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Abstract

Although the direct effects of eutrophication are well known, its indirect effects are poorly understood and the interaction with
non-nutrient factors may alter some expected relationships. We analyzed the reliability of community-level metrics derived from
three zooplankton groups as predictors of eutrophication in urban man-made lakes. Univariate and multivariate correlation
analyses were used to test for relationships between environmental variables and community metrics derived from zooplankton
data. Our results indicated that rotifer community metrics were the best eutrophication indicators. The main implication of our
results is that arguments against the use of simple community-level metrics as indicators of eutrophication cannot be generalized.
Our findings also suggest the need of complete sample analyses (i.e., identification and counting) to estimate reliable ecological

indicators of eutrophication.

Key words: Species Richness, Evenness, Zooplankton, Eutrophication, Biomonitoring.

Introduction

Large nutrient inputs, especially of nitrogen (N) and
phosphorous (P), are expected in either natural or man-made
water bodies in urban areas. In general, these inputs are
the most responsible for eutrophication (Vollenweider
1968; Schindler 2006 and references therein). During
the eutrophication process, there is an increase in the
availability and in the rate of nutrient utilization by primary
producers, resulting in environments with high biomass
(Schneider & Melzer 2003). In addition, biodiversity losses,
as indicated by species richness or other measures (see
Magurran 2004) are also expected (Camargo et al. 2005;
Jeppesen et al. 2000). Thus, eutrophication may have a
cascading effect on different trophic levels and, especially, in
zooplankton communities (e.g., Ravera 1980). For instance,
frequent algae blooms may cause a decline of submerged
aquatic vegetation and without the refuge promoted
by these plants, there is an increased rate of predation
by zooplanktivorous fish. As a net result, the process of
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eutrophication can even be accelerated due to the lowering
of zooplankton grazing rates (Scheffer et al. 1993). Also, in
eutrophic environments, phytoplankton communities are
often dominated by Cyanophyceae (Reynolds et al. 2002).
Thus, besides the indirect effects of the absence of refuge
offered by submerged aquatic vegetation, zooplankton
communities may be directly affected by eutrophication
as a result of the increased density of inedible and toxin
producing species (Auer et al. 2004; Schindler & Hecky
2009). As not all herbivorous species are able to maintain
viable populations under these conditions, monopolies of
a few zooplankton species are also expected.

Different zooplankton groups may have contrasting responses
to eutrophication due to, among other factors, differences
in reproductive rates (Fileto et al. 2004), filtering capacities
(Xie et al. 1998) and specializations in acquiring food
(Schriver et al. 1995). Besides, in monitoring studies,
different population and community metrics or variates (e.g.,
density, biomass, species richness, evenness, and diversity
of specific groups) may be used as ecological indicators to
evaluate the effects of eutrophication or the efficiency of
a control program. However, it is important to note that
the choice of a metric should be based on different issues
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as, for instance, its reliability as an ecological indicator
(see Cottingham & Carpenter 1998 for a discussion based
on phytoplankton), the availability of taxonomists, the
spatial extent that can be covered (e.g., number of lakes)
and the sampling frequency of the monitoring program.
For example, depending on the sampling frequency or the
number of lakes that should be monitored, the use of a more
time-consuming metric may be prohibitive.

In Brazil (and possibly in other developing countries),
most monitoring programs on eutrophication are based
on specific group of organisms, which are selected, in
general, by the availability of taxonomists. The reliability
of the chosen group as a meaningful ecological indicator is,
however, rarely tested and the capabilities of this group in
predicting the responses of other taxa to eutrophication are,
at best, only supposed. The search for a reliable taxonomic
group and an associated metric is not a trivial issue because
a number of factors (e.g., ecosystem type, size, species
composition of other groups, and climate conditions)
interact to generate the response of a given group to the
environmental process under study.

In this context, our goal was to test the reliability of
community-level metrics (species richness, evenness, total
density), derived from three zooplankton groups (testate
amoebae, microcrustaceans and rotifers), in predicting the
level of eutrophication of urban man-made lakes. Our aim
was to verify which group and metric should be used as a
surrogate (or as a complement) for chemical analyses (e.g.,
nutrient and chlorophyll-a concentrations), which are not
always feasible in developing countries due to the lack of
resources and expertise.

Methods

The city of Goiania (16° 40” S and 49° 15’ W; Goias State,
Brazil), where this study was conducted, is known to have
several artificial lakes that were created for landscaping and
recreational purposes. From these, we sampled 11 artificial
lakes (located at six streams) distributed in eight municipal
parks: Buriti Forest, Chico Mendes Botanical Garden
and Flamboyant, each one with two lakes, and Areido,
Beija-Flor, Botafogo, Sullivan Silvestre and Liberdade, each
one with a lake. Lake area ranged from 1.76 to 29.2 km?,
and maximum depth from 0.75 to 2.75 m (see Table S1 in
the supplementary material).

Sampling was carried out in October 2008. We measured
four environmental variables that are tightly related to
the process of eutrophication. Water transparency was
determined with a 30 cm Secchi disk. Water samples,
gathered from the central region of each lake, were analyzed
for chlorophyll-g, total Kjeldahl nitrogen (TKN) and total
phosphorus (P) according to APHA (2005).

For zooplankton samples, we used a water pump to filter
ca. 500 L of water through a 64-um plankton net. The
filtered material was fixed in a 4% formaldehyde solution,

buffered with calcium carbonate. Samples were examined
microscopically in Sedgwick-Rafter chambers for species
identification (to the lowest possible taxonomic level)
and counting of microcrustaceans, rotifers and testate
amoebae (see supplementary material for the taxonomic
literature used). Counting was undertaken by the analysis
of tree subsamples obtained with a Hensen-Stempel pipette
(3 mL). At least 100 individuals per subsample were
counted (Bottrell ef al. 1976). A qualitative analysis was also
carried out to record rare species. To this end, subsequent
sub-samples were analyzed, in each sample, until no new
species were recorded.

Spearman’s correlation analyses were used to test for
relationships between environmental variables (water
transparency, total phosphorus, TKN and chlorophyll-a)
and the following metrics derived from zooplankton data:
total density, species richness and evenness (J’) (Magurran
2004). In order to control for increased type I error rates due
to multiple testing, the False Discovery Rate (FDR) method
was applied (Benjamini & Hochberg 1995; Garcia 2004).

We also performed a Canonical Correlation Analysis
(CCorA) (Legendre & Legendre 1998) in order to test for
significant multivariate relationships between the three
metrics (density, richness and evenness) and the four
correlates of eutrophication (water transparency, total
phosphorus, TKN and chlorophyll-a). We performed
an independent CCorA for each zooplankton group. To
explore the potential of species composition in indicating
eutrophication levels, we first classified the lakes into three
trophic states (oligotrophic, mesotrophic and eutrophic)
according to chlorophyll-a concentrations (following
Carlson 1977). Subsequently, we used a multiple response
permutation procedure (MRPP) (Biondini et al. 1988) to
test the hypothesis that species composition did not differ
among trophic states.

Results from these analyses may offer support to four
general scenarios in terms of optimizing biomonitoring
studies (see Heino & Soininen 2010 for a similar reasoning
in the context of common species sufficiency in describing
turnover in aquatic communities): 1) total density (or total
density of a particular zooplankton group) is highly and
significantly correlated with the environmental variables; in
this case, biomonitoring could only rely on the estimation
of density and species identification would be nonessential;
2) we can assume that the main predictor of eutrophication
is species richness (total or of a given zooplankton group);
thus, a species list per site would be necessary; 3) the
effects of eutrophication can be detected only by using
species composition data; thus, the analyses of the samples
should generate, at least, a species presence/absence data
table; and 4) finally, evenness can be the best indicator
of eutrophication and, in that case, complete analyses of
the samples (i.e., counting and identification) would be
necessary. We assume that time to process the samples
increases progressively from scenario one to four.
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Results

Environmental data varied greatly among lakes, indicating
a range of trophic states (Carlson 1997). For instance,
trophic states varied from oligotrophic to eutrophic,
according to chlorophyll-a concentrations (i.e., from values
below the detection limit to 12.6 ug.L*), from eutrophic to
hypereutrophic, according to Secchi depth (ranging from
21 to 150 cm), and from mesotrophic to eutrophic, according
to total phosphorus concentrations (16.9 to 85.7 ug.L")
(Table SI in the Additional Supporting Information at
www.abecol.org.br). Both total Kjeldahl nitrogen and total
phosphorus concentrations were significantly correlated
with chlorophyll-a concentration (Spearman’s correlations
=0.69 and 0.70, P-values = 0.018 and 0.016, respectively).

Sixty-nine taxa were recorded across the eleven lakes
and rotifers were the most species rich group (37 taxa),
followed by testate amoebae (21) and microcrustaceans
(11). Local species richness ranged from 12 to 29 species
(Figure 1). Nauplii dominated the zooplankton community
in four lakes (lakes 1, 2, 7 and 9 - see Table S1 for codes),
while Bosmina hagmanni was the most abundant species
in lakes 3 and 11, and was the second most abundant
species in lakes 4, 5, 8 and 9. Zooplankton communities
from lakes 4 and 5 were dominated by Brachionus falcatus
and Brachionus angularis, respectively. Keratella cochlearis
dominated the zooplankton communities of lakes 6 and 10,
while copepodites were dominant in lake 8. On average,
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lakes dominated by microcrustaceans contained lower
concentrations of chlorophyll-a (3.3 ug.L!) than lakes
dominated by rotifers (9.5 pg.L") (see Table S1 and Figure 2).

According to the FDR criterion, total density was significantly
and negatively correlated with water transparency and
positively correlated with total phosphorus. Evenness,
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Figure 2. Relative abundance (%) of the zooplankton groups for
the eleven lakes studied.
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Figure 1. Rank-abundance plot of each lake. Taxa are ranked from most to least abundant. See Table S1 in the Additional Supporting

Information at www.abecol.org.br, for lakes’ codes.
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when calculated for the whole zooplankton community, was
positively correlated with water transparency and negatively
correlated with total Kjeldahl nitrogen (TKN) (Table S2).

Microcrustacean richness was negatively correlated with
chlorophyll-a concentration. Rotifer density and evenness
were significantly correlated with all environmental
variables. Thus, density increased with the decrease of
water transparency and with the increase of nutrients and
chlorophyll-a concentrations. The signal of the correlations
were inverted for evenness, in such way that lakes with high
water transparencies and low nutrient and chlorophyll-a
concentrations tended to have high evenness. In general, the
highest correlations were found for this group (Table S2).

Similar to the results of the univariate analyses, the correlation
between the first pair of canonical variates was statistically
significant only for rotifers (Table 1). For this group,
according to the redundancy coefficients, the first pair of
canonical variates extracted 77.2% of the variance from
the four environmental variables and 66.7% of the variance
from the metrics. More equitable and species rich rotifer
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Figure 3. Pearson’s correlations between the variables and
canonical variates. The two sets of variables used in the Canonical
Correlation Analysis are differentiated by using two styles of
arrows (continuous: community metrics; dashed: environmental
variables).

communities were found in lakes with clear waters and
low nutrient and chlorophyll-a concentrations (Figure 3).

For the whole community and for each one of the taxonomic
groups, MRPP indicated that there were no statistical
differences in species composition among the groups of
lakes classified according to trophic states (A values ranging
from -0.01 to 0.04 and P-values > 0.10 in all cases).

Discussion

Considering that eutrophication interacts with many
lake-specific conditions (Sarnelle et al. 2010; Smith &
Schindler 2009), the search for reliable indicators of this
process should be done in a case-by-case basis. Our results,
when compared to others, clearly highlight this point.
Here, we found that total density and evenness of rotifer
communities were the best correlates of eutrophication. On
the other hand, some studies have pointed out that diversity
indices were, in general, poor indicators of eutrophication
effects on the structure of zooplankton communities
(Attayde & Bozelli 1998; Baido & Boavida 2005). Our
results do, however, agree with those of Dodson et al.
(2000), who also found a negative relationship between
crustacean species richness and eutrophication level. Like
Dodson et al. (2000), we found no significant relationship
between this process and rotifer species richness (see also
Rublee & Bettez 1995; Jeppesen et al. 2000). Despite the
general statement made by Attayde & Bozelli (1998), that
diversity indexes were poor predictors of eutrophication,
like us, they found that total zooplankton density increased
with eutrophication level. As a last example, similar to our
results, microcrustacean species richness in Danish lakes
declined conspicuously with increasing total phosphorus
concentration (Jeppesen et al. 2000).

At least in Brazil, there is a tendency to use testate amoebae
in biomonitoring studies (e.g. Lansac-Toha et al. 2009).
However, our results indicate that this group is a poor
indicator of eutrophication (but see Branco et al. 2002;
Nishibe et al. 2004). The inclusion of this group in
biomonitoring programs is, probably, only justified to
evaluate the impacts derived from hydrological changes
caused by river damming (Lansac-Toha et al. 2009).

Table 1. Canonical correlations (R), chi-square (x?) values and significance levels (P) of the first three canonical variates (CV) extracted
from analyses relating environmental variables and zooplankton community-level metrics.

Group Ccv R X P
Testate amoebae CV1 0.90 13.05 0.365
CV2 0.55 2.80 0.833
CV3 0.31 0.62 0.733
Microcrustaceans CVl1 0.83 12.94 0.374
CV2 0.77 5.96 0.427
CV3 0.30 0.57 0.751
Rotifers CV1 0.97 21.50 0.044
CV2 0.67 4.28 0.638
CV3 0.32 0.64 0.725
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There is a general expectation that species composition
data tend to be more responsive to different perturbations
than aggregate variates (Cottingham & Carpenter 1998 and
references therein). Aggregate variates (e.g., total density)
are supposed to be poor ecological indicators because, for
example, compensatory dynamics may mask the effects
of the perturbation under study (Attayde & Bozelli 1998).
Similarly to most of the studies cited above, our results
suggest the opposite as MRPP analyses indicated no
difference in species composition among the lakes grouped
in different trophic states. We emphasize, in addition, that
our gradient of phytoplankton biomass was relatively short
(from 0.0 to 12.6 ug.L'!) and, even so, we detected strong
relationships among aggregate variates and eutrophication,
in the directions expected for this process. This is particularly
important to validate the use of ecological indicators
because indicators responding only after high levels of
eutrophication can be considered ineffective.

Although our results suggest that aggregate variates or
community-level metrics may be used as reliable ecological
indicators of eutrophication, they also indicate that there
is little room for optimizing biomonitoring studies. Thus,
we argue that a complete analysis of the samples (i.e.,
counting and identification; the fourth scenario; see above) is
necessary to monitor the effects of eutrophication. In terms
of taxonomic range, our results suggest that analyses based
on the rotifer community would be sufficient.

Our results indicate that total density and evenness of rotifer
were reliable ecological indicators of eutrophication and
that arguments against the use of simple community-level
metrics cannot be generalized. There is little hope for the
use of simple metrics (e.g., total density or species richness)
that can be estimated without complete analyses of the
samples (i.e., identification and counting).
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