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Abstract

Analyses of temporal patterns of diversity across a wide range of taxa have found that

more diverse communities often show smaller compositional changes over time. This

generality indicates that high diversity is associated with greater temporal stability in

species composition. We examined patterns of diversity and community stability in

zooplankton time series data from 36 lakes sampled over a combined 483 years. The

species–time relationship was flatter in more species-rich lakes in the temperate zone.

However, high-latitude lakes had both low richness and low turnover. These patterns

were consistent for turnover both within and among years. Daily, annual and long-term

richness were all higher in large lakes while turnover was unaffected by the surface area.

Richness on all time scales, as well as turnover within and among years, all declined at

high latitude. Species–area relations and latitudinal gradients in richness therefore reflect

different temporal components of diversity. Our results suggest that diversity shows

strong associations with compositional stability that vary qualitatively across biogeo-

graphical provinces. Community stability increases with diversity among lakes in the

temperate zone; however, the two are negatively correlated across latitudinal gradients.

These patterns indicate that either the direct effects of diversity on stability or their

covariance with environmental fluctuations vary with latitude.
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I N T R O D U C T I O N

Ecologists have uncovered few generalities in the relation-

ship between community diversity and stability. Elton

(1958) first proposed that diversity buffers assemblages

against perturbations by providing species with a range of

traits and tolerances that thrive under varying conditions

(see also MacArthur 1955). By contrast, May (1974) found

that model communities with more species had greater

chances of including unstable combinations that showed

cycles, chaos or extinctions, leading to reduced stability in

rich communities. However, populations in diverse com-

munities may be more stable if most species interact weakly

(Yodzis 1981; McCann et al. 1998). Thus, theory provides

plausible scenarios leading to either positive or negative

relationships between community diversity and population

stability depending on the particular configuration of species

interactions. Reflecting the lack of theoretical consensus,

empirical studies have shown examples where stability either

increases or decreases with species diversity (McCann 2000).

Virtually all studies of diversity and stability have been

experimental and cover a narrow range of richness relative

to natural variation due to methodological constraints on

manipulating large numbers of species (Cottingham et al.

2001). The existing literature therefore provides equivocal

evidence for a general relationship between diversity and

stability. In addition, we know little about how the two

co-vary in natural, unmanipulated communities.
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Associations between diversity and population stability

may manifest themselves in patterns of species turnover

through time. Populations with lower mean abundance or

greater variability are at greater risk of extinction (Pimm et al.

1988). In addition, rare taxa may be difficult to detect and

show apparent colonizations and extinctions as a result of

random sampling errors. If diversity affects mean population

abundance or its variability, then we may expect to see

associations between richness and rates of compositional

change. Common environmental factors may also influence

diversity and stability, leading to correlations between the

two without direct causal links (Sankaran & McNaughton

1999). Compositional stability can be measured by the

exponent of the relationship between the number of species

encountered and the sampling period (Adler et al. 2005). This

metric is analogous to the exponent of the species–area

relationship, a measure of beta diversity or species turnover

in space (Drakare et al. 2006), where higher exponents

indicate lower stability in either space or time. White et al.

(2006) showed that the exponents of species–time relations

for diverse taxa including desert rodents, algae, birds and

plants decline with increasing mean richness. Richer assem-

blages therefore show smaller compositional changes

through time. These patterns indicate that either diversity

promotes community stability or that environmental factors

that enhance diversity also reduce temporal variability.

We examined patterns of diversity and compositional

stability in zooplankton data collected from 36 European

and North American lakes sampled over periods of

2–42 years for a total of 483 lake-years of data and 5364

individual samples. We constructed species–time curves for

each lake and tested relationships between richness at

different temporal scales (daily, annual and interannual) and

turnover both within and among years. As the lakes were

geographically dispersed and environmentally heterogene-

ous, we asked how determinants of diversity such as latitude

and surface area affect richness and species turnover at

different temporal scales.

M E T H O D S

We assembled a spatially and temporally extensive data set

of zooplankton samples from 35 lakes in North America

and one in Europe. The lakes were sampled by relatively

standard methods for periods ranging from 2 to 42 years.

We included only lakes that were sampled on a minimum of

four dates per year. None of the lakes were experimentally

manipulated during the study period. Most were in the

temperate zone between 46� N and 52� N. The exceptions

were three surveys of Alaskan lakes, one from the Arctic

(Toolik Lake LTER) and the other two from Kodiak island

in Southeast Alaska (Alaska Department of Fish and Game,

see Table 1). Although the survey represents a relatively

narrow band on a global scale, the region sampled spans

most of the glaciated latitudes of the northern hemisphere.

As 74% of the world’s lakes are of glacial origin (Kalff 2001,

p. 73), the latitudinal band includes the majority of

freshwater zooplankton habitat. Most lakes were sampled

at a single station. Where multiple stations were sampled, we

analysed each station separately and averaged values for

richness and turnover across the different stations to obtain

a single value for the lake.

The lakes were sampled by hauling a plankton net

through the water column from near the bottom to the

surface, usually at the deepest point, followed by identifi-

cation and enumeration of animals by microscopy. Samples

were collected over the majority of the ice-free period in

each lake. Aspects of the collection protocols varied among

surveys (i.e. net diameter and mesh size, preservation

method). However, most sampling protocols were designed

to characterize the species composition of the crustacean

zooplankton community. The degree of taxonomic resolu-

Table 1 A summary of the data sets used in the study

Survey

No.

lakes

sampled

Lake-years

sampled

Mean

samples

per year

Mean

sampling

period (days)

Mean days

between

samples

North Temperate Lakes LTER (WI, USA) 7 160 8.8 271.4 38.8

Arctic LTER (Toolik Lake, AK, USA) 6 21 6.8 50.5 7.7

Dorset Lakes (ON, Canada) 8 174 8.9 173.4 22.1

Experimental Lakes Area (ON, Canada) 2 33 10.9 156.0 14.9

Coldwater (ON, Canada) 6 19 12.7 262.0 24.7

Akalura and Saltery Lakes (Kodiak Island, AK, USA) 2 21 4.7 136.3 29.9

Thoms, Kanalku and Kutalku Lakes (Kodiak, AK, USA) 3 8 4.6 142.5 31.0

Lac Leman (France) 1 5 20.4 323.2 15.9

Lake Washington (USA) 1 42 34.1 346.6 11.4

All variables are averaged across all lakes in each data set.
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tion was also variable, but the large majority of taxa were

identified to species in every survey. We therefore feel

confident making comparisons across studies. Table 1

shows the data sources and summary data on the surveys.

We fit species accumulation curves of the form S ¼ aTz

to zooplankton data from each lake and estimated values for

a and z using nonlinear regression. S is the cumulative

number of species and T is time (either in number of

sampling dates for Annual turnover, or days for Interannual

turnover, see below). Curves were based on species turnover

both between sampling dates within years (annual turnover,

za), and across the entire data set (interannual turnover, zi).

Richness was estimated for each date as the number of

discrete taxa recorded. Nauplii and copepodid stages were

counted as a distinct species only when no adult copepods

of any species were identified. We fit two kinds of species–

time curves.

Annual turnover

Annual turnover (za) was estimated based on species

accumulation within years. We removed the influence of

seasonal patterns from our annual species accumulation

curves by calculating the number of species found for all

sequential combinations of one to four sampling dates. That

is, we calculated the average number of species recorded on

all single dates, pairs, trios and quartets of adjacent sampling

dates for each year. We took the average number of species

found for each number of sampling dates for every year and

fit a power function based on all years of data. This means

of calculating species turnover removes the influence of

seasonal patterns because it is based on the number of

sampling dates regardless of when they occurred during the

year. It is not influenced by differences in the length of

the sampling period, which was shorter at high latitude, as

the moving window width was the same between surveys.

The time interval between sampling dates was similar across

surveys (Table 1); therefore, turnover was calculated for a

similar time window for all studies. Annual richness was

calculated as the average number of species found on all

possible combinations of four adjacent sampling dates a year

across all years surveyed. Daily richness was the average

number found per sampling date, and total richness was the

number recorded across the entire sampling period.

Interannual turnover

Interannual turnover (zi) was estimated by fitting a power

function to the cumulative number of species observed

against the day of sampling starting from the first day in the

survey in each lake. Interannual species–time curves account

for differences among surveys in the interval between

sampling dates, and for phenology in species replacement

since dates are placed in temporal sequence. That is, if two

lakes have the same rate of species replacement but are

sampled at different frequencies, then that lake that is

sampled more often will have lower annual turnover by our

method, but the two will have equivalent rates of

interannual turnover. By contrast, annual turnover is based

on the number of adjacent sampling dates, not their

separation in time, and seasonal patterns are removed by

using all sequential combinations of dates between one and

four within a year. Comparing the two metrics allows us to

determine whether seasonal patterns, differences in samp-

ling frequency, or length of the observation period (within

or among years) influence patterns of species richness and

temporal turnover.

R E S U L T S

Species richness was positively correlated across all temporal

scales among the lakes (Fig. 1). Daily richness increased

continuously with average annual richness (Fig. 1a), and

annual richness with total richness across the survey

(Fig. 1b). Annual and interannual turnover (za and zi) were

weakly positively related (R2 ¼ 0.24,P ¼ 0.002, Fig. 1c),

and species turnover was generally greater within years (za)

than among years (zi).

Annual species turnover (za) showed a unimodal rela-

tionship with average annual richness (Fig. 2a), as did

interannual turnover (zi) and total richness (Fig. 2c). The

increasing portions of the curves were driven mainly by

high-latitude Alaskan lakes. Exclusion of these lakes resulted

in a strong negative relationship between annual richness

and za (r ¼ )0.57, P ¼ 0.001), and a weaker negative

correlation between total richness and zi (r ¼ )0.31, P ¼
0.06). There were no correlations between annual richness

and za or between total richness and zi among the Alaskan

lakes. Figure 2b shows examples of annual species–time

curves for a high-latitude lake with low richness and low

turnover (Toolik Lake), a temperate lake with intermediate

annual richness and high turnover (Allequash Lake in

Wisconsin), and a temperate lake with high annual richness

and low turnover (Red Chalk Lake in Ontario). Figure 2d

shows the interannual species time curves for the same three

lakes.

The relationships between annual and total diversity and

turnover were not driven by differences in sampling

intensity or duration. Annual species–time curves were

standardized to include one to four adjacent sampling dates.

Annual turnover was positively correlated with both

sampling duration (the average number of days between

the first and last sampling date within a year, r ¼ 0.579,

P < 0.05) and the average intersample duration (r ¼ 0.519,

P < 0.05). However, annual richness and its second-order

term were both significant predictors of turnover in a
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multiple regression (P < 0.03 for both terms) after including

sampling duration and the time interval between samples.

The sign of the coefficients was also the same as when

sampling variables were not included (i.e. positive first-order

term and negative second-order term). The unimodal

relationship between interannual turnover and total richness

was also significant after accounting for variation due to the

length of the survey period in days (P < 0.007 for both

terms). In addition, lakes from different surveys were found

in all portions of the curve. For instance, the high-latitude

Alaskan lakes with low richness and low turnover were from

the Toolik Lake Arctic LTER site and two separate surveys

by the Alaska Department of Fish and Game in Southeast

Alaska. The lakes in the high and intermediate annual

richness portions of the curve also came from a number of

different surveys. Finally, there was a negative correlation

between annual richness and turnover (r ¼ )0.654,

P < 0.05) and between total richness and interannual

turnover (r ¼ )0.682, P < 0.05) among lakes in the largest

survey (Dorset, eight lakes), indicating that the decreasing

portions of the curves were consistent within and among

surveys.

Species turnover and daily richness showed distinct

relationships with lake area and latitude (Fig. 3). Daily,

annual and total richness all increased with lake surface area

(Fig. 3a–c), while annual and interannual turnover (za and zi)

were independent of area (Fig. 3d–e). By contrast, richness

at all three time scales, and turnover within and among years

all declined at high latitudes (Fig. 3f–j).

D I S C U S S I O N

Compositional stability in zooplankton species composi-

tion shows strong relationships with diversity that vary

from positive within a biogeographical region to negative

across a latitudinal gradient. Among lakes in the temperate

zone, high annual diversity is consistently associated with

slower accumulation of new species through time within

and among years, indicating a positive correlation between

diversity and stability. However, diversity and temporal

turnover are lower in high-latitude lakes, leading to a

negative correlation between diversity and stability over

continental scales. This suggests that either the positive

effects of diversity on stability are obscured by environ-

mental variability at continental scales or diversity has

different effects on stability at low and high latitudes.

Alternatively, environmental variability may promote both

diversity and stability among temperate lakes, but push the

two in opposite directions across latitudinal gradients.

Annual richness and turnover were uncorrelated among

Alaskan lakes; therefore, associations between diversity and

stability are only apparent in species-rich temperate

regions.

Zooplankton richness was strongly positively correlated

across all time scales (daily, annual and total across all years,

Fig. 1a,b). These patterns indicate that temporal niche

partitioning in zooplankton is invariant with diversity and

that temporal patterns of richness mirror spatial patterns.
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Figure 1 The relationships among: (a) daily richness and annual

richness (y ¼ 0.04 + 0.67x, R2 ¼ 0.79, P < 0.0001); (b) annual

richness and total richness among years (y ¼ 3.76 + 0.29x, R2 ¼
0.71, P < 0.0001); and (c) annual turnover (z) and interannual

turnover (y ¼ 0.17 + 0.77x, R2 ¼ 0.24, P ¼ 0.002) for zooplank-

ton in the 36 lakes in the study. The thick lines are the 1 : 1 lines

and the thin lines are the linear regressions.
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Studies of spatial patterns found that local or within-lake

crustacean richness is linearly related to regional or among-

lake richness (Shurin et al. 2000). Such patterns are often

taken to indicate that local diversity is unsaturated in that

dispersal rather than local biotic interactions limit the

richness of assemblages (Cornell & Lawton 1992). However,

this inference has been widely criticized on the grounds that

patterns of local and regional richness are inherently scale

dependent and insensitive to local interactions (Srivastava

1999; Shurin & Allen 2001; Hillebrand 2005). We also found

that interannual turnover was lower than annual turnover

(Fig. 1c). This pattern may result from species showing

consistently recurring seasonal patterns. The patterns also

indicate that measures of richness at one temporal scale

(e.g. daily) are a good indicator of the number of species that

would be encountered with longer sampling despite the

pronounced seasonal and interannual turnover observed in

zooplankton communities (Arnott et al. 1998).

Our results showing positive associations between

diversity and community stability in the temperate zone

suggest several potential functional relationships between

richness and turnover. First, high diversity may stabilize

composition by reducing either extinction or colonization

rates. Reduced extinction at high diversity may occur if

species interactions are mostly weak and serve to buffer

against large population variability (McCann et al. 1998).

Such situations can arise through community assembly as

strongly interacting species combinations tend to be

driven to extinction (Kokkoris et al. 2002; Wilson et al.

2003). Alternatively, high richness may repel invasion and

reduce species turnover. A model where diversity inhibits

invasion found that rich communities accumulate new

species more slowly and therefore have flatter species–

time curves at short time scales. However, rich commu-

nities also take longer to approach their asymptotic

richness and therefore have higher exponents at long

scales (J. B. Shurin, unpublished data). As many of the

zooplankton communities in our data set were still adding

new species after many years of sampling (see Fig. 2b,d),

the declining exponent may indicate that diverse commu-

nities are better at repelling invasion by new species.

Shurin (2000) found that natural pond zooplankton

communities with more species were less susceptible to

experimental introductions of new species from the

region. The pattern of declining turnover in the temperate

zone is consistent with reduced invasion or extinction

probabilities at high richness.

Another possible explanation for the patterns we

observed is that high environmental variability reduces

richness and increases turnover (White et al. 2006). This
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Figure 2 (a) Annual turnover vs. average

annual richness for the 36 lakes (y ¼
)0.40 + 0.15x ) 0.008x2, R2 ¼ 0.28, P ¼
0.005). Both the first- and second-order

terms are significant (P < 0.002) in the

linear regression for z. Lakes in Alaska are

marked with stars, temperate lakes are

circles. (b) Examples of species–time curves

for a high-latitude lake with low annual

richness and low turnover (Toolik Lake,

white stars), an intermediate annual richness

lake with high turnover (Allequash Lake in

the Wisconsin survey, grey circles), and a

lake with high annual richness and low

turnover (Red Chalk Lake in the Dorset

Lakes survey, white circles). (c) Interannual

turnover vs. total richness across all years of

sampling (y ¼ )0.05 + 0.03x ) 0.0006x2,

R2 ¼ 0.27, P ¼ 0.005). Both the first- and

second-order terms contributed significantly

to the fit of the model (P < 0.007). (d)

Examples of species accumulation curves

across the entire period of sampling for the

three lakes listed above.
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hypothesis is based on the idea that highly variable

environments experience conditions that fall outside the

tolerances of many species. In this case, fluctuations in the

physical environment reduce richness by excluding species

and reduce stability by shifting between conditions favouring

different species. However, it is also possible that environ-

mental fluctuations favour coexistence and promote diversity

through the storage effect (Chesson & Warner 1981). A

model of abiotic variability and species turnover found that

highly variable environments had low richness and high

turnover only when conditions exceeded the tolerances of

many species (J. B. Shurin, unpublished data). If species have

broad environmental niches relative to the range of

conditions experienced in the habitat, then increasing

variability leads to higher richness and greater turnover.

The patterns we observed give insight into the causes of

species–area relationships and latitudinal gradients in diver-

sity, two of the most familiar and well-documented patterns

in ecology (Dodson et al. 2000; Hillebrand 2004; Drakare

et al. 2006). Species-area relationships for zooplankton in
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Figure 3 The relationship between lake sur-

face area and (a) daily richness (y ¼
4.79 + 0.90x, R2 ¼ 0.17, P ¼ 0.01), (b)

annual richness (y ¼ 7.31 + 1.25x, R2 ¼
0.18, P ¼ 0.009), (c) total richness (y ¼
14.48 + 3.10x, R2 ¼ 0.13, P ¼ 0.03), (d)

annual turnover (P ¼ 0.87), and interannual

turnover (P ¼ 0.40). The relationship

between latitude and (f ) daily richness

(y ¼ 13.72 ) 0.15x, R2 ¼ 0.25, P ¼ 0.002),

(g) annual richness (y ¼ 23.63 ) 0.28x,

R2 ¼ 0.51, P < 0.0001), (h) total

richness (y ¼ 67.24 ) 0.93x, R2 ¼ 0.65,

P < 0.0001), (i) annual turnover (y ¼
0.70 ) 0.008x, R2 ¼ 0.21, P ¼ 0.005), and

(j) interannual turnover (y ¼ 0.34 ) 0.003x,

R2 ¼ 0.10, P ¼ 0.06, the dashed line indi-

cates the marginal significance).
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lakes are driven by higher diversity at all time scales, but not

by greater temporal turnover in composition. This suggests

that large lakes offer more potential for local coexistence but

do not systematically differ in temporal niche partitioning or

variability in the environment. This result contrasts with

Adler et al. (2005) who found that z declines with increasing

habitat area in a wide variety of taxa. Most of the surveys in

Adler et al. were spatially nested subsets; only the zooplank-

ton survey (North Temperate Lakes LTER, Wisconsin)

measured separate habitats of different area. The two

methods of constructing species–area curves (nested subsets

vs. comparison of patches of different size) measure

different aspects of the relationship between species number

and area (Rosenzweig 1995; Drakare et al. 2006). In addition,

Adler et al. (2005) dealt only with interannual turnover

whereas we address changes in composition within and

among years. Our larger survey of zooplankton found no

relationship between lake surface area and the rate of

turnover. The decline in species turnover in larger habitats

shown by Adler et al. (2005) may therefore not be a general

feature of all communities. The slope of the species–area

relationship was also steeper on longer temporal scales

(daily ¼ 0.90, annual ¼ 1.25, interannual ¼ 3.10, Fig. 3).

The patterns indicate that species turnover in both space

and time decrease with latitude so that species have broader

temporal and spatial niches. In addition, our patterns agree

with Hillebrand (2004) who showed that latitudinal declines

in diversity are strongest at broad temporal and spatial scales

(e.g. compare Fig. 3f–h). MacArthur (1972) proposed that a

more stable environment allows lower latitudes to support

greater species diversity. However, our data indicate that

temperate lakes showed higher species turnover in time,

suggesting that if environmental variability changes with

latitude, it is greater further from the poles. Another

possible explanation is that the high-latitude lakes in our

survey have few species because of their recent geological

origin and slow post-glacial dispersal (Stemberger 1995), or

because their rate of diversification is lower (Jablonski et al.

2006). Higher spatial turnover at low latitudes may be

caused by niche compression in the face of more intense

interactions in diverse communities (MacArthur 1972). Our

results indicate that temporal turnover declines with

increasing latitude (Fig. 3i,j). High-latitude lakes may have

lower turnover because weaker interactions allow them to

persist for longer periods. Alternatively, low temperatures

may slow demographic rates and cause interactions to

proceed towards extinction more slowly, resulting in slower

turnover. Our results indicate that temporal turnover in

species composition mirrors patterns of spatial turnover

(Koleff et al. 2003; Hillebrand 2004; Drakare et al. 2006) in

that both decline at high latitudes.

The relationship between diversity and stability remains

controversial and poorly understood in ecology (McCann

2000; Cottingham et al. 2001). Our results indicate that high

annual diversity in temperate zone lakes is consistently

associated with lower temporal turnover in composition. This

suggests that either diversity stabilizes population dynamics

or greater environmental stability increases annual richness.

However, diversity and stability are negatively correlated over

a latitudinal gradient, suggesting that either environmental

variability across broad scales reduces richness and turnover

or high-latitude species show less temporal niche compres-

sion than those in the temperate zone. Therefore, diversity

and stability appear linked in associations that vary qualita-

tively from positive to negative with spatial scale.
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