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Abstract

In a large-scale outdoor mesocosm experiment we studied the effects of salinity on successional patterns,
diversity, and relative abundances of Camargue (southern France) temporary pool crustaceans. Eighty
mesocosms were inoculated with a mixed resting egg bank and exposed to four different salinity treatments
(0.5, 1.0, 2.5, and 5.0 g L21) for a period of 7 months. Salinity significantly altered crustacean communities
hatching from the resting egg bank through a number of direct and indirect effects. Salinity had a significant
negative effect on the establishment of large branchiopods and copepods. Both richness and density of
cladocerans, especially chydorids, were positively related to salinity, possibly due to the absence of biotic
interactions with large branchiopods at the highest salinity values. We hypothesize that the salinity-mediated
presence of the large branchiopod keystone group can shift the whole wetland regime from a zooplankton-rich
clear-water state to a zooplankton-poor turbid state. Crustacean succession was significantly altered by salinity,
by slowing down development rates, population growth or maturation rates of some species. This suggests that in
addition to salinity changes, any alteration of wetland hydroperiod (e.g., through aridification or inappropriate
water management) could have a synergistic effect on community structure and diversity of invertebrate
communities, including some keystone species.

Salinization and osmotic stress are major environmental
stressors for many organisms (Silberbush et al. 2005). Salt
can be toxic to freshwater invertebrates, interfering with
basic ecological and physiological functions and adversely
affecting life histories, fitness, food supply, and habitat
availability. Secondary salinization, induced by inappro-
priate water management, massive clearing of deep-rooted
vegetation, sea-level rise, or aridification, has become an
important threat for many freshwater systems all over the
world (Williams 1999; Brendonck and Williams 2000;
Brock et al. 2005). Salinity is also a key factor shaping
invertebrate communities and influencing diversity in
wetlands (Brock et al. 2005; Pinder et al. 2005; Piscart et
al. 2005), especially in the coastal Mediterranean tempo-
rary wetlands of the Camargue in southern France
(Waterkeyn et al. 2008, 2009).

Temporary Mediterranean wetlands are among the most
remarkable, but also the most threatened habitats in the
Mediterranean region (Grillas et al. 2004). They are of high
conservation value because they often house a unique fauna
and flora, contribute significantly to regional diversity and
fulfill an important role in the landscape (Grillas et al.
2004; Zacharias et al. 2007). Because these water bodies are
generally small and shallow, they are easily overlooked and
vulnerable to a large number of threats (Cancela Da
Fonseca et al. 2008). The abundance and quality of
temporary wetlands around the world is declining rapidly
(King 1998; Deil 2005), endangering the resident flora and
fauna (Grillas et al. 2004; Oertli et al. 2005). Although the
European Union included Mediterranean temporary ponds
in its conservation plans (Habitat Directive, Natura code
3170, 92/43/CEE, 21 May 1992), only a subset of them are

included based on certain vegetation types. The lack of
knowledge on the functioning of these aquatic systems
makes conserving them even more difficult.

Seasonal changes in the invertebrate communities of
temporary wetlands usually follow a distinct pattern (Lahr
et al. 1999), depending on length of the inundation (Boix et
al. 2004; Boven and Brendonck 2009). At the start of
inundation the habitat is recolonized by permanent
inhabitants (i.e., organisms that survive the dry phase as
drought-resistant dormant stages in the sediment, such as
cladocerans, copepods, ostracods, and large branchiopods;
Wiggins et al. 1980). This group mostly consists of highly
efficient grazers (Sommer et al. 1986). The actual compo-
sition of this early (mainly crustacean) community may
have an important effect on later stages of succession
through monopolization effects (De Meester et al. 2002),
such as altering of food resources or changing the turbidity
of the system, but also because these crustaceans constitute
major prey for invertebrate and other predators. Salinity-
mediated changes in the early community composition and
structure can, thus, affect the whole temporary wetland
community through cascading effects.

Biotic interactions among permanent inhabitants of
temporary wetlands are complex. Within the group of
permanent crustacean inhabitants, some seasonal patterns
were described by Jocqué et al. (2007) and B. Vanschoen-
winkel (unpubl.), who both report species replacements
between Anostraca and Cladocera in rock pools. Anos-
traca, and other large branchiopods in general, are often
the first organisms to hatch in freshly inundated ponds
(Brendonck 1996; Lahr et al. 1999). This gives them a head
start on less efficient filter feeders such as cladocerans.
Jocqué et al. (2010) experimentally showed that the delayed
density peak of cladocerans was caused, at least partly, by* Corresponding author: aline.waterkeyn@bio.kuleuven.be
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the competitive dominance of Anostraca. Other factors
playing a role might be physical harassment (interference
competition) or even predation on juvenile stages by the
anostracans (Sarma and Nandini 2002). Notostraca can
also have an important effect on zooplankton, mostly
through predation (Pont and Vaquer 1986; Boix et al. 2006;
Waterkeyn 2009). As was also reported for the benthic
Spinicaudata (Luzier and Summerfelt 1997), bioturbation
and sediment resuspension by notostracans can addition-
ally result in increased turbidity with adverse effects on
cladocerans by limiting phytoplankton growth, reducing
food quality, and by affecting their grazing efficiency (Pont
and Vaquer 1986; Kirk 1991).

Ponds are often regarded as good sentinel and early
warning systems for environmental changes (De Meester et
al. 2005; Pyke 2005). Their simplicity allows pond
ecosystems to be relatively well-mimicked in mesocosms
(De Meester et al. 2005; E.P.C.N. 2007). Large-scale set-
ups of artificial mesocosms may enable researchers to test
relatively complex hypotheses in a simplified, yet represen-
tative setting. In temporary wetlands there is a particular
interest in understanding the effects of environmental
change on the permanent inhabitants, because they are
probably more affected by changes to their habitat (not
being able to actively escape), and because they have a key
function in the habitat.

In a large outdoor mesocosm experiment in the
Camargue (southern France) we studied the effect of
salinity on successional patterns, diversity, and relative
abundances of temporary wetland crustaceans. As our
previous field survey in a set of Camargue temporary
wetlands (Waterkeyn et al. 2008, 2009) demonstrated that
wetlands with different salinities house very distinct
communities, we expected to find a strong effect of salinity
on crustacean community assembly patterns after inunda-
tion, with fewer species and sub-lethal trade-offs influenc-
ing species turnover in higher salinities. We discuss the
results in light of predicted scenarios of climate change and
water management.

Methods

Study site—This study was carried out in the Camargue,
a Mediterranean wetland area situated in the Rhône delta,
southern France (Fig. 1A), consisting of a mosaic of salt
pans, lakes, lagoons, saline and freshwater marshes, and
temporary ponds. The wetlands in this region are naturally
characterized by variable and sometimes elevated salinity
levels due to the proximity of an underlying saline aquifer.
The field experiment was conducted on the experimental
field (1200 m2) of the Tour du Valat research station
(Camargue, France). The estate of Tour du Valat encloses
, 50 temporary and 6 semipermanent wetlands of varying
salinities (Fig. 1B). Most wetlands are filled during the wet
autumn and winter season and dry up in late winter to early
summer depending on rainfall patterns, often with a strong
salinity rise at the end of inundation. Both flooding and
drying dates fluctuate considerably between years, depend-
ing on rainfall pattern. The wetlands are not subjected to
any direct water management and occur on extensive

pasture land for local breeds of horses and cattle. For a
more detailed description of the study site see Waterkeyn et
al. (2008).

Experimental design—During the summer of 2006,
surface sediment (top 3 cm) was collected from 15
temporary wetlands (Fig. 1B) varying in hydroperiod
(average inundation ranging from 2 months to 9 months).
From each wetland, 28 sediment samples of 0.25 m2 were
collected according to a grid (14 from the marginal and 14
from the central zone), resulting in 7.0 m2 of sediment/
wetland. The sediment of each wetland was pooled and
transported to the research station. The sediment of all
wetlands was mixed using a concrete mixer. In total, 80
mesocosms (1.0-m2 tanks, 600 liters) were inoculated with a
3-cm layer of pooled sediment. On 16 September 2006 all
mesocosms were filled with local nonchlorinated tap water
(400 liters) to a depth of 40 cm and exposed for 7 months to
four different salinity levels (0.5, 1.0, 2.5, and 5.0 g L21),
each treatment being replicated 20 times. The salinities were
created using sea-salt from local salt works in the
Camargue (Salin de Giraud). To keep the water level and
salinity in the tanks constant, the mesocosms were closed
with a transparent plastic lid during rains, while local
nonchlorinated tap water was added to compensate for
evaporation. All tanks were covered with a 500-mm net to
prevent colonization by flying invertebrate predators,
amphibians, or birds.

Sampling—Water quality was assessed every week by
monitoring conductivity (mS cm21), water temperature
(uC), potential hydrogen (pH), and dissolved oxygen
concentration (mg L21) using Wissenschaftlich–Technische

Fig. 1. (A) Location of the Camargue in France and (B) the
layout of the 15 temporary wetlands where sediment was sampled
(black) on the Tour du Valat study site (grey 5 other permanent
and temporary aquatic systems).
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Werkstätten meters (conductivity meter 330i, oxygen meter
315i, pH meter 340; WTW). Conductivity was used as a
proxy for salinity.

Two different successional phases were sampled. The
early succession of the large branchiopod assemblies was
monitored closely by sampling at the end of each of the first
5 weeks (24 Oct, 31 Oct, 08 Nov, 15 Nov, and 23 Nov). The
largely replicated design of the experiment allowed for
independent samplings in time because each sampling was
conducted each time in only 4 of the 20 replicates for each
treatment. Because zooplankton communities needed more
time to develop, the whole-season successional pattern for
the entire crustacean community (large branchiopods and
zooplankton) was studied by sampling both crustacean
groups at the end of the 2nd (31 Oct), 6th (30 Nov), 10th
(30 Dec), 14th (29 Jan), and 26th (29 Apr) week. Again, the
samples in time were independent from each other.

Large branchiopods were caught with a 1-mm mesh
aquarium net (15 sweeps, catch area: 450 cm2), counted,
sexed, and identified according to Defaye et al. (1998) and
then returned to the tanks.

Before taking the zooplankton sample, the water in the
tanks was mixed to homogenize the community. Forty
liters of water were sampled by submerging a 5-liter beaker
at different places in each mesocosm and filtered over a 64-
mm net. Samples were stored in 70% ethanol and
zooplankton was counted and identified under a stereo
microscope. When needed, organisms were subjected to
more detailed examination under a higher resolution
microscope. Cladocerans were identified according to
Alonso (1996) and Flössner (2000). Simocephalus and
Ceriodaphnia specimens were identified to genus level, all
others to species level. We also included Calanoida,
Cyclopoida (Copepoda), and Ostracoda as additional taxa.
For zooplankton, subsamples of $ 300 cladocerans were
counted. The densities of the different zooplankton taxa
were expressed as number of individuals L21.

During each sampling, standard environmental variables
were also measured. Chlorophyll a (Chl a) concentration
(mg L21) was determined using a methanol extraction
method. Nutrient concentrations (nitrate and orthophos-
phate) were assessed using the portable spectrophotometer
Hach DR2400 (Hach). Nitrate concentration was measured
using a cadmium reduction method (low range 5 0.01–
0.50 mg L21 NO {

3 ) and orthophosphate concentration
using an ascorbic acid (PhosVer 3) method (low range 5
0.02–2.50 mg L21 PO 3{

4 ). Because nitrate concentrations
were always below 0.01 mg L21, they were within the
measuring error of the instrument and, therefore, excluded
from the analyses. Water transparency was determined
using a Snell’s tube (cm visibility). Total submerged
vegetation cover and filamentous algae cover (%) were
also estimated.

Data analyses—We investigated succession on two
temporal scales: early successional patterns, which are
particularly relevant for large branchiopods, and whole-
season successional patterns for the entire crustacean
community. We hereby avoided problems of temporal
dependency of samples because, for each of the two

analyses, each mesocosm was only sampled once. The first
analysis contained data on the early large branchiopod
communities sampled after 1, 2, 3, 4, and 5 weeks of
inundation, while the second analysis contained data on the
whole crustacean community sampled after 2, 6, 10, 14, and
26 weeks. Both groups were analyzed using univariate
(taxon richness and density) and multivariate (community
structure) statistics.

First, one-way ANOVA was used to analyze the effect of
the salinity treatment on the mean environmental charac-
teristics in the mesocosms (STATISTICA 7.0; Statsoft).
Afterwards, factorial two-way ANOVA was applied to
study the effect of salinity, time (week), and the interaction
between both on taxon richness and densities of several
taxa (five large branchiopod species and four zooplankton
groups: nonchydorid cladocerans [,93% consisting of
Daphnia], chydorid cladocerans, copepods, and ostracods).
Additionally, using one-way ANOVA, we investigated the
effect of salinity on the cumulative species richness and
maximum density level of the large branchiopod species
and zooplankton groups and also on the timing of this peak
density (week in which maximum density was observed).
For the different large branchiopod species, we also tested
for the effect of salinity on selected population traits:
mortality rate (week of last encounter), body length (based
on measurements made in week 2, except for C. diaphanus
in week 6; Anostraca and Notostraca: from top of the head
to base of furca; Spinicaudata: length of the shell) and for
the anostracans also the maturation rate (week in which
50% maturity was reached). These variables could not be
determined under the highest salinity condition, due to
absence or extreme rarity of large branchiopods in this
treatment. Where significant overall differences were
revealed by ANOVA, post hoc Tukey (Honestly Signifi-
cantly Different [HSD]) comparison tests were used to
localize pair-wise significant differences between the
different salinities.

Multivariate statistics were used to study the effect of
salinity, time (week), and their interaction on the overall
crustacean community structure. We opted for Redundan-
cy Analyses (RDA) because Detrended Correspondence
Analyses indicated a dominance of linear gradients
(CANOCO 4.5). The statistical significance of the model
was assessed using Monte Carlo permutation tests (n 5
999). Abundance data of all species (No. of individuals
L21) were logarithmically transformed. To visualize the
effect of the different salinities on the changes in
community composition, ordination diagrams of Principal
Component Analyses (PCA) of the species data were made
with the interaction factor between salinity and sampling
week plotted as a supplementary variable.

Results

Crustacean succession—Temporary pool crustaceans
that hatched from the sediment over all treatments included
five species of large branchiopods (Anostraca: Tanymastix
stagnalis [Linnaeus 1758], Branchipus schaefferi Fischer
1834, and Chirocephalus diaphanus Prévost 1803; Notos-
traca: Triops cancriformis cancriformis [Bosc 1801] and
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Spinicaudata: Imnadia yeyetta Hertzog 1935), 13 taxa of
cladocerans (chydorids: Chydorus sphaericus O.F. Müller
1776, Alona rectangula Sars 1861, A. elegans Kurz 1874,
Pleuroxus aduncus [Jurine 1820], P. letourneuxi [Richard
1988], Dunhevedia crassa King 1853; nonchydorids: Daph-
nia magna Strauss 1820, D. atkinsoni Baird 1859, D.
curvirostris Eylman 1887, Simocephalus sp., Ceriodaphnia
sp., Moina brachiata [Jurine 1820], Macrothrix hirsuticornis

Norman and Brady 1867), calanoid and cyclopoid cope-
pods, and ostracods.

Figure 2A shows the densities of the large branchiopod
species during the 26 weeks of inundation at all salinities.
The first species to appear (in week 1) were T. stagnalis, T.
cancriformis, and I. yeyetta. The remaining two Anostraca
species were only encountered after the second week of
inundation, with B. schaefferi reaching peak densities at the

Fig. 2. (A) Densities (No. of individuals/mesocosm) of all large branchiopod species at the
different sampling events throughout the 26 weeks of inundation of the mesocosms at the
different salinities; (B) densities (No. of individuals L21) of the cladocerans, copepods, and
ostracods at the different sampling events throughout the 26 weeks of inundation of the
mesocosms at the different salinities.
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end of the third week and C. diaphanus only in the sixth
week. By that time, most T. stagnalis and I. yeyetta were
already dead. The only large branchiopod species that
survived until the end of the experiment (almost 7 months)
was T. cancriformis.

Figure 2B shows the densities of the four groups of
zooplankton (chydorid and nonchydorid cladocerans,
copepods, and ostracods) during the 26 weeks of inunda-
tion at all salinities. Most of the time, cladoceran
assemblages were dominated by the large nonchydorid
cladocerans D. magna or D. atkinsoni, except at the end of

the inundation (week 26) where chydorids A. rectangula
and P. aduncus became dominant. Two different trends
were observed. Nonchydorid cladocerans and copepods
started to appear after the second week and their densities
quickly increased toward the sixth or tenth week, after
which they experienced a decrease in abundance until week
fourteen (end of Jan). After this ‘winter crash’ the
populations started to build up again in spring and reached
high levels at the end of 7 months of inundation (between
weeks 14 and 26). Ostracods and chydorids, on the other
hand, started in low numbers at the beginning of the
inundation, with populations remaining very small, until
their densities exploded in spring (after week 14). The only
species not present in our samples from the start of the
inundation was P. aduncus.

Effect of salinity on mesocosm environment and crusta-
cean communities—The established treatments did not
only significantly differ in salinity (, conductivity; F 5
11,079.78, df 5 3, p , 0.001), but also in other environ-
mental factors. Figure 3 shows that the highest salinity
treatments also had higher dissolved oxygen concentrations
(F 5 4.76, df 5 3, p 5 0.02) and a higher pH (F 5 37.16,
df 5 3, p , 0.001). They were also more transparent (less
turbid; F 5 3.02, df 5 3, p , 0.001), with a higher
vegetation (F 5 8.90, df 5 3, p 5 0.002) and filamentous
algae cover (F 5 36.43, df 5 3, p , 0.001). There were no
significant differences in Chl a concentrations, orthophos-
phate concentrations, or water temperature (all p . 0.05).

Large branchiopod species richness and density signifi-
cantly differed among the four salinity treatments (Ta-
ble 1), with significantly fewer species in lower densities
establishing in the 2.5-g L21 salinity treatment than in the
two lowest salinities (Tukey HSD post hoc: p , 0.05) and
almost none at 5.0 g L21. The very few individuals
encountered in this condition did not survive very long
(, 1 week). In contrast, zooplankton taxon richness was
positively related to salinity (Table 1), with more species at
higher densities establishing in the highest salinity (Tukey
HSD post hoc: p , 0.05). Different responses occurred for
the different groups of zooplankton. The overall positive
trend was mostly caused by the chydorids, where signifi-

Fig. 3. Ordination diagram of the Principal Component
Analyses (PCA) of the mean values of the most important
environmental variables (arrows) measured in the mesocosms
(open symbols, categorized by salinity levels). The first two PCA
axes explain 87% of the total variation.

Table 1. Results of the factorial ANOVAs on large branchiopod and zooplankton taxon richness and density for the (a) early large
branchiopod assemblages (sampled after 1, 2, 3, 4, and 5 weeks of inundation) and (b) whole crustacean community (sampled after 2, 6,
10, 14, and 26 weeks of inundation) samples, with salinity level and number of weeks after inundation as factors.

Factors df

Large branch species
richness

Large branch
density

Zooplankton taxon
richness

Zooplankton
density

F p F p F p F p

(a) Early large branchiopod assemblages

Salinity 3 160.73 ,0.001 25.72 ,0.001 — — — —
Week 4 45.05 ,0.001 24.59 ,0.001 — — — —
Salinity3week 12 5.65 ,0.001 4.21 ,0.001 — — — —

(b) Whole crustacean community

Salinity 3 111.53 ,0.001 13.74 ,0.001 13.76 ,0.001 10.40 ,0.001
Week 4 88.10 ,0.001 51.78 ,0.001 21.97 ,0.001 64.59 ,0.001
Salinity3week 12 7.70 ,0.001 7.42 ,0.001 2.58 0.008 9.82 ,0.001
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cantly higher densities were found in the highest salinity
(Tukey HSD post hoc: p , 0.05; Table 2). For the non-
chydorid cladocerans there was no significant response to
salinity. Copepod densities were significantly lower in the
highest than in the lower salinities (Tukey HSD post hoc: p
, 0.05), while ostracod densities were significantly higher
in the highest salinity than in the two intermediate salinities
(Tukey HSD post hoc: p , 0.05). Focusing only on the
effect of salinity on maximum densities reached during the
entire experiment, we found the same significant trends
(test statistics in Fig. 4), with exception of a nonsignificant
response for the ostracods.

There was also a significant effect of time (sampling week)
in the early and whole-season patterns of species richness
and densities in large branchiopods, as well as in zooplank-
ton (Tables 1, 2; Fig. 5). Moreover, the interactions between
week of inundation and salinity level were also significant in
all analyses, indicating that salinity had a significant effect
on succession in the mesocosms. The peak density of some
taxa was reached later under higher salinities. I. yeyetta
reached its maximum density on average 1 week later in the
2.5-g L21 treatment compared to lower salinities (F 5 5.70,
df 5 2, p 5 0.025; tested without the highest salinity where
almost none hatched), while the chydorids and ostracods
reached their peak density before the winter crash in the two
lowest salinities and after the winter crash in the highest
salinity (F 5 8.41, df 5 3, p 5 0.003, and F 5 5.74, df 5 3, p
5 0.011, respectively). We found a significant effect of
salinity on the maturation rate (week of 50% maturity) of T.
stagnalis, because they matured later in the 2.5-g L21

treatment than in the lower salinities (F 5 13.00, df 5 2, p 5
0.002). T. cancriformis was significantly smaller (on average
2.5 mm) in the 2.5-g L21 treatment than in the two lower
salinities (F 5 18.23, df 5 2, p 5 0.001) and the mortality
rate of I. yeyetta was higher in this treatment (F 5 9.00, df 5
2, p 5 0.007).

Salinity had a significant effect on the overall crustacean
community structure (RDA: F-ratio 5 14.49; p 5 0.001; expl.
var. 5 15.7%). Community structure changed significantly
over time (RDA: F-ratio 5 19.60; p 5 0.001; expl. var. 5
20.1%) and this was significantly influenced by the salinity
treatment (RDA for salinity 3 week: F-ratio 5 11.89; p 5
0.001; expl. var. 5 8.7%). In Fig. 6 the changes over time in
species composition are represented for each salinity
treatment. All large branchiopod species clearly show a
negative association with salinity and were most abundant in
the beginning of the inundation. Ceriodaphnia sp., D.
curvirostris, and M. brachiata were early cladoceran species.
In the beginning of the experiment the crustacean commu-
nities in the different treatments were more similar than after

26 weeks of inundation. Toward the end of the experiment in
the highest salinities there was a clear dominance of
chydorids. D. magna, Simocephalus sp., M. hirsuticornis,
and ostracods also seem to tolerate this high salinity level.

Discussion

Crustacean succession—Five large branchiopod species,
thirteen cladoceran taxa, cyclopoid and calanoid copepods,
and ostracods hatched from the resting egg banks and
established in the mesocosms over 26 weeks. Compared to
a field survey conducted in the wetlands where the sediment
for this experiment was collected (Waterkeyn et al. 2008,
2009), 83% of the crustacean fauna we encountered in the
field also established in the mesocosms. The mesocosms,
hence, accurately mimicked the field conditions. The other
17% were species that were very rare in the field and,
therefore, probably missed when collecting the sediment for
the experiment.

During our experiment, crustacean species richness was
generally higher in the beginning of the inundation in
comparison with later stages. In several studies where
temporary wetlands were monitored throughout the wet
phase, this pattern also occurred and was generally
explained by the arrival of actively flying predatory insects
(Lahr et al. 1999). Although in our tanks colonization by
flying macroinvertebrates was prohibited by a net, T.
cancriformis probably fulfilled this predatory role (Boix et
al. 2006). Under low-salinity conditions, large branchio-
pods were the first to hatch in large numbers. This gave
them a head start to exploit the abundant food resources at
that time. Most of the cladocerans, copepods, and
ostracods peaked later during inundation, replacing the
more efficient filter feeding but shorter lived anostracans.

Even within the large branchiopod and zooplankton
assemblages, temporal segregation of peak densities was
observed. T. stagnalis and I. yeyetta developed very fast,
reaching peak densities within the first week of inundation
and finishing life cycles in about 6 weeks. T. cancriformis
also hatched early, but had a much longer life span, some
even surviving . 7 months. B. schaefferi and C. diaphanus
were encountered in the second week of inundation and
reached peak densities after 3 weeks and 6 weeks,
respectively. In a field survey conducted in the same
wetlands where the sediment was taken, all five species were
found to coexist in several wetlands (Waterkeyn et al.
2009). It was hypothesized that this high coexistence level
was mediated by the storage effect of resting egg banks
(Chesson 1983) combined with temporal segregation of
species (Chesson 2000) within one inundation. The

Table 2. Results of the factorial ANOVAs on the density of the different zooplankton groups (sampled after 2, 6, 10, 14, and
26 weeks of inundation), with salinity level and number of weeks after inundation as factors.

Factors df

Non-Chydoridae Chydoridae Copepoda Ostracoda

F p F p F p F p

Salinity 3 17.96 ,0.001 2.51 0.068 5.41 0.002 4.56 0.006
Week 4 31.25 ,0.001 3.16 0.002 24.13 ,0.001 9.02 ,0.001
Salinity3week 12 17.15 ,0.001 2.28 0.019 3.32 ,0.001 2.98 0.003
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hypothesized importance of temporal segregation to
facilitate coexistence of similar species is experimentally
confirmed here. As suggested by Thiéry (1991), it is also
likely that, due to differences in timing of hatching,

development rate, body length, and lifespan, large bran-
chiopod species can exploit food resources at different
times and/or of a different quality.

In our mesocosms, most of the zooplankton taxa
emerged synchronously in the beginning of the inundation,
but reached peak densities only later in the season and at
different times, with nonchydorids and copepods peaking
twice, in autumn and spring, while ostracods and chydorids
peaked only in spring. This underlines the importance of
environmental conditions (such as food availability,
predation, and competition) in steering population densi-
ties, rather than a differential emergence, as also suggested
by Cáceres (1998) and Hairston et al. (2000) studying
diapause emergence using hatching traps in permanent
lakes. The only species not present from the start of the
inundation was P. aduncus (encountered only in week 10).
Either this small, rather benthic species was missed during
earlier samplings due to very low abundances, or it indeed
hatched later in the season. In the second case this could
support the temporary habitat selection hypothesis, also
suggested by Boven (2009), who found that taxa are able to
‘‘choose their moment of glory’’ by adjusting hatching
fractions depending on the quality of the habitat. During
crustacean succession in a temporary Carolina bay pond,
phytophylous chydorids and Simocephalus were found to
replace planktonic Daphnia later in the season (Taylor and
Mahoney 1990) and also in permanent systems several
studies reported a shift from large-bodied cladocerans, such
as Daphnia, early in the growing season to small-bodied
cladocerans later (Sommer et al. 1986). A similar pattern
occurred in our 5.0-g L21 mesocosms, where chydorids
peaked at the end of the inundation with P. aduncus finally
outnumbering the very abundant D. magna. In the middle
of the inundation (Jan), zooplankton densities in our
mesocosms dropped dramatically, probably due to the low
temperatures (23uC to 3uC) and phytoplankton resources
(on average 0.0039 mg L21 Chl a) at that time. Such a
‘winter crash’ (Boven 2009, p. 111) has been reported
mostly in permanent lakes in north temperate zones and
was incorporated in the Plankton Ecology Group succes-
sion model (Sommer et al. 1986). As demonstrated here, the
same can also occur in autumnal wetlands that stay
inundated throughout winter.

Salinity effect on diversity and abundance—The results of
our experiment demonstrate that salinity can alter early
crustacean communities establishing from the resting egg
bank through a number of direct and indirect effects. We
found a negative relationship between salinity and large
branchiopod species richness and population densities,
confirming the results of our field survey (Waterkeyn et al.
2009). Copepod densities were also negatively affected by
salinity. Similar negative responses of freshwater inverte-
brates to salinity are reported by Timms and Sanders
(2002), Brock et al. (2005), and Pinder et al. (2005). In view
of the predicted climate-induced sea-level rise and aridifica-
tion, these results suggest that even a small increase of
salinity could greatly affect hatching and survival of
temporary wetland crustaceans. Especially the large bran-
chiopods, a flagship group of temporary waters, are very

Fig. 4. Cumulative taxon richness of (A) large branchiopods and
zooplankton, (B) maximum densities of individual large branchiopod
species, and (C) zooplankton groups in the different salinity treatments
(based on the samplings 2, 6, 10, 14, and 26 weeks after inundation).
The bars with different letters refer to significant differences among
pair-wise comparisons (Tukey HSD post hoc tests: p , 0.05).
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sensitive to salinity levels above 2.5 g L21. During our field
survey in the Tour du Valat estate (Waterkeyn et al. 2008,
2009), we found part of the sampled temporary wetlands to
have salinities above this threshold at the start of
inundation. These wetlands did not contain any large
branchiopods in their active communities, although some
of them had viable resting egg banks. Expected rising saline
groundwater tables and higher evaporation rates will, thus,
reduce even more available habitats for large branchio-
pods, endangering metacommunity dynamics and, conse-
quently, the survival of these flagship species.

Conversely, we found a positive effect of salinity on
zooplankton, with a higher species richness and abundance
in a high salinity environment (5.0 g L21). The dominance
of mostly chydorids in this treatment could be explained by
their higher salinity tolerance, as mentioned by Boronat et
al. (2001), combined with an indirect effect of salinity.
Organisms can, for example, be influenced by other abiotic
and biotic factors that co-vary with salinity (Pinder et al.
2005). It is indeed possible that zooplankton thrived under
high salinities due to the salinity-mediated absence of large
branchiopods in these conditions. Large branchiopods may
exercise a strong biotic pressure on zooplankton commu-
nities in several ways. The most important one probably is
predation by Triops. Several studies already designated
Triops as a strong predator able to control invertebrate
populations (Yee et al. 2005; Boix et al. 2006; Waterkeyn
2009). Zooplankton could also be negatively influenced by
the highly efficient filter-feeding anostracans, through
competition for food or interference competition (i.e.,
physical harassment or even predation of juvenile zoo-
plankton stages; Sarma and Nandini 2002; Jocqué et al.
2010). Another, more indirect, mechanism of biotic
limitation is through bioturbation by benthic notostracans
and spinicaudatans that constantly stir the pond sediment
in search of food or to deposit resting eggs (Pont and
Vaquer 1986; Luzier and Summerfelt 1997; Waterkeyn
2009). High amounts of suspended matter can negatively
affect zooplankton, by limiting light-dependent phyto-
plankton growth, reducing food quality and interfering

with their grazing efficiency (Kirk 1991). Low light
penetration in our low-salinity tanks (containing Triops
and Imnadia) also explains the reduced macrophyte and
algal growth, which in turn probably reduced oxygen
production and refuge availability for zooplankton. All
these cascading effects could explain the poor performance
of zooplankton in the low salinities. These findings suggest
that the salinity-mediated presence of high densities of large
branchiopods (and especially Triops) might make a wetland
shift from a zooplankton-rich clear-water state with a high
macrophyte development to a turbid, macrophyte-poor
state with low zooplankton densities. This way, for the
first time, a variant of Scheffer’s theory of alternative
stable states in shallow lakes (clear water vs. turbid state;
Scheffer et al. 1993) could be applied to temporary water
bodies, with large branchiopods playing a key role. This
makes them, besides a flagship group, also a keystone
group of temporary wetland habitats. These findings also
demonstrate that salinity effects are not always straight-
forward and individual species’ tolerance tests do not
suffice to predict the effect of salinity changes at the
community level.

Salinity effect on succession—Adaptation to a stressor
can trade off with other traits. Given that hatching, growth,
and reproduction are energy-dependent processes, in-
creased salinity could induce a shift in energy allocation
away from these processes and toward maintaining
osmoregulatory functions (Hassell et al. 2006). Salinity
might, thus, not only affect hatching fractions and survival,
but sub-lethal values in salinity may also influence
reproduction capacity or change the speed of development
and growth, altering for example timing of hatching and
maturation (Brendonck 1996; Brock et al. 2005; Sarma et
al. 2005). In our experiment, crustacean succession was
significantly altered by increasing salinity, generally by
slowing down population development. In high salinities,
I. yeyetta, chydorids, and ostracods reached their peak
density later, T. cancriformis were smaller (probably due to
slower growth), and T. stagnalis matured later. Similar

Fig. 5. Taxon richness of (A) the large branchiopods and (B) the zooplankton 2, 6, 10, 14, and 26 weeks after inundation at the
different salinities.
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conclusions were drawn in studies by Hassell et al. (2006)
and Sarma et al. (2005) investigating sub-lethal salinity
tolerances of freshwater insects and the anostracan B.
schaefferi, respectively, in the laboratory. These findings
underline the importance of considering the potential
effects of secondary salinization together with predicted
climate- and water-management–induced changes in hy-
droregimes, because they are likely to have a synergistic
effect. For example, in case of an additional hydroperiod
shortening (e.g., through aridification or drainage), salin-
ity-sensitive species might fail to successfully finish their life
cycles and to replenish the buffering resting egg bank
before pond drying. This could eventually lead to the
extinction of the populations that might already be at their
limit of adaptation to ephemeral systems. In the design of
conservation measures, both stressors should, therefore, be
considered together.

Salinity is shown to be an important factor influencing
hatching, survival, development, and reproduction of
temporary wetland crustaceans. Consequently, changes in
wetland salinity, caused by climate change or water

management, can induce shifts in crustacean seasonal
succession, overall diversity, and community structure.
Even more, the salinity-mediated presence of the large
branchiopod keystone group can make the whole wetland
regime shift from a clear-water to a turbid state.

Acknowledgments
We thank the Research Center for Mediterranean Wetlands

Tour du Valat for logistic support, Celien Van Damme, Samuel
Guin, Nicole Yavercovski, Frédéric Castallani, Olivier Pineau,
Emilien Duborper, and Richard Chanut for their help with the
setup of the experiment, and Marta Siliato for her help during the
sampling campaign. We also thank the two anonymous reviewers
for their valuable comments. This work was supported by a Ph.D.
grant of the Institute for the Promotion of Innovation through
Science and Technology in Flanders (IWT Vlaanderen) and by a
grant from the French Agence Nationale de la Recherche ANR-
BIODIVERSITE ANR-05-BDIV-014.

References

ALONSO, M. 1996. Fauna Iberica, v. 7. Crustacea branchiopoda.
Museo Nacional de Ciencias Naturales (CSIC).

BOIX, D., J. SALA, S. GASCON, AND S. BRUCET. 2006. Predation
in a temporary pond with special attention to the trophic role
of Triops cancriformis (Crustacea: Branchiopoda: Notos-
traca). Hydrobiologia 571: 341–353, doi:10.1007/s10750-006-
0259-0

———, ———, X. D. QUINTANA, AND R. MORENO-AMICH. 2004.
Succession of the animal community in a Mediterranean
temporary pond. J. North Am. Benthol. Soc. 23: 29–49,
doi:10.1899/0887-3593(2004)023,0029:SOTACI.2.0.CO;2

BORONAT, L., M. R. MIRACLE, AND X. ARMENGOL. 2001.
Cladoceran assemblages in a mineralization gradient. Hydro-
biologia 442: 75–88, doi:10.1023/A:1017522004975

BOVEN, L. 2009. Biodiversity and structure of invertebrate
communities of temporary pools along a hydroperiod
gradient. Ph.D. thesis. Kath. Univ. of Leuven.

———, AND L. BRENDONCK. 2009. Impact of hydroperiod on
seasonal dynamics in temporary pool cladoceran communi-
ties. Fundam. Appl. Limnol. 174: 147–157, doi:10.1127/1863-
9135/2009/0174-0147

BRENDONCK, L. 1996. Diapause, quiescence, hatching require-
ments: What we can learn from large freshwater branchiopods
(Crustacea: Branchiopoda: Anostraca, Notostraca, Conchos-
traca). Hydrobiologia 320: 85–97, doi:10.1007/BF00016809

———, AND W. D. WILLIAMS. 2000. Biodiversity in wetlands of
dry regions (drylands), p. 181–194. In B. Gopal, W. J. Junk,
and J. A. Davis [eds.], Biodiversity in wetlands: Assessment,
function and conservation. Backhuys.

BROCK, M. A., D. L. NIELSEN, AND K. CROSSLÉ. 2005. Changes in
biotic communities developing from freshwater wetland sedi-
ments under experimental salinity and water regimes. Freshw.
Biol. 50: 1376–1390, doi:10.1111/j.1365-2427.2005.01408.x
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