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We sought to identify environmental factors influencing crustacean zooplankton species richness in brackish lagoons and
to elucidate whether crustacean zooplankton species richness and trophic structure of brackish lagoons differ among two
regions with contrasting temperatures. We sampled 35 and 42 brackish lagoons (salinity ranging from 0.3 to 55�) in
Mediterranean Catalonia (NE Spain) and northern-temperate Denmark, respectively. No significant differences were
found in total crustacean zooplankton species richness or cladoceran richness between the climatic regions. Calanoid
richness was higher in Denmark than in Catalonia, while cyclopoid richness was higher in Catalonia. Salinity was the
most important variable associated with zooplankton species richness in both regions, richness of total zooplankton
species, cladocerans and cyclopoids being negatively related with salinity. In both regions, a shift occurred from
dominance of large filter feeding cladoceran species at low salinities to copepods and small cladoceran species at higher
salinities. Cladoceran richness increased with increasing total phosphorus, but was not influenced by total nitrogen or
chlorophyll-a. Trophic structure in Mediterranean brackish lagoons showed a more pronounced seasonal variation than
in north temperate brackish lagoons. Our results imply that the indirect effects of climate warming, such as changes in
salinity and hydrology, will have a larger impact on brackish lagoon ecosystems than the increase in temperature per se.

Brackish lakes and lagoons (termed lagoons in this paper) are
numerous in many parts of the world (Irvine et al. 1990,
Moss 1994), but information on the factors controlling
taxon richness and trophic structure in such lagoons is
scarce. In freshwater lakes, species richness is influenced by
several local factors, including lake morphometry, latitude,
climate, productivity, water plant cover, and by biological
interactions such as predation and competition (Jeppesen
et al. 2000, Oertli et al. 2002, Declerck et al. 2005,
Gyllström et al. 2005). Regional factors such as variation
in dispersal and connectivity may also play a role (Cottenie
et al. 2003). A key structuring factor for invertebrate
communities in brackish lagoons is salinity, and decreased
species richness has been found with increasing salinity
(Jeppesen et al. 1994, Moss 1994, Cognetti and Maltagliati
2000, Schallenberg et al. 2003). The decline occurs rapidly
within the salinity range 0�10� and more slowly at
salinities �10� (Williams et al. 1990). However, Grindley
(1981) found a decrease in species richness from freshwater
to 2� salinity and an increase from 2 to 13�. Although
much less studied, salinity and hydrology are considered the

main environmental factors structuring the invertebrate
community in Mediterranean lakes and brackish lagoons
(Beklioglu et al. 2007, Boix et al. 2008). Studies in this
region have demonstrated both a decrease in zooplankton
species richness and changes in the species composition with
increasing salinity (Boronat et al. 2001, Green et al. 2005,
Boix et al. 2008).

There is also emerging evidence that trophic structure
differs substantially among freshwater lakes and brackish
lagoons (Irvine et al. 1990, Moss 1994, Jeppesen et al.
1994, 2007a). Temperate eutrophic and hypertrophic
brackish lagoons are often dominated by small planktivor-
ous fish, such as sticklebacks (Gasterosteus aculeatus and
Pungitius pungitius), and they have more cohorts per year
than in comparable freshwater lakes. These small fish are
abundant in the vegetation, implying that zooplankton
cannot use submerged macrophytes as a daytime refuge to
the same extent as in temperate freshwater lakes dominated
by larger planktivorous fish (Jeppesen et al. 1997). The
result is higher fish predation on zooplankton and, in turn,
a markedly lower grazing pressure from zooplankton on
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phytoplankton. Eutrophic temperate brackish lagoons
are therefore often more turbid than comparable temperate
freshwater lakes (Jeppesen et al. 1994, 2007a). Dominance
of small and more omnivorous fish species and more
frequent spawning have also been observed in freshwater
lakes in the Mediterranean (Blanco et al. 2003) and the
tropics (Lazzaro et al. 2003) than in temperate regions, and
this has been attributed to a warmer climate (Jeppesen et al.
2007b). Also piscivory appears to be less intense than at
comparable temperate localities (Blanco et al. 2003). In
Mediterranean shallow freshwater lakes, the higher preda-
tion on zooplankton results in lower zooplankton:phyto-
plankton biomass ratios than in temperate lakes (Romo
et al. 2004, Gyllström et al. 2005). In Mediterranean
brackish lagoons, the size structure of zooplankton, often
with dominance of small sized zooplankton (rotifers and
nauplii), is indicative of high fish predation (Brucet et al.
2005, Badosa et al. 2007).

In a scenario of a future warmer climate, the salinity of
brackish and also freshwater lakes and lagoons may increase
due to higher evaporation mediated by a warmer and drier
climate, intrusion of sea water to the lakes due to the rise in
sea levels, and enhanced use of freshwater for, for instance,
irrigation and industry (Williams 2001). Increased salinisa-
tion has already been observed in many freshwater, brackish
and inland saline lakes and lagoons around the world,
entailing decreased biodiversity and alterations in the
ecosystem functioning (Aladin 1991, Moss 1994, Williams
2001, Schallenberg et al. 2003). Cross-comparison of
brackish lagoons in regions differing in temperature and
hydrology may help identify the effects of global warming
and salinisation on species richness and trophic structure.
With this aim we sampled a set of lagoons in two
contrasting climatic regions: north temperate Denmark
and Mediterranean Catalonia, Spain. We assessed the
differences in the species richness of crustacean zooplankton
and the planktonic trophic structure between brackish
lagoons within these two regions, and examined the
influence of some environmental variables on crustacean
zooplankton species richness. We hypothesised 1) that
salinity would be the main controlling factor of species
richness in brackish lakes and that higher salinities would be
associated with lower species richness in both regions, 2)
that differences in salinity among lagoons would be more
important for determining crustacean species richness than
differences in temperature between regions and 3) that
trophic structure would be more variable in Catalan than in
Danish brackish lagoons due to higher seasonal variation in
hydrology and thus water level in the Mediterranean region.

Methods

Study site and sampling methodology

The study was conducted in 35 coastal shallow brackish
lagoons located throughout Catalonia (NE Spain) and 42
lagoons located throughout Denmark. Samplings were
conducted in winter (February�March) and in summer
(June�July, in Catalonia and August, in Denmark) to take
into account the seasonal changes. All lagoons were sampled
twice, except for Denmark where 15 lagoons were only
sampled during winter. Information on water and lagoon
characteristics for each region is summarised in Table 1.

For zooplankton, depth integrated samples were taken at
a mid-lagoon station. The water (10�12 l) was mixed in a
barrel and an 8 l subsample was filtered through a 50 mm
filter to collect zooplankton which was immediately pre-
served in Lugol’s solution. Copepods and cladocerans were
identified to species level in the laboratory and their
presence/absence was recorded in each sample. In order
not to miss rare species, we examined the whole sample.
The genera Daphnia, Simocephalus and Megafenestra were
classed as large-bodied cladocerans.

Water samples were taken for analysis of total phospho-
rus (TP), total nitrogen (TN) and chlorophyll-a. Tempera-
ture and salinity were measured in situ. In Danish lagoons,
TP and TN were determined following Koroleff (1970) and
Solórzano and Sharp (1980), respectively, and in Catalan
lagoons according to, respectively, Grasshoff et al. (1983)
and APHA (1989). Chlorophyll-a was determined spectro-
photometrically after extraction in ethanol (Danish lagoons)
and methanol (Catalan lagoons) following Talling and
Driver (1963).

Species richness comparisons

Species richness was measured as the total number of species
of crustacean zooplankton in a lagoon. Two approaches
were used to undertake comparisons between regions and
sampling periods. The first was based on the species
richness per visit. Two-way analyses of variance (ANOVA)
were used to test the differences in total, calanoid, cyclopoid
and cladoceran richness per visit between regions and
seasons. These analyses were performed using SPSS 14 for
Windows. The second approach involved the use of
rarefaction curves, obtained by resampling from a pooled
group of samples and plotting the expected number of
species against an increasing number of samples, thereby

Table 1. Selected physical, chemical and biological characteristics in the Catalan and Danish lagoons in winter (February�March) and
summer (June�July, in Catalonia and August, in Denmark).

Catalonia Denmark

n Min Max Mean SD n Min Max Mean SD

Salinity (�) 70 0.28 54.8 11.8 13.2 57 0.30 32.4 4.84 5.66
Size (ha) 70 0.02 460 27.8 88.3 57 9.10 600 191 188
Temperature (8C) 70 7.20 34.7 19.0 8.68 57 2.0 24.7 15.8 7.45
TP (mg l�1) 70 0.03 18.3 0.68 2.20 57 0.03 0.90 0.19 0.18
TN (mg l�1) 70 0.18 26.8 2.55 3.47 57 0.93 6.50 2.34 1.31
Chlorophyll-a (mg l�1) 70 0.63 126 17.8 22.2 57 0.02 380 52.4 64.7
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adjusting for differences in sample size. Sample-based
rarefaction curves were tracked with EstimateS 7.5 software
(Colwell 2005). To compare species accumulation curves
among regions and seasons, samples for each region and
sampling period (winter and summer) were randomised
with replacement, and Mao Tau estimator of rarefied
species richness (t(h)) was used as it allows rigorous
comparisons among sample-based rarefaction curves due
to the existence of legitimate confidence intervals at all
points along the curve (Colwell et al. 2004).

To obtain estimates of the richness of different zoo-
plankton groups for each region and sampling period, the
Chao2 estimator was calculated (Hortal et al. 2006). The
bias-corrected formula of the Chao2 estimator was used
when Chao’s estimated coefficient of variation (CV) for
abundance distribution was B0.5; otherwise, the classic
Chao2 estimator was used (Colwell 2005). The criterion
used to determine if the results obtained with the rarefac-
tion curves, rarefied species richness (t(h)) and the Chao2
estimator were significantly different among regions and
seasons (pB0.05) was the absence of overlap among the
95% confidence intervals (CI) (see values in Table 2)
(Colwell et al. 2004).

The Sørensen similarity index (QS) was used for
measuring similarity in species composition for the two
regions:

QS�
2C

A � B

where A and B are the species numbers in Catalonia and
Denmark and C is the number of shared species by two
regions.

Environmental variables responses on species
richness

To identify which environmental variables influenced
crustacean zooplankton species richness, we used general-
ized linear models (GLM; McCullagh and Nelder 1989).
Two different datasets, one for each sampling period
(winter and summer), were used in the GLM analyses to

avoid interdependence among the datasets. For each
sampling period, four GLM analyses were run for total,
cladoceran, calanoid and cyclopoid species richness, respec-
tively. In each GLM, six variables were included: lagoon
size, temperature, salinity, total phosphorus, total nitrogen
and chlorophyll-a, all log-transformed [loge (variable�1)].
Region was included as a nominal variable. In order to
know if the observed relationship between the explanatory
variables and the different richness tested was the same in
both regions, we performed slope homogeneity test con-
sidering all possible interaction terms between region and
the six explanatory variables. A significant result in this
interaction terms indicates that the relationship between the
explanatory variable and richness is not the same in the two
regions. Moreover, since the interaction between salinity
and temperature was of interest due to a possible synergistic
effect (Aladin and Potts 1995 and references therein), this
interaction term was also included in all analyses. The
Spearman correlation coefficients for the six continuous
variables used in the GLMs were never higher than 0.4.
GLM calculations were carried out with Brodgar 2.5.2
software. We used a Poisson error distribution for the
response variables (richness) and a logarithmic link func-
tion. The selected variables included in the final model were
obtained using an automatic stepwise selection, and the
Akaike information criterion (AIC) was used to select the
best model with increasing complexity. However, automatic
stepwise procedures are rather generous about leaving terms
in the model. Therefore, the increase in deviance caused by
each variable included in the model and obtained with the
stepwise selection was tested, and only variables causing a
significant change in deviance were retained in the final
model. F-test was performed to obtain the significance of
the variation explained by each selected variable, because it
is less sensible to overdispersion problems (Crawley 2002).

Trophic structure

To explore food web relationships, we took a random subset
of the above mentioned zooplankton samples (Denmark,
n�34; Catalonia, n�22) and counted (at least 100
individuals of the most abundant taxa) rotifers, copepods

Table 2. Species richness per visit (mean and range), t(h) (mean and 95% CI), and Chao2 estimator (mean and 95% CI) for each region and
season. Note that t(h) values are rarefied at a sample size of n�15 (the minimum sample size) for comparison purposes. The values
correspond to total species richness, cladoceran, cyclopoid and calanoid richness.

Total Cladocerans Cyclopoids Calanoids

Catalonia
Winter Richness per visit (range) 3.4 (1�9) 0.8 (0�4) 1.6 (0�4) 0.7 (0�2)

t(h), n�15 (95% CI) 24 (18�30) 8 (5�10) 12 (8�16) 4 (4�4)
Chao2 mean (95% CI) 26 (24�39) 8.5 (8�16) 14 (12�24) 4 (4�4)

Summer Richness per visit (range) 3.7 (1�10) 1.3 (0�7) 1.5 (0�3) 0.5 (0�1)
t(h), n�15 (95% CI) 31 (24�38) 17 (15�19) 12 (7�17) 2 (2�2)
Chao2 mean (95% CI) 40 (33�67) 17 (17�26) 27 (15�78) 2 (2�2)

Denmark
Winter Richness per visit (range) 2.8 (1�6) 0.9 (0�3) 0.8 (0�2) 1.1 (0�2)

t(h), n�15 (95% CI) 19 (13�25) 8 (4�12) 6 (2�10) 5 (3�6)
Chao2 mean (95% CI) 34 (23�79) 13 (9�38) 15 (8�54) 5 (3�6)

Summer Richness per visit (range) 4.7 (1�11) 2.0 (0�6) 1.2 (0�3) 1.4 (0�3)
t(h), n�15 (95% CI) 49 (44�54) 23 (17�28) 14 (12�16) 10 (7�12)
Chao2 mean (95% CI) 56 (51�75) 30 (24�59) 14 (14�19) 10.7 (10�18)
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and cladocerans. Copepods and cladoceran dry weight
estimations were obtained from the allometric relationship
between the weight and the length of the body (Dumont
et al. 1975, Bottrell et al. 1976, McCauley 1984, Malley
et al. 1989). For rotifers, dry weight was estimated by
converting biovolume into dry weight. Biovolume was
obtained by approximation of the body shape to geometric
figures (Ruttner-Kolisko 1977). For determination of the
zooplankton:phytoplankton biomass ratio, chlorophyll-a
was converted to phytoplankton dry weight (DW) using a
chlorophyll-a:carbon(C)-ratio of 30 and a DW:C ratio of
2.2 (Jeppesen et al. 1994).

Results

Species richness

Total and cladoceran species richness per visit was sig-
nificantly higher in summer (ANOVA, pB0.01 and pB
0.05, respectively) than in winter, but did not differ among
regions (Table 2). Cyclopoid species richness per visit was
higher in Catalonia than in Denmark (ANOVA, pB0.01)
and no differences were found between seasons. Calanoid
species richness per visit was higher in both seasons in
Denmark (ANOVA, pB0.01) than in Catalonia. In
Denmark, calanoid richness was higher in summer, whereas
in Catalonia it was higher in winter (ANOVA, interaction
region� season pB0.05).

According to rarefaction curves and the t(h) estimator,
total species richness in Danish lagoons during summer was
significantly higher than in winter and than in Catalan
lagoons (Table 2, Fig. 1A). Based on the criterion for

significant difference between Chao2 estimators of no
overlap among 95% CI, total species richness was similar
in Denmark during summer and winter and not different
from richness in Catalonia during summer (Table 2).
According to rarefaction curves and the t(h) estimator,
cladoceran richness was significantly higher in summer than
in winter in both regions (Table 2, Fig. 1B). However,
following the Chao2 estimator, cladoceran richness did not
differ between seasons in Denmark (Table 2). For cyclopoid
richness, similar rarefaction curves and Chao2 estimators
were found in both places and in both seasons (Table 2, Fig.
1C). But according to the t(h) estimator, cyclopoid richness
in Denmark was significantly higher during summer than in
winter. For calanoids, rarefaction curves, t(h) and Chao2
estimators showed significantly higher values for Denmark
during summer than in Catalonia (Table 2, Fig. 1D). Both
estimators showed that calanoid richness in Denmark was
higher in summer than in winter, while in Catalonia
rarefaction curves and both estimators showed that calanoid
richness was significantly higher in winter.

The zooplankton community in both regions contained
elements from marine, estuarine and freshwater environ-
ments. Despite the relatively similar zooplankton species
richness in Catalonia and Denmark, the Sørensen similarity
index was low (QS�0.26). The common species in both
regions were euryhaline or species tolerant of intermediate
salinity (Supplementary material Appendix 1, Fig. 2).
Among the calanoids, the euryhaline Eurytemora velox was
common in both regions. Other euryhaline calanoids were
present only in one region; thus, Calanipeda aquaedulcis was
only present in Catalonia, and Eurytemora affinis and
Acartia tonsa only occurred in Denmark. The freshwater
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Figure 1. Sample-based rarefaction curves (t(h) with 95% CI) and total species richness calculated using the Chao2 estimator
(a horizontal solid line for winter and a horizontal dashed line for summer) of total species richness (A), cladoceran richness (B), cyclopoid
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calanoids Eudiaptomus gracilis and Eudiaptomus graciloides
were absent in Catalonia, and Mixodiaptomus kupelwieseri
was absent in Denmark. Among non-Chydoridae cladocer-
ans, only the euryhaline Daphnia magna and Bosmina
longirostris, tolerant of intermediate salinities (Flössner
1972), and the oligohaline Ceriodaphnia dubia were
common in both regions. Among Chydoridae, the euryha-
line Chydorus sphaericus and the oligohaline Alona affinis
were present in both regions. The composition of cyclopoid
species was also different. Only three cyclopoids were
common in both regions. Diacyclops bicuspidatus and
Megacyclops viridis, both of which can tolerate moderate
(Dussart 1969) to high salinities (this study), and Macro-
cylops albidus, more typical of freshwater, were also
common in both regions.

Effects of environmental variables on community
structure

From the GLM analyses run for each season, only salinity
and region were selected in more than one model (Table 3,
Fig. 3). Salinity had a linear negative effect on total,
cladoceran and cyclopoid richness in both seasons. TP was
incorporated only in the model for cladoceran richness in
winter and had a linear positive response. Although in both
regions similar slopes were observed for the models of total
and cyclopoid richness in winter, the intercept of the model
was significantly lower for Denmark (pB0.01). No vari-
ables were selected for calanoid richness. It is noteworthy
that the interaction between region and salinity is not
significant in any group, implying that the negative influence
of salinity was similar in both regions (Fig. 4). Even though
the salinity range of the Danish lagoons in winter was smaller

than in summer, the negative relationship between salinity
and richness was similar in both seasons (Fig. 4).

Calanoids and cyclopoids had the highest salinity
tolerances in both countries (Fig. 2). Whereas in Catalonia
several euryhaline species were found at salinities �20�
(e.g. Eurytemora velox, Calanipeda aquaedulcis, Diacyclops
bicuspidatus, Eucyclops serrulatus), in Denmark only Acartia
tonsa appeared at these salinities. In Catalonia, the number
of cyclopoid species adapted to high salinities was also
higher than in Denmark (4 cyclopoid species at salinities
�10� in Catalonia versus 1 in Denmark). Cladocerans
were restricted to lower salinities in both countries. Only
Chydorus sphaericus and Bosmina coregoni in Denmark and
Daphnia magna in Catalonia appeared at salinities �10�.
The remaining Daphnia species were found only at low
salinity (B10�) and, with the exception of D. pulicaria, all
had very low salinity tolerances. At salinities �18�
cladocerans disappeared. In both regions, the ratio of
large cladoceran:total zooplankton in terms of abundance
decreased at increasing salinity (Fig. 5). Large cladocerans
were present at salinities �10� in only a few lagoons.

Trophic structure

Although water level data for the Danish brackish lagoons
were not available, major changes between winter and
summer were not common due to the temperate climate. In
contrast, in Catalonia the water level in the lagoons during
summer was significantly lower than in winter (ANOVA,
pB0.001) and increases from 20 up to 70% in the water
level were recorded from summer to winter. No significant
differences in salinity were found between the two regions
even though maximum values were higher in Catalonia in
both seasons (Fig. 6). Chlorophyll-a, chlorophyll-a:TP and
chlorophyll-a:TN ratios did not differ significantly between
the countries in summer, but were higher in Denmark in
winter (ANOVA, pB0.001; Fig. 6).

Eurytemora velox (CAL)
Acartia tonsa (CAL)

Calanipeda aquaedulcis (CAL)
Diacyclops bicuspidatus (CYC)

Cyclops sp. (CYC)
Eucyclops serrulatus (CYC)

Bosmina coregoni (CLA)
Bosmina longispina (CLA)

Tropocyclops prasinus (CYC)
Acanthocyclops robustus (CYC)

Eurytemora affinis (CAL)
Daphnia magna (CLA)

Simocephalus vetulus (CLA)
Mesocyclops leuckarti (CYC)
Chydorus sphaericus (CLA)
Ceriophania pulchella (CLA)

Bosmina longirostris (CLA)
Eudiaptomus graciloides (CAL)

Daphnia hyalina (CLA)
Moina micrura (CLA)

Daphnia pulicaria (CLA)
Macrocyclops albidus (CYC)
Alona quadrangularis (CLA)

Daphnia galeata (CLA)
Daphnia pulex (CLA)

Diaphanosoma brachyurum (CLA)

0 10 20 30 40 6050

Salinity (‰)

Figure 2. Means and ranges of salinity of the twenty six most
abundant cladoceran (CLA), cyclopoid (CYC) and calanoid (CAL)
species in Catalan (black) and Danish lagoons (grey).

Table 3. Significance level (p), degrees of freedom of the smoother
(DF), and variance explained for the variables incorporated in the
generalized linear model. Results obtained for total, cladoceran, and
cyclopoid taxonomic richness are shown. Each analysis was
performed separately for the winter and summer samplings. No
variable was selected for calanoid taxonomic richness.

Explanatory variable F-values p DF Variance
explained

Winter
Total richness 43.3%

Region 7.43 B0.01 1
Salinity 18.97 B0.001 1

Cladoceran richness 34.8%
Salinity 23.86 B0.001 1
TP 4.95 0.05 1

Cyclopoid richness 41.1%
Region 13.06 B0.01 1
Salinity 10.17 B0.001 1

Summer
Total richness 35.6%

Salinity 39.09 B0.001 1
Cladoceran richness 38.0%

Salinity 58.11 B0.001 1
Cyclopoid richness 7.8%

Salinity 5.50 B0.05 1
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The lower winter values of chlorophyll-a, chlorophyll-
a:TP and chlorophyll-a:TN ratios in Catalonia coincided
with a significantly (ANOVA, pB0.001) higher zooplank-
ton:phytoplankton biomass ratios and thus potentially a
higher zooplankton grazing on phytoplankton (Fig. 6). In
winter, copepods contributed most importantly to the
zooplankton biomass in Catalonia, while in Denmark
copepods and rotifers were equally important (Fig. 7). In
summer, a shift occurred in the zooplankton community in
both regions: rotifer biomass increased in the Catalan
lagoons and copepods in the Danish lagoons. In Catalonia

this increase was followed by a decrease in the zooplank-
ton:phytoplankton biomass ratio to a level similar to that in
Denmark (ANOVA, p�0.05; Fig. 6). The low contribu-
tion of cladocerans to zooplankton biomass in both regions
is noteworthy (Fig. 7).

Discussion

Species richness of crustacean zooplankton in brackish
temperate lagoons in Denmark and Mediterranean lagoons
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Figure 3. Partial plots for total, cladoceran and cyclopoid species richness and the variables incorporated in the generalized linear model.
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in Catalonia was similar and, in accordance with previous
studies (Jeppesen et al. 1994, Moss 1994), it was overall
lower than in comparable freshwater lakes. The only
differences among regions were found during summer
when higher calanoid richness was recorded in Denmark.
As opposed to freshwater lakes (Pinto-Coelho et al. 2005
and references therein), cladoceran species richness in
brackish lakes was similar in the two climatic regions, likely
reflecting that salinity is the key controlling factor. In spite
of the differences in species composition between Denmark
and Catalonia, increasing salinity overall had a negative
effect on total richness as well as on cladoceran and
cyclopoid species richness in both regions, which is in
accordance with previous findings in other temperate
(Jeppesen et al. 1994), Mediterranean (Boronat et al.
2001) and tropical (Attayde and Bozelli 1998) brackish
lagoons. The higher calanoid richness and slightly lower
cyclopoid richness in Denmark contrast with the results of
Meerhoff et al. (2007) who suggested lower calanoid
richness and higher cyclopoid richness in temperate fresh-
water lakes than in tropical freshwater lakes.

As previously reported for temperate brackish lagoons
(Heerkloss et al. 1991, Jeppesen et al. 1994), a shift
occurred in both regions from dominance at low salinities
of large cladoceran species with a broad-sized feeding
spectrum to dominance at higher salinities of copepods
(mainly calanoids) and small cladoceran species, such as
Bosmina and Chydorus, which feed on a more narrow-sized
food spectrum. Typically, the important phytoplankton
grazer Daphnia disappears at salinities �2� (Jeppesen
et al. 1994), with the exception of Daphnia magna which

tolerates salinities up to 8� (Arnér and Koivisto 1993). In
Catalonia, three large cladocerans, D. magna, Daphnia
pulicaria and Simocephalus vetulus, were present at salinities
�5�, while only D. magna was present at these salinities
in Denmark. The salinity tolerances of D. magna found in
Catalan lagoons are higher than the previously reported 8�
in temperate lakes, but similar to the ones reported for other
Mediterranean lakes (Boronat et al. 2001, Green et al.
2005). As observed for cladocerans, we recorded more
copepod species at high salinities in the Mediterranean than
in the temperate region. Temperature differences could
explain the different salinity tolerance between regions since
osmoregulatory ability of some species depends on tempera-
ture (Aladin and Potts 1995 and references therein).
However, the effects of temperature on osmoregulation
are complex (Aladin and Potts 1995) and vary among
species. While for some cladoceran species osmoregulatory
ability increases with temperature (e.g. Daphnia magna,
Moina macrocopa; Aladin and Potts 1995), higher salinity
tolerance at lower temperature has been reported for some
copepods (e.g. Boeckella hamata, Eurytemora velox, Sulcanus
conflictus; Hall and Burns 2002 and references therein).
Cladocerans also exhibit different physiological tolerances
to different ionic components, the upper tolerance of a
species depending mainly on the chloride concentration
(Aladin 1991). Since the salinity of athalassic lakes is
characterised by a more heterogeneous ionic composition
than coastal brackish lagoons (Aladin and Potts 1995),
some Daphnia species have been found in these lakes
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at salinities �20� (Aladin and Potts 1995, Evans et al.
1996).

In contrast to cladoceran and cyclopoid richness,
calanoid richness was not affected by salinity, or trophic
state variables, in any region, although increased calanoid
richness in oligotrophic freshwater lakes has previously been
reported both at temperate and tropical latitudes (Pinto-
Coelho et al. 2005). The lack of a relationship between
calanoid richness and environmental variables may be due
to the low number of calanoid species, preventing a clear
significant relationship with the GLM model method. In
Catalonia, higher richness of calanoids in freshwater lakes
than in brackish lagoons has previously been found (Boix
et al. 2008). In fact, 16 of the 24 calanoid species known in
the Iberian Peninsula occur in freshwaters (Alonso 1998).

Trophic state variables were only significant for clado-
ceran richness, but were selected together with salinity. The
increase in cladoceran richness with increasing TP contrasts
with the general tendency to reduced zooplankton richness
with elevated TP in both northern and southern lakes
(Jeppesen et al. 2000, Declerck et al. 2005, Pinto-Coelho
et al. 2005) and with the unimodal relationship between
cladoceran richness and total phosphorus described for
Danish freshwater lakes (Jeppesen et al. 2000, Declerck
et al. 2005).

Major differences were found in trophic structure
between the two climatic regions. In Denmark, the
zooplankton:phytoplankton biomass ratio remained low
during both seasons, whereas, in Catalonia, the ratio was
remarkably higher in winter than in summer, which may be
associated with a shift from copepod to rotifer dominance.
The dominance of copepods coincides with the more stable
environmental conditions in winter in Mediterranean lakes
(Quintana et al. 1998, Ortega-Mayagoitia et al. 2000,
Brucet et al. 2005, 2006). Changes in fish predation
are a likely explanation of the pronounced changes in
zooplankton structure from winter to summer in Catalan
lagoons. During spring and early summer, the density
of the dominant mosquitofish Gambusia holbrooki and
Iberian toothcarp Aphanius iberus in these Catalan lagoons
(Alcaraz and Garcı́a-Berthou 2007a, b) increases following
recruitment, leading to intense feeding on zooplankton
(Garcı́a-Berthou 1999, Mieiro et al. 2001, Alcaraz and
Garcı́a-Berthou 2007b). In Danish brackish lagoons, fish
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predation on zooplankton is often high throughout the
year, which results in low zooplankton:phytoplankton
biomass ratios (Jeppesen et al. 1997) and dominance of
small sized zooplankton, such as copepods and rotifers,
which are less efficient at controlling phytoplankton
(Jeppesen et al. 1994, Jakobsen et al. 2003). The higher
zooplankton:phytoplankton biomass ratios in the Catalan
lagoons in winter relative to summer and to Danish lagoons
are indicative of a higher grazing pressure on phytoplankton
(Jeppesen et al. 2007a) and would explain the low
chlorophyll-a, chla:TP and chla:TN ratios in Catalan
lagoons in winter.

Implications under a climate change scenario

Differences in temperature between north temperate and
Mediterranean brackish lagoons had no clear direct effects
on zooplankton species richness; however, in both regions,
zooplankton species richness was strongly negatively influ-
enced by salinity. Trophic state variables had a compara-
tively minor influence. In a global warming perspective, our
results suggest that the indirect effects of temperature
changes on aquatic communities, such as changes in salinity
and hydrology, could be more important than the direct
effects of warming. Predicted higher temperatures will result
in higher evaporation and higher demand for freshwater to
for instance irrigation, and higher salinities can be expected
in the Mediterranean zone, resulting in changes in species
composition and a decrease in species richness. Some
brackish and saline lagoons might be capable of coping
with slight increases in salinity since the organisms
dominating these systems can tolerate varying salinities,
and well structured communities can be found at high
salinities (Cognetti and Maltagliati 2000). However, rising
salinity levels can be dramatic for slightly brackish waters
(B5�), whose communities comprise species from saline
and freshwaters, and even worse for freshwater lakes
(Schallenberg et al. 2003, Jeppesen et al. 2007a). The
substantial changes in biodiversity due to desiccation and
salinisation occurring in inland lakes like the Aral Sea and
Australian lakes are well-known (Aladin 1991, Williams
2001). The shift in trophic structure (from dominance of
large and more efficient filter-feeding cladocerans to
dominance of copepods and small bodied cladocerans)
occurring at increasing salinity will also lead to reduced
grazing pressure on phytoplankton and a higher risk of a
shift from a clear to a turbid state of brackish lagoons.
Lower critical loadings of nutrients for shift from a clear to
a turbid state can therefore be expected in the Mediterra-
nean zone in a future warmer climate. Our findings also
show more pronounced seasonal variation in trophic
structure in the lagoons in the Mediterranean zone than
in Denmark.

From a management perspective, the strong influence of
salinity in brackish lagoons also implies that knowledge
gained from freshwater lakes about species richness patterns
and food web structure cannot readily be extrapolated to
brackish lagoons. More studies of brackish lagoons are
needed to improve our knowledge of the functioning of

these valuable ecosystems that may increase in number as a
result of global warming.
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� Éditions N. Boubeé, Paris.
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Solórzano, L. and Sharp, J. H. 1980. Determination of total
dissolved nitrogen in natural waters. � Limnol. Oceanogr. 25:
751�754.

701

http://purl.oclc.org/estimate
http://purl.oclc.org/estimate


Talling, J. F. and Driver, D. 1963. Some problems in the
estimation of chlorophyll a in phytoplankton. � In: Doty, M.
(ed.), Primary productivity measurements, marine and
freshwater. Univ. of Hawaii, 1961, US Atomic Energy
Communication, TID-7633, pp. 142�146.

Williams, W. D. 2001. Anthropogenic salinisation of inland
waters. � Hydrobiologia 466: 329�337.

Williams, W. D. et al. 1990. Salinity as a determinant of salt lake
fauna: a question of scale. � Hydrobiologia 197: 257�266.

Download the Supplementary material as file E5823 from /

<www.oikos.ekol.lu.se/appendix/>.

702

www.oikos.ekol.lu.se/appendix

