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Ecological linkages between community and genetic diversity 
in Zooplankton among boreal shield lakes 

Alison M. Derry,1'3 Shelley E. Arnott,1 Justin A. Shead,1 Paul D. N. Hebert,2 and Peter T. Boag1 

1 
Department of Biology, Queen's University, Kingston, Ontario K7L3N6 Canada 

2Department of Integrative Biology, University of Guelph, Guelph, Ontario N1G2W1 Canada 

Abstract. Ecological linkages between species diversity in communities and genetic 

diversity in populations have potential to influence the assembly of communities in habitats 
recovering from human disturbance, but few studies have attempted to synthesize 

relationships between these levels of biological organization, especially for locally adapted 
species. No such studies have been done in freshwater ecosystems despite the plethora of 
environmental Stressors plaguing aquatic communities around the world. We present the first 

study to test (1) whether diversity and dissimilarity among communities and populations of a 
locally adapted species are correlated and (2) whether communities and population haplotypes 
respond differently to environmental selection and spatial structure of habitats. We used a 

fragment of mitochondrial DNA (mtDNA) belonging to the gene cytochrome oxidase subunit 
I (COI) as a neutral tag to discriminate among different population haplotype variants. In 

boreal lakes with different histories of exposure to anthropogenic acidification, diversity and 

dissimilarity metrics for crustacean Zooplankton communities and locally adapted populations 
of an abundant and broadly distributed calanoid copepod species, Leptodiaptomus minutus, 
did not correlate. This discord was likely because Zooplankton communities responded more 

strongly to acidity and acidity-related environmental variables than spatial structure of lakes, 
whereas the distribution of L. minutus haplotypes was more strongly governed by spatial 
structure of lakes than environmental selection. Although spatial structure was the dominant 
driver of haplotype structure among L. minutus lake populations, there were similarities in the 

types of environmental variables that influenced the distributions of species in communities 
and haplotypes in populations. How haplotype diversity among populations relates to 

community diversity depends on the relative influence of spatial structure of habitats and 
selection at each of these scales of biological organization. 

Key words: acidification; boreal lakes; community diversity; cytochrome oxidase I; ecological linkages; 
ecosystem recovery; genetic diversity; Killarney Provincial Park, Ontario, Canada; Leptodiaptomus 
minutus; local adaptation; quasi-neutral molecular marker; spatial structure; Zooplankton. 

Introduction 

Natural habitats around the globe are faced with 

unprecedented rates of environmental change from 

human activities that are altering the composition of 

biological communities and populations (Hooper et al. 

2005). Such environmental change can invoke strong 
selection that can drive turnover and extinction of species 
in communities (Vitousek et al. 1997) and genetic 

divergence in populations (Palumbi 2001). However, 

geographic variability among ecological communities 

and populations can also be structured by spatial 

proximity of habitats (Legendre and Legendre 1998). 
Differences in the spatial structure of habitats to one 

another can isolate or allow mixing of individuals from 

Manuscript received 6 November 2007; revised 6 October 
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3 Present address: Department of Biology, McGill Univer 
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different species or from different genetic variants within 

species (Legendre and Legendre 1998). Understanding 
the manner in which environmental selection and spatial 
structure cause differences among communities com 

pared to among populations (?-diversity) may illuminate 
how these biological levels of organization are related. 

Despite the potential for interactions between commu 

nities and populations to influence ecological and 

evolutionary changes in ecosystems (Neuhauser et al. 

2003, Whitham et al. 2003), few studies have attempted 
to establish linkages between communities and popula 
tions (Vellend and Geber 2005). 

Theoretical simulations suggest that species and 

genetic diversity are often strongly positively correlated, 
but that species-specific patterns of genetic diversity 
along environmental gradients can complicate predic 
tions of correlations between species diversity and 

genetic diversity (Vellend 2005). One empirical example 
of how selection acted in a parallel manner to reduce 

abundance at both community and population levels is 

the historical harvesting of temperate forests (Vellend 
2275 
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2004). This Stressor decreased both genetic and species 

diversity within habitat patches and increased genetic 
and community dissimilarity among habitat patches in 
forest herb communities and Trillium grandiflorum 

populations (Vellend 2004). However, the manner in 
which species diversity of communities relates to locally 
adapted populations along environmental gradients is 

unclear and has not been empirically tested (Vellend 
2005). 
We present the first study to test (1) whether diversity 

and dissimilarity among communities and populations 
of a locally adapted species are correlated and (2) 
whether communities and population haplotypes re 

spond differently to environmental selection and spatial 
structure of habitats. We predicted that communities 

and locally adapted populations would respond similar 

ly to environmental selection and spatial structure of 

habitats because simulation models that Vellend (2005) 
used to disentangle influences of area, immigration rate, 

and environmental variability on species and genetic di 

versity often led to positive correlations. We used a 

fragment of mitochondrial DNA (mtDNA) belonging to 
the gene cytochrome oxidase subunit I (COI) as a 
neutral tag to discriminate among different population 
haplotype variants. 

Acid deposition and its interactions with climate 

change, land use, and stratospheric ozone depletion have 

damaged ecological communities in boreal lakes global 

ly (Schindler 1988). In spite of this, multiple adaptable 
species have been detected in Zooplankton communities 

in lakes following recovery from acidification (Fischer et 
al. 2001, Derry and Arnott 20076). The adaptability of 
these acid-tolerant species may contribute to the delayed 

recolonization of acid-sensitive taxa that were extirpated 
from pre-disturbance communities (Frost et al. 2006). 

Leptodiaptomus minutus (Lilljeborg) is one of the most 
common crustacean zooplanktoii on the boreal shield 

(Carter et al. 1980) and tends to be numerically dom 
inant in Zooplankton communities in North American 

acid-damaged lakes (Sprules 1975). As lakes recover 

from acidification, L. minutus continues to be abundant 

(Holt and Yan 2003), probably because of its adapt 
ability to changes in pH (Derry and Arnott 2007?). 
Derry and Arnott (2007?) found evidence of locally 
adapted differences in acid tolerance among L. minutus 

populations from lakes with different acidification 
histories. 

Our first main objective was to test whether there was 

a relationship between diversity and dissimilarity of 

Zooplankton communities and COI haplotypes in L. 
minutus populations. To do this, we tested whether (1) 
community and haplotype diversity (richness and 

evenness) were reduced with increasing lake water 

acidity, (2) community and haplotype dissimilarity 
between pairwise comparisons of habitats (community 

and genetic haplotype dissimilarity [GSt] measures) 
would correlate with dissimilarity between pairwise 

comparisons of acidity-related environmental variables, 

and (3) Zooplankton communities and haplotype vari 

ation in L. minutus populations were correlated in 

measures of among-lake diversity and dissimilarity. 
Other studies have shown reduced Zooplankton diversity 
in acidified lakes compared to non-acidified lakes (Holt 
and Yan 2003). Therefore, we expected reduced richness 
and evenness of Zooplankton communities with increas 

ing acidity and a positive correlation between commu 

nity dissimilarity and pH dissimilarity in pairwise 
comparisons of lakes. Environmental stress can also 

potentially reduce genetic diversity at neutral markers by 
altering population size and causing genetic drift 

(Holderegger et al. 2006). Therefore we suspected that 

acidity had potential to reduce haplotype richness and 
evenness and increase both haplotype and pH dissimi 

larity among lakes. If communities and haplotypes had 

parallel responses in diversity and dissimilarity as we 

predicted, then we expected that measures of community 
and haplotype diversity and dissimilarity would corre 
late. 

Our second main objective was to test whether 

environmental selection and the spatial structure of 

lakes had different influences on species composition of 

Zooplankton communities compared to haplotypes in 

locally adapted L. minutus populations. To do this, we 

tested whether environmental variables vs. spatial struc 

ture were more important in structuring Zooplankton 
communities compared to L. minutus haplotypes. If the 

community acts as a locus under selection with species 
with functional differences in acid tolerance, then we 

expected that acidity and acidity-related variables would 

play a more important role in structuring community 

composition than space. If environmental stress from 

historical acidification caused reduced COI haplotype 
diversity by altering population size and causing genetic 
drift, then we expected acidity and acidity-related 
variables to play a role in structuring haplotype 

differences among L. minutus populations. 

Methods 

Study site and landscape gradients 

Killarney Provincial Park, Ontario, Canada (46?0L 

N, 81?24' W), is a 48 110 ha wilderness area along the 
north shore of Lake Huron that contains >600 inland 
water bodies that vary in size, depth, connectivity, and 

water chemistry (Gunn et al. 2000; see Plate 1). 
Contemporary pH ranges from 4.3 to 7.8 because of 

natural and anthropogenic processes (Appendix A). 
Long-range emissions from Sudbury metal smelters and 

other sources resulted in acidification of many boreal 

shield lakes during the early to mid-1900s (Sprules 
1975). However, because of variation in local geology 

(Debicki 1982), Killarney lakes with watersheds con 

taining limestone and sandstone were able to neutralize 

acid deposition, while lakes with watersheds dominated 

by orthoquartzite were not (Dixit et al. 2002). Many 
lakes that were damaged by acid rain in Killarney Park 
are starting to recover to circum-neutral pH (>6.0) with 
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Plate 1. Spatial structure of lakes across the boreal shield landscape. Photo credit: Ed Snucins. 

declining S02 emissions (Keller et al. 2003). Killarney 
Park contains a high proportion of extremely clear lakes 

with dissolved organic carbon (DOC) concentrations 
<2.0 mg/L due to orthoquartzite in their watersheds and 

acidification-related reductions in DOC (Gunn et al. 

2000). In our study lakes, DOC ranged from 0.1 mg/L in 
clear, anthropogenically acidified lakes to 6.1 mg/L in a 

stained, naturally acidic lake (Appendix A). 

Surveys of Zooplankton communities and populations 

Zooplankton communities were sampled during the 

summer of 2005 from 38 Killarney lakes that spanned 
landscape gradients in size, depth, connectivity, histor 

ical acidification, and contemporary water chemistry, 
such as pH and DOC (Appendix A). Zooplankton 
samples were collected at the maximum lake depth by 
vertical hauls starting 2 m off the lake bottom with 25-cm 

diameter, 80-um mesh nets. Integrated epilimnetic water 

samples were collected at the same location with a 5 m 

long tube sampler for analysis of water chemistry. Crus 

tacean Zooplankton communities were preserved with 5% 

sugar-formalin. Adult individuals that could be unam 

biguously identified to species were enumerated with a 

protocol designed to target detection of rare species 

(Girard and Reid 1990). We counted at least 250 individ 
uals from 10-mL subsamples that were taken from a 

standardized 50-mL sample volume. To emphasize detec 

tion of rare taxa, we counted no more than 50 individuals 

for dominant taxa, no more than 50 copepodids per order, 
and no more than 30 nauplii per order in the tally to 250 

individuals. These counts were standardized to the total 

volume of subsamples counted for each taxon. Only 
numbers of adult individuals per species were used for 

calculations of richness, evenness, and dissimilarity. 
Live L. minutus copepods were collected for genetic 

analyses from the same 38 lakes as Zooplankton com 

munities during the summer of 2005 following methods 
described in the preceding paragraph. A 631-base pair 

fragment of cytochrome c oxidase subunit I (COI) was 

used to investigate genetic variation among L. minutus 

populations (Appendix B). A total of 513 sequences was 

obtained, and sample sizes ranged from 4 to 17 se 

quences per population. Haplotype richness was rarefied 

to calculate the number of haplotypes for n = 4 

sequences across all populations with a rarefaction 

calculator. Evenness and dissimilarity measures were 

calculated on the full data set because these calculations 

required haplotype identity. We constructed a 95% 

statistical parsimony haplotype cladogram (Appendix 
C) that estimated intraspecific evolutionary relation 

ships between observed haplotypes. In cladograms, 
some haplotypes share many of the same genetic site 

states, and the extent of this sharing occurs in a nested 

fashion (Posada and Crandall 2001). Based on interre 

lated mutational connections, haplotypes were nested 

into clusters of closely related groups (one-step and two 

step clades) (Appendix C). In this paper, we relate 

diversity at each level of haplotype nesting for L. 

minutus populations (haplotypes, one-step clades, and 

This content downloaded from 131.104.62.10 on Mon, 18 Jan 2016 15:02:57 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


2278 ALISON M. DERRY ET AL. Ecology, Vol. 90, No. 8 

two-step clades) directly to species diversity in the 

Zooplankton community. 

Comparisons of species and population diversity 

To compare community and population levels of 

diversity, equivalent measures of diversity (richness and 

evenness) and dissimilarity were calculated for zoo 

plankton communities and L. minutus populations. 
Richness was the number of different species or haplo 

types. We calculated a version of Simpson's community 
evenness (E) (Vellend 2004) and an equivalent measure 
of haplotype evenness (gene diversity, h) (Magurran 
2004). Community dissimilarity (CSt) and haplotype 
dissimilarity (Gst) are analogues of Wright's Fst, which 
measures genetic variation within vs. among pairs of 

populations (Nei 1973, 1977). Community dissimilarity 
measures the degree of variation in community compo 

sition that is divided within and among pairs of 
communities. A Cst value of 0 indicates that there is 
no variation in Zooplankton community composition 
between pairs of lakes for our study, and all of the 

compositional variation resides within lakes. A CSt 

value of 1 indicates that all the variation in Zooplankton 

community composition is beeause of differences 

between lake communities in the pairwise comparison, 

and there is no composition variation within any single 

community (only one species in the lake). Details for 

calculating GSt and CSt are provided in Appendix B. 
To select the best environmental variables for 

predicting pattern in community and haplotype richness 
and evenness, we used multiple linear regression (best 

subsets). The following environmental variables were 

tested for their significance as predictors because other 

limnological studies have shown their importance in 

structuring crustacean Zooplankton communities: isola 

tion in the landscape (number of upstream lakes and 

elevation [Elev]), habitat size (volume, area, and 

maximum depth), historical pH (1974; Sprules 1975), 
and contemporary water chemistry (current pH, DOC, 

total phosphorus [TP], total Kjeldahl nitrogen [TKN], 
calcium [Ca], potassium [K], magnesium [Mg], sodium 

[Na], chloride [Cl], and sulphate [S04]). 
To test whether there was a relationship between 

community and population measures of diversity, 

Spearman rank correlations were conducted with and 

without the influence of space. To determine whether 

space was one reason that communities or populations 

may or may not be similar, we tested for spatial relation 

ships between Universal Transverse Mercator coordi 

nates (UTMs) and measures of richness and evenness 

with simple linear regression. When a significant linear 

regression was detected, then residual errors from this 

regression were used in correlations between community 

and population indices of richness and evenness. 

Regressions and correlations were conducted with 

SigmaStat version 3.1 (Systat Software, San Jose, 

California, USA). To test for relationships between 

community and haplotype dissimilarity, as well as with 

absolute pairwise differences in environmental variables 

and space (Euclidean distance), we conducted Mantel 
tests using the program R version 2.40 (R Development 

Core Team 2006). Since Simpson's community evenness 

(E), haplotype evenness (h), and GSt values have right 
skewed distributions, these indices were transformed into 
odds ratios (e.g., E[\ 

- 
E]~l) for statistical analyses 

(Rousset 1997). With the exceptions of community E(\ 
- 

E)~l, for which equal variance was violated, assumptions 
of normality and equal variance were met. 

Community and population composition 

To determine the relative influence of environment 

and spatial structure of lakes on the distribution of 

Zooplankton communities and L. minutus populations, 
we performed canonical ordinations with spatial mod 

eling and variation partitioning. By conducting spatial 
modeling, spatial structure was included as a predictor 

along with environmental variables to understand which 

factors were structuring species and haplotype distribu 

tions. Four spatial models were applied to the matrix of 

spatial UTM coordinates to generate spatial variables 

for the 38 study lakes using the program R version 2.40 

following Dray et al. (2006) and Griffith and Peres-Neto 

(2006). Among spatial models tested, Delauney trian 

gulation (Legendre and Legendre 1998) was the most 

connected, followed by relative neighbor (termed 
"RN"), sphere of influence (Jeromczyk and Toussaint 

1992), and nearest neighbor (Euclidean distance to 
nearest single neighbor, termed "NN") (Legendre and 

Legendre 1998). A series of eigenvectors was obtained 

from each of these models and used as spatial variables 

in ordinations. The RN spatial model explained the 
most total variation (R2) for Zooplankton communities 

and L. minutus populations from the 38 study lakes 

compared to other spatial models, and therefore spatial 

variables from this model were used in ordinations and 

variation partitioning. 

Zooplankton species abundance (number of animals 

per liter) and L. minutus haplotype and clade frequencies 
were Hellinger-transformed to down-weight the influ 

ence of rare types (Legendre and Gallagher 2001). To 

quantify the relative influence of environmental selection 

and spatial structure of lakes on the distribution of 

species among Zooplankton communities and haplo 

types among L. minutus populations, redundancy 

analyses (RDAs) and variation partitioning of environ 

mental and spatial fractions were conducted on Hel 

linger-transformed community and haplotype data in 

the program VarCan version 1, which adjusted for bias 

in R2 (Peres-Neto et al. 2006). 
To detect whether common environmental and/or 

spatial drivers were influencing the compositional 

variation of Zooplankton communities and L. minutus 

populations, first axes of separate unconstrained ordi 

nations (principal components, PCA) on community 
and haplotype data were correlated. To determine which 

environmental and spatial variables were important for 
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Table 1. Results of best subsets multiple regression analyses predicting community richness and evenness and haplotype richness 
and evenness. 

Diversity measure Predictor variables Adjusted R1 df 

Community richness 

Community evenness, ?"(1 
? 

E)~l 
Rarefied haplotype richness 

Haplotype evenness, h(\ 
? 

h)~l 

pH (+), DOC (+), elevation (-) 0.27 5.50 3, 34 <0.01 

pH (+), DOC (+), elevation (-) 0.48 12.26 3, 34 <0.01 
no. upstream lakes (+) 0.14 6.79 1,36 <0.02 

pH (+), no. upstream lakes (+) 0.21 6.04 2, 35 <0.01 

Notes: Only significant predictors are shown. The sign (+, ?) after the predictor variable indicates the direction of the effect of the 

predictor variable. 

structuring the composition of Zooplankton communi 

ties and L. minutus populations, we conducted RDAs of 

environmental and spatial variables with Hellinger 
transformed community and L. minutus data. Principal 

components analysis and RDA were appropriate for 

ordinations because gradient lengths were short (~2.0); 
RDA and canonical correspondence analysis (CCA) 
perform equally well at gradient lengths between 1.5 and 

3 segments (ter Braak and Smilauer 20026). The PC As 
and RDAs were conducted in CANOCO 4.5 (ter Braak 
and Smilauer 2002a). Samples were centered and 

standardized to adjust for differences in measurement 

units among environmental variables. The minimum 

number of measured environmental variables that could 

account for major directions of variance in each 

ordination was determined by forward-selected RDA 

with 999 iterations in Monte Carlo permutation tests at 

P < 0.05. Significant environmental variables for which 

multicollinearity was detected (variance inflation factor 

>5) were excluded from RDAs. 

Species or haplotypes occurring in <5% of lakes 

sampled (two or fewer of 38 lakes) were considered rare 

and were excluded from ordination analyses (Leps and 

Smilauer 2003). For L. minutus, only seven of a total of 

38 observed haplotypes were found in two or more 

lakes. However, we also present ordinations for one-step 
and two-step genetic clades, in which all haplotypes were 
included but were nested according to evolutionary 

relationships (Appendix C). 

Results 

Species and genetic diversity 

Current pH, DOC, and elevation explained variation 

in Zooplankton community richness (6.6 ? 0.4 species 

per lake [mean ? SE]) and evenness (E; 0.46 ? 0.05) 
(Table 1, Figs. 1 and 2). As we expected, lakes with 
acidic pH, lower DOC concentrations, and higher 
elevations (Appendix A) had fewer Zooplankton species 
(Fig. 1) and less-even Zooplankton species distributions 

(Fig. 2). Latitude was associated with increased com 

munity richness (adjusted R2 = 
0.17, Fh36 

= 
8.56, P < 

0.01) and evenness (?[1 
- 

E]~l: adjusted R2 = 
0.07, Fh36 

= 3.93, P = 0.05) (simple linear regression; Appendix D). 
Pairwise CSt values were positively correlated with 

absolute pairwise differences in DOC (r 
? 

0.14, P < 

0.02) and elevation (r = 0.13, P < 0.05) (Mantel tests, 

1000 permutations). No relationship was detected 
between pairwise CSt and Euclidean distance. 

Haplotype richness was low (2.0 ? 0.1 haplotypes; 
rarefied to four sequences per lake) (Appendix A). As 

14 

12 
<d 

? 10 
CD 

a 

Adjusted R2 = 0.19 

^,36 
= 9-98 

P = 0.003 

4.0 4.5 5.0 5.5 6.0 6.5 

Current pH 

7.0 7.5 8.0 

14 

12 

10 

8 

4J# Adjusted R2 

P < 0.001 

= 0.25 

3 4 5 

DOC (mg/L) 

160 180 200 220 240 260 280 300 320 

Elevation (m) 

Fig. 1. Linear regressions between (a) pH, (b) dissolved 

organic carbon (DOC), and (c) elevation vs. Zooplankton 
community richness. Regressions are significant at P < 0.05. 
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Fig. 2. Linear regressions between (a) pH, (b) dissolved 

organic carbon (DOC), and (c) elevation vs. Zooplankton 
community evenness (E/[l 

? 
E]). Regressions are significant at 

P < 0.05. 

the number of upstream lakes increased, we found 

increased haplotype richness (rarefied, adjusted R2 ? 

0.13, Flt36 
= 

6.79, P < 0.02) and evenness (adjusted R2 = 

0.19, F1>36 
= 

9.73, P < 0.01; simple linear regression; 
Table 1, Fig. 3). As we predicted, with increasing acidity, 

haplotype evenness was reduced (simple linear regres 

sion, adjusted R2 = 0.\0, FU36 
= 

5.2l, P< 0.03; Table 1, 

Fig. 3). Latitude was associated with increased haplo 

type richness (rarefied, adjusted R2 = 
0.11, FU36 

= 
5.40, P 

< 0.03) and evenness (h[\ 
- 

h]~l; adjusted R2 = 0.08, 

^1,36 
= 

4.17, P = 
0.05; simple linear regression; Appendix 

E). No relationships were detected between GSt and 

absolute pairwise differences in environmental variables 

or between GSt and pairwise Euclidean distance. 

Contrary to predictions for our first main objective, 

Zooplankton community richness and evenness did not 

correlate with L. minutus haplotype richness and 

evenness (Fig. 4). This lack of relationship held despite 
similarities in community and L. minutus haplotype 

responses to pH and was robust when tested with and 

without the influence of space (Fig. 4). Pairwise CSt and 

Adjusted/?2 
= 0.13 

^? 
= 6-78 

P = 0.01 

5 10 15 20 25 30 

Number of upstream lakes 
35 

Adjusted?2 
= 0.19 

^? 
= 9.73 

P<0.01 

5 10 15 20 25 30 

Number of upstream lakes 

5.5 6.0 6.5 7.0 

Current pH 

8.0 

Fig. 3. Linear regressions between (a) number of upstream 
lakes and rarefied haplotype richness, (b) number of upstream 
lakes and haplotype evenness (h/[\ 

? 
h]), and (c) pH and 

haplotype evenness (h/[l 
- 

h]). Regressions are significant at P 
< 0.05. 
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0.0 4.0 8.0 12.0 

Number of species 

2.0 4.0. 

Community evenness 
6.0 

? g. o.o 

4.0 

2.0 

0.0 

-2.0 

r=0.18 

P = 0.29 

& 

-4.0 0.0 4.0 

Residual number of species 

-2.0 -1.0 0.0 1.0 2.0 
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Fig. 4. Relationships between Spearman rank correlations: (a) community richness and haplotype richness and (b) Simpson's 
community evenness (E/[l 

- 
E]) and haplotype evenness (h/[l 

- 
h]) (both transformed to odds ratios). Relationships between 

Pearson product correlations after removing spatial influence (Universal Transverse Mercator coordinates [UTMs]): (c) community 
(residual number of species) and haplotype (residual number of haplotypes) richness and (d) Simpson's community (residual 
community E/[l 

- 
E]) and haplotype (residual haplotype h/[I 

- 
h]) evenness. 

Gst measures also did not correlate (P > 0.05, Mantel 

test, 1000 permutations). 
To understand the lack of correlation between 

community and haplotype richness, we compared 
between-lake richness (? diversity) for species and 

haplotypes from the acidified Killarney, Ontario, region 
as well as from a comparatively unacidified region also 

located in the Great Lakes basin (Dorset, Ontario). In 

Killarney, ? diversity was greater among L. minutus 

haplotypes than among Zooplankton communities 

(Table 2). This pattern was also observed among six 

lakes near Dorset, Ontario (Table 2). However, 

although regional community diversity was similar 

among sets of 38 Killarney lakes and 51 Dorset lakes, 
Killarney lakes had, on average, fewer species (lower a 

diversity) and slightly higher community ? diversity than 

Zooplankton communities in Dorset lakes (Table 2). 

Community and population composition 

In support of our predictions for our second main 

objective, Zooplankton community composition was 

structured primarily by pure environmental variables 

(47.6% of total variation), and spatial structure 

explained a lesser fraction (23.2%) of the total variation 

(Table 3). The environmental variables pH, DOC, 

elevation, and number of upstream lakes were all 

individually important drivers of Zooplankton commu 

nity composition in relation to the influence of space 

(variation partitioning, P < 0.05; Table 3). In contrast 
to the community response and our predictions for L. 

minutus populations, haplotype and clade composition 
of L. minutus populations was primarily determined by 

spatial structure (pure spatial variables), which account 

ed for 33.2-66.4% of total variation (Table 3). However, 
pure environmental variables explained some of the 

among-lake variation in the distribution of haplotypes 

(13.6% of total variation) and nested clades (7.2-22.3%; 
Table 3). Of environmental variables, only lake area was 

individually significant for L. minutus in relation to 

space (variation partitioning of two-step clades, 4.0%, P 

< 0.05) and pH had a marginal influence (variation 
partitioning of haplotypes, 2.6%, P = 0.06) (Table 3). 

Despite different strengths of influence from environ 

ment and spatial structure of lakes, composition 
variation in Zooplankton communities and L. minutus 

haplotypes and clades changed in parallel among lakes. 

Primary PCA axes for Zooplankton communities and L. 

minutus populations were correlated (Spearman rank 

correlations, community vs. haplotypes, r = ?0.42; 

community vs. one-step clades, r = ?0.44; community 
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Table 2. Measures of within-lake richness, regional richness, 
and between-lake richness (Whittaker 1960) for Zooplankton 
communities and Leptodiaptomus minutus populations. 

Lake Community Genetic 

Killarney 
Number of lakes 38 38 
a diversity 6.6 3.0 

? diversity 4.5 12.7 

y diversity 30 38 

Dorset! 
Number of lakes 6 6 
a diversity 11.8 1.7 

? diversity 2.2 4.7 

y diversity 26 8 

DorsetJ 
Number of lakes 51 
a diversity 8.39 ... 

? diversity 3.45 

y diversity 29 

Notes: Within-lake richness, a diversity, was averaged among 
lakes within each region; regional richness, y diversity, is the 
total number of species or haplotypes detected in Killarney 
lakes or in Dorset lakes; and between-lake richness, ? diversity, 
is y/a. Killarney lakes were subjected to acute, anthropogenic 
acidification, and Dorset lakes were relatively unacidified by 
anthropogenic sources. Measures of Zooplankton community 
richness from 51 Dorset lakes were included to provide 
comparable estimates of community diversity from an unacid 
ified region. Lakes sampled within each regional category 
spanned a broad range of pH and dissolved organic carbon 

(DOC; Killarney lakes, Appendix A; Dorset lakes, 4 < pH < 7 
and 2 mg/L < DOC < 7 mg/L; N. Yan, unpublished data). 

t Zooplankton community data from six Dorset lakes for 
which L. minutus cytochrome oxidase subunit I (COI) 
haplotypes were collected by the authors were provided by N. 
Yan (unpublished data) for Red Chalk, Blue Chalk, Chub, and 
Plastic Lakes (July 2004) and by M. Palmer (unpublished data) 
for Bigwind and Bat Lakes (July 2004). 

% Zooplankton community data were provided by N. Yan 

(unpublished data) from the survey of 51 lakes in the Dorset, 
Ontario, Canada, region that was conducted from July and 

August of 1983-1988. 

vs. two-step clades, r = ?0.39; P < 0.02). These parallel 

changes may be related to similarity in the types of 
environmental variables that we found to have an 

influence on community and genetic composition. 
In Zooplankton communities, a suite of environmental 

variables that included pH, DOC, and elevation 

(Appendix A) discriminated three species assemblages: 
(1) species abundant in acidic (pH < 5.6), clear (DOC < 
2.0 mg/L) lakes; (2) species abundant in lower elevation 

(<235 m) lakes with more DOC (>3.0 mg/L) and 

upstream lakes; and (3) species abundant in lakes that 

spanned gradients in these environmental variables (Fig. 

5). The first canonical axis (Xx = 0.36, F = 16.5) was 

significant (Monte Carlo test, P ? 0.001). Significant 
variables that were excluded from the community 
ordination model because of multicollinearity were Ca, 

Mg, Na, and historical pH (correlated with current pH). 
In combination with spatial variables, environmental 

variables that included acidity, DOC, elevation, and lake 

area (Appendix A) structured haplotype and clade 

assemblages of L. minutus in RDAs (Fig. 3). One group 
consisted of clade 2-1, which was more frequent in acidic 

(pH < 5.0), clear (DOC < 2.0 mg/L) lakes. A second 

group was comprised of clade 2-3 that was more 

frequent in lower elevation (<235 m), darker lakes with 

higher concentrations of DOC (>3.0 mg/L). Clade 2-2 
was found in a mixture of lake types that spanned pH, 
DOC, and elevations (Appendix A, Fig. 6). For all L. 
minutus population RDAs, the first canonical axis 

(haplotypes, Xx 
= 

0.38, F= 17.46; one-step clades, X\ 
= 

0.34, F= 15.18; two-step clades, X{ =0.50, F= 30.43) was 

significant (Monte Carlo test, P = 0.001). Significant 
variables that were excluded from L. minutus ordination 

models because of multicollinearity were Ca, Mg, Na, 

K, historical pH (correlated with current pH), and 

volume (correlated with area). 

Table 3. Variation partitioning among Zooplankton communities (species abundance) and Leptodiaptomus minutus populations 
(COI haplotype and clade frequencies) using redundancy analysis (RDA) and spatial modeling (relative neighbor model; RN). 

L. minutus populations 

Zooplankton community Haplotypes One-step clades Two-step clades 

Variable % P % P % P % P 

ENV 47.6 NS 13.6 NS 7.2 NS 22.3 NS 
SP-ENV <0.1 14.2 14.1 2.8 

SP 23.2 NS 33.2 NS 43.0 NS 66.4 NS 
pH 21.6 

* 2.6 t NS NS 
DOC 14.8 * NS NS NS 

Elev 14.5 * NS NS NS 
Up lakes 8.3 * NS NS NS 

Area NS 4.0 * 

TKN 4.3 NS NS NS NS 
TP <0.1 NS NS NS NS 

Notes: We show the relative contribution (percentage of total variation; %) of pure environmental (ENV), spatially structured 
environmental (SP-ENV), and pure spatial (SP) fractions, as well as associated P values of ENV and SP. Environmental 

components that were identified as significant in ordination in CANOCO 4.5 (lakewater pH, dissolved organic carbon [DOC], lake 
elevation [Elev], number of upstream lakes [Up lakes], lake area [Area], total Kjeldahl nitrogen [TKN], and total phosphorus [TP]) 
were tested individually against SP in variation partitioning. A bold P indicates ordinations in which pure environment (ENV) and 

pure spatial (SP) fractions were significantly different at P < 0.05. 
* P < 0.05; t P = 0.06 (marginally significant); NS, nonsignificant. 
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Fig. 5. Redundancy analysis (RDA) of Zooplankton communities (Hellinger-transformed abundance; no. animals/L) from 38 

Killarney lakes with significant environmental and spatial variables identified through forward selection (999 Monte Carlo 

iterations, P < 0.05, relative neighbor spatial model [RN]; positions of spatial vectors are indicated by SP6 and SP14). The 

following species are shown in the diagram: Acanthocyclops vernalis, Acroperus harpae, Alona sp., Bosmina sp., Chydorus sphaericus, 
Daphnia ambigua, Daphnia catawba, Daphnia mendotae, Daphnia p?rvula, Diacyclops bicuspidatus thomasi, Diaphanosoma sp., 

Epischura lactustris, Holopedium gibberum, Leptodiaptomus minutus, Mesocyclops edax, Orthocyclops modestus, Polyphemus 
pediculus, Senecella calanoides, Skistodiaptomus oregonensis, and Tropocyclops extensus. See Table 3 for an explanation of variable 
abbreviations. 

Discussion 

Diversity and dissimilarity measures between crusta 

cean Zooplankton communities and locally adapted 

populations of L. minutus did not correlate. This discord 

was likely because Zooplankton communities and COI 

haplotypes in L. minutus populations responded differ 

ently to environmental selection and spatial structure of 

lakes. While Zooplankton communities responded 

strongly to acidity and acidity-related environmental 

variables, the distribution of L. minutus haplotypes was 

governed by the spatial structure of lakes. 

Why did Zooplankton communities and L. minutus 

haplotypes respond differently to environmental selec 

tion and the spatial structure of lakes? Zooplankton 
communities appeared to act as a locus under selection 

with species with different acid tolerances that respond 
ed to acidity-related selection from the environment 

(Derry and Arnott 20076). The relative unimportance of 

spatial structure and low species ? diversity suggest that 

these Zooplankton communities were not dispersal 
limited and responded strongly to environmental selec 

tion. Cottenie et al. (2003) also found evidence for 
environmental structuring of Zooplankton communities 

under conditions of higher dispersal rates than we would 

expect to find in the Killarney, Ontario, region. We used 

a neutral locus (COI) to discriminate genetic variability 
among L. minutus populations. Genetic variability at a 

neutral locus will show a much stronger relative effect of 

spatial proximity or isolation than for a locus under 

selection. This was supported by relatively high haplo 

type ? diversity compared to species ? diversity. Also, 
calanoid copepods often have restricted gene flow, 

indicating dispersal limitation (Boileau and Hebert 
1991, Zeller et al. 2006), which would augment the 
relative effect of spatial structure of habitats. As one 

would expect with a greater number of potential 

dispersal corridors from stream connections, haplotype 
richness and evenness increased with a greater number 

of upstream lakes. The low haplotype richness of L. 

minutus within lakes (a diversity) was likely a result of 

population bottlenecks following postglacial lake colo 

nization, as has been found for other life in formerly 

glaciated regions (Hewitt 2000). The statistical impor 
tance of spatial structure appeared to be determined by 
the relative strength of selection on crustacean zoo 

plankton communities and or lack of selection on COI 

population haplotypes. 

Although Zooplankton communities and L. minutus 

haplotypes contrasted in the strength of response to 

selection, the same types of environmental variables that 

predicted variation in Zooplankton communities also 

predicted some of the variation in L. minutus popula 
tions. With increased acidity, community richness and 

evenness decreased. Communities were more dissimilar 

in lakes with higher DOC concentrations and at higher 
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Fig. 6. Redundancy analyses (RDAs) of Leptodiaptomus 
minutus populations (Hellinger-transformed haplotype [H] and 
nested genetic clade frequencies [C]) from 48 Killarney lakes 
with significant environmental and spatial variables identified 

through forward selection (999 Monte Carlo iterations, P < 

0.05, relative neighbor spatial model [RN]; positions of spatial 
vectors are indicated by SP). Biplots are of (a) cytochrome 
oxidase subunit I (COI) haplotypes present in two or more 

lakes, (b) one-step genetic clades, and (c) two-step genetic 
clades. See Table 3 for an explanation of variable abbreviations. 

elevations (according to pairwise CSt comparisons). 
With increased acidity, haplotype evenness decreased. 

Further, in combination with spatial variables, acidifi 

cation-related environmental variables (pH and DOC) 
influenced the structure of Zooplankton communities 

and L. minutus haplotypes in RDAs. Zooplankton 
communities in clear, acidic, higher elevation lakes 

contained an abundance of L. minutus, and these 

copepod populations comprised genetic clades that 

specialized to these environmental conditions (clade 2 

1). Bosmina spp. and Diaphanosoma sp. were associated 

with lower elevation lakes with high DOC, as was one 

clade of L. minutus (clade 2-3). Species such as Daphnia 

mendotae, Diacyclops bicuspidatus thomasi, Holopedium 

gibberum, Mesocyclops edax, and Tropocyclops extensus 

were most abundant in lakes with intermediate environ 

mental characteristics, as was a more generalist COI 

variety of L. minutus (clade 2-2) that existed in a range of 

lakes. Although spatial structure of lakes was the main 

structuring force of genetic variation for L. minutus 

populations, which is consistent with neutral interpre 

tations, some genetic variation (7.2-22.3%) was ex 

plained by environmental selection. 

In contrast to the discord that we detected between 

community and population genetic diversity of a locally 
adapted species, positive correlations are predicted to 

occur between species diversity and genetic diversity for 

populations that have undergone parallel declines in 

abundance as most other species in their composite 
communities (Vellend 2005). For example, Vellend 

(2004) empirically showed how historical harvesting of 

temperate forests decreased both species diversity of 
forest herb communities and genetic diversity of forest 

dwelling Trillium grandiflorum populations. Acid-sensi 

tive species, such as D. mendotae, M. edax, and T. 

extensus, would be expected to show positive genetic 

diversity-species diversity correlations because they had 

declines in abundance parallel to community diversity, 

following lake water acidification (Derry and Arnott 

20076). However, acid-sensitive species that are rare 

among historically acidified boreal lakes, such as 

Acanthocyclops vernalis, Epischura lacustris, Leptodiap 
tomus sicilis, and Skistodiaptomus oregonensis, are 

predicted to have weaker genetic-community diversity 
associations because of random colonization and 

extinction dynamics (Vellend 2005). These relationships 
remain to be tested. 

Environmental pH gradients are often important 
determinants of variation in species diversity among 

aquatic communities (Schindler 1988), but the influence 
of these environmental variables on Zooplankton 

populations is species-specific. Although any fraction 

of COI haplotype variation explained by environmental 
variables will likely always be small, this fraction has 

potential to vary among species with different acid 

tolerances. In anthropogenically acidified Killarney 

lakes, L. minutus copepods have undergone rapid local 

adaptation in response to both exposure and removal of 

this historical Stressor (Derry and Arnott 2007a). There 
is evidence for locally adapted acid tolerances in another 

numerically dominant crustacean Zooplankton species, 
H. gibberum (Fischer et al. 2001, Derry and Arnott 

20076). Given our findings for L. minutus, it is possible 
that COI haplotype diversity among locally adapted 
populations of H. gibberum could also have a small 

environmental component. This relationship also re 

mains to be tested. 

We cannot make general predictions about lack of 

correlation between species diversity in communities and 
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genetic diversity of locally adapted populations in other 

biological systems. Spatial structure of habitats has 

potential to affect different groups of organisms 
differently. For example, in lake ecosystems, some 

communities are comprised of organisms with good 

dispersal abilities (e.g., bacteria and phytoplankton) 
while other communities are more dispersal limited (e.g., 
crustacean Zooplankton and fish) (Beisner et al. 2006). 

Within taxonomic groups, there can be large differences 

in dispersal ability and gene flow. 

Diversity and dissimilarity between Zooplankton 
communities and COI haplotypes from locally adapted 
L. minutus populations did not correlate. This was 

despite similarities in the types of acidification-related 
variables (pH and DOC) in structuring Zooplankton 
community and genetic composition among lakes. We 

show this discord was because spatial structure or 

isolation was a more powerful driver of COI haplotype 
composition in L. minutus populations compared to 

environmental selection, and the converse relationship 
held for crustacean Zooplankton communities. The weak 

role of environment in structuring genetic variation 

among L. minutus populations compared to Zooplank 
ton communities was likely because of a loose associa 

tion of quasi-neutral COI haplotypes with locally 
adapted genetic variability in L. minutus for environ 

mental niche-related traits, such as pH tolerance. A 

deeper understanding of how genetic diversity relates to 

species diversity in communities could be obtained by 
measuring adaptive trait-based genetic variation among 
different species in communities. Detection of habitat 
variables influential for both community and population 
composition is necessary for understanding drivers of 

biodiversity at different scales, especially in ecosystems 

recovering from anthropogenic disturbance. 
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Linear regressions between latitude and (a) community richness and (b) community evenness (Ecological Archives E090-158-A4). 

APPENDIX E 
Linear regressions between latitude and (a) haplotype richness and (b) haplotype evenness (Ecological Archives E090-158-A5). 
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