce local prey extinction risk (Sih and Wooster 

1994, Holyoak and Lawler 1996, Shurin 2001).  Additionally, ecologically important 

prey traits directly selected by predation, including body size or avoidance behavior, may 

only persist in a local community through prey immigration.  For example, relative to 

prey communities closed to dispersal, local prey species richness (Mouquet and Loreau 

2002) and prey trait variance (Urban et al. 2008) may increase in local communities 
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experiencing low prey immigration rates from a metacommunity supporting 

heterogeneous habitats.  In this scenario, migrant prey may rescue or augment species 

previously excluded or depressed in a community because of selective predation 

(Holyoak and Lawler 1996, Shurin 2001).  At very high rates of prey dispersal, however, 

prey metacommunity composition may be homogenized as the immigration rate exceeds 

local demographic rates, thereby reducing local and regional prey richness (Mouquet and 

Loreau 2002, 2003).  Under high dispersal, local communities will support a similar prey 

trait distribution to the regional prey pool, and trait variance may increase or decrease 

relative to closed or low dispersal communities, depending upon the species maintained.  

Although prey dispersal rate may be critical in shaping prey species and trait composition 

at multiple spatial scales, the relative effects of dispersal will largely depend upon the 

functional and spatial heterogeneity represented in the regional predator pool. 

 Predator feeding selectivity (Chalcraft and Resetarits 2003b, Holt and Hoopes 

2005), spatial pattern of co-occurrence with other predators (Sih et al. 1998, Schmitz 

2007) and movement behavior in the metacommunity (Cadotte and Fukami 2005, 

McCann et al. 2005, Amarasekare 2007, Hammond et al. 2007) will likely alter local and 

regional impacts of prey dispersal rate.  The consequences of these collective predator 

effects to prey diversity remain unknown in metacommunities, where empirical work has 

primarily focused on the influence of a single predator in constant prey environments 

(e.g. Holyoak and Lawler 1996, Kneitel and Miller 2003, Cadotte et al. 2006 though see 

Warren 1996, Holyoak 2000, Cadotte and Fukami 2005 for examples with multiple 

predators).  In predator-prey metacommunities, local communities may support 

functionally dissimilar predators in both space and time.  This interplay of functional, 

spatial, and temporal predator heterogeneity across landscapes can in turn facilitate local 

and regional coexistence of predators and their prey.  For instance, the functional roles of 

predators in local communities can differ depending upon the composition of predator 

species and feeding traits represented (Chalcraft and Resetarits 2003b, DeWitt and 

Langerhans 2003), thereby maintaining spatially diverse prey communities.  Spatial 

heterogeneity in predator incidence can generate spatial prey refuges (Sih 1987, Sih and 

 

65



                                                                                                                                            

Wooster 1994) and thus additionally promote regional predator-prey coexistence 

(Cadotte and Fukami 2005).  Likewise, temporally variable predator occurrence, 

including colonization-extinction dynamics, can yield temporal prey refuges (Sih 1987, 

Howeth and Leibold 2008).  Prey dispersal rates in metacommunities may interact with 

this spatial and temporal variation in predator incidence to generate source-sink dynamics 

in prey (Holyoak and Lawler 1996) or facilitate prey tracking of fluctuating local 

predation (Leibold and Norberg 2004).       

 Here, I empirically test for interactive effects of prey dispersal rate and spatially 

and temporally heterogeneous predation from functionally dissimilar predators on local 

and metacommunity prey diversity and trait (body size) distribution.  These processes 

were addressed in experimental pond metacommunities composed of two functionally 

distinct freshwater macroinvertebrate predators and their planktonic prey. The predaceous 

macroinvertebrates Gyrinus sp. and Notonecta ungulata are differentially size-selective 

and exhibit contrasting predatory behavior.  Adults of the backswimmer Notonecta 

ungulata are relatively large (body length 11-12 mm; Rice 1954) and less gape-limited 

than the whirligig beetle, Gyrinus (4-5 mm; Oygur and Wolfe 1991).  Notonecta swims 

throughout the water column while preying upon large-bodied zooplankton (Scott and 

Murdoch 1983, Arner et al. 1998); whereas Gyrinus remains on the water surface and 

opportunistically preys upon small-bodied zooplankton (Svensson 1985, Oygur and 

Wolfe 1991).  Notonecta and Gyrinus coexist locally in natural ponds (Clark 1928) and 

are patchily distributed among ponds in a metapopulation structure (Svensson 1985, 

Briers and Warren 2000).   

 An experimental predator-prey metacommunity modeled after these natural pond 

metacommunities consisted of three pond mesocosms reflecting a spatial and temporal 

prey refuge.  Two of the three mesocosm communities maintained a spatial refuge 

through constant predator-prey environments, where one community supported N. 

ungulata and the other community supported Gyrinus sp.  The third community in the 

metacommunity maintained a temporal refuge by alternating N. ungulata and Gyrinus sp. 

incidence in simulated colonization and extinction.  Mesocosm metacommunities were 

 

66



                                                                                                                                            

connected at either low or high global planktonic prey dispersal.  Low dispersal 

approximated 7% of the demographic turnover rate of zooplankton in this experiment 

(0.10 per day; Gillooly 2000), while high dispersal approximated 100% of the turnover 

rate.  These dispersal thresholds represent natural zooplankton dispersal rates in pond 

metacommunities.  They were determined by combining insights of zooplankton 

dispersal in hydrologically connected ponds (Michels et al. 2001) with estimates of 

generation times in zooplankton (Gillooly 2000) and dispersal-diversity predictions of 

metacommunity models (Mouquet and Loreau 2002, 2003).   

 The effects of prey dispersal rate and functionally dissimilar predators on prey 

community and metacommunity richness, composition, and size structure were measured.  

Due to differences in gape size of Notonecta and Gyrinus, I expected these predators to 

produce distinct prey communities with different prey size distributions (following 

insights from Chalcraft and Resetarits 2003b).  In the spatial prey refuge, Notonecta 

communities were predicted to support higher densities of small-bodied zooplankton 

(refuge for Gyrinus prey) while Gyrinus communities would support greater densities of 

large-bodied zooplankton (refuge for Notonecta prey).  In the temporal prey refuge, 

selective predator effects on size-structure were predicted to be dampened by the 

fluctuating environment. I hypothesized that the high rate of prey dispersal would mute 

these effects of selective predation on prey size structure and community composition in 

the metacommunity.  Finally, I hypothesized that local communities under low prey 

dispersal would support more species than communities under high prey dispersal 

(following Mouquet and Loreau 2002), while high prey dispersal metacommunities 

would be homogenized and would support a smaller regional prey pool (following 

Mouquet and Loreau 2003).   

 

MATERIALS AND METHODS 

The experiment was conducted at Michigan State University’s Kellogg Biological Station 

(Hickory Corners, Michigan, USA) from 23 May – 21 August 2003.  An experimental 

predator-prey metacommunity consisted of three 322 L polyethylene stock tank 
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mesocosms (Figure 3.1).  Two of the three communities maintained stable food web 

configurations, where one community supported the backswimmer Notonecta ungulata 

Say (Hemiptera: Notonectidae; hereafter ‘Notonecta’) and one community supported the 

whirligig beetle Gyrinus sp. (Coleoptera: Gyrinidae; hereafter ‘Gyrinus’).  The third 

community experienced alternating or ‘cyclical’ predation from Notonecta and Gyrinus.  

Mesocosm metacommunities were subjected to either low or high planktonic prey 

dispersal.  Each mesocosm metacommunity was replicated four times for each dispersal 

treatment, yielding a total of 24 mesocosms in the experiment.  

 

Predator-prey metacommunity design 

On 23 May, stock tanks were acid washed and filled with 20 L of silica sand for substrate 

and 300 L of well water.  Well water was measured for ambient levels of total nitrogen 

(N) and phosphorus (P) using spectrophotometric methods.  N (NaHNO3) and P 

(NaH2PO4) were subsequently added to each tank to achieve target nutrient levels of 

2100 µg L-1 N and 150 µg L-1 P.  Weekly additions of N (0.173 g tank-1) and P (0.009 g 

tank-1) maintained target levels and offset 5% day-1 loss of nutrients to the bottom 

substrate.  On 29 May, mesocosms received 200 mL of a mixed pond water inoculum 

containing a diverse regional assemblage of zooplankton, algal, and bacterial 

communities representative of biota from 16 south-central (Barry and Kalamazoo 

Counties) Michigan ponds.  All mesocosms were covered with 1 mm screen mesh lids to 

prevent exchange of organisms between the outside environment and tanks.  After 

inoculation, pond mesocosm communities were allowed to reach near-equilibrium for 

approximately one month.  On 26 June, six adult individuals each of Notonecta or 

Gyrinus were randomly added to one of the two mesocosms supporting constant food 

webs in each metacommunity.  Half (n = 2) of the cyclical predation communities 

received Notonecta while the remaining half received Gyrinus.  The predation regime in 

these communities was switched every 14 days, with six individuals of the appropriate 

species added at the start of each cycle.  
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Low and high prey dispersal treatments were initiated in metacommunities on 4 

July.  To simulate prey dispersal within a metacommunity of the low dispersal treatment, 

water was manually moved among the three communities once per week with an 

integrated depth polyvinyl chloride (PVC) sampler (5% tank water volume per week; 8 L 

week-1 transferred from each of the two constant communities to the community 

supporting cyclical predation and 8L subsequently transferred back to each constant 

community; Figure 3.1a).  This low dispersal rate approximates natural levels of 

zooplankton dispersal found among ponds in south-central Michigan (Cohen and Shurin 

2003).  To achieve high dispersal within a metacommunity (70% tank water volume per 

week; 31.1 L day-1), water was transferred among the three communities with a Little 

Giant® centrifugal water pump through 19 mm PVC pipe (Figure 3.1b).  Based upon 

data presented in Michels et al. (2001), this rate approximates high zooplankton dispersal 

among natural ponds that are hydrologically connected.  Each community in the low 

dispersal treatment supported a pump and PVC loop to control for possible pump-induced 

disruption of predator-prey interactions and negative effects on plankton mortality 

sustained in the high dispersal treatment (Figure 3.1a).  Predator exclusion screens 

consisting of 6 mm mesh hardware cloth were placed on the ends of the PVC pipes to 

prevent inter-community exchange of macroinvertebrate predators and pump-related 

predator mortality.  All water pumps were activated for one minute daily during the 

evening (19:30 to 19:31 hr), when zooplankton were distributed throughout the water 

column during diel vertical migration.  

 

Sampling 

Mesocosm metacommunities were sampled for zooplankton (i) on 25 June prior to 

imposition of predation and dispersal treatments (ii) on 3 July with the predation 

treatment imposed but prior to the dispersal treatment, and (iii) subsequently every seven 

days through 22 August with both predation and dispersal treatments imposed.  Tanks 

were sampled with a 1 L depth-integrated PVC sampler to remove 10.5 L of water from 

each tank.  Ten liters of the sample were filtered through 80 µm mesh to isolate 
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zooplankton.  Zooplankton samples were cleaned manually to rid of debris and were 

preserved in 5% acid-sucrose Lugol’s iodine solution for later microscopic enumeration 

in the laboratory.  Following Smith (2001), cladoceran zooplankton were identified to 

species for Alona affinis, Bosmina longirostris, Ceridodaphnia reticulata, Chydorus 

sphaericus, Daphnia pulex, Scapholeberis mucronata, and Simocephalus serrulatus 

(species hereafter referred to by genus) and copepods were identified to the orders 

Calanoida and Cyclopoida.  Further, adult and juvenile stages of Ceriodaphnia, Daphnia, 

Scapholeberis, and copepods (copepodite stage) were assessed independently.  Body 

lengths of approximately 25 individuals of each species and life-history stage were 

measured to obtain a mean species and stage-specific body length.    

 

Local and metacommunity prey composition 

Prey species richness was measured at local (community) and regional (metacommunity) 

spatial scales for each predator-prey metacommunity (Figure 3.1c).  Local prey species 

richness represents the total number of zooplankton species or taxonomic groups (for 

copepods) assayed within a community on a given sample date.  Regional prey species 

richness represents the sum of unique zooplankton species or taxonomic groups sampled 

in the three communities of the metacommunity on a sample date.  Local prey species 

richness did not differ among mesocosm metacommunities at the start of the experiment 

prior to imposition of prey dispersal and predation treatments (one-way ANOVA; F 7,16 = 

0.83, P = 0.58).  Therefore, to evaluate treatment effects, local and regional richness was 

each averaged over the final two sample dates of the experiment (weeks 5 and 6).  Mean 

richness values were assessed for normality with a Shapiro-Wilks test prior to analysis 

with t-tests or ANOVA.  A measure of beta diversity, Sorenson’s dissimilarity (1 – 

Sorenson quantitative index; (Bray and Curtis 1957) calculated from mean species 

densities of sample weeks 5 and 6, was used to evaluate effects of dispersal rate on 

compositional dissimilarity between the constant Gyrinus and Notonecta communities, 

and shared (same predators) versus unique (different predators) predation regimes in a 

comparison of constant and cyclical predation communities.  Beta diversity values were 

 

70



                                                                                                                                            

assessed for normality prior to analysis with ANOVA.  Analyses of variance and t-tests 

were performed in STATISTICA v6.1 (StatSoft Inc., Tulsa, Oklahoma).   

 In order to evaluate the effect of prey dispersal rate and Gyrinus and Notonecta 

predation on prey community composition, a two-way permutational multivariate 

analysis of variance (Anderson 2001) was performed in PERMANOVA v6 (Anderson 

2005).  Juvenile and adult counts were combined for each prey species, except for the 

copepodites which were excluded from the analysis because they could not be assigned to 

Order.  The PERMANOVA was conducted on Bray-Curtis dissimilarity measures 

calculated from log (x+1) transformed species density data generated from a mean of 

sampling weeks 3 through 6.  In the Bray-Curtis distance measure, abundant and rare 

species contribute equally to the dissimilarity between sites.  Thus, Bray-Curtis is 

especially appropriate for normalized density data (Legendre and Legendre 1998).  For 

those effects shown to be statistically significant at an α of 0.05, post-hoc pairwise 

comparisons with the PERMANOVA t statistic were subsequently used to assess 

treatment differences.  All tests were performed using 10,000 unrestricted permutations 

of the Bray-Curtis distance measures.   

 To determine the response of individual prey taxa to dispersal rate and predation, 

an indicator species analysis, IndVal (Dufrene and Legendre 1997), was employed in PC-

ORD (version 4; McCune and Mefford 1999).  In this method, an indicator value (I.V.) 

represents a percentage score corresponding to a species strength of treatment specificity 

and fidelity, as determined by species densities, where a score of 100 is a perfect 

predictor or ‘indicator’ of the treatment.  The I.V. score is based only on within-species 

density comparisons and is thus independent of other species responses.  For prey 

communities under cyclical predation, one Gyrinus-Notonecta predation cycle was 

evaluated by averaging species density data for each of two 2-week predation periods, 

sampling weeks 3, 4 and weeks 5, 6.  For prey communities under constant predation 

from Gyrinus and Notonecta, species density data for weeks 3 through 6 were averaged 

for the analysis.  Juvenile and adult counts were combined (copepodites excluded), and 

species density data were log (x+1) transformed.  Statistical significance of a species’ I.V. 
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was evaluated by comparing the observed I.V. to a null distribution generated through 

10,000 Monte Carlo permutations.  The proportion of simulated I.V. greater than or equal 

to the observed I.V. determined significance for an α of 0.05.   

 

Local and metacommunity prey size structure 

The role of prey dispersal rate on the distribution of prey body sizes within the predator-

prey metacommunity was assessed by calculating the proportion of individuals within 

body size classes at the local and metacommunity scale.  To do this, each species and 

stage was assigned to a body size class based upon mean body length (mm), where size 

classes were defined by log10 0.1 mm increments.  Species and life-history stage densities 

(juvenile and adult, where applicable) were averaged over the final two sampling dates, 

weeks 5 and 6, and were converted to proportional representation for each body size 

class.  Proportions for each community and metacommunity were arcsine square root 

transformed to meet assumptions of normality, and were analyzed for the effects of 

dispersal rate and body size class using ANOVA.  Finally, the effect of prey dispersal 

rate on mean body size within each community and the metacommunity was evaluated 

with one-tailed t-tests.  Analyses were performed in STATISTICA.   

 

RESULTS 

Local and metacommunity prey composition 

Prey dispersal rate altered prey species richness in predator-prey metacommunities 

(Figure 3.2).  There was no influence of dispersal rate on regional prey species richness 

(one-tailed t-test; t = 1.67, df = 4, P = 0.09; Figure 3.2a).  At the local spatial scale, 

however, low dispersal communities maintained more species than high dispersal 

communities (two-way ANOVA; dispersal, F1,18 = 4.35, P = 0.05; predation, F2,18 = 1.16, 

P = 0.34, dispersal X predation, F2,18 =0.82, P = 0.46; Figure 3.2b).  Selective predation 

did not influence local prey richness, nor was there an interactive effect of predation with 

dispersal rate.  Two small-bodied cladoceran zooplankters, Bosmina and Chydorus, were 

largely responsible for the effects of dispersal rate on local prey species richness (Table 
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3.1, Figure 3.3a-f).  Both species served as significant indicators of low dispersal 

communities.  In contrast, Daphnia was the only indicator of predator identity (Figure 

3.3g-i).  The species was more abundant in Gyrinus communities than in communities 

under Notonecta predation.  Daphnia additionally served as an indicator of the low 

dispersal treatment for communities under cyclical predation.   

 Prey dispersal rate influenced local prey species composition (PERMANOVA; 

dispersal F1,18 = 2.12, P = 0.05; predation, F2,18 = 1.14, P = 0.35; dispersal X predation, 

F2,18 = 0.34, P = 0.98).  There was no effect of predation, or an interactive effect of 

dispersal and predation, on prey community composition.  Based upon an analysis of 

Sorenson’s beta diversity, high prey dispersal rates did not homogenize prey 

metacommunity composition.  In a comparison of communities under constant Gyrinus 

and Notonecta predation, beta diversity values were generally lower (suggesting an 

increase in compositional similarity) in the high dispersal communities, but they did not 

significantly differ from the low dispersal communities (beta diversity mean ± SD; low 

dispersal, 0.75 ± 0.14, high dispersal, 0.57 ± 0.29; one-tailed t-test, t = 1.10, df = 6, P = 

0.16).  Additionally, there was no difference in beta diversity when comparing shared and 

unique predation regimes in the constant and cyclical predation communities (beta 

diversity mean ± SD; shared predators, low dispersal, 0.69 ± 0.29, high dispersal, 0.71 ± 

0.19; one-tailed t-test, t = -0.13, df = 6, P = 0.45; unique predators, low dispersal, 0.60 ± 

0.24, high dispersal, 0.57 ± 0.25; one-tailed t-test, t = 0.20, df = 6, P = 0.42).      

 

Local and metacommunity prey size structure 

The distribution of prey body sizes within predator-prey metacommunities was shaped by 

an interaction between prey dispersal rate and predator identity (Figure 3.4).  At the scale 

of the metacommunity, there was an effect of prey body size, but not prey dispersal rate, 

on the proportion of individuals represented in each size class (two-way ANOVA; 

dispersal, F1,36 = 0.03, P = 0.86; body size, F5,36 = 3.51, P = 0.01; dispersal X body size, 

F5,36 = 0.74, P = 0.58, Figure 3.4a).  There were fewer individuals representing the larger 

body size classes in the metacommunity.  There was no significant effect of dispersal rate 

 

73



                                                                                                                                            

on mean body size in the metacommunity (one-tailed t-test; t = 0.15, df = 6, P = 0.44, 

Figure 3.4b).  In communities under Gyrinus predation, neither prey body size class nor 

dispersal rate affected the distribution of prey body sizes (two-way ANOVA; dispersal, 

F1,36 = 0.05, P = 0.82; body size, F5,36 = 1.37, P = 0.26; dispersal X body size, F5,36 = 

0.70, P = 0.62, Figure 3.4c).  Further, mean prey size in Gyrinus communities was 

unaffected by prey dispersal rate (one-tailed t-test; t = -0.27, df = 6, P = 0.40, Figure 

3.4d).  In contrast to Gyrinus communities, there was a highly significant interaction 

between dispersal rate and prey body size class on prey body size distribution in 

Notonecta communities (two-way ANOVA; dispersal, F1,36 = 0.08, P = 0.79; body size, 

F5,36 = 8.52, P < 0.001; dispersal X body size, F5,36 = 5.54, P < 0.001; Figure 3.4e).  

Generally, there were fewer individuals maintained in the larger size classes of Notonecta 

communities.  The size distribution in these communities shifted from unimodal at low 

dispersal to bimodal at high dispersal.  As a consequence, high dispersal positively 

influenced mean prey size (one-tailed t-test; t = -1.88, df = 6, P = 0.05, Figure 3.4f).  In 

communities under cyclical Gyrinus-Notonecta predation, there was a marginal effect of 

size class on prey body size distribution, but there was no effect of prey dispersal rate 

(two-way ANOVA; dispersal, F1,36 = 0.07, P = 0.80; body size, F5,36 = 2.38, P = 0.06; 

dispersal X body size, F5,36 = 0.39, P = 0.85; Figure 3.4g).  As in the Notonecta 

communities, there were fewer individuals represented in the larger prey size classes of 

the cyclical predation communities.  Dispersal rate did not influence mean prey size in 

communities under cyclical predation (one-tailed t-test; t = 1.13, df = 6, P = 0.15, Figure 

3.4h).   

 

DISCUSSION 

Prey dispersal rate altered local prey diversity and size-structure in predator-prey 

metacommunities.  Planktonic prey dispersal rate more strongly influenced prey richness 

and relative abundance than predation from functionally dissimilar macroinvertebrate 

predators.  Predator identity, however, played an important role in prey community 

response to predation.  While selective Notonecta predation significantly impacted prey 
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abundance and size-structure, Gryinus had no detectable effect.  The stronger relative 

influence of regional versus local processes in predator-prey metacommunities is well-

illustrated by three key results.  First, prey dispersal rate affected local prey species 

richness, where high prey dispersal reduced richness.   There was, however, no influence 

of increased mixing by high dispersal on prey community dissimilarity or regional 

species richness.  Second, dispersal rate altered local relative abundance of prey.  The 

low dispersal rate generally maintained higher prey densities in prey species significantly 

affected by dispersal.  Third, the negative effect of selective predation on prey traits 

(body sizes) in the spatial refuge was dampened by high prey dispersal.  Although the 

range of traits represented within a community was not altered by dispersal rate, the 

proportional representation of each trait (body size class) was shifted by increasing prey 

immigration.   

 The role of prey dispersal rate in altering prey species richness depended upon the 

spatial scale addressed in the metacommunity.  At the local spatial scale, high dispersal 

communities supported fewer species than low dispersal communities.  This result 

follows both competitive metacommunity theory (Mouquet and Loreau 2002) and 

findings of other metacommunity studies in aquatic ecosystems which reveal an increase 

in local richness at low to intermediate dispersal rates relative to closed or high dispersal 

communities (reviewed in Cadotte 2006a).  In this experiment, local extinction of the 

small-bodied Bosmina and Chydorus was largely responsible for the decrease in local 

species richness at high dispersal.  These two small-bodied species may have been 

competitively excluded via mass effects (Mouquet and Loreau 2002), where superior 

competitors could re-invade at high dispersal on time scales shorter than one generation.  

Although prey dispersal rate modified local richness, there was no influence of predation 

on prey richness or composition.  The lack of prey response to predation highlights the 

weak effect of predation relative to dispersal.  This result was somewhat surprising, 

however, as other studies have shown important effects of predation on local prey 

richness in metacommunities (e.g. Howeth, Chapter 1; Shurin 2001, Kneitel and Miller 

2003).  At the regional spatial scale, high prey dispersal did not reduce regional species 
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richness or homogenize regional prey composition, counter to predictions of 

metacommunity theory (Mouquet and Loreau 2003) and findings of empirical 

metacommunity studies (e.g. Forbes and Chase 2002, Cadotte 2006b).  This result 

indicates that regional heterogeneity in predation regime may have facilitated regional 

prey coexistence and diversity maintenance through spatial and temporal prey refuges.  

Taken together, these scale-dependent effects of prey dispersal rate demonstrate that 

regional processes played a stronger role than local processes in shaping species richness 

in predator-prey metacommunities. 

 Dispersal rate additionally influenced the local relative abundance of prey, where 

low dispersal generally maintained higher prey densities.  This is clearly demonstrated by 

the collective response of Bosmina, Chydorus, and Daphnia, the significant indicators of 

the low dispersal treatment.  These three species were maintained at higher local densities 

at low dispersal, with the exception of Daphnia in Notonecta communities.  The size-

selective Notonecta predation significantly depressed Daphnia densities, and marginally 

depressed Simocephalus densities, regardless of prey immigration rate.  This strong 

impact of predation is well-aligned with previous findings of Notonecta consumptive 

effects on zooplankton communities, and Daphnia in particular (Scott and Murdoch 

1983, Murdoch et al. 1984, Arner et al. 1998).  The spatial and temporal prey refuges 

may have provided a source of migrant Daphnia to Notonecta communities, thus 

maintaining Daphnia at low densities in sink populations.  Similar prey rescue effects and 

source-sink dynamics facilitated by spatial refuges have been demonstrated previously in 

experimental metacommunities (e.g. Holyoak and Lawler 1996).  Interestingly, Daphnia 

was maintained at higher densities in cyclical predation communities under low prey 

dispersal than high prey dispersal.  Low levels of Daphnia immigration into cyclical 

predation communities may have facilitated local tracking of the fluctuating environment 

(sensu Leibold and Norberg 2004).  Specifically, there may have been an increase in 

maintenance of intraspecific Daphnia trait diversity (e.g. predator avoidance) in the low 

dispersal spatial refuge; whereas at high dispersal regional trait variance may have been 

reduced by swamping.  Regional maintenance of intraspecific trait variation in low 
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dispersal metacommunities could also be occurring in Bosmina and Chydorus and thus 

may be responsible for their elevated densities at low dispersal.  Generally, the findings 

suggest that dispersal rate had a stronger effect than predation in determining prey 

community composition and relative abundance in metacommunities. 

 The frequency distribution of prey body sizes in local communities depended 

upon prey dispersal rate and predator identity.  In contrast to the hypothesis of Gyrinus as 

a selective predator, there was no apparent effect of Gyrinus on the local distribution of 

prey body size.  Notonecta, however, significantly impacted the distribution of body 

sizes, yielding a right-skewed distribution reflective of strong selective predation on 

larger-bodied prey.  These differential predator effects reinforce the importance of 

acknowledging predator identity and functional diversity in the regional predator pool 

(Chalcraft and Resetarits 2003a, O'Connor et al. 2008).  The negative impact of selective 

Notonecta predation on mortality rates in the larger size classes was attenuated by 

alternating Notonecta and Gyrinus predation pressure.  As indicated by the species 

density and size-distribution data, cyclical periods of Notonecta release increased the 

population growth rate of Daphnia and other large-bodied species relative to Notonecta 

communities.  This result highlights the importance of the temporal prey refuge in 

facilitating prey coexistence and augmenting local prey densities.  Perhaps even more 

importantly, the selective predation pressure in Notonecta communities was muted by 

high prey immigration with a resulting shift in the relative proportion, but not range, of 

body sizes in the community.  This dampening effect on the larger size classes is most 

clearly illustrated by the increase in mean prey size in high dispersal Notonecta 

communities.  The effects of size-selective Notonecta predation on local prey body size 

distributions in Notonecta and cyclical predation communities scaled to the 

metacommunity, where there were fewer individuals represented in the larger size 

classes.  This significant impact of local interspecific interactions on regional properties 

has profound implications for the importance of local mechanisms in shaping the 

distribution of traits in the regional prey pool.   
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 This is the first work to empirically demonstrate that dispersal rate can mediate 

the strength of ecological selection and influence the local frequency distribution of traits 

in metacommunities.  The spatial and temporal prey refuges in the metacommunity were 

critical to maintaining a diverse regional pool of ecologically important prey traits.  

Because Gyrinus was not the selective predator as predicted, however, the temporal and 

spatial prey refuges were only operative for Notonecta prey.  It is important to note that 

the effect of temporal refuges on prey incidence and density will largely depend upon 

time between predator pulses (Sih 1997) and the generation time of prey.  The two week 

predator pulse cycle encompassed approximately 1.5 generations of prey and may have 

favored the smaller-bodied prey species with shorter turnover times.  Thus, predator 

pulses on longer time scales would likely yield a contrasting prey response by reducing 

the potential for synergistic predator effects (Sih et al. 1998, Schmitz 2007) and altering 

the strength of competition between prey species.    

 In this experiment, the focal study system and predator-prey metacommunity 

design does not address the role of non-consumptive effects of predators on prey, or the 

consequences of active predator and prey dispersal.  Non-consumptive predator effects 

are widespread, and include predator-induced prey emigration (Sih and Wooster 1994, 

Cronin et al. 2004) and adaptive prey behavior (Abrams 2007).  For example, Sih and 

Wooster (1994) showed that prey immigration-mediated predator impacts on local prey 

mortality could be overridden by prey emigration.  Thus, if prey emigration exceeds 

immigration due to prey behavior or local density-dependence, the combined effects of 

prey dispersal and predation on prey metacommunities will likely be very different from 

the findings reported here.  Additionally, the importance of active predator dispersal 

among local communities is highlighted by a recent study in experimental marine 

metacommunities, where unconstrained herbivore movement facilitated colonization of 

patches with higher resource availability (France and Duffy 2006).  Active herbivore 

dispersal among communities, in turn, altered regional herbivore diversity.  Future 

studies should therefore investigate the consequences of active dispersal and movement 
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behavior of both predators and prey to spatial co-occurrence patterns, diversity, and prey 

trait distributions in predator-prey metacommunities. 

 The results from this experiment show a stronger regional influence on local 

community properties relative to the majority of other metacommunity studies to date, 

emphasizing the role of both dispersal rate and regional predator heterogeneity (spatial 

and temporal).  However, the predators used here were relatively less selective than those 

employed in other experiments (i.e. Howeth Chapter 1; Shurin 2001, Kneitel and Miller 

2003), thus emphasizing the importance of predator identity and degree of feeding 

specialization in inferences of the relative roles of local versus regional processes in 

metacommunities.  The primary contribution of this work to the metacommunity 

literature is the empirical demonstration that the frequency distribution of local trait 

values can be altered by dispersal-mediated selection pressure.  The results reported here 

go beyond simply showing a response of basic prey community properties, such as 

species composition, to dispersal rates in predator-prey metacommunities.  Effectively, 

the results are among the first steps towards a new trajectory in metacommunity ecology, 

where dispersal-mediated mechanisms altering local and metacommunity structure may 

be elucidated.   
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Figure 3.1.  Predator-prey metacommunities under (a) low and (b) high prey dispersal.  (c) Each 
metacommunity replicate (γ) consisted of three pond mesocosm communities representing a 
spatial and temporal prey refuge from functionally dissimilar predators.  Two communities 
maintained constant food webs and supported either Gyrinus sp. or Notonecta ungulata predators 
(spatial prey refuge) and the third community supported cyclical predation from Gyrinus sp. and 
Notonecta ungulata (temporal prey refuge).  Regional (γ), local (α), and beta diversity (β) of prey 
was measured for each metacommunity.   
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Figure 3.2. Regional and local prey species richness in predator-prey metacommunities.  (a)  
Regional prey species richness as a function of low and high prey dispersal rate.  (b) Local prey 
species richness as a function of prey dispersal rate and predation regime (Gyrinus sp., Gyrinus 
sp.-Notonecta ungulata, Notonecta ungulata).  Closed circles and dashed line denote mean local 
richness for low and high dispersal metacommunities.  Values are mean sampling week 5 and 6 
± 1 SE, n = 4.      
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Figure 3.3.  Density of indicator species in spatial and temporal prey refuges through time.  
Bosmina density in low prey dispersal (closed circles) and high prey dispersal (open circles) 
communities under (a) Gyrinus sp. (b) Notonecta ungulata and (c) Gyrinus sp.-Notonecta 
ungulata predation.  (d-f) Chydorus and (g-h) Daphnia.  Treatment sequence through time 
(week; left to right): no predation and no dispersal; predation and no dispersal; predation and 
dispersal for weeks 1 through 6.  Values are mean + 1 SE, n = 4.      
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Figure 3.4.  Prey size structure in predator-prey metacommunities.  (a) Proportion of individuals 
(mean ± 1 SE) in each log10 zooplankton body size class (mm) in low (black circles) and high 
(gray circles) dispersal metacommunities. (b)  Mean zooplankton body size (untransformed mean 
± 1 SE) in metacommunities. (c) and (d) Gyrinus sp. (e) and (f) Notonecta ungulata and (g) and 
(h) Gyrinus sp.-Notonecta ungulata.  Details of ANOVA analysis on distribution and t-tests on 
body size are reported in RESULTS.  Effects of body size class, S, and prey dispersal rate, D, on 
size distribution. †, P < 0.1; *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant.  Note 
that the log -0.3 and 0.0 mm size classes were not represented by any species.  Values are mean 
sampling weeks 5 and 6, n = 4.      
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Table 3.1.  Results of the indicator species analysis assessing the strength of prey taxa association with prey dispersal rate (D; 1 = 
low, 2 = high) and predator identity (PI; 1 = Gyrinus sp., 2 = Notonecta ungulata) by predation regime (constant, cyclical) in 
experimental metacommunities.  Observed indicator value (I.V.) and the indicator value from randomized groups (I.V.rand) are 
relayed, with 100 being a perfect indicator score.  Prey are ranked by mean size from smallest (Chydorus) to largest (Daphnia).  
Significant probability values in italics. 
 
 
 

  
Predation   Constant Cyclical Constant Cyclical
   
Treatment  Dispersal Dispersal Predation Predation
     
 D I.V. I.V.rand P D I.V. I.V.rand P PI I.V. I.V.rand P PI I.V. I.V.rand P
     
     
     
 Chydorus  1 65.5 38.9  0.05 1  68.2 36.0  0.03 1 50.2 39.0  0.21 2 25.7 35.9 0.91
     
 Alona  1 54.9 51.1  0.28 1  55.1 54.2  0.39 1 51.6 51.1  0.42 2 53.7 54.1 0.43
     
 Bosmina  1 73.6 56.2  0.02 1 80.4 48.5 <0.01 1 48.1 56.1  0.90 2 39.8 48.4 0.88
     
 Scapholeberis 1 55.4 54.5  0.33 1  59.9 54.4  0.17 1 59.2 54.5  0.10 1 48.9 54.2 0.82
     
 Ceriodaphnia  2 54.6 52.9  0.35 1  50.9 55.5  0.90 2 49.9 52.9  0.58 2 51.8 55.5 0.80
     
 Cyclopoid  2 50.4 52.9  0.92 1  54.0 51.8  0.06 1 51.1 52.9  0.78 2 52.0 51.8 0.38
     
 Simocephalus  2 55.8 53.3  0.24 2  43.8 52.2  1.00 1 58.4 53.4  0.07 1 48.7 52.1 0.62
     
 Calanoid  1 46.8 52.2  0.76 1  38.3 45.5  0.79 2 53.9 52.1  0.35 1 41.5 45.5 0.60
     
 Daphnia  2 53.3 54.5  0.57 1  61.5 53.9  0.01 1 61.5 54.5  0.03 2 51.2 53.9 0.82
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Chapter 4 

 
CONTRASTING DEMOGRAPHIC AND GENETIC ESTIMATES OF 

DISPERSAL IN THE ENDANGERED COAHUILAN BOX TURTLE:  

A CONTEMPORARY APPROACH TO CONSERVATION 

 

ABSTRACT 

The evolutionary viability of an endangered species depends upon gene flow among 

subpopulations and the degree of habitat patch connectivity.  Contrasting population 

connectivity over ecological and evolutionary timescales may provide novel insight into 

what maintains genetic diversity within threatened species.  I employed this integrative 

approach to evaluating dispersal in the critically endangered Coahuilan box turtle 

(Terrapene coahuila) that inhabits isolated wetlands in the desert-spring ecosystem of 

Cuatro Ciénegas, Mexico.  Recent wetland habitat loss has altered the spatial distribution 

and connectivity of habitat patches; and I therefore predicted that T. coahuila would 

exhibit limited movement relative to estimates of historic gene flow.  To evaluate 

contemporary dispersal patterns, I employed mark-recapture techniques at both local 

(wetland complex) and regional (inter-complex) spatial scales.  Gene flow estimates were 

obtained by surveying genetic variation at nine microsatellite loci in seven 

subpopulations located across the species’ geographic range.  The mark-recapture results 

at the local spatial scale reveal frequent movement among wetlands that was unaffected 

by inter-wetland distance.  At the regional spatial scale, dispersal events were relatively 

less frequent between wetland complexes.  The complementary analysis of population 

genetic substructure indicates strong historic gene flow (global FST = 0.01).  However, a 

relationship of genetic isolation by distance across the geographic range suggests that 

dispersal limitation exists at the regional scale.  The approach of contrasting direct and 

indirect estimates of dispersal at multiple spatial scales in T. coahuila conveys a 

sustainable evolutionary trajectory of the species pending preservation of threatened 

wetland habitats and a range-wide network of corridors. 



                                                                                                                                            

INTRODUCTION 

The degree of dispersal between habitats and subpopulations can profoundly impact the 

demographic and evolutionary trajectory of a species (Bohonak 1999, Clobert et al. 

2004).  Dispersal affects these trajectories by mediating the abundance and exchange of 

individuals between subpopulations (Tilman et al. 1997, Hanski 1999) and the 

distribution of alleles across the landscape through gene flow (Hastings and Harrison 

1994, Manel et al. 2003, Storfer et al. 2007).  As a consequence of the critical role of 

connectivity in the maintenance of genetic diversity and adaptive potential, understanding 

patterns of dispersal in endangered species remains a central focus of conservation 

assessments (Allendorf and Luikard 2007).  In empirical studies, dispersal rates are 

typically evaluated from either an ecological or ‘direct’ approach where movement is 

tracked across the landscape or an evolutionary or ‘indirect’ approach where dispersal is 

inferred from genetic data (reviewed in Bohonak 1999).  A strict evolutionary approach 

to evaluating dispersal may detect high gene flow in a threatened species but could fail to 

acknowledge fragmentation-induced restriction in contemporary movement.  Thus, by 

adopting one approach to evaluating dispersal, only partial information about population 

genetic structure and the determining mechanism may be elucidated and the results can 

thereby misinform conservation efforts.   

 Evaluating dispersal over ecological and evolutionary timescales can assess both 

patterns of gene flow and the demographic processes that may maintain them (e.g. Watts 

et al. 2004, Wilson et al. 2004, Boulet et al. 2007).  Patterns of gene flow between 

subpopulations may serve as a fingerprint of connectivity prior to habitat alteration and 

the consequential disruption of movement (Palsboll et al. 2007, Schwartz et al. 2007).  In 

such cases, the combined effects of fragmentation-induced changes in modern movement 

and effective population sizes may not maintain historic allele frequencies in subsequent 

generations (Palsboll et al. 2007, Schwartz et al. 2007).  In this paper, I suggest that the 

degree to which direct observations of dispersal correspond to the indirect estimate gives 

an indication of how well current demographic processes relate to historic connectivity in 

recently fragmented populations. This complementary assessment of dispersal in 
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endangered species experiencing habitat loss can consequently expose the potential for a 

human-induced shift in evolutionary trajectory.    

 Wetland turtles are among the organisms most threatened by habitat loss and 

degradation (Parker and Whiteman 1993, Joyal et al. 2001), and thus these taxa may be 

especially vulnerable to fragmentation-induced decoupling of contemporary demography 

and historic gene flow.  Species inhabiting the natural patch-matrix mosaic of wetland 

habitats often exhibit metapopulation dynamics (Joyal et al. 2001, Marsh and Trenham 

2001), and as wetlands are lost or fragmented, the stepping stones facilitating dispersal 

are removed (Parker and Whiteman 1993, Bohonak and Jenkins 2003).  For such species 

that are patchily distributed, landscape characteristics including interpatch distance 

(Marsh et al. 2000) and patch size (Hanski 1994, 1999) are important in regulating patch 

dynamics and ultimately spatial genetic structure (Manel et al. 2003, Storfer et al. 2007).  

In freshwater turtles, population genetic structure is shaped by both local dispersal 

behavior within a subpopulation (Freedberg et al. 2005) and regional (long-distance) 

dispersal between subpopulations which determines the extent and frequency of stepping 

stone movement (Spinks and Shaffer 2005).  At the local scale, a single subpopulation 

may utilize multiple wetland habitat patches that are part of a larger complex of wetlands 

(Joyal et al. 2001).  At the regional scale, stepping stone behavior and barriers to 

dispersal can regulate the exchange of alleles between subpopulations and may generate 

patterns of genetic isolation by geographic distance (Spinks and Shaffer 2005).  

Fragmentation-induced regional dispersal limitation in wetland turtles can lead to closed 

subpopulations that eventually suffer from reduced genetic variation, are vulnerable to 

inbreeding depression and drift, and consequently may leave individuals with a limited 

capacity to adapt to changing environments (Templeton et al. 1990, Parker and Whiteman 

1993, Kuo and Janzen 2004).    

 In this study, I contrast patterns of movement and historic gene flow in the 

critically endangered Coahuilan box turtle, Terrapene coahuila (Emydidae), endemic to 

the desert-spring ecosystem of Cuatro Ciénegas, Mexico to test for effects of habitat 

fragmentation on contemporary dispersal.  The isolated 84,000 ha Cuatro Ciénegas valley 
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supports over 70 described endemic species (Secretaría de Medio Ambiente y Recursos 

Naturales, 1999) and serves as a focal landscape for conservation in human-altered 

environments (Abell et al. 2000, Hendrickson et al. in press).  The rich biodiversity and 

fragmented aquatic habitats of Cuatro Ciénegas recently prompted declaration of the 

region as a UNESCO Biosphere Reserve (UNESCO-MAB 2006).  Terrapene coahuila, 

the only aquatic species of the genus, inhabits both permanent and seasonal wetlands that 

are widely distributed across the Cuatro Ciénegas valley (Webb et al. 1963, Brown 1974, 

Van Dijk et al. 2007).  These wetland habitats have become substantially fragmented 

over the last half century due to water extraction and diversion via a complex canal 

system (Minckley 1992, Abell et al. 2000, Souza et al. 2006, Van Dijk et al. 2007, 

Hendrickson et al. in press).  As a consequence, T. coahuila is listed by the World 

Conservation Union (IUCN) and the United States Fish and Wildlife Service (USFWS) 

as ‘endangered’ because of the habitat loss and associated restricted geographic range 

(USFWS 1973, Van Dijk et al. 2007).  The geographic distribution of the box turtle has 

been reduced from an estimated 600 km2 in the 1960’s to approximately 360 km2 in 2002 

(Van Dijk et al. 2007).   

 Wetland habitat loss has resulted in relatively isolated subpopulations of T. 

coahuila (Van Dijk et al. 2007), thereby potentially constraining dispersal across the 

inhospitable desert matrix.  Importantly, fifty years of diffuse habitat fragmentation 

should not result in significant consequences for allele frequencies or a shift in 

evolutionary trajectory given the species’ estimated 15-year generation time and life-span 

of over 65 years (both estimates derived by analogy with congeners; Miller 2001, Van 

Dijk et al. 2007).  This buffer of a long-generation time, relative to the period of habitat 

fragmentation, highlights the need to evaluate whether contemporary dispersal patterns 

correspond to estimates of pre-fragmentation connectivity.  I therefore compare measures 

of local and regional dispersal acquired from mark-recapture methods with range-wide 

migration estimates obtained from microsatellite markers to examine if contemporary 

demography and historic gene flow are decoupled in T. coahuila.   
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 The following predictions were made about local and regional dispersal, 

population genetic substructure, and their relationship in T. coahuila.  (i) Current regional 

movement between wetland complexes will be limited as compared to genetic estimates 

of regional dispersal.  (ii) Current local movement within a wetland complex will be 

more frequent than regional movement, and will depend upon interpatch distance and 

patch size.  (iii) Population genetic differentiation will exist across the geographic range 

due to regional dispersal limitation imposed by the desert matrix and the mountain Sierra 

San Marcos which divides the geographic range into two lobes (Figure 4.1).  (iv) 

Likewise, genetic isolation by distance is expected across the species’ geographic range.   

  

MATERIALS AND METHODS 

Research was conducted in the Área de Protección de Flora y Fauna Cuatro Ciénegas, 

located in the Sierra Madre Oriental of central Coahuila, Mexico between 26o 45’ 00”: 

27o 00’ 00” N and 101o 48’ 49”: 102o 17’ 53” W (Figure 4.1).  The Cuatro Ciénegas 

valley is characterized by Chihuahuan Desert biota and approximately 200 saline ponds 

and wetlands formed from geothermal springs.  Over the last half century, diffuse 

wetland habitat loss across the Cuatro Ciénegas valley has fragmented once contiguous 

wetlands into spatially discrete wetland complexes separated by large extents (several 

kilometers) of desert matrix.  Each wetland complex contains multiple wetland habitat 

patches that are separated from one another by relatively small extents (tens of meters) of 

matrix.  In this study, I consider a wetland complex or ‘site’ to be the local scale of 

spatial sampling, and two or more wetland complexes to be the regional scale of spatial 

sampling.   

 

Population sampling and molecular methods 

To evaluate population genetic substructure, seven wetland complexes located range-

wide within the Cuatro Ciénegas basin were sampled opportunistically for Terrapene 

coahuila (Figure 4.1).  Tissue samples (0.2 cc blood) were collected from 15 to 27 

individuals at each site for a total of 156 individuals (71 male, 80 female, 9 
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indistinguishable adult, 16 subadult; Table 4.1).  Samples were preserved in buffer 

solution (0.01M Tris, 10mM EDTA, 0.01M NaCl, and 1% SDS) upon collection and 

stored at -20° C.  Whole genomic DNA was extracted from blood with a Qiagen 

DNeasy® tissue kit (Qiagen Inc., Valencia, CA, USA).  Genetic diversity within T. 

coahuila was evaluated with nine nuclear microsatellite markers originally developed for 

bog turtles (Glyptemys muhlenbergii; King and Julian 2004) and which were composed 

of either trinucleotide (GmuB8) or tetranucleotide (GmuD16, GmuD21, GmuD40, 

GmuD62, GmuD70, GmuD90, GmuD107 GmuD121) repeat motifs.  Allelic variation at 

each locus was assessed by polymerase chain reaction (PCR) in 12.5µL reactions 

containing 0.4µM HEX or FAM-labeled forward primer, 0.4µM reverse primer, 1X PCR 

buffer, 2mM MgCl2, 0.08µL Taq polymerase, 0.01µM dNTP, and 2.5µL 10-100 ng/µL 

DNA.  Reactions were performed in a thermal cycler (Techne TC-412 or Eppendorf 

Mastercycler Gradient) under the following conditions: 94° C for 2 min, 34 cycles of 94° 

C for 30s, 56° C for 30s, 72° C for 30s, and a final step of 72° C for 7 min.  After the 

addition of 0.25µL GeneScan-500 ROX internal size standard, samples were genotyped 

individually on an ABI Prism 3100 Genetic Analyzer (PE Applied Biosystems, Foster 

City, CA).  GeneScan files were analyzed with Genotyper (v. 3.6NT; PE Applied 

Biosystems), and allele sizes were visually confirmed relative to the size standard and 

controls.  Micro-checker (v.2.2.3; Van Oosterhout et al. 2004) was used to test for null 

alleles and allelic dropout using 1000 Monte Carlo simulations and a Bonferroni 

corrected 95% confidence interval. 

 Voucher specimens for the tissue samples were deposited at the National 

Collection of Amphibians and Reptiles, Institute of Biology, Universidad de Autónoma 

de México (UNAM, México D.F, Mexico) under appropriate Mexican collection and 

Convention on International Trade of Endangered Species (CITES) Appendix 1 permits.  

   

Gene flow and spatial genetic structure 

Linkage disequilibrium between pairs of microsatellite loci and departures from Hardy-

Weinberg within each sample site and locus were evaluated with a Markov Chain 
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approximation of an exact test performed in GENEPOP (web version 3.4; Raymond and 

Rousset 1995).  Associated probability values were corrected for multiple comparisons 

using a Bonferroni adjustment for a significance level of 0.05.  To evaluate variation in 

allelic diversity within sample sites, the number of total, effective, and private alleles (A, 

Ae, Ap), and observed and expected heterozygosity (HO, HE), were calculated in GenAlEx 

(v. 6; Peakall and Smouse 2006).  Additionally, allelic richness estimates derived from 

rarefaction and corrected for variable sample sizes, and an inbreeding coefficient (FIS), 

were calculated in FSTAT (v. 2.9.3.2; Goudet 1995).  To compare differentiation among 

sites, pairwise site FST coefficients (Weir and Cockerham 1984) were calculated in 

ARLEQUIN (v. 2.0.1.1; Schneider et al. 2000).  Significant pairwise site differentiation 

was determined by comparing the actual FST value to a null FST distribution generated 

from 10,000 genotypic permutations between sites.  Probability values were Bonferroni 

corrected at a significance level of 0.05.   

 To further evaluate genetic structure at the local spatial scale and to test whether 

more closely related individuals are located within a wetland complex, inter-individual 

relatedness estimates were generated for all pairs of individuals within each site.  

Relatedness coefficients following Queller and Goodnight (1989; rqg) were calculated in 

GenAlEx and 95% confidence intervals were determined for each site mean using 10,000 

bootstrap simulations.  Departure from the null hypothesis of panmixia at each site was 

assessed by comparing the site mean relatedness coefficient to a distribution of simulated 

relatedness coefficients generated from 10,000 genotypic permutations across sites.   

 In accord with my hypothesis of differences in genotypic composition between 

sites west and east of Sierra San Marcos, a hierarchical analysis of molecular variance 

(AMOVA; Excoffier et al. 1992) using 100,000 permutations in ARLEQUIN was used to 

examine partitioning of genetic variation within and between the western lobe of the 

basin (Laguna Grande) and the eastern lobe (six sites east of Sierra San Marcos).  

Evidence for range-wide isolation by geographic distance was evaluated as the 

correlation between Rousset’s (1997) genetic distance [FST/ (1-FST)] and geographic 

distance for all pairwise site combinations with a Mantel test using 30,000 Monte Carlo 
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matrix permutations in IBDWS (v. 3.14; Jensen et al. 2005).  Geographic distances used 

in the analysis were calculated from latitude / longitude coordinates determined in the 

field using a global positioning system (Trimble Geoexplorer® GPS).  All GPS data were 

differentially corrected with Pathfinder Office software (v. 2.80, Trimble Navigation 

Ltd., Sunnyvale, CA, USA).  Pairwise site straight line (Euclidian) distances were 

calculated on the World Wide Web (http://www.wcrl.ars.usda.gov/cec/java/lat-long.htm).  

A dummy site, 26° 56’ 22.362” N, 102° 8’ 57.577” W (NAD27-Mexico), located 

northwest of the tip of Sierra San Marcos, was used as an intermediate passing point 

between Laguna Grande and the six eastern sites.    

 Gene flow across the geographic range of T. coahuila was evaluated with a 

maximum likelihood coalescent-based approach.  Population differentiation was too low 

to detect recent migration events using assignment tests.  Because I had no a priori 

knowledge of which sites or groups of sites supported distinct populations, each of the 

seven sample sites was represented independently in the analysis of gene flow.  Evidence 

for migration between sites was evaluated as 4Nm, an estimate derived by multiplying θ 

(4Neµ, where Ne is the effective population size and µ is the mutation rate/ generation) 

and M (m/µ, where m is the immigration rate) in MIGRATE v. 2.3 (Beerli and 

Felsenstein 2001).  The Brownian motion approximation of the stepwise mutation model, 

assuming a constant microsatellite mutation rate, was employed.  Starting θ and M values 

were generated from FST estimates.  A matrix of 4Nm was produced by averaging over 

five replicates of the following settings: 20 000 tree burn-in, 10 short chains with 100 000 

trees sampled and 5 000 trees recorded (sampling increment of 20), and 3 long chains 

with 1 000 000 trees sampled and 50 000 trees recorded (sampling increment of 20).  

Several shorter preliminary runs were initiated previously to determine the parameter 

values required to reach relatively stable distributions for this final long run.  Significant 

differences in pairwise site unidirectional migration rates were evaluated by 95% 

confidence intervals around the migration estimates, where no overlap in confidence 

intervals indicates asymmetric gene flow between site pairs.  
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Movement at local and regional spatial scales  

To detect the spatial extent and frequency of movement in T. coahuila, I employed mark-

recapture methods that have been used previously to detect dispersal in Terrapene 

(Kiester et al. 1982, Dodd et al. 2006) and in this species in particular (Brown 1974).  To 

estimate T. coahuila dispersal capacity and rate at the local spatial scale, interpatch 

movement was evaluated at 37 wetlands within the complex of Los Gatos (Figure 4.1) 

over seven mark-recapture efforts from 19 May – 24 July 2002 (67 d), a time period in 

which T. coahuila interpatch movements have been documented previously (Brown 

1974).  On average, there were 9.4 days (2.6 SD) between capture efforts.  Turtles were 

located visually by walking linear transects within, and a circular transect around, each 

wetland once per capture effort.  Other aquatic turtle capture techniques (e.g. hoop nets, 

basking traps) are not appropriate for this semiaquatic species (Brown 1974).  Each 

capture effort was conducted during peak turtle activity, from 0700 to 1100 hr, over a 

period of two days with two to four biologists participating.  All turtles encountered were 

marked with a numbered gray vinyl tag (Floy Tag, Seattle, WA, USA) affixed to a right 

pleural scute and were released at the site of capture.  This method of tagging is relatively 

robust over short (1 yr) timescales.  Tag loss was minimal with an average of 2.1 tags lost 

(3.2 SD) per month, for a total of 30 tags lost in this study.  Local dispersal rate was 

determined as the proportion of turtles recaptured in a different wetland from where they 

were originally marked over the 67 day period, standardized to seven days, the minimum 

time between local capture events. 

 To determine the role of patch area in local dispersal and area-abundance 

relationships, latitude / longitude and area of each of the 37 wetlands was determined 

from differentially corrected GPS coordinates.  Inter-wetland dispersal distances were 

defined as the minimum Euclidian distance between source wetland edge and target 

wetland edge, and were calculated in Pathfinder Office.  The relationship of turtle 

abundance (individuals / effort) as a function of wetland area (ha) was determined with 

linear regression.  Abundance and area values were log (x+1) transformed to reduce 
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variance prior to regression analysis in STATISTICA (v. 6.1, Statsoft Inc., Tulsa, 

Oklahoma, USA).  

 To evaluate movement at the regional spatial scale, turtles at the wetland 

complexes of Antiguos Mineros and Los Gatos (Figure 4.1) were surveyed over 

approximately one year, a time period in which large scale movements have been 

previously detected in the species (Webb et al. 1963, Brown 1974).  Antiguos Mineros 

and Los Gatos are separated by 9.71 km and represent the greatest nearest-neighbor inter-

site distance in this study and thus the maximum possible distance for nearest-neighbor 

migrant exchange.  Turtles at Antiguos Mineros were marked over seven capture efforts 

from 22 May - 3 July 2002.  Turtles at the four largest wetlands of Antiguos Mineros 

(sum area = 2.23 ha) and the two largest wetlands of Los Gatos were captured (not 

marked) approximately once a month over the following dates: Antiguos Mineros, 27 

May 2002 – 16 May 2003 (355 d) and Los Gatos, 30 June 2002 – 28 July 2003 (394 d).  

Specifically, at Los Gatos the average time between recapture events was 35.7 days (14.8 

SD).  At Antiguos Mineros, there were 32.2 days (11.5 SD) between recapture events.  

Daily surveys occurred during temperature-dependent peak turtle activity, May-October 

from 0700 to 1100 hr and November-April from 1100 to 1400 hr.  Regional dispersal 

rates for turtles at Antiguos Mineros and Los Gatos were determined as the proportion of 

turtles recaptured in a different wetland complex from where they were originally marked 

over the sampling period (355 d, 394 d respectively) standardized to seven days to 

facilitate comparison with the local dispersal rate. 

 

RESULTS 

Gene flow and spatial genetic structure 

Measures of allelic richness and heterozygosity revealed high levels of genetic diversity 

across the geographic range of Terrapene coahuila (Table 4.1, Appendix Table1.1).  The 

microsatellite loci were polymorphic, ranging from 6 alleles (GmuD21) to 17 alleles 

(GmuD40), with a rarefied richness estimate by locus and sample site ranging from 2.67 

alleles (GmuD21, Las Salinas) to 10.84 alleles (GmuD40, Charcos Prietos; Appendix 

 

99



                                                                                                                                            

Table 1.1).  There was no indication of large allele dropout at any locus.  There was 

significant evidence (P < 0.05) for null alleles at one locus, GmuD70, although estimated 

null allele frequencies were low (< 0.076 by all estimation methods).  The test for linkage 

disequilibrium in pairwise comparisons of loci within sites demonstrated no linkage 

between loci.  The sample site Pozas Azules supported the greatest number of alleles (A), 

while the eastern peripheral site Antiguos Mineros supported the fewest (Table 4.1).  The 

number of effective alleles (Ae), a richness measure corrected for site-specific expected 

heterozygosity, varied by less than one allele across the geographic range, thus 

suggesting relatively uniform demographic processes operating range-wide.  Private 

alleles (Ap), a measure of population differentiation which includes both alleles unique to 

a sample site or an individual (singleton), were detected at Laguna Grande, Las Salinas, 

Tio Cándido, and Pozas Azules, with the greatest frequency found at Tio Cándido.  

Observed levels of heterozygosity (HO) were high across sites, ranging from 0.69 to 0.81, 

and comparable to expected heterozygosity with each site and locus in Hardy-Weinberg 

equilibrium (Fisher’s exact test; all sites, all loci, P > 0.05).  There was a slight trend of 

decline in genetic diversity from west to east across the geographic range of T. coahuila 

with the two westernmost sites, Laguna Grande and Las Salinas, supporting the highest 

levels of observed heterozygosity and allelic diversity (Table 4.1; Appendix Table 1.2).   

 Site-specific FIS values gave no indication of inbreeding and implied strong 

connectivity between sites and large effective population sizes (FIS range: -0.08 to 0.03; 

Table 4.1).  In agreement with this result, low levels of relatedness (rqg) between 

individuals within sites suggest that the majority of sites were at least moderately 

connected and did not differ from a null model of panmixia (rqg range: -0.03, 0.05; 

Appendix Figure 1.1).  Individuals within Antiguos Mineros and Charcos Prietos, 

however, were significantly more related than what would be expected under range-wide 

panmixia (Antiguos Mineros P = 0.034, Charcos Prietos, P = 0.006).   Thus, these 

localities may support relatively cohesive subpopulations.   

 Low levels of population differentiation among all sites indicate strong historic 

gene flow, with a global FST of 0.011 (95% CI: 0.006, 0.016).  Pairwise site FST values 
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were also low and ranged from -0.006 to 0.041 (Table 4.2).  The only significant 

differences in pairwise site genetic differentiation were the comparisons with Laguna 

Grande and four eastern sites: Charcos Prietos, Pozas Azules, Los Gatos, and Antiguos 

Mineros.  Additionally, there was a significant positive correlation between pairwise site 

genetic (Rousset’s) distance and geographic distance (Mantel test; P = 0.016, y = 0.002x-

0.010, r = 0.733, Z = 5.383, Figure 4.2), indicating a range-wide relationship of isolation 

by distance.  This relationship of isolation by distance dissolved, however, when Laguna 

Grande was excluded from the analysis (P = 0.490, y = 0.001x-0.006, r = 0.031, Z = 

1.012).  The hierarchical AMOVA revealed no significant variation in genetic structure 

between the western lobe of the basin (Laguna Grande) and the eastern lobe (six eastern 

sites; FCT = 0.022, P = 0.144).  There was significant, albeit small (<1%), variation 

explained by among site differences in genetic differentiation in the eastern sites (FSC = 

0.006, P < 0.001).  The majority of variation (97.24%) was found among individuals 

within sites (FST = 0.028, P < 0.001).    

 Relatively high range-wide migration rates (4Nm) suggest that T. coahuila was 

once distributed continuously across the basin (Figure 4.3, Table 4.3).  Levels of gene 

flow varied substantially between sites, with a minimum estimate of 0.709 4Nm and a 

maximum of 10.754 4Nm (Table 4.3).  The significant asymmetric gene flow estimates 

indicate migration from Laguna Grande northeast towards the eastern lobe (Figure 4.3).  

Additionally, the eastern core site of Tio Cándido experienced relatively strong 

immigration from all sites sampled except Charcos Prietos.  These results reinforce the 

findings of the analysis of population differentiation (FST) by showing a high degree of 

mixing in the eastern lobe of the geographic range.  Although 67% of the pairwise site 

migration estimates reported in Table 4.3 demonstrate significant asymmetric dispersal, 

the bidirectional migration estimates for a given site pair often differed by only a small 

amount (Figure 4.3).   
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Movement at local and regional spatial scales 

The mark-recapture analysis at the local scale (wetland complex) revealed that Terrapene 

coahuila movement within the Los Gatos wetland complex was relatively frequent at a 

rate of 1.03% wk -1.  Specifically, over the course of 67 days, 481 turtles were marked at 

Los Gatos with 151 individuals (31.39%) recaptured at least once for a total of 207 

recapture events.  Of the turtles recaptured, 15 individuals (9.93%) were found in a 

different wetland within the wetland complex than where they were captured initially, 

and two individuals moved twice over the sampling period for a total of 17 dispersal 

events.  Average dispersal distance for these individuals was 279.96 ± 198.85 m SD, with 

29.76 ± 16.61 SD maximum days between events.  The dispersal events within the 

wetland complex suggest that inter-patch dispersal was not limited by distance, and thus 

local dispersal capacity was relatively high (Figure 4.4a).  The most common dispersal 

route was between the two largest wetlands in the complex (Appendix Figure 1.4), a 

distance of 513 m (Figure 4.4a).  Of the 17 dispersal events, 11 (64.71%) involved 

migration to or from the largest wetland in the complex; whereas, the remaining 6 events 

(35.29%) involved dispersal among 8 smaller wetlands (mean size: 0.15 ± 0.12 ha SD).  

This suggests, relative to the reduced proportion (8.15%) of turtles originally marked in 

small wetlands (16 wetlands: mean size: 0.10 ± 0.14 ha SD) that did not move or were 

not recaptured, that these minor wetlands serve as stepping stone habitat.  An analysis of 

area-abundance further indicates that large wetlands support more individuals than small 

wetlands (P < 0.001, y = 1.465x+0.030, r = 0.893; Figure 4.4b).    

 Regional dispersal dynamics between Los Gatos and Antiguos Mineros revealed 

long-distance dispersal in T. coahuila (Figure 4.5).  Temporal variation in T. coahuila 

proportional abundance at Los Gatos demonstrated that the subpopulation was 

moderately stable over a period of 394 days and varied by less than 15% (Figure 4.5a).  

In contrast, abundance at Antiguos Mineros fluctuated markedly and the local population 

collapsed due to high emigration rates.  At Antiguos Mineros, 147 turtles were marked 

and 25 individuals (17.01%) were recaptured over 355 days.  Of those individuals 

recaptured, 5 (20%) were recaptured at Los Gatos during June and July 2002, coinciding 
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with the period of emigration at Antiguos Mineros (Figure 4.5b).  This result corresponds 

to a dispersal rate of 0.39 % wk-1 between Antiguos Mineros and Los Gatos, with a 

straight-line dispersal distance of 9.71 km.  One Antiguos Mineros migrant captured at 

Los Gatos in July 2002 was recaptured again at Antiguos Mineros the following April, 

providing insight into seasonal migration encompassing 330 days (marked Antiguos 

Mineros May 2002; recaptured Los Gatos July 2002; recaptured Antiguos Mineros April 

2003; Figure 4.5b).  In contrast to the relatively high dispersal rate from Antiguos 

Mineros to Los Gatos, only one individual marked at Los Gatos out of 228 recaptured 

over a period of 394 days was found at Antiguos Mineros, yielding a dispersal rate of 

0.01 wk -1 between Los Gatos and Antiguos Mineros.  Collectively, the bidirectional 

dispersal events between Los Gatos and Antiguos Mineros were separated by 67.43 ± 

92.46 SD maximum days.   

 

DISCUSSION 

The approach used in this study to evaluate dispersal in the endangered Terrapene 

coahuila acknowledges subpopulation connectivity occurring over both ecological and 

evolutionary timescales and consequently provides novel insight into the maintenance of 

genetic diversity.  Demographic and genetic estimates of dispersal in T. coahuila 

demonstrate that the pattern and frequency of current movement correspond well with 

levels of historic gene flow.  This general congruence between dispersal estimates 

suggests no fragmentation effects in T. coahuila movement behavior.  The direct 

estimates of movement from the mark-recapture study revealed a high local and regional 

dispersal capacity and thus potential for gene flow between subpopulations, while the 

indirect estimates of dispersal elucidated substantial genetic diversity, little differentiation 

among subpopulations, no inbreeding, and relatively large migration rates.  Gene flow 

was not entirely unconstrained across the geographic range, however.  In accord with my 

hypothesis, genetic differentiation between the subpopulation west of Sierra San Marcos 

(Laguna Grande) and subpopulations located to the east generated a range-wide 

relationship of isolation by geographic distance.  From a conservation perspective, the 
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results highlight the relatively unique genetic diversity harbored west of Sierra San 

Marcos and convey a sustainable evolutionary trajectory of T. coahuila pending 

preservation of a range-wide network of wetland habitats and corridors.   

 Patterns of movement behavior by Terrapene coahuila suggest a strong potential 

for migrant exchange and thus provide a possible mechanism for the observed weak 

population genetic substructure.  More specifically, the microsatellite analysis revealed 

relatively high unidirectional migration estimates between Antiguos Mineros and Los 

Gatos (9.1 4Nm, AM – LG; 3.1 4Nm, LG – AM; Table 4.3); and the regional recapture 

data confirmed the possibility of asymmetric spatial coupling with unidirectional 

dispersal rates of 0.39% wk -1 from Antiguos Mineros to Los Gatos and 0.01% wk -1 from 

Los Gatos to Antiguos Mineros.  While there is no widely accepted level of dispersal at 

which subpopulations become demographically correlated (Waples and Gaggiotti 2006, 

Palsboll et al. 2007), the regional movement behavior by T. coahuila suggests that the 

two wetland complexes serve as subpopulations within a metapopulation.  Migration of 

turtles at Antiguos Mineros is likely an annual response to the fluctuating environments 

of the seasonal wetlands which predictably dry each summer (Howeth, personal 

observation).  As a consequence, regional dispersal in T. coahuila appears to be largely 

regulated by the hydroperiod of seasonal wetland habitats and is relatively less limited by 

dispersal distance.  Interestingly, the significant relatedness of individuals at Antiguos 

Mineros indicates distinct subpopulation structure and the possibility of natal homing 

(Freedberg et al. 2005), thereby providing additional support for metapopulation 

processes operating at the regional spatial scale. 

 A high rate of interpatch dispersal at the local spatial scale in Los Gatos (1.03% 

wk-1), and the correspondingly low relatedness estimate, suggests a well-mixed 

subpopulation with random mating and a large effective population size.  Movement 

behavior within the wetland complex was more strongly controlled by patch size rather 

than patch proximity, as larger wetland patches were the preferred targets of local 

dispersers, regardless of distance.  Large local dispersal distances of T. coahuila illustrate 

that inter-wetland distance does not constrain connectivity, at least at the spatial scale 
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encompassed in this study, as there is no evidence for a distance decay relationship in the 

dispersal kernel.  Patterns of patch occupancy in T. coahuila reflect the behavior of a 

variety of taxa that exhibit patch dynamics, where incidence and abundance positively 

correlate with patch area (Hanski 1994).  Although studies of dispersal and patch 

dynamics in aquatic turtles are limited, I find that T. coahuila inter-wetland dispersal 

distances, frequency of movement, and elevated abundance in large wetland patches 

approximates the behavior of another North American wetland turtle species, Clemmys 

guttata (Joyal et al. 2001).  In their study, Joyal et al. (2001) come to similar conclusions 

about the role of dispersal in wetland turtle population dynamics at the local scale of a 

wetland complex.  Our findings of unconstrained and frequent movement between 

wetlands at the local scale suggest that a wetland complex supports a single 

subpopulation rather than a metapopulation.    

 Despite genetic and demographic evidence for relatively unconstrained dispersal, 

there was a significant relationship of isolation by distance across the geographic range of 

T. coahuila.  The relationship is further reflected in significant pairwise site FST 

comparisons which demonstrate differences in genotypic composition between Laguna 

Grande and four eastern localities.  The range-wide pattern of isolation by distance was 

driven by unique genotypes at Laguna Grande, and was likely in part influenced by 

distance and / or barrier-based isolation created by Sierra San Marcos, as there was no 

evidence for isolation by distance and strong support for mixing in the eastern lobe of the 

species’ range.  Over the larger distances necessitated by Sierra San Marcos, the 

inhospitable terrestrial matrix can constrain stepping stone movement among wetlands 

and result in such patterns of isolation by distance (Thomas et al. 1998, Hurt and Hedrick 

2004, Spinks and Shaffer 2005).  Interestingly, however, historic migration around Sierra 

San Marcos was stronger from west to east, indicating that the western side of the basin 

may have served as a source of migrants.   

 Comparing population structure in T. coahuila to patterns of genetic structure in 

sympatric aquatic species endemic to Cuatro Ciénegas provides additional insight into 

evolutionary history.  Phylogeographic analyses of relatively dispersal-limited fishes, 
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Cyprinodon spp. (Carson and Dowling 2006), and the spring snail Mexipyrgus 

churinceanus (Johnson 2005), indicate a unique evolutionary history for subpopulations 

west of Sierra San Marcos.  Mitochondrial DNA haplotype structure in M. churinceanus 

revealed a bottleneck in subpopulations west of Sierra San Marcos dating back to the 

Pleistocene, approximately 50,000 years before present (Johnson 2005), which may be 

associated with the common phylogeographic break in turtles, fishes, and snails.  

Microevolutionary processes structuring fine-scaled genetic variation in fishes and snails, 

however, likely acted at different spatial scales from T. coahuila.  For example, in M. 

churinceanus, haplotype frequencies reflected patterns of isolation by distance within 

drainages (Johnson 2005).  Cyprinodon spp. further exhibited strong mtDNA structuring 

within multiple drainages located basin-wide (Carson & Dowling 2006).  The 

mechanisms shaping genetic structure in these taxa will likely not operate at the scale of a 

drainage in T. coahuila given the species’ semiaquatic ecology and long-distance 

dispersal.  Collectively, the findings from Johnson (2005), Carson & Dowling (2006), 

and this study indicate that the western lobe of the basin should be considered a high 

priority conservation site based upon the unique genetic diversity and substantial 

localized aquatic habitat loss and degradation at Laguna Grande and associated wetlands 

(documented in Johnson 2005, Van Dijk et al. 2007, Hendrickson et al. in press).  

Immediate protection of the Laguna Grande wetland complex and other remaining 

wetland habitats west of Sierra San Marcos is critical to conserve genetic variation in a 

suite of endangered sympatric species (sensu Moritz and Faith 1998).   

 The evolutionary trajectory of T. coahuila appears sustainable pending 

preservation of a range-wide network of wetland habitats.  Continuous population 

structure across the geographic range generated near-panmictic allele frequencies and 

yielded high genetic diversity and heterozygosity.  As a consequence, inbreeding 

depression and genetic drift are not of immediate concern in this species.  The threat of 

continued wetland habitat fragmentation and the associated ecological and genetic 

consequences proves imminent, however (Souza et al. 2006, Van Dijk et al. 2007, 

Hendrickson et al. in press).  Minimizing extinction risk and maximizing adaptive 
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potential in T. coahuila depends critically upon ceasing habitat loss and preserving 

corridors that maintain metapopulation processes.  Ironically, much of modern habitat 

connectivity, including connections between Los Gatos and Antiguos Mineros, is 

facilitated by abandoned canals that retain water and wetland vegetation year-round and 

effectively serve as corridors (Howeth, personal observation).  The next step in 

evaluating conservation of T. coahuila could include simulating post-fragmentation 

patterns of gene flow between sites and parameterizing the models with the site-specific 

allele frequencies determined from this study.  Connectivity between sites can be 

modified (decreased) according to hypotheses of future localized habitat loss based upon 

predictive hydrologic models.  The consequences of increasing isolation for allele 

frequencies would identify critical corridors to maintain or restore. 

 Studies of neutral genetic variation in freshwater turtles reveal surprisingly high 

levels of diversity (FitzSimmons and Hart 2007).  Microsatellite variation and weak 

population differentiation in T. coahuila is generally within the range represented by 

other aquatic turtles in the family Emydidae.  For example, pairwise population FST 

values range from 0.000 to 0.182 in Glyptemys insculpta (Tessier et al. 2005), from -

0.001 to 0.179 in Malaclemys terrapin (Hauswaldt and Glenn 2005) and from 0.000 to 

0.465 in Emydoidea blandingii (Mockford et al. 2007).  All of these emydids are 

officially recognized as threatened or endangered and have experienced substantial 

habitat fragmentation and associated reductions in population size over the last century.  

While E. blandingii shows distinct population substructure, populations of the other two 

species are relatively undifferentiated.  Taken together, our findings suggest that the long 

generation time of turtles may provide a buffer to the loss of genetic diversity from 

habitat fragmentation.   

 In conclusion, this study employs an integrative and relatively novel approach to 

evaluating dispersal and fragmentation effects at multiple spatial scales in a long-lived 

endangered vertebrate.  Direct observations of movement yielded insight into the spatial 

extent and frequency of dispersal and thus the potential for evolutionarily effective gene 

flow.  Complementary indirect estimates of dispersal detected effective gene flow and 
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identified the consequences to population substructure.  It is important to emphasize that 

direct approaches to evaluating dispersal usually assay movement and demographic 

processes over one or two generations while indirect approaches yield an average over 

tens to hundreds of generations and can detect effective gene flow and infrequent 

migration events (Allendorf and Luikard 2007).  To date, studies that take a similar 

comparative demographic and genetic approach to evaluating dispersal typically address 

taxa with relatively short generation times, such as damselflies (e.g. Coenagrion 

mercuriale; Watts et al. 2007) and fish (e.g. brook charr, Salvelinus fontinalis; Wilson et 

al. 2004).  In such species, allele frequencies may closely track fragmentation effects and 

thus an integrative approach to evaluating dispersal can be relatively less informative.  

For taxa with moderate to long generation times and high levels of historic gene flow, 

however, the comparative dispersal assessment may provide an important framework to 

test for fragmentation-induced limitation of contemporary movement. 
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Figure 4.1.  Maps from left to right: (1) The general location of the study area, Cuatro Ciénegas, 
in the state of Coahuila, Mexico.  (2) The Cuatro Ciénegas valley (bold outline) and the current 
geographic range of the endemic Coahuilan box turtle, Terrapene coahuila (gray polygon).  The 
geographic range of T. coahuila is divided into a western and eastern lobe by the mountain, 
Sierra San Marcos.  Seven localities (circles) were represented in the population genetic analysis.  
The town of Cuatrociénegas de Carranza (diamond) is the human population center of the valley 
and supports agriculture for the region.  (3) Los Gatos wetland habitats (gray polygons) served as 
the focal complex for the local spatial scale mark-recapture study.   
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Figure 4.2.  Genetic distance [FST/ (1-FST)] as a function of geographic distance (km) for all 
pairwise comparisons of the seven Terrapene coahuila sample sites.  Black circles represent site 
comparisons within the eastern range lobe while gray circles indicate pairwise comparisons 
which include Laguna Grande.  The relationship of isolation by distance in T. coahuila is driven 
by pairwise comparisons with Laguna Grande.  There is no evidence for regional dispersal 
limitation in subpopulations to the east of Sierra San Marcos.  Regression line incorporates all 
pairwise site comparisons. 
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Figure 4.3. Patterns of asymmetric gene flow across the geographic range of Terrapene coahuila 
(gray polygon).  Arrows indicate the difference in pairwise site unidirectional migration (4Nm) 
rates where 95% confidence intervals do not overlap for the two estimates.  Line thickness 
corresponds to the difference in pairwise site migration rates: thin line, 4Nm = 0-2, medium line, 
4Nm = 2.1-4, and thick line, 4Nm = >4.  See Table 4.3 for migration estimates and associated 
confidence intervals.  Site name abbreviations correspond to collection localities labeled in 
Figure 4.1. 
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Figure 4.4.  Local dispersal by Terrapene coahuila within the wetland complex Los Gatos, 
Cuatro Ciénegas, Mexico. (a) Proportion of T. coahuila local dispersal events by dispersal 
distance (Euclidian; n = 17 dispersal events). There is no evidence for dispersal limitation at the 
local scale.  (b) Terrapene coahuila abundance [mean (individuals / capture effort)] as a function 
of habitat patch (wetland) area in hectares for each of the 37 wetlands surveyed at Los Gatos. 
Larger wetlands support more individuals.  Regression line incorporates turtle abundance at each 
wetland size per sampling effort; 95% CI, dashed lines.  
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Figure 4.5.  Regional dispersal by Terrapene coahuila between the wetland complexes of Los 
Gatos and Antiguos Mineros in Cuatro Ciénegas, Mexico over the course of approximately one 
year.  (a) Proportion of T. coahuila captures per monthly capture effort at Los Gatos (n = 828 
captures; June 2002 – July 2003, no data for December 2002 or June 2003) and Antiguos 
Mineros (n = 231 captures; May 2002 – May 2003, no data for December 2002).  (b) Proportion 
of Antiguos Mineros migrants in the total capture at Los Gatos on the sampling date (gray bars) 
and proportion of Los Gatos migrants in the total capture at Antiguos Mineros on the sampling 
date (black bars).  Date on x-axis includes month and year abbreviations.  + denotes individual 
returning to original capture site. 
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Table 4.1.  Summary of genetic diversity across nine microsatellite loci in Terrapene coahuila at seven sample sites in Cuatro 
Ciénegas, Mexico.  Sample size for microsatellites (N), number of alleles (A), number of effective alleles (Ae), number of private 
alleles (Ap), observed heterozygosity (HO), expected heterozygosity (HE), and an inbreeding coefficient (FIS ).  Values are mean (SE).   
Sites are ordered from west to east.   

Table 4.1.  Summary of genetic diversity across nine microsatellite loci in Terrapene coahuila at seven sample sites in Cuatro 
Ciénegas, Mexico.  Sample size for microsatellites (N), number of alleles (A), number of effective alleles (Ae), number of private 
alleles (Ap), observed heterozygosity (HO), expected heterozygosity (HE), and an inbreeding coefficient (FIS ).  Values are mean (SE).   
Sites are ordered from west to east.   
  

  

                                                                

                                                

  
  
  
  
  
  

                                                                                                                                    
  

  

  

  

  

  

  
  

                
Site N A Ae A H Fp 

 
HO E IS 

        
Laguna Grande 15 6.56 (0.80) 4.17 (0.52) 0.22 (0.15) 0.81 (0.06) 0.72 (0.05) -0.08 
        
Las Salinas 21 7.22 (0.91) 4.66 (0.69) 0.11 (0.11) 0.77 (0.07) 0.73 (0.05) -0.03 
        
Tio Cándido 23 7.56 (0.92) 4.08 (0.60) 0.44 (0.18) 0.72 (0.05) 0.71 (0.04)  0.01 
        
Charcos Prietos 27 7.67 (1.13) 4.26 (0.80) 0.00 0.70 (0.07) 0.68 (0.07) -0.01 
        
Pozas Azules 24 7.89 (1.03) 4.39 (0.70) 0.33 (0.17) 0.71 (0.07) 0.71 (0.06) 

 
 0.01 
       

Los Gatos 22 6.78 (0.78) 4.14 (0.60) 0.00 0.75 (0.05) 0.71 (0.05) -0.03 
        
Antiguos Mineros 24 6.44 (0.96) 4.01 (0.63) 0.00 0.69 (0.06) 0.70 (0.05)  0.03 
        



                                                                                                                                            

Table 4.2.  Pairwise site FST values from nine microsatellite loci in Terrapene coahuila in Cuatro Ciénegas, Mexico.  Site matrix 
includes FST values (above diagonal) for seven sample sites and the associated probability values (italicized; below diagonal).  FST 
values in bold indicate significant pairwise differences after Bonferroni correction for multiple comparisons.  Sites are ordered from 
west to east. 
 

            

         
 Site Laguna 

Grande 
Las  Tio 

Cándido 
Charcos 
Prietos 

Pozas Los  Antiguos   Salinas Azules Gatos Mineros                 
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0.0397  0.0218 0.0272 0.0410 Laguna Grande  0.0104 0.0194 

  0.0354 Las Salinas  0.0101 0.0059  0.0051 0.0024 0.0099 

  0.0060 0.0370 Tio Cándido   0.0100  0.0001 0.0118 0.0164 

<0.0001 0.1174 0.0261 Charcos Prietos  -0.0057 0.0051 0.0075 

<0.0001 0.1398 0.4592 0.8952 Pozas Azules  0.0024 0.0050 

  0.0010 0.5617 0.0218 0.1184  0.2936 Los Gatos  0.0120 

<0.0001 0.0450 0.0073 0.0631  0.1822 0.0324 Antiguos Mineros  
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Table 4.3.  Migration matrix representing the number of migrants per generation (4Nm) for the seven Terrapene coahuila samples 
sites in Cuatro Ciénegas, Mexico.  Migration estimates are unidirectional and convey immigration rates to a target site from a source 
site.  95% confidence intervals in italics.  Sites are ordered from west to east.   

 
Source 
                
Target 
 
 

 
Laguna 
Grande 
 
 
 

 
Las 
Salinas 

 
Tio  
Cándido 
 

 
Charcos 
Prietos 

 
Pozas 
Azules 

 
Los 
Gatos 

 
Antiguos 
Mineros 

        
Laguna 
Grande 
 

 3.364 
2.763-4.047 

1.322 
0.958-1.767 

2.334 
1.835-2.917 

3.734 
3.097-4.454 

1.349 
0.982-1.796 

1.533 
1.124-2.035 

Las 
Salinas 
 

5.689 
4.830-6.642 

 0.709 
0.436-1.079 

6.070 
5.181-7.035 

4.250 
3.511-5.085 

4.876 
4.076-10.177 

2.999 
2.386-3.707 

Tio  
Cándido 
 

5.068 
4.021-6.282 

7.731 
6.387-9.262 

 4.626 
3.626-5.798 

10.118 
8.596-11.807 

10.416 
8.886-12.114 

5.869 
4.729-7.174 

Charcos 
Prietos 
 

2.516 
2.034-3.070 

2.188 
1.735-2.714 

3.056 
2.514-3.668 

 5.351 
4.631-6.140 

3.981 
3.363-4.670 

4.786 
4.108-5.534 

Pozas 
Azules 
 

1.702 
1.283-2.203 

2.774 
2.227-3.401 

6.849 
5.972-7.803 

6.187 
5.360-7.096 

 6.383 
5.536-7.310 

4.720 
4.000-5.521 

Los 
Gatos 
 

1.653 
1.157-2.252 

3.069 
2.399-3.857 

7.417 
6.389-8.539 

5.218 
4.360-6.182 

10.754 
9.423-12.173 

 9.149 
7.998-10.406 

 3.101 
2.583-3.682 

3.222 
2.697-3.810 

3.353 
2.810-3.959 

3.512 
2.964-4.123 

2.325 
1.880-2.836 

1.519 
1.167-1.936 

Antiguos 
Mineros 
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Appendix 
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Figure 1.1  Inter-individual relatedness (Queller and Goodnight relatedness coefficient mean, 
95% CI) at the local scale, within each of the seven Terrapene coahuila samples sites.  Open 
circles denote 95% confidence intervals for the null distribution defining expectations of 
relatedness under panmixia.  Two sites, Antiguos Mineros and Charcos Prietos, supported 
individuals that were significantly more related than under the null model of panmixia.  Sites are 
ordered from west to east.   
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Figure 1.2.  Distribution of wetland patch area (ha) in the Los Gatos wetland complex, as  
shown in Figure 4.1 (n = 37 patches).  Note break in x-axis scale. 
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Microsatellite Loci 
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Table 1.1.  Rarefied allelic richness at nine microsatellite loci in Terrapene coahuila. 
 
 

 
 
 

   
 

Site GmuB8 GmuD16 GmuD21 GmuD40 GmuD62 GmuD70 GmuD90 GmuD107 GmuD121 

         

7.260 

6.525 

7.626 

6.577 

7.417 

6.995 

6.368 

5.282 

5.883 

4.966 Antiguos Mineros 3.974 7.147 3.000 9.853 5.716 7.728 

Charcos Prietos 4.514 9.649 3.414 10.842 6.129 8.586 

Laguna Grande 6.000 6.926 3.000 9.660 6.929 10.000 4.000 

Las Salinas 4.666 9.175 2.667 9.811 7.642 8.775 

Los Gatos 5.492 9.560 3.831 8.200 4.982 8.709 4.594 

Pozas Azules 5.405 8.963 4.995 10.325 5.531 9.230 6.283 

10.186 5.407 6.174 8.852 3.602 8.853 4.798 Tio Cándido 



                                                                                                                                              

 

 

Table 1.2.  Nei’s gene diversity at nine microsatellite loci in Terrapene coahuila. 

 

 
Microsatellite Loci 

GmuB8 GmuD16 GmuD21 GmuD40 GmuD62 GmuD70 GmuD90 GmuD107 GmuD121 Site Mean 

           

Antiguos Mineros 0.628 0.850 0.626 0.890 0.723 0.772 0.763 0.774 0.394 0.713 126

Charcos Prietos 0.714 0.892 0.533 0.885 0.667 0.848 0.704 0.752 0.247 0.694 

Laguna Grande 0.755 0.795 0.440 0.776 0.812 0.885 0.762 0.852 0.605 0.742 

Las Salinas 0.706 0.886 0.469 0.876 0.836 0.858 0.802 0.789 0.474 0.744 

Los Gatos 0.658 0.882 0.591 0.843 0.774 0.845 0.733 0.772 0.427 0.725 

Pozas Azules 0.727 0.882 0.609 0.873 0.667 0.864 0.769 0.792 0.329 0.724 

Tio Cándido 0.714 0.860 0.543 0.803 0.630 0.885 0.758 0.798 0.510 0.722 
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