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Abstract Results of a field survey of southern

Wisconsin shallow lakes suggested that watershed

(catchment basin) land use has a significant and

adverse effect on zooplankton species richness.

Zooplankton communities in lakes with no ripar-

ian buffer zone, in agriculture-dominated water-

sheds, contained about half as many species as

lakes in least-impact watersheds. In that study, the

age of the lake was not taken into account. It is

possible that agricultural lakes, often artificial,

were so recently-constructed that they had not yet

accumulated the equilibrium number of species

characteristic of older lakes. In other words, it is

possible that the interpretation of the results of the

previous study is fatally flawed, if the results were

an artifact of lake age, rather than an effect of land

use. The major aim of this current study was to

determine the ages of agricultural lakes and of

lakes in least-impact watersheds, to test for an

effect of lake age on zooplankton species richness,

using the same sites from the previous study. We

used an anova approach to test the null hypothesis

that two factors, watershed land use and lake age,

had no systematic effect on zooplankton species

richness. We determined the age of 35 shallow

lakes, using aerial photos, satellite images, and

interviews of resource managers and land owners.

We identified five artificial agricultural sites and

five artificial sites in least-impact prairie water-

sheds. The artificial sites in this study ranged from 3

to 37 years in age, while natural lakes dated from

the melting of the last glacier, about 9500 years

ago. Our results suggest, that because artificial lake

made up only about a third of the sites, and for the

range of lake age and watershed land use, lake age

did not have a significant effect on zooplankton

species richness, while land use had a highly

significant adverse effect. These results pose a

larger question for future research. Namely, how

quickly do newly-constructed lakes attain the

equilibrium number of species seen in the previous

study, and what is the quantitative relationship

between lake age and zooplankton richness?
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Introduction

Fresh and healthy water is a critical environmen-

tal resource, both as a direct requirement of
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humans and wildlife, and as an ecosystem that

provides many valuable ecological services (Wet-

zel, 1992; Naiman et al., 1995, Costanza et al.,

1997, Brown et al., 2000), including recreation,

clean drinking water, contaminant dilution, and

suitable habitat for aquatic organisms. Water as a

resource presents people with expensive chal-

lenges (e.g., toxic algae, denitrification failure,

declining fisheries) and large-scale conservation

challenges, such as the global pattern of acute

amphibian and fish extinctions.

Freshwater resources face multiple challenges.

Water is rapidly becoming a limited resource, as

the global human population increasingly domi-

nates the landscape (Vitousek et al., 1997). It is

widely agreed that human land use practices have

adversely affected the aquatic environment, espe-

cially in extreme situations (Wetzel, 1992; Nai-

man et al., 1995; Chapin et al., 2000; Dodson

et al., 2005; Vanni 2005; Nassauer et al., 2004;

Foley et al. 2005). Hundreds of the anthropogenic

chemicals end up in lakes (Hoffmann & Dodson,

2005; Kaushal et al., 2005). These chemicals are

often strongly biologically active and in many

cases have adverse effects on the freshwaters

ecological systems. Research on alternate states

in shallow lakes (Scheffer & Carpenter, 2003)

shows that even moderate watershed develop-

ment has significant adverse effects on commu-

nity structure of all major aquatic groups. Some

land uses, such as row-crop agriculture, industry,

and urban, probably have more of an adverse

impact on aquatic ecology than other land uses,

such as pastures and nature preserves (Birch &

McCaskie, 1999; Hughes et al., 2000). Climate

change will result in changes in land use (Rama-

nkutty et al., 2002). For example, in the upper

Midwest USA, predicted climate change is most

likely to increase the suitability of the land for

agriculture. This will lead to an increase in use of

all the nutrients, pesticides and industrial chem-

icals associated with modern agriculture. Thus,

given the changing climate and rapid develop-

ment of watersheds related to human population

growth, it is of the greatest importance to under-

stand links between watershed land use and

aquatic ecology. An understanding of the links

will enable developers, environmentalists, and

conservation biologists to design optimal strate-

gies for maintaining environmental health in the

face of a changing environment.

A recent large-scale field study (Dodson et al.,

2005) showed support for the hypothesis that land

use in the watershed (=catchment basin) of a lake

has a strong influence on the number of crusta-

cean zooplankton species that live in the lake.

Lakes in agricultural watersheds were found to

have about half as many species as lakes in least-

impact watersheds. (In this context, ‘‘least-im-

pact’’ is used in the sense of Dodson et al., 2005,

indicating that the majority of the watershed was

not developed for agricultural, residential or

other land use). A reasonable possibility, not

addressed by Dodson et al. (2005) is that the

reduction in zooplankton species could be due to

an age effect rather than a watershed land use

effect, because lake age was unknown and not

taken into account. It is a plausible assumption

that, shortly after they are filled, newly-con-

structed lakes have few or no zooplankton

species, and that species accumulate over time

via standard dispersal routes, such as wind and

waterfowl (Jenkins & Buikema, 1998, Cáceres &

Soluk, 2002, Havel & Pattison, 2004). It is

possible that the agricultural lakes in the Dodson

et al. (2005) study included newly-constructed

lakes that had not yet accumulated the equilib-

rium number of species characteristic of lakes in

undeveloped watersheds. We suspected that a few

lakes in undeveloped watersheds were also arti-

ficial, while the majority would have been created

by glacial action, and filled about 9500 years ago.

In any case, Dodson et al. (2005) did not know the

ages of any of the lakes. Thus, it is possible that

the interpretation of the results of the previous

study is fatally flawed, and that the reduction in

species is due to a lake age effect, rather than an

effect of land use. The major aim of this current

study was to determine the ages of agricultural

lakes and of lakes in undeveloped watersheds, to

test for an effect of lake age on zooplankton

species richness, using the same sites from the

previous study by Dodson et al. (2005).

Methods

We initially selected for age analysis thirty-six

sites from the Dodson et al. (2005) study of
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zooplankton diversity (Fig. 1). Data from this

study were based on a single visit to each site, to

collect zooplankton from the deepest water

portion of the lake. Dodson et al. (2005) reported

the fewest species in agricultural lakes. The least-

impact sites most similar to these agricultural sites

were prairie sites. We reasoned that, if an age

affect exists, it would most likely be revealed by

the comparison of the zooplankton communities

in these two sets of lakes. For sample-size

purposes, we combined two subsets of agricul-

tural sites used by Dodson et al. (2005), those

with narrow and those with wide vegetative

buffers. We felt that the prairie sites were more

similar to the agricultural sites than were the

least-impact kettle moraine sites; inclusion of the

kettle sites in the data set might have introduced

confounding environmental effects. The lakes

were selected to be permanent, shallow and

therefore not thermally stratified (or polymictic).

The sites were all in the same sub-ecoregion of

southeastern Wisconsin, USA, to decrease the

likelihood that climate or soil chemistry was

responsible for the observed watershed effects

(Dodson et al., 2005). During the course of this

investigation one agricultural site (Pabst3, B32)

was discarded because it was found not to be

permanent, leaving only 17 agricultural sites.

Figure 1 shows the location of the final 35 sites.

To collect the zooplankton, we waded into the

deepest part of the shallow lake to dip up water

using a plastic bucket. Because the water often

contained large amounts of organic material or

algae that tended to clog the filter screen, a coarse

mesh of 200 lm mesh was used to capture the

larger arthropod zooplankton (crustaceans and

insects). Time and personnel constraints dictated

a protocol of filtering the lake water until the

filter began to clog. This procedure allowed us to

get the maximum amount of zooplankton from

sites with high suspended solids, as well as from

sites with low suspended solids and a low density

of zooplankton. Water sample volumes ranged

from 3 to 38 L. (Zooplankton taxon richness was

not significantly correlated with sample volume.)

Samples were labeled and preserved in 70%

ethanol (Black & Dodson, 2003).

Zooplankton data were collected in the Spring

of 2000 (Dodson et al., 2005). Therefore, we

determined ages of the sites as of 2000. Site ages

of the 35 lakes were determined in three main

ways. First through conversation with a Wisconsin

Department of Natural Resources (WDNR)

Conservation Biologist (R. Bautz) who sampled

the sites in 2000 and who has visited the sites

numerous other times. He distinguished natural

sites from those artificial sites that had been

created by humans, and was in many cases able to

supply us with the date of construction of the

artificial lakes. Artificial shallow lakes are created

as storm water reservoirs, as permanent water

sources for live stock and wildlife, or in a few

cases as landscape features. The second method

utilized historical aerial photography from the

University of Wisconsin-Madison Map Library to

confirm the long-term existence of many of the

sites. Aerial photography of Dane County dates

back to 1937, and Columbia County back to 1940.

Comparisons of photographs often bracketed the

possible age of a lake. Lastly, for those sites

whose origin was uncertain or artificially created,

we directly contacted land owners, utility compa-

nies (power companies), United States Fish and

Fig. 1 Map of the shallow lakes used in this study. The
outline represents Wisconsin, USA. Open Circles = agri-
cultural sites of glacial origin, Closed Circles = artificial
agricultural sites, Open Triangles = prairie sites of glacial
origin, Closed Triangles = artificial prairie sites
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Wildlife Service, fire departments, and the

WDNR, to determine the age of the lakes in

question. Some sources knew the exact month

and year of lake creation whereas other sources

were uncertain, being able to only estimate a

range of years for lake construction. When given

a range of years, we chose the median date as the

lake age (e.g. ‘‘early 1960s’’ became 1963). In the

end all sites were categorized as glacial, in basins

of glacial origin about 9500 years old (Martin,

1965), or artificial, meaning a lake created by

humans which could be dated by one of the three

methods.

The huge age gap between the glacial and

artificial categories invalidates a regression anal-

ysis. Therefore, the relationship of zooplankton

species richness to land use and age data was

analyzed for the 35 lakes using two-way anova

(SYSTAT, 2000). The anova had two categories

of land use (agricultural and undeveloped) and

two categories of age (recent and glacial). These

categories reflect the land use categories in

Dodson et al. (2005), and the division of the

lakes into two very different groups of ages:

recent (<37 years old) and glacial origin (ca.

9500 years old. The huge age gap between the

two categories invalidates a regression analysis.

Results

We succeeded in determining the age of 17

agricultural sites and 18 undeveloped (prairie)

sites. Of these sites, five in each land use category

were artificial, having been constructed within the

last 40 years. Thus, about a third of the sites were

artificial, which ranged in age from 3 to 37 years

(Table 1).

Results of the two-way anova show that land

use had a highly significant effect on zooplankton

species richness (Table 2). Overall, agricultural

sites averaged 9.1 species, while least-impact sites

averaged 6.8 species.

Neither lake age, nor the interaction term

(land use by age), had a statistically significant

relationship to zooplankton species richness

(Table 2). Although the age effect was not

significant for the data set under consideration,

newly-constructed lakes did show a tendency toT
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have fewer zooplankton species than the older

lakes in basins of glacial origin (Fig. 2). For the

agricultural sites, artificial lakes averaged 5.4

species, while agriculture lakes in older glacial

basins averaged 7.4 species. For the undeveloped

watershed sites, artificial lakes averaged 8.4 spe-

cies, while glacial-origin lakes in undeveloped

watersheds averaged 9.4 species.

Discussion

Our re-analysis of the Dodson et al. (2005) data

suggests that there is a strong and statistically

significant adverse effect of land use in a lake’s

watershed on zooplankton species richness, which

is not confounded with a lake age effect. This

result underlines the importance of controlling for

watershed land use when designing limnological

experiments. We propose a general limnological

principle, appropriate for our modern world: the

major portion of the variation observed among

zooplankton communities, in large-scale field

studies of many lakes (as in Shell et al., 1999;

Declerck et al., 2005) is due to variation in

watershed land use.

Attractive as the concept is, it is clear that the

lake is not the microcosm so beautifully described

by Forbes (1887), but instead, the lake is inti-

mately enmeshed with the surrounding watershed

in the sense of Vallentyne’s (1974) algal bowl. In

the human-dominated landscape, future progress

in understanding limnological systems will de-

pend on understanding the influence of land use

on the biology and chemistry of lakes.

For the data of Dodson et al. (2005), lake age

had no detectable effect on agricultural lakes

(Fig. 2). For the least-impact sites, the young

lakes tended to have fewer species than old lakes

(not statistically significant difference), which

may be the result of dispersal limitation (Jenkins

and Buikema, 1998). The lack of statistical

significance may well be a power problem, due

to the small sample size for recent lakes (a total of

10). It may also be that because the data were not

collected with a test for an age effect in mind.

Thus, the data are not optimal for demonstrating

an age effect. For example, the ages of the recent

(non-glacial-origin) lakes averaged 14.5 years. If

the age effect is most intense for even more

recent lakes, then our data are inadequate for

demonstrating such an effect. Future research will

focus on looking for an age effect in lakes

younger than 14 years.

Acknowledgements R. Bohanan made this research
project possible, by organizing the research group and
using funding from the NSF Research Experiences for
Teachers Supplement to NSF LTER grant # DEB-9632–
853. We are grateful to the private land owners who gave

Fig. 2 Results of the 2-way anova, for the effect of land
use and lake age on zooplankton species richness. Anova
statistics are given in Table 2. The average richness of
artificial agricultural sites was 6.4 taxa and for the
agricultural glacial-origin sites was 6.3 taxa. The average
richness of artificial undeveloped sites was 8.4 taxa, while
that of glacial-origin undeveloped sites was 9.5 taxa. Lake
age was determined for the year 2000, when the zooplank-
ton samples were collected. The average age of recent
agricultural ponds was 19 years (range of 3–37 years) and
of recent prairie ponds was 10 years (range of 9–12 years)

Table 2 Two-way analysis of variance table for the effects
of land use and age on zooplankton species richness for the
prairie (reference = land use #1) and agricultural land use
(=land use #2) sites from Dodson et al. (2005). The two
categories of age were 1 = recent (constructed in the last
37 years) and 2 = glacial (approximately 9500 years old).
For the 35 sites, the multiple r2 is 0.298

Source Sum-of-
Squares

df Mean-
Square

F-
ratio

P

Land use 48.359 1 48.359 8.315 0.007
Age 2.050 1 2.050 0.353 0.557
Land

Use*Age
2.592 1 2.592 0.446 0.509

Error 180.297 31 5.816
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