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Abstract Ostracods are important members of the
benthos and littoral communities of lake ecosystems.
Ostracods respond to hydrochemistry (water chemis-
try) which is influenced by climatic factors such as
water balance, temperature, and chemicals in rainfall
runoff from the land. Thus, at local scales, environ-
mental preferences of ostracods and characteristics of
lakes are used to infer changes in climate, hydrology,
and erosion of lake catchments. This study addresses
potential drivers of ostracod community structure and
biodiversity at multiple spatial scales using NMS,
CART®, and multiple regression models. We iden-
tified 23 ostracod species from 12 lake sites. Lake
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area, maximum depth, spring conductivity, chloro-
phyll a, pH, dissolved oxygen, sedimentary carbon-
ate, and organic matter all influence ostracod
community structure based on our NMS. Based on
regression analysis, lake depth, chlorophyll a, and
total dissolved solids best explained ostracod richness
and abundance. Land uses are also important com-
munity structuring elements that varied with scale;
locally and regionally agriculture, wetlands, and
grasslands were important. Nationally, using regres-
sion tree analysis of lakes sites in the North American
Non-marine ostracod database (NANODe), row-crop
agriculture was the most important predictor of
biodiversity. Low agriculture corresponded to low
species richness but greater landscape heterogeneity
produced sites of high ostracod richness.

Keywords Ostracods - Land use - Community
structure - NMS - CART® - Lake productivity

Introduction

Ostracods have calcium carbonate shells that are well
preserved in both marine and lacustrine environ-
ments. Ostracods have a long geologic history; they
first appeared in the Ordovician Period 485 million
years ago (mya) (Williams et al., 2008). The first
freshwater ostracods were first found in Devonian
(360 mya) deltaic deposits (Swain, 1999) and have
since become widespread in all freshwater aquatic
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environments. High preservation potential and a long
geologic history make ostracods particularly useful in
paleoecology studies (see Carbonel et al., 1988).
There are approximately 300 extant nonmarine
ostracod species known from North America and a
large number of undescribed species (Martens et al.,
2008). Ostracods have become important members of
microcrustacean assemblages of lakes (Diner et al.,
1986; Dodson et al., 2005).

Previous researchers have focused on single spatial
scales to document the occurrence of ostracods and
the trace element chemistry (hydrochemistry) of the
water in which they are found. There is a large body
of research using dated lake cores with the primary
goal of extrapolating past climate and environmental
conditions based on known species tolerances (For-
ester, 1986; Smith, 1993; Loffler, 1997; Curry, 1999;
Forester et al., 2005a) and temporal changes in shell
chemistry (Xia et al., 1997; Saros et al., 2000;
Schwalb & Dean, 2002). In contrast to diatoms
(Battarbee, 2000), ostracods have been under-utilized
in paleoproductivity studies of lacustrine systems.
Because ostracod species are indicators of past water
chemistry and specific environments under different
climate regimes, they are becoming increasingly
important in environmental paleoecology studies
(Curry, 1999; Battarbee, 2000; Miller et al., 2000;
Delorme, 2001; Umbanhower, 2004; Mezquita et al.,
2005). At local scales, faunal change has also been
related to changes in lakes or their catchments (Alin
et al., 1999; Kiilkoylioglu & Diigel, 2004).

The relationship between species richness and
productivity is critical to an understanding of biodi-
versity in lakes and is a central theme in ecology
(Dodson et al., 2000; Mittelbach et al., 2001) and
paleoecology (Rosenzweig, 1995; Martens et al.,
2008). Despite a great deal of research on richness—
productivity relationships, little is known about the
changes in ostracod community richness across
productivity gradients.

Ostracods have been used as low-cost indicators of
human impact on marine and brackish water systems
(Frenzel & Boomer, 2005; Ruiz et al., 2005; Keatings
et al., 2010), and lakes (Diigel et al., 2008). However,
modern relationships between ostracods and the land-
scape are necessary to document temporal human
impacts, for example, pre- and post-European settle-
ment in the Midwest. Land use and land cover change
and their effects on water quality and hydrochemistry
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are well established (Johnson et al., 1997; Jones et al.,
2001). Since ostracods respond to hydrochemistry,
habitat change and productivity that are affected by
human land use, it follows that ostracods and their
biodiversity will also be affected by land use. The
intensified human use of the landscape (e.g., urban and
agriculture) has been correlated with declines in
zooplankton richness in small lakes (Dodson et al.,
2005). Dodson et al. (2005) found that rare species were
eliminated from plankton assemblages in largely agri-
cultural catchments. Similarly, some ostracod studies
have shown a relationship between high abundance
of cosmopolitan species and poor water quality
(Kiilkoyliioglu, 2004; Kiilkdyliioglu & Diigel, 2004).

Although ostracods have been collected from a
small percentage of Wisconsin lakes, few in-depth
studies have been conducted (Kitchell & Clark, 1979;
Smith & Dai, 1993; Smith, 1997; Forester et al.,
2005b). Kitchell & Clark (1979) conducted such a
study of Lake Mendota, Wisconsin, USA, and
contrary to findings for other taxa; they reported that
both ostracod species richness and abundance
appeared to increase following Euro-American set-
tlement of the region and the introduction of
agriculture. This historic change in community
structure was accompanied by an increase in the
proportion of organic matter versus carbonate in the
lake sediment, suggesting a shift in the benthic
resource base available to ostracods (Loffler, 1979;
Dean & Schwalb, 2002).

The overarching goal of this study was to obtain a
better understanding of ostracod ecology and drivers
of ostracod biodiversity at multiple spatial scales.
Specifically, we had the following objectives in mind:

(1) Identify the chemical and physical characteris-
tics (e.g., salinity, productivity surrogates, and
water depth) of the lakes that are important to
ostracod species occurrence and biodiversity.

(2) Identify the land attributes that influence ostra-
cod richness, species occurrence and abun-
dance, and the chemical and biological
characteristics of lakes to which ostracods
respond.

(3) Test for associations between the occurrences of
specific macrophytes and ostracods to further
document habitat preferences.

(4) Determine the regional ostracod biodiversity
in small eutrophic lakes of southeastern
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Wisconsin, and test the hypothesis that a
unimodal ostracod diversity—productivity rela-
tionship exists as is true for other microcrusta-
ceans (Dodson et al., 2000).

(5) Assess the relative importance of different land
uses on biodiversity of ostracods at broad spatial
scales.

Methods
Site selection

Twelve study lakes (Fig. 1) were chosen to be as
similar as possible in terms of climate, geography,
and morphometry. The purpose of this approach was
minimizing the effects of within-lake variation in
environmental drivers and increasing the potential for
detecting indirect effects of land use on ostracod
community structure. The lakes are all located in the
formerly glaciated region of southern Wisconsin in
the Southeastern Wisconsin Till Plain Ecoregion as
defined by Albert (1995), which covers about 14.5
million ha. Other site selection criteria included the
following: (1) lakes were dimictic having two periods
of stratification and mixing, with surface areas

<40 ha, (2) lakes were at least 6.5 m deep, and (3)

lakes and regional watersheds were similar in size. In
addition, two reference lakes from a reference
watershed were chosen to act as controls in a
protected area that has experienced minimal impacts
from human settlement compared to others in the
region.

Lake sampling

The 12 study lakes were sampled four times, once in
the spring and once in late summer for each of
2 years (2002 and 2003). Standard lake morphometry
and water chemistry parameters were measured
(Allen, 2005). The Trophic State Index (TSI) for
each lake was calculated from Secchi disk depths
(Panuska & Kreider, 2002).

Water samples were analyzed at the Wisconsin
State Laboratory of Hygiene for total phosphorus
(EPA methods 365.1; colorimetric titration) and
chlorophyll a by fluorescence following Welschmey-
er (1994). Trace element analyses were conducted at
the University of Wisconsin Plant Analysis Labora-
tory. Major ions (Sr, F, Cl, Br, NO,, NO;, PO,4, and
SO,) were measured by ion chromatography (DIO-
NEX DX 500 ion chromatography and HPLC
system). Elemental analysis (P, K, Ca, Mg, S, Zn,
Mn, Bo, Cu, Fe, Na, Al) was completed by induc-
tively coupled plasma mass spectrometry (ICP-MS),

Fig. 1 Site locations.
Twelve lakes from
Southwestern Wisconsin
were sampled for this study.
All of the lakes fall within
the Till Plain Ecoregion as
described by Albert (1995)
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except for Cd, Cr, Pb, and Ni, which were analyzed
using gas chromatography coupled with mass spec-
trometry (GCMS). Total organic carbon (TOC)
content of water samples was determined by color-
imetric titration.

The organic matter and carbonate content of the
sediment samples were determined by loss-on-igni-
tion or LOI (Dean, 1974). Insoluble residues, the
mineral matter remaining after LOI, were also
recorded. Sediment samples were also subjected to
several treatments of dilute hydrochloric acid fol-
lowed by double distilled water rinses and centrifug-
ing to remove carbonate material following a method
used by the Paleoecology lab at the University of
Wisconsin Climate Research Center (M. Winkler,
pers. com., 2004). Samples were then air dried and
ground in a pestle and mortar. Pre-treated sediment
samples were submitted to the University of Wis-
consin Soil and Plant Analysis Laboratory for stable
isotope analysis on the organic matter fraction using a
high temperature combustion organic carbon mass
analyzer (Carlo Erba elemental analyzer coupled with
a Europa 20/20 tracemass).

Macrophytes were collected following the proce-
dure outlined in Jessen & Lound (1962). Two rake
samples were collected at each littoral ostracod
sample site. Species were identified using Fassett
(1957) and Borman et al. (1997), and reference
collections at the University of Wisconsin herbarium
in Madison, WI, and species presence were recorded.

Ostracod sampling and species identification

Standard micropaleontology techniques were applied
in the collection and processing of ostracods
(Kummel & Raup, 1965) in littoral and profundal
sediments. Littoral sediment samples (about 0.2 m
depth) were taken from a bed of the most common
aquatic macrophyte in each lake, away from inlets or
outlets when present. Profundal sediment samples
were taken from the deepest point in the lake. The top
2 cm of sediment was skimmed from grab samples
collected with an Ekman Dredge and placed in plastic
bags. Samples were kept on ice and either refriger-
ated for immediate analysis or frozen for later
analysis. 20 cm® (2-10 cm® aliquots of sediment
per sample) were sieved using an 80-pm brass sieve.
All ostracods from each sample were picked out and
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placed on standard micropaleontology slides for
identification and counting using a binocular
microscope.

Ostracod species were identified using a number of
standard North American references (Hoff, 1942;
Tressler, 1959; Staplin, 1963; Delorme, 1967, 1970a,
b, ¢, d, 1971, 2001; Kitchell & Clark, 1979; Meisch,
2000; Karonovic, 2006). Total ostracod abundance
for each lake was calculated by taking the sum of
both littoral and profundal counts from each of two
10 cm® aliquots from each sample and lake region.
Ostracod valve abundances from the count data were
standardized by dividing the number of valves by the
dry sample weights to obtain valve abundance g~ of
dry sediment (Kitchell & Clark, 1979).

Land use analysis

This study relates ostracod ecology to land use at
multiple spatial scales: riparian zone, catchment
basin, and regional watershed. Additionally, we
assessed the effects of land use on biodiversity of
ostracods across the country (lower 48 states of the
United States; Fig. 2). We defined the riparian zone
as the terrestrial environment within 90 m of the lake,
using the lake boundaries from Wisconsin Depart-
ment of Natural Resources (WDNR) hydrography
coverage (1999a). Riparian areas were determined by
placing a buffer (three grid cells) around each of the
study lakes using ArcView 3.0 (Elkie et al., 1999).
Catchment basins are land areas that drain from
surrounding uplands into a lake. Catchment areas
were quantified by processing a 30-m digital eleva-
tion model at a 30-m grid cell size using ArcView 3.0
(Elkie et al., 1999) and a 30-m digital elevation
model with a 30-m grid cell size, based on data from
the University of Wisconsin Forest Ecology and
Management laboratory (T. Sickley, per. comm.,
1999). We defined the regional watershed as a larger
scale surface than the catchment basin; using the
WDNR (1999a) identified watersheds. The regional
watershed is similar to the level-5 hydrologic cata-
loging units of the United States Geological Survey
(Griffith et al., 1999). There are 328 regional
watersheds in the Southeastern Wisconsin Till Plain
Ecoregion (WDNR, 1999a), and the regional
watershed often includes more than one lake catch-
ment basin. We chose two lakes from each of six
regional watersheds that varied in their proportions of
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Fig. 2 Point coverage of
lakes in NANODe.
Distribution of lakes
sampled for ostracods that
are part of the NANODe
database (Forester et al.,
2005b)
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human impact. Lakes varied in land use from the
least amount of human impact (Nature Conservancy
preserves with no agriculture in the riparian zone) to
those with approximately 25% agricultural land use
in the riparian zone. Land cover proportions for each
of the three landscape scales were based on WISC-
LAND data derived from satellite imagery collected
between 1991 and 1993 and processed at a 30-m grid
cell size (WDNR, 1999b). The WISCLAND land
coverage of 29 land use classes (level III classifica-
tion) was collapsed to 12 cover classes. Land cover
proportions were calculated using Patch Analyst, grid
version for ArcView 3.0 (Elkie et al., 1999).

We obtained georeferenced locations of ostracods
samples from lakes that form part of the North
American Nonmarine ostracod database (NANODe)
(B. Curry, IL Geol. Sur., per. comm., 2001) for the
continental United States. We intersected the lake
sample locations with the hydrologic landscape
regions (HLRs) coverage obtained from USGS.
HLRs are groups of watersheds that share landform,
soil and bedrock permeability, relief, and effective
precipitation (mean annual precipitation minus
potential evapotranspiration) (Wolock et al., 2004);
these attributes are similarly used to establish
ecoregions and their subregions. We selected the
HLRs corresponding to sampled lakes as a way to
minimize climate and concentrate on land use influ-
ences. We determined land cover proportions of each

HLR based on the 2001 National Land cover data set
(NLCD) using Patch Analyst grid in ArcView 3.3.

Statistical analyses
Ordination

We used nonmetric multidimensional scaling (NMS)
to produce an ostracod community (species composi-
tion) by site ordination using PC-ORD Version 4.17
for Windows (McCune & Mefford, 1999; McCune
et al., 2002). Ostracod species presence—absence data
were first transformed using Beal’s smoothing, which
is appropriate for data sets with large numbers of zeros
(>50%). Sgrensen dissimilarity distance measures
were then used in the ordination, because the Sgrensen
distance measure is more sensitive to heterogeneous
data sets and down-weights outliers better than other
techniques (McCune et al., 2002). Lake scores from the
species ordination were correlated with untransformed
hydrochemical, and land use data, and the macrophyte
presence—absence data matrix. A total of 137 physi-
cochemical and biotic variables were assessed for their
importance in structuring the ostracod communities.

Regression

StatSoft, Inc. (2000) was used in multiple linear
regression analysis to test the significance of the
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relationship between the response variables species
richness and abundance and productivity predictors
identified as important from the NMS ordination. We
used Mallows Cp values as our criterion for retaining
predictors of richness and abundance in multiple
linear regression models (StatSoft, Inc., 2007).

In addition, we constructed a Sgrensen dissimilar-
ity matrix of common macrophytes (those present in
at least two lakes) and performed a Mantel test of the
hypothesis that there is no significant relationship
between the ostracod and macrophyte dissimilarity
(distance) matrices and thus no significant relation-
ship between the occurrence of common ostracods
and the occurrence of common macrophytes. The
probability of a Type I error, and therefore the
significance of the Mantel statistic (r), was deter-
mined by randomization by 1000 Monte Carlo
permutations (McCune et al., 2002).

CART®

We used the Salford Systems CART Pro 6.0°
program for classification and regression tree analy-
sis. CART® is a non-parametric and non-linear
method that produces dichotomous decision (regres-
sion) trees as predictive models. Both predictors and
dependent target variables can be either categorical or
continuous. We used 13 land use classes within the
HLRs to predict ostracod species richness (our
dependent variable) in the 451 lakes from the
NANODe database. Land use classes included urban
(low, medium, and high intensity), agriculture (pas-
ture and row crops), forest (evergreen, deciduous, and
mixed), wetlands (herbaceous and woody), barren
areas, grassland, shrubland, and open water. We used
cross-validation to validate our models. A series of
if—then dichotomous decisions are produced that are
based on predictions with the lowest probability of
misclassification or the smallest variance.

Results

The ostracod community

Twenty-three ostracod species were identified in the
study lakes (Table 1; Table S1). Twenty of these

species were found in at least two lakes. Richness
varied between 3 and 13 species per lake, with an
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average of 7.8 species. The overall average abun-
dance of ostracod valves per dry gram of sediment in
profundal and littoral zone sediment was 157 £ 87.5
standard deviation valves and 179 + 125.3 valves,
respectively. Differences between duplicate samples
(profundal + littoral) of log;o(x + 1) transformed
data were not significant based on a single factor
ANOVA of seven duplicate samples (P = 0.84;
F = 0.042).

Ostracod community ordination

An optimal two-dimensional ordination was found
for the ostracod communities, using the occurrence of
species in the 12 lakes (Fig. 3). This model was
determined based on an initial null model that the
probability of arriving at a final stress level of
randomly generated data sets is less than expected for
the observational data set. Monte Carlo simulations
based on 200 randomizations were compared to 150
runs with the observational data set. The probability
that the solution could be arrived at by chance was
less than 5%. The final model produced a stress level
of 3.3 and final instability of 0.00028 after 87
iterations. The NMS model accounted for 98.1% of
the variability in the ostracod distance matrix; the
first axis represented 89.0% and the second axis
accounted for 9.1% of the variability.

The lakes form two clusters along the first axis and
are further separated along the gradient of the second
axis (Fig. 3). The major division of the ostracod
communities and those most correlated with the
primary ordination axis is between those containing
Potamocypris smaragdina and Physocypria globula
to those containing Cypria ophtalmica, cyclocyprids,
and Candona (Candona) inopinata (Fig. 3A; Table
S2 in supplementary materials contains the results of
our ordination). The gradient of the second axis is
from communities dominated by abundant large
candonids like Candona (Candona) ohioensis and
Candona (Candona) crogmaniana and those contain-
ing rare specimens of Candona (Candona) acuta.

We identified environmental variables important
to the observed distribution of the ostracods by
correlating raw physicochemical, land use, and
macrophyte presence—absence data with the lake
scores obtained from the ostracod species ordination.
Subsequent discussions focus on important variables
determined in this way.
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Table 1 Lake attributes

Lake Lake Elev. Area Max. W:A Lake Lake Water-shed Ostracod Macro-
Abbr. (m) (ha) Depth Type 1 Type 2 richness phyte
(m) Land-locked richness

Big Twin BT 256 31.6 14.0 8.03 No Drainage Big Green 6 4
Lake

Fowler FW 261 31.6 15.2 8.22 No Drainage Oconomowoc 10 4
River

Hooker. HK 229 35.2 8.2 12.58 No Drainage Des Plaines 8 17
River

Lilly LY 229 352 6.7 2.65 Yes Seepage Lower Fox/IL 3 5
River

Lulu LL 250 34.0 12.2 9.78 No Drainage Mukwonago 13 12
River

Montgomery MT 243 18.6 7.0 10.07 Yes Drained Des Plaines 4 12
River

Moose MS 267 32.8 18.6 3.33 Yes Seepage Oconomowoc 8 7
River

Pickerel PK 246 12.1 9.5 17.98 No Seepage Mukwonago 10 12
River

Rock RK 228 18.6 10.1 5.77 Yes Drained Lower Fox/IL 12 7
River

Spirit SPT 250 27.1 12.8 13.59 No Seepage Big Green 10 4
Lake

Spring SPR 240 9.7 9.8 9.76 No Drainage Swan Lake 6 4

West WST 240 7.7 6.7 26.72 No Drainage Swan Lake 4 5

Lakes classified as landlocked were determined by the Wisconsin Department of Natural Resources (WDNR), and the information
was obtained from the WDNR hydrographic coverage for Wisconsin. Landlocked lakes are those that are disconnected from larger
scale hydrologic network of surface waters that eventually drain to either the Mississippi River or Lake Michigan (WDNR, 1999a)

Abbr. abbreviations, Elev. elevation, W:A watershed (catchment area) to lake area ratio, Max. maximum

The specific occurrences of ostracods in these lakes, their authorities, and synonyms are given in the supplemental materials (Table S1)

Lake attributes and ostracod community structure

A complete list of variables used in the NMS analysis
and correlated with the ostracod data can be found in
Allen (2005). The results presented here include 19
environmental variables and 6 macrophyte species
that we found to load heavily on either of the two
NMS axes and were therefore interpreted as important
variables explaining the distributions of ostracods
among the lakes.

Water chemistry

The study lakes included sites ranging from 6.7 to
18.6 m maximum depth and 7.7 to 35.2 ha surface
area, respectively. Based on Secchi disk depths
(1.0-6.7 m and chlorophyll a (2.0-26.7 pg 171, the
study lakes ranged from mesotrophic to eutrophic.

Other chemical variables strongly correlated with the
ordination axes include average total phosphorus
(20-260 ug 17"), spring pH at the sediment—water
interface (7.1-8.8), and spring dissolved oxygen (DO)
at the sediment-water interface (0.4-7.0 mg 171).
Daytime average limnetic oxygen concentrations were
at or near saturation (8.1-12 mg 171), but summer
oxygen concentrations at the sediment—water interface
were more variable (0.4-5.6 mg 17", Sulfur concen-
trations ranged from 1.14 to 10.93 mg 1~" and spring
conductivity ranged from 280 to 615 mg 17'; these
parameters are related to organic matter content
(3.5-8.6%) and insoluble residues (2.8-26.4%) of
bottom sediment.

Several surrogates of primary productivity were
correlated with the first ordination axis (Fig. 3B). The
lakes clustered to the left of the graph had higher spring
chlorophyll a concentrations and lower oxygen and pH
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Fig. 3 NMS loadings. Results from the ordination of lakes by
the component ostracod species (community composition). The
four panels show variables that were highly correlated with the

concentrations at the sediment—water interface than
those to the right. Factors negatively correlated with
the second axis are also positively correlated with total
phosphorus, total dissolved solids (TDS) (including the
trace elements magnesium and sulfur), spring and
summer conductivity, and greater insoluble residue
content. The amount of sedimentary organic matter
was also positively correlated with this axis.

Relationship between ostracod and macrophyte
occurrence

The occurrence of common macrophyte species was
correlated with the NMS axes (Fig. 3C). The primary
axis loaded negatively on Nymphaea and Nuphar,
and positively on the invasive species Potamogeton
crispus (curly leafed pondweed). The second axis was
negatively correlated with an invasive, Myriophyllum
spicatum (Eurasian watermilfoil), and positively
correlated with native Myriophyllum heterophyllum.
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The significant Mantel statistic (r = 0.43, P =
0.008) indicated a strong positive correlation between
ostracod and macrophyte community structure. Both
ostracod and macrophyte community structure are
based on the most common species that we defined as
occurring in two or more study lakes.

Species richness and abundance related to lake
depth and productivity

From NMS, we identified TDS, spring chlorophyll a,
and average total phosphorus as important produc-
tivity surrogates. We also identified lake area, lake
depth, and elevation as important lake attributes.
Using simple linear regression of these log trans-
formed predictor variables, species richness was
found to be dependent on lake depth (R* = 0. 39,
P = 0.031; Fig. 4A); the highest ostracod spe-
cies richness, 13, was found in Lulu Lake which
is of intermediate water depth. Richness was also
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Fig. 4 Ostracod richness and abundance related to lake depth
and total dissolved solids (TDS). A The relationship between
log ostracod species richness or total number of ostracods, and
log lake depth. Richness versus depth was significant
(R> =0.39; P=0.03). B The relationship between log
ostracod species richness or total number of ostracods and
the log of the TDS for the 12 study lakes. Richness versus TDS
was significant (R2 = 0.52; P = 0.009)

dependent on TDS (R2 = 0.52, P = 0.009; Fig. 4B).
On the other hand, although TDS also explains
abundance (R2 = 0.60, P = 0.003), lake depth only
marginally explains ostracod abundance (R> = 0.31,
P = 0.059).

Variance inflation factors that measure multi-
colinearity of the predictors in the multiple regression
models were all less than 10. While the richness
model was dependent on TDS and lake depth
(R2 = 0.66; P = 0.008), the best model explaining
abundance includes chlorophyll a in addition to TDS
(R2 = 0.71; P = 0.003). We further regressed the
residuals from the regression of richness and lake
depth on our productivity surrogates, and found that
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Fig. 5 Ostracod richness and chlorophyll a after accounting
for lake depth. A linear regression of log(10) ostracod richness
versus log(10) lake depth was performed. We then regressed
the residuals from this regression on important productivity
surrogates individually (spring chlorophyll a, average total
phosphorus, and TDS) identified in the NMS to test the
relationship of species richness to productivity while account-
ing for the influences of lake depth. The relationship of
richness to spring chlorophyll a and accounting for lake depth
was significant (R* = 0.33; P = 0.051)

after accounting for lake depth, spring chlorophyll
a was also significant (R* =0.33; P =0.05])
(Fig. 5).

Land use and the ostracod community

Land cover types associated with the lakes were
determined for riparian areas, lake catchments, and
watersheds, and were correlated with the ostracod
community ordination axes (Fig. 3D; Table 2, Table
S1). The first NMS axis was highly positively
correlated with riparian deciduous forests and nega-
tively correlated with regional (watershed scale) total
forests and grassland. The second NMS axis was
highly correlated with local land cover; it was
negatively correlated with row-crop agriculture and
coniferous forest land and positively correlated with
wetlands in the catchments. Conifers and mixed
conifer and deciduous forests are often associated
with areas of human impact, whereas higher propor-
tions of grasslands intermixed with forested areas
occur in areas receiving less human disturbance.

On a national scale, the Hydrologic landscape
regions (HLRs) or mini-ecoregions are each approx-
imately 200,000 ha (2,000 km?). The CART® anal-
ysis of the NANODe database produced a decision
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Table 2 Land use measured at different landscape scales

General scale  Scale name Spatial extent (ha) Land use (%)

Agriculture ~ Wetland  Forest Grassland ~ Urban Water
Local Riparian areas 24 + 8 4+7 34 4+£29 24417 9+9 13£+£18 15+10
Local Catchments 225 + 113 22 £ 17 12+9 20+ 9 15+4 1mM+19 17411
Regional Watersheds 26,480 + 8,009 49 +9 11+3 1I5+5 14+4 342 54+4
National HLRs 1,668 + 3,795 44 + 27 9+ 10 25423 3+0 9+38 6+6

NMS axis loadings for land uses at riparian, catchment, and watershed scales are provided in the supplementary materials (Table S1).
Importance of specific land uses to ostracod biodiversity at the national scale is based on our CART® analysis

HLRs hydrologic landscape regions

tree with four terminal nodes. The most important
land use predictors of ostracod diversity were crop-
land (importance value or IV of 100 on a scale of 1 to
100); evergreen forests (IV = 83.56); percent open
water on the landscape (IV = 48.15); deciduous
forests (IV = 45.72); pastureland IV = 44.20),
mixed forests (IV = 43.45), and herbaceous wetlands
(IV = 8.78). Ostracod diversity is largely affected by
row-crop agriculture; where row crops were less than
0.3% of the HLRs, the average richness was 2.3; this
represented 14.6% of lakes in the database (Fig. 2).
Where row crops represented a higher percent of the
landscape and where more than 3% of the landscape
was open water, the average richness increased to
approximately six species and represented 38.4% of
the lakes. Terminal node 2 had the greatest number of
sites (44.3%) and an average richness of 4.2. This
node represents a landscape with >0.3% row crops
and <3% open water. The highest average richness
values (8.4) were found where row crops were
>0.3%, water >3%, deciduous forests were >4.3%
and mixed forests and evergreen forest percentages
were low but present.

Discussion

The regional ostracod assemblage—richness
and productivity

Species richness levels, similar to our results (3—13
species), have been reported for other modern
lacustrine ostracod communities in Wisconsin
(Kitchell & Clark, 1979; Smith & Dai, 1993; Smith,
1997; Forester et al., 2005a). For Lake Winnebago
(56,000 ha), Smith (1997) reported a total of nine
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ostracod species in the entire sediment record and a
maximum of six species in recent surface sediments;
total richness for each core sample was not reported.
Candona (Candona) ohioensis was the dominant
species from 4,800 years ago (4.8 ka) to the present
in Lake Winnebago. Miller et al. (2000) and Smith &
Dai (1993) reported a total of 13 ostracod species
from a core collected from Europe Lake (20 ha); and
recent sediment samples that contained 7 species.
Kitchell & Clark (1979) reported 19 species from
recent sediment of Lake Mendota (3,940 ha) and 10
species from one sediment core. Kitchell & Clark
also reported finding Cytherissa lacustris. The NAN-
ODe database (Forester et al., 2005b) contains 34
Wisconsin sites; 7 of these sites are in the Till Plain
Ecoregion near our study lakes. Forester et al.
(2005b) report a total of 22 ostracod species from
Till Plain lakes in the database with a species
composition similar to lakes in this study. The same
species found today are found in Holocene deposits
throughout the Midwest. However, species richness
cannot be directly compared to lakes that do not meet
our selection criteria such as larger lakes, those
outside the climate zone, or those that are not the
same type (dimictic).

Although temporal change in richness and what
drives it are of the utmost interest to Quaternary and
environmental paleoecologists, a temporal analysis is
beyond the scope of the present study which empha-
sizes differences in recent ostracod communities over
multiple spatial scales. Research on temporal change
in richness and indeed differences over large spatial
scales must account for differences in regional
geomorphic templates and climate, which impose
higher level constraints (sensu Allen & Starr, 1982)
on ecosystem processes. We attempted to account for
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climate and geomorphology spatially with an in-
depth study of several small lakes from a single
ecoregion. We investigated land use drivers only of
species richness at a broader national scale and used
Hydrologic Landscape Regions or HLRs as our
landscape units. Further, it is common practice to
substitute data placed in a spatial context for the
temporal and one might expect to at least find
similarities with past occurrences that represent the
circumstances across a broad spatial gradient.

The term Anthropocene was coined to reflect a
modern geologic era influenced by recent human
activities that have left physical, chemical, and biolog-
ical evidence that is now part of the sediment record in
lakes (Crutzen & Stoermer, 2000). Hoffmann & Dodson
(2005) suggested that current human disturbance
regimes have modified the richness—productivity rela-
tionship among lake taxa. The unimodal model may
only hold true when both pristine and developed lakes
are considered together as we have done; a linear
relation is expected if only pristine or “least impacted”
lakes are studied. Testing this hypothesis across the
Anthropocene boundary is a fertile research area.

We did not model groundwater—surface water
interactions within the lakes. Ostracod distributions
may also have been affected by undetected ground-
water seeps and springs. Other researchers have
found the presence of Darwinula stevensoni, Typhl-
ocypris (Typhlocypris) punctata, and Candona
(Candona) crogmaniana to be associated with
groundwater seeps (Smith et al.,, 1997; Smith &
Horne, 2002) which may also be suggested here.

The lacustrine ostracods found in the 12 lakes we
studied represent three major life modes or guilds:
(1) semi-planktonic swimmers, which are commonly
found swimming among rooted aquatic plants;
(2) epibenthic deposit feeders, which feed on the
surface of sediments; and (3) infaunal deposit feeders,
which live and feed within sediment interstices. Semi-
planktonic ostracods include several species of
Cyclocypris, Cypria, Physocypria, Potamocypris,
and Cypridopsis vidua. Individuals of this guild have
long natatory setae used in swimming. The epibenthic
deposit feeders include Candona spp. and Cypricercus
spp., while the infaunal deposit feeders include Dar-
winula spp. and Limnocytherina spp. Along with the
epibenthic species, these taxa lack long natatory setae.

In addition to describing the regional ostracod
biodiversity and environmental sensitivities, one of

our objectives was to test whether ostracods follow a
unimodal species richness—pelagic primary produc-
tivity relationship. Recent studies of zooplankton
(copepod, cladocerans, and rotifers) biodiversity have
shown positive monotonic relationships between
species richness and lake area (Hoffmann & Dodson
2005), and unimodal relationships between species
richness and lake primary productivity (Dodson,
1992, 2000; Mittelbach et al., 2001) using total
phosphorus and chlorophyll a as common productiv-
ity surrogates. Our study found neither relationship,
probably because of the smaller range of lake sizes
and productivity measures. However, a significant
unimodal relationship between lake depth and ostra-
cod species richness (Fig. 4A) is apparent.

Proxies of pelagic productivity (chlorophyll a,
total nitrogen, total phosphorus, Secchi depth, and
Trophic State Index) were not directly correlated with
species richness. We suspect a lack of direct corre-
lation because both littoral macrophyte production
and pelagic primary productivity are both important
and influenced by lake depth. However, the concen-
tration of TDS has been used as a productivity proxy
(Prepas, 1983). The data for TDS (Fig. 4B) may
represent the left side of a unimodal relationship
between ostracod richness and productivity. We
predict that hypereutrophic lakes with higher TDS
levels than those surveyed in our study will have
fewer species, thus fitting the general unimodal
model. This relationship is presumed because ostrac-
ods are dependent on detritus, diatoms, and macro-
algae that comprise pelagic, benthic, and littoral
(even riparian) production. Hypereutrophic lakes are
expected to have fewer sources of food for ostracods
than merely eutrophic lakes. For example, a high
density of macrophytes or dense algae creates shade
that reduces the abundance of benthic algae, an
important ostracod food resource (Morris et al.,
2002). Similarly, dense macrophyte beds reduce
pelagic production, and dense pelagic algae inhibit
macrophyte production (Scheffer et al., 2001). Addi-
tionally, when lake depth was accounted for, ostracod
species richness showed a significant positive corre-
lation with spring chlorophyll a (Fig. 5). However,
the best models explaining richness and abundance
indicate that although both are influenced by TDS,
abundance was dependent on spring chlorophyll
a more so than depth, whereas richness was more a
function of depth. Increases in TDS may also result
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from the decomposition of organic matter and erosion
of the land; thus, multivariate models of richness and
productivity have more explanatory power.

The highest ostracod diversity was found in lakes
of medium depths of 8-15 m. We interpret the
unimodal relationship between richness and depth as
the result of greater habitat complexity in lakes of
intermediate depths which provide similar amounts of
habitat for the three groups of ostracods with different
life habits (guilds), and thus are supportive of the
highest diversity. The most diverse lake (Lulu) was of
medium depth and similar abundances of ostracods
from both littoral and profundal zones. Sedimentary
carbonate was also equal to the amount of organic
matter in this lake. In shallow lakes dominated by
macrophytes, however, the abundance of epibenthic
deposit feeders and infaunal deposit feeders is rare to
absent; these species occurred only in low alkalinity
lakes with inlets or both inlets and outlets suggesting
the influence of current flow. Immature candonids
were only found in lakes with a maximum depth
greater than § m.

Regional patterns from ordination—ostracods
and lake condition

There were three nearly ubiquitous species in our
study lakes: Cypria ophtalmica, Physocypria globula,
and Cypridopsis vidua. These species are also
widespread in North America (Hoff, 1942; Delorme,
1967) and they are indicative of the general region of
north temperate lakes. Several ostracod species were
found to be potential indicator species at a finer scale,
because their presence—absence distance matrix was
significantly correlated with the ordination axes and
related to variation in community structure within the
ecoregion (Fig. 3A). Potamocypris smaragdina is
found in lakes with higher spring DO and pH levels
and lower spring chlorophyll a and is strongly
correlated with the first ordination axis. This is
consistent with previous studies that have found this
species in oxygenated, swift running water. Thus,
presence of P. smaragdina indicates high oxygen
levels and low spring pelagic productivity in the
lakes. In our study, Cypria ophtalmica, Cypria
turneri, cyclocyprids, and Candona (Candona) in-
opinata were negatively correlated with the first
ordination axis because they were found in wetlands
and lakes more productive in the spring. Candona
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(Candona) ohioensis was negatively correlated with
the second axis, while Candona (Candona) acuta was
positively correlated with this axis. This suggests that
Candona (Candona) ohioensis may have a higher
tolerance for human disturbance than Candona
(Candona) acuta or that an unmeasured variable is
affecting their distributions within the lakes studied.
The remaining species were not good indicators of
lake condition because they were not strongly
correlated with either community ordination axis.
These species were distributed at random relative to
community composition, they were equally influ-
enced by both gradients (e.g., Darwinula stevensoni)
indicated by the two NMS axes, or because they were
rare and occurred at a single site.

Regional patterns from ordination—ostracods
and land use

The species that indicate spring productivity and
greater habitat complexity are also indicative of
several landscape conditions that are strongly corre-
lated with the community ordination axes. Potamo-
cypris smaragdina, indicative of low spring pelagic
productivity, is also indicative of riparian deciduous
forests. This species was also associated with P.
crispus, an invasive species (Fig. 3C). The relation-
ship between riparian forests and increased water
quality is well established (Peterjohn & Correll,
1984). Lakes in forested areas are generally less
productive, have lower TDS, and lower sedimenta-
tion rates. Cypria ophtalmica and Candona (Cando-
na) inopinata, indicative of higher spring pelagic
productivity, are also indicative of both riparian and
catchment-scale wetlands (Fig. 3D). These species
are also associated with Nuphar and Nymphaea
(water lilies), suggesting that shallow quiet water
macrophyte beds in the lake are also important
structuring elements. Candona (Candona) ohioensis
was associated with M. spicatum, another aquatic
invasive plant. The presence of M. spicatum suggests
an increase in human disturbance, and the lakes in
this study where it was found were associated with
higher proportions of agriculture in the riparian zone.
Wetlands are also highly productive, exporting large
amounts of particulate and dissolved organic material
into lakes (Fig. 6).

At the riparian or catchment scales, agricultural
land use is associated with decreased macrophyte



Hydrobiologia (2011) 668:203-219 215
Node 1
AG_CROP <= 0.26
STD =3.185
Avg = 4.636
W = 439.00
N =439
T
AG_CROP <= 0.26 AG_CROP > 0.26 AG_C ROP
1 L
Terminal Node 2
Node 1 WATER <= 3.09
STD = 1.829 STD =3.201
Avg =2.333 Avg =5.043
W =66.00 W =373.00
N =66 N =373 WATER
T I " I
WATER <= 3.09 WATER > 3.09
1 1
Terminal Node 3
Node 2 DEC_FOR <= 4.33
STD = 2593 STD = 3.554 DEC_FOR
Avg = 4.220 Avg = 5.994
W =200.00 W =173.00
N =200 N=173
r I 1
DEC_FOR <= 4.33 DEC_FOR> 433
L L FOR_MIX
Terminal Node 4 o
Node 3 FOR_MIX <= 0.53
STD =2.367 STD =3.745
Avg = 4.305 Avg = 6.868
W =59.00 W =114.00
N =59 N =114

I

FOR MIX <= 053
1

Terminal
Node 4
STD =3.786
Avg = 7.944
W =71.00
N=71

Fig. 6 Regression/decision tree of ostracod species richness
predicted by the percentage of 14 different land use classes
within their respective hydrologic landscape regions or HLRs
across the continental United States (see Wolock et al., 2004
for a full description of the HLRs). N = 451. Of 20 possible

diversity and abundance and decreased zooplankton
species richness (Dodson et al., 2005). These
decreases are probably due to adverse effects of
agriculture, such as increased erosion, increased lake
temperature from the removal of native vegetation
that normally provides shade, and increased input of
pesticides. Row crops typically receive high amounts
of phosphorus which increases soil phosphorus levels
in the region above that which is needed for crop
growth (K. Becker, Wisconsin Department of Agri-
culture, Trade and Consumer Protection, pers. com.,
2004). Phosphorus enters the lake adsorbed to eroded
soil particles (in runoff, groundwater, or atmospheric
deposition) which can stimulate macrophyte and
algal growth (e.g., Bennett et al., 1999). Anthropo-
genic disturbance can promote the spread of invasive
aquatic plants such as M. spicatum and P. crispus,
which develop high density monospecific stands
that displace native plants and decrease habitat

FOR MIX> 053
1

Terminal
Node 5
STD =2.908
Avg =5.093
W =43.00
N =43

HLRs, 19 are represented along an agricultural land use gra-
dient from 0 to 93% agriculture. This data set includes the
HLRs representing our 12 study lakes. The resultant regression
tree had a relative error of 0.872

complexity. High proportions of agricultural land
uses are generally indicative of more productive
watersheds, and phosphorus unit-area loads to aquatic
resources of small watersheds are highly dependent
on watershed size (Corsi et al., 1997). However,
macrophyte decomposition can also add substantial
amounts of available phosphorus to the water column
(Carpenter, 1980; Smith & Adams, 1986). For
example, in Hooker Lake, one of the medium depth
lakes in our study, M. spicatum, has become a
nuisance. The high proportion of riparian agriculture
and insoluble residues suggest higher sedimentation
in this lake than the other medium-sized lakes in our
study. M. spicatum has a high shade tolerance (Davis
& Brinson, 1980) and therefore greater tolerance for
more turbid water. Our data suggest that where
macrophyte community structure is altered by inva-
sive macrophyte species, the ostracod guild structure
can also be altered.
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The larger longer-lived candonids like Candona
(Candona) ohioensis, Candona (Candona) crogman-
iana, and to a lesser extent, Candona (Candona)
caudata and Eucandona rectangulata may be more
tolerant of human impacts by virtue of a greater
tolerance to temperature and dissolved oxygen var-
iability, and wvariability in sedimentation that is
suggested by our NMS.

Invasive macrophyte such as M. spicatum though
present may not establish a stronghold where there is
a steep drop off to the profundal zone and where this
zone is much deeper than the average depth of the
lake. We found this to be true for Rock Lake.
However, where the natural structure of the shallow
macrophyte community is compromised by invasive
macrophyte species, ostracod guild structure can also
be affected directly by chemical management of the
invasive macrophytes or indirectly via habitat alter-
ation. In shallow lakes, the depth to which candonids
may escape littoral disturbance is, however, limited
by potential anoxia in deeper water. Other studies
have found that larger candonids, particularly Can-
dona (Candona) ohioensis, are often unable to
complete their life cycles where seasonally low DO
is significant (Curry & Filippelli, 2010). Contrary to
the findings of Kitchell & Clark (1979), Curry &
Filippelli (2010) noted post-European settlement
decreases in Candona (Candona) ohioensis (Curry
& Filippelli, 2010) in Crystal Lake, IL, which they
attributed to seasonal anoxia driven by agricultural
land use and lake development. Of the 12 lakes we
studied, only one had a significant anoxia problem
during late summer when we did our sampling (Big
Twin Lake, Green Lake County). This lake had steep
banks, a high proportion of agriculture land use and
only four species of ostracods. Eucandona rectangu-
lata was the only candonid found and like Crystal
Lake the ostracod community was dominated by
Cypria ophtalmica. Whether or not seasonal anoxia
limits the distribution of certain ostracods of course is
dependent on lake depth, morphology and the extent
of seasonal anoxia which can be driven by changes in
land cover (increased agriculture and urban develop-
ment) and introduction of invasive species along a
continuum of human disturbance. Combined spatial
and temporal analyses of a larger number of lakes
may be required to establish this continuum of human
disturbance that single lake studies or spatial analyses
alone cannot.
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National land use predictors of ostracod
biodiversity from regression tree analysis

Nationally, the average lacustrine ostracod richness
was 4.6. Richness in our study lakes is basically the
same as the National average. Total agriculture
ranged from 0 to 92.6% of the HLRs (row crop
0-91.3; pasture 0-47.6). Within the HLRs repre-
sented by the Till Plain Ecoregion (humid and
subhumid plains with permeable soils and bedrock,
subhumid plains with impermeable soils and bedrock,
and humid plateaus with impermeable soils and
bedrock), agriculture ranged from 0 to 91.3% row
crops; from O to 47% pasture; and from O to 92.9%
total agriculture.

Conclusions

Modern lacustrine ostracod communities in south-
eastern Wisconsin are structured directly by within-
lake chemical and physical factors, including: spring
conductivity, total phosphorus, lake area and maxi-
mum depth, sedimentary carbonate and organic
matter, spring pH and DO. Variability in both species
richness and abundance in the lakes studied was
largely explained by maximum lake depth, TDS, and
chlorophyll a. Ostracod biodiversity is also affected
by surrounding land uses and these affects are scale
dependent. Ostracods do not appear to be macrophyte
specific but depend on the overall structure of the
macrophyte community. Agriculture practiced in
riparian areas and lake catchments is associated with
increases in invasive macrophyte growth which may
reduce optimal near shore ostracod habitat. In
addition to agriculture, forests and wetlands locally
and forests and grasslands regionally influence lake
chemistry and therefore ostracod community struc-
ture. In expanding our analysis of the affect of land
use on modern ostracod diversity we found that
agriculture was still the most significant land use
driver but that the greatest species richness occurred
under conditions of landscape heterogeneity that
includes a landscape with more than three percent
open water.

Results of our multivariate analyses provide new
insight into ostracod ecology and improve our
understanding of both natural and anthropogenic
drivers of biodiversity acting at multiple spatial
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scales. Our regional sample database includes infor-
mation on lake productivity and places ostracods in a
landscape context. Additional work is underway to
expand the national NANODe database to include
lake characteristics and water quality data consistent
with our regional sampling effort to better understand
modern ostracod species biodiversity and better
evaluate the relative importance of multiple collinear
environmental factors affecting community compo-
sition at multiple scales.
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