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Abstract  Mediterranean endorheic wetlands are 
strongly affected by local meteorological events, so 
they undergo frequent unpredictable disturbances, 
such as episodes of high salinity or desiccation. In 
this context, salinity and temperature may be crucial 
for determining the structure of zooplankton com-
munities and regional biodiversity, since they may 
trigger the hatching of egg bank in different ways. 
The goal of this study is to assess the combined role 
of these two variables on the zooplankton assem-
blage emerging from the egg bank. We hypothesize 
that temperature and salinity affect the community 

structure in a non-linear way, that is, both factors 
interact and modify the magnitude of their effects. 
We performed a laboratory factorial design where the 
same sediment was incubated under different thermal 
and salinity conditions, reducing the potential effects 
of other possible confusion factors. Community struc-
ture was described by measuring cumulative abun-
dances, species composition, richness, and diversity. 
Our results showed that the community structure was 
strongly determined by salinity at all experimental 
temperatures. In contrast, the magnitude of the tem-
perature effect depended on salinity. The high varia-
bility among replicates when salinity and temperature 
increased suggests that climate change might lead to 
unpredictable patterns of the community emerging 
from the egg bank.

Keywords  Egg bank · Zooplankton · Mediterranean 
ponds · Salinity · Temperature

Introduction

Wetlands in drylands areas are strongly affected by 
local meteorological events, particularly precipita-
tion and temperature patterns. Owing to this strong 
climatic influence, these ecosystems undergo fre-
quent unpredictable disturbances, such as episodes of 
high salinity or desiccation. This changing environ-
ment translates into a marked year on year variabil-
ity of both biotic and abiotic variables, which in turn 

Handling editor: Juan Carlos Molinero

R. Jiménez‑Melero (*) · D. Jarma · J. D. Gilbert · 
F. Guerrero 
Departamento de Biología Animal, Biología Vegetal y 
Ecología, Universidad de Jaén. Campus de las Lagunillas, 
S/N. 23071, Jaén, Spain
e-mail: rmelero@ujaen.es

R. Jiménez‑Melero · J. D. Gilbert · J. M. Ramírez‑Pardo · 
F. Guerrero 
Centro de Estudios Avanzados en Ciencias de la Tierra, 
Energía y Medio Ambiente (CEACTEMA), Universidad 
de Jaén, Campus de Las Lagunillas, S/N. 23071, Jaén, 
Spain

Present Address: 
D. Jarma 
Departamento de Biología, Instituto Universitario de 
Investigaciones Marinas (INMAR), Universidad de 
Cádiz, Campus Universitario de Puerto Real, S/N. 11510, 
Puerto Real, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-023-05225-3&domain=pdf
http://orcid.org/0000-0003-3685-9995
http://orcid.org/0000-0002-1070-7726
http://orcid.org/0000-0003-1843-2904
http://orcid.org/0000-0002-8983-3003


3014	 Hydrobiologia (2023) 850:3013–3029

1 3
Vol:. (1234567890)

results in zooplankton assemblages that change from 
a physically controlled pattern (saline stress) to a 
biological controlled pattern—dominance of grazing 
and competition—(Castro, 2004). Shortened hydrop-
eriods may emphasize the issue of increased salinity, 
enhancing internal nutrient recycling and bringing 
about drastic changes to the composition of zooplank-
ton communities and in the trophic status and food 
webs of these ecosystems (Beklioglu et al., 2007; Gil-
bert et al., 2017, 2021; Florencio et al., 2020).

The organisms living in these water bodies have 
developed strategies that allow them to survive and 
develop in very fluctuating and unpredictable condi-
tions. One such strategy is the formation of resting 
structures that let the species escape in space (i.e., 
dispersal by currents, wind, waterfowl) and in time. 
Many organisms, from microbial eukaryotes (Este-
ban & Finlay, 2003; Galotti et  al., 2014), to rotifers 
(Declerck & Papakostas, 2017) and to crustaceans 
(Lenormand et  al., 2018), can withstand unfavora-
ble environmental conditions in the form of inac-
tive cysts, spores, diapausing eggs, or other dormant 
stages, until there are favorable conditions for growth. 
Entrance and exit in a dormancy stage can affect the 
ecosystem structure, both on a population and com-
munity level, influencing how these populations will 
respond to environmental changes. Egg banks extend 
the overlapping of generations, which can play an 
important role in maintaining diversity in a fluctu-
ating environment when different types (species or 
genotypes) are favored at different times (Hairston 
& Kearns, 2002). Therefore, it is very important to 
know what environmental factors trigger each species 
to leave their dormant stages.

In literature, a great deal of research can be found 
on the role of temperature and photoperiod in the end 
of dormancy (see Gyllström & Hansson, 2004 and 
cites inside); somewhat less abundant are the works 
on the role of salinity (Newton & Mitchell, 1999; 
García-Roger et  al., 2008; Waterkeyn et  al., 2010, 
2011; Branstrator et  al., 2013; Mabidi et  al., 2018). 
Data on the combined effect of temperature and salin-
ity are even scarcer; they have been performed in 
other types of aquatic ecosystems or do not include 
the entire zooplankton community (Newton & Mitch-
ell, 1999; Bailey et  al., 2006; Conde-Porcuna et  al., 
2018).

In saline Mediterranean ponds, salinity is expected 
to be crucial in determining community structure as 

it fluctuates greatly, both seasonally and inter annu-
ally. Although high temperatures can increase salinity 
due to evaporation, the saline status depends mainly 
on the general precipitation regime and local hydro-
geology. Thus, salinity can be as important as pho-
toperiod and temperature in causing the hatching of 
resting eggs, as well as in determining the structure of 
the communities by encouraging one species to hatch 
instead of another (López-González et al., 1998). This 
might be particularly important in the current con-
text of global change since an increase in both tem-
perature and salinity is expected; consequently, the 
potential combined effects of both variables should be 
considered. On the other hand, a decrease in salinity 
of endorheic saline ponds is also possible due to the 
intensive irrigation of agricultural lands with water 
from other sub-basins.

Zooplankton is key to many ecological functions 
in wetlands; they are important in nutrient cycling 
(Merritt et al., 1984) and provide trophic support for 
many species. Knowing the mechanism that deter-
mines the behavior and dynamics of zooplankton egg 
banks could be crucial for preserving cryptic biodi-
versity and the resilience of wetlands, which play an 
important role in the maintenance of regional biodi-
versity (Gilbert et  al., 2014, 2015) and are globally 
the most common and widespread inland bodies of 
water (Downing et al., 2006; Downing, 2010).

The main goal of our study was to analyze how the 
combined effect of temperature and salinity influence 
zooplankton assemblages emerging from egg banks 
in Mediterranean saline ponds. We hypothesized a 
reduction in zooplankton species abundance, rich-
ness, and diversity that emerge from the egg bank 
under stress conditions, with a heterogeneous and 
unpredictable emerging pattern. This hypothesis is 
based on previous results obtained by our research 
group in the same pond (López-González et  al., 
1998), in which environmental factors play a major 
role in shaping the plankton community. The changes 
in the community structure, which usually involve a 
simplification of the community during the drying 
period (with an increase of temperature and salinity), 
may be considered a consequence of stressing condi-
tions that induces qualitative and quantitative changes 
in the community structure. Temporary saline ponds 
show more acute changes in environmental condi-
tions (García & Niell, 1993), which can usually 
be assessed by analyzing diversity or some other 
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population parameter (Hawkins et al., 1994). Moreo-
ver, López-González et  al. (1998) also predicted the 
complex plankton dynamics and stochasticity inher-
ent in hypersaline ponds that it is expected to mani-
fest here, with a heterogeneous and unpredictable 
emerging pattern of the zooplankton assemblages. 
To test these, we performed an experimental design 
where the same sediment was incubated under dif-
ferent thermal and salinity conditions. We measured 
the abundances, richness, and diversity of the micro-
crustaceans and rotifers hatching in each treatment 
group. Unlike in field studies, this controlled scenario 
reduces the potential effects of possible confusion 
factors and enables us to gain a clearer insight into 
the role salinity and temperature play on the hatching 
pattern, as well as their potential interactive effect.

Methods

Study site and sampling

Sediment was collected from the Laguna Honda Nat-
ural Reserve (Alcaudete, Jaén: 37º 35′ 54″ N; 4º 8′ 
34″ W), a non-coastal permanent athalasohaline shal-
low inland pond (460 m a.s.l.) located in an endorheic 
area in the Guadalquivir river watershed (Andalusia, 
southern Spain) and which has a basin surface of 
9.94 ha (Castro et al., 2003). As naturally happens in 
most of the endorheic ponds of this region, there are 
no fishes in Laguna Honda. Its biological communi-
ties have adapted to an environment characterized by 
a marked year-on-year variability on both biotic and 
abiotic variables (Guerrero & Castro, 1997; López-
González et al., 1998).

Laguna Honda is primarily mesosaline and is 
occasionally hypersaline or hyposaline. Its water is 
saline chloride, with a predominance of sodium chlo-
ride − Cl-Na-Mg-SO4 chemical subtype − (Castro, 
2004). Maximum depth is 3.16 m, it is only reached 
in especially wet periods.

In extraordinary periods of drought, Laguna Honda 
can dry completely: the last times this happened was 
in the summer of 1995 and, more recently, in late 
2021, that is, this pond has been permanent for more 
than two decades. Laguna Honda experiences large 
fluctuations in the water level (Fig.  1) and, there-
fore, in its salinity. The highest salinity recorded by 
our research team at Laguna Honda has been upper 
300 g/L, in 1995 (Guerrero & Castro, 1997); in con-
trast, the lowest was 8.68  g/L, in July 2014. On the 
day the samples were taken, the salinity of the pond 
was 9.12 g/L.

As a consequence of the large fluctuations, dor-
mant organisms with very different halotolerance 
ranges remain in the egg bank of Laguna Honda, 
waiting for years for favorable conditions that allow 
them to hatch. All these characteristics make Laguna 
Honda a perfect natural laboratory for studying the 
role of temperature and salinity in the structure of the 
community emerging from the egg bank.

In the first fortnight of August 2014, samples of 
sediment were collected with a KC Kajak Sediment 
Core sampler (5 cm internal diameter). To reduce the 
effect of spatial heterogeneity, 5 samples were ran-
domly taken at a similar depth (2 to 2.5  m) and in 
patches without macrophytes (Fig. 1). The first 5 cm 
of each corer were collected. In order to have enough 
sediment, in each sampling station three pseudo-rep-
licates were taken, which were mixed and homog-
enized manually in the storage bag. Sediment of each 

Fig. 1   Location of the 
five sampling stations. a 
Orthophotograph of Laguna 
Honda in a wet year (2013) 
and b the most current 
orthophotograph available 
(2019) (Sistema Cartográ-
fico Nacional de España, 
2013, 2019). c Bathymetric 
map; the interval between 
isolines is 0.5 m (modified 
from Castro et al., 2003)
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sampling station were separately stored. In this way, 
we have 5 replicates for the following experiments. 
Samples were transported under cold and dark condi-
tions to the laboratory. Then in the lab, sediment was 
air-dried, separately, for at least 5  months to ensure 
that only resting structures remained before hatch-
ing experiments were set-up (Ning et al., 2008, 2010; 
Ning & Nielsen, 2011).

Experimental design

A fully crossed 2 × 3 factorial design was performed, 
with two levels for temperature factor (20ºC and 
25ºC) and three levels for salinity factor: S1 (15 g/L; 
14.4 mS/cm), S2 (26.7  g/L; 24.8 mS/cm), and S3 
(45  g/L; 34.6 mS/cm). These ranges of salinity and 
temperature were chosen because they occur more 
frequently in Laguna Honda. Each combination 
(treatment) was replicated 5 times (each sampling sta-
tion corresponds to one replicate). Water salinity was 
estimated by measuring water conductivity and look-
ing for its equivalence in g/L in regression lines of 
conductivity versus salinity (Jiménez-Melero, 2007).

Water from Laguna Honda, previously filtered 
through a Whatman GFC filter, was taken to the 
experimental salinities by dilution-evaporation pro-
cesses. When dilution was necessary, distilled water 
was added. For evaporation, water was gently warmed 
with a heater.

For each treatment, 10  g of dry sediment was 
placed in a one-liter glass beaker (10  cm Ø). Each 
beaker was filled with 500  mL of the previously 
prepared water at the desired salinity. Beakers were 
partially closed to prevent excessive evaporation and 
incubated in a cultivation chamber at the temperature 
of interest. Photoperiod was 12-h dark and 12-h light.

The water in the beakers was gently filtered (40-µm 
mesh size) and the captured individuals were exam-
ined under a binocular microscope (Leica MZ12.5) 
twice a week for two months. Water was oxygenated 
with air bubbles at every check and renewed fort-
nightly. In order to prevent reproduction, any new-
borns detected were immediately removed by means 
of a Pasteur pipette. They were individually placed on 
cell-tissue plates, incubated at the same experimental 
conditions that the origin beaker and fed on a mixed 
diet of Chlamydomonas reinhardtii and Tetraselmis 
suecica algae until they reached an age at which they 
could be identified taxonomically. Since in Iberian 

saline ponds there usually is only one species of 
ostracod, even though exceptionally a maximum 
of two coexist (Baltanás et  al., 1990; Gilbert et  al., 
2023), to achieve a trade-off between estimates preci-
sion and time management, ostracods were not identi-
fied at the species level. We record the abundances of 
each species (or taxa) accumulated after 60  days of 
incubation.

Statistical analysis

A shade plot was used to visualize the abundance pat-
terns of taxa on the 6 treatments after 60 days of incu-
bation (Clarke & Gorley, 2015). A non-metric multi-
dimensional scaling (nMDS) ordination plot based 
on the Bray–Curtis similarities among treatments 
was performed; the closer points are to each other the 
more similar is their community composition (Clarke 
& Gorley, 2015). Success of the ordination was meas-
ured by a stress coefficient (Clarke et al., 2014).

To detect differences in community composition 
between treatments after 60 days at different salinity 
and temperature conditions, a multivariate analysis of 
the community data was performed using a Permu-
tational Analysis of Variance (PERMANOVA). This 
analysis was undertaken with 9999 permutations on 
Bray–Curtis similarity matrices. A significant result 
for a given factor from PERMANOVA signifies that 
the groups could differ in their location, in their dis-
persion or some combination of the two (Anderson 
et al., 2008). In order to measure and test homogene-
ity of multivariate dispersions among treatments, a 
test of homogeneity of dispersions (PERMDISP) was 
performed. In addition, the routine MVDISP provided 
by PRIMER v.7 software gave a description of rela-
tive multivariate variability within each of the groups 
in a single ordination. PERMDISP and MVDISP can 
help us to test our hypothesis that under stress con-
ditions, such as increased salinity and temperature, 
the zooplankton assemblages (i.e., abundances and 
species composition) might become heterogeneous 
between replicates.

Finally, a Similarity Percentage Analyses (SIM-
PER) was performed to identify both the species char-
acteristic of each treatment (i.e., the contribution that 
each species makes to the similarity within the group) 
and the discriminating species between treatments 
(i.e., which species contribute to the differences 
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between zooplankton assemblages) (Clarke & Gorley, 
2015).

PRIMER v7 software was used for performing 
all these analyses. Data were previously fourth root 
transformed in order to reduce the influence of more 
abundant species and increase the influence of rarer 
species in the analysis (Clarke et al., 2014).

Several two-way ANOVAs were performed to 
detect potential effects of salinity, temperature, and 
their interaction on the abundances of the characteris-
tic species identified previously by SIMPER analysis. 
When necessary, data were transformed for fulfilling 
normality and homogeneity of variance assumptions. 
When no transformation satisfied these assumptions, 
a Generalized Linear Model (GLM), with Poisson 
distribution and log-link function, was performed 
(Quinn & Keouh, 2002).

Similarly, any possible effect of salinity, tempera-
ture, and their interaction on taxonomic richness 
and diversity (Shannon–Wiener’s diversity index) 
was separately tested with two-way ANOVA. Rich-
ness data were transformed to satisfy the normal-
ity assumption (Box-Cox: λ = 0.3775; Log likeli-
hood = -22.595). STATISTICA 13.3 software was 
used for ANOVA and GLM analyses.

Results

In total 14 taxa were found (Fig.  2). Rotifers were 
the group with the highest taxonomic richness: Bra-
chionus spp., Lecane luna (Müller, 1776), Lecane 

spp., Lepadella patella (Müller, 1773), Asplanchna 
spp., Ascomorpha spp., Hexarthra fennica (Levan-
der, 1892), unidentified individuals of the superorder 
Gnesiotrocha, and other unidentified rotifers (from 
now on “taxa Rotifera”). Next in richness were bran-
chiopods with three species: Pleuroxus letourneuxi 
(Richard, 1888), Daphnia mediterranea (Alonso, 
1985), and Daphnia magna (Strauss, 1820). Just one 
copepod species was found, Arctodiaptomus salinus 
(Daday 1885). Before analyzing the effect of salinity 
and temperature on community structure, we checked 
that the sampling station was not a confounding fac-
tor; indeed, no differences were detected between 
samples (PERMANOVA: F4,25 = 0.6294; P = 0.896).

Role of temperature and salinity on zooplankton 
assemblage

Figure 2 shows the abundance of the 14 taxa in the 
different treatments. Note that data are fourth root 
transformed, this way 3 and 6 represent 81 and 1296 
individuals, respectively. It should be stressed the 
singularity of the genus Daphnia in this research; 
only six D. mediterranea individuals were found, all 
of them at 20 °C. D. magna was even rarer and only 
three individuals appeared in one of the replicates at 
25 °C and S1. In contrast, the other branchiopod, P. 
letourneuxi, was very abundant in some of the treat-
ments. A. salinus, ostracods, and rotifers occurred in 
all the treatments.

The non-metric multi-dimensional scaling (nMDS) 
ordination plot based on the Bray–Curtis similarities 

Fig. 2   Shade plot of 
taxa abundances in the 5 
replicates of the 6 treat-
ments. Data are fourth root 
transformed. Abundances 
are represented by a gray 
shading from white (the 
taxon is absent) to black 
(the maximum data value in 
the matrix)
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(Fig.  3) shows a gradient in community structure 
from S3 to S1 (along MDS axis 1), from 20ºC to 
25ºC (along MDS axis 2) and a potential interac-
tion between salinity and temperature (MDS axis 
3). The 2-d and 3-d stress level were low, 0.15, and 
0.09, respectively. A greater dispersion is observed 
at S3, at both temperatures; while S1 and S2 at 20ºC 
have less dispersion. Indeed, a test of homogeneity 
of multivariate dispersions has shown that disper-
sion is not significant for salinity factor (PERMDISP: 
F2,27 = 3.3701; P = 0.0732) and neither temperature 
factor (PERMDISP: F1,28 = 0.9624; P = 0.3942). 
However, it is significant when both factors are com-
bined (PERMDISP: F5,24 = 9.3558; P = 0.0002), 
owing to the replicates at S3 (Table 1). Specifically, 
the dispersion sequence—displayed by a multivariate 
dispersion analysis (MVDISP)—was 0.85, 0.898, and 
1.252 for S2, S1, and S3, respectively, and 0.895 and 
1.105 for 20ºC and 25ºC, respectively. Regrettably, 
this analysis does not allow working with two-way 
designs and, consequently, it is not possible to com-
pare dispersion of cross-factors. 

Zooplankton assemblages were affected by salin-
ity (PERMANOVA: F2,24 = 8.6886; P = 0.0001) and 
temperature (F1,24 = 6.6257; P = 0.0001). The interac-
tion was also significant (F2,24 = 2.0248; P = 0.0372). 
PERMANOVA pair-wise tests agree with the nMDS 
ordination: communities differ between tempera-
tures at S1 (P = 0.0078) and S2 (P = 0.0073). In con-
trast, at S3 no differences between temperatures were 
detected (P = 0.2849). For a given temperature, either 
20 or 25ºC, communities differ between salinities 
(P < 0.013).

An analysis of similarity percentages (SIM-
PER) shows both the typical taxa for each treatment 
(Table  2) as the discriminant taxa among groups 
(Table  3). SIMPER shows the overall average simi-
larity for each treatment and defines the contribution 
that each species makes to the similarity within the 
group. For example, the average Bray–Curtis simi-
larity between all pairs of replicates in treatment at 
S1-20ºC is 68.29, made up mainly of contributions 
from just two taxa: Ostracoda (36.93, i.e., 54.09% of 
total) and Pleuroxus letourneuxi (22.07, i.e., 32.32%), 

Fig. 3   Non-metric MDS ordinations (with 2 and 3 dimensions) of zooplankton assemblages in each replicate within each treatment. 
Data transform: fourth square. Resemblance: Bray–Curtis similarity

Table 1   Pairwise 
comparisons from a test of 
homogeneity of dispersions 
(PERMDISP). p-values are 
shown on left-bottom of the 
table and t student on right-
top of the table. Significant 
values are indicated in bold

p-value\t S1-20ºC S2-20ºC S3-20ºC S1-25ºC S2-25ºC S3-25ºC

S1-20ºC 0.058826 6.5715 1.8959 1.4594 4.9219
S2-20ºC 0.9272 4.9374 1.6653 1.2872 4.5917
S3-20ºC 0.0082 0.0086 1.9678 2.1954 2.2273
S1-25ºC 0.1507 0.3286 0.0786 0.2729 3.0582
S2-25ºC 0.2631 0.3584 0.0407 0.8048 3.2054
S3-25ºC 0.0086 0.0091 0.0155 0.04 0.0079
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with a cumulative contribution of 86.41% of the total 
within-group similarity.

Average similarities agree with the nMDS plot 
and PERMDISP analysis: the groups with the highest 
similarity are S1-20ºC (i.e., 68.29) and S2-20ºC (i.e., 
67.27), whereas the groups with the lowest ones are 
S3-20ºC (i.e., 45.64) and S3-25ºC (i.e., 27.03). Ostra-
coda is the main taxon in all treatments except for S3, 
where rotifers and A. salinus have the highest con-
tribution (Table  2). P. letourneuxi is a characteristic 
species of S1, especially at 20ºC, while A. salinus is 
typical for S2 and S3.

Furthermore, SIMPER analysis allows defining 
the discriminatory species for each pair of groups, 
that is, it defines which species contribute to the dif-
ferences between zooplankton assemblages (Table 3). 
For a better understanding of the results, the test was 
performed for the main factors rather than for each 
pair of treatments. That is, we looked for discrimina-
tory taxa among salinities and between temperatures 
instead of among treatments. In this case, dissimilar-
ity values was displayed instead of similarities. For a 
better interpretation of the Diss/SD ratio (column 6), 
abundances averages (fourth square transformed) of 
the compared pair are also provided (columns 3 and 
4). When the aim is to identify species that contribute 

the most to the differentiation between groups, the 
focus should be in the Av. Diss. column; they will 
tend also to be the species with the larger abundances. 
But if we are looking for the best indicator of the 
differences between those groups the Diss/SD ratio 
should be also considered, since it can sometimes 
indicate species that are completely absent in one 
group and with very consistent presence in the other, 
but with low abundance (Clarke & Gorley, 2015). 
This is the case of P. letourneuxi, which is only pre-
sent in S1 and in just one replicate of S2 (Fig. 2) and 
which become the most discriminant species between 
S1 and S2 and the second most discriminant between 
S1 and S3 (Table 3). Ostracoda is also a discriminant 
taxon since its abundances decrease when salinity 
increase (Table  3, Fig.  2 and 4). Regarding to tem-
perature, most of the rotifers are discriminant species 
since they are more abundant at 25ºC than at 20ºC 
(Table 3, Fig. 2 and 4).

Ostracods abundance decreases with salinity and 
increases with temperature (Fig. 2 and Table 4.). Nei-
ther salinity nor temperature significantly affect the 
abundance of A. salinus, but it is higher at S3 than 
at S1 in the treatments at 20ºC (Tukey’s pot-hoc test: 
P = 0.044; Fig. 4 and Table 4). Abundance of rotifers 
increases with temperature but it is not affected by 

Table 2   Results of the 
SIMPER analysis showing 
the overall average 
similarity for each treatment 
and the contribution of each 
species to the similarity 
within group

Av. Sim means average 
similarity provided by each 
species. Sim/SD is the ratio 
of the average contribution 
(column 3) divided by the 
Standard Deviation of those 
contributions across the 
within-group similarities. 
Cum. contrib. (%) is the 
cumulative contribution 
truncated at 80%

Treatment and group 
average similarity

Taxa Av. Sim Sim/SD Contrib
(%)

Cum
contrib. (%)

S1-20ºC: 68.29 Ostracoda 36.93 9.58 54.09 54.09
Pleuroxus letourneuxi 22.07 3.56 32.32 86.41

S2-20ºC: 67.27 Ostracoda 49.56 5.99 73.67 73.67
Arctodiaptomus salinus 17.71 1.15 26.33 100

S3-20ºC: 45.64 Arctodiaptomus salinus 32.46 1.96 71.12 71.12
Rotifera 6.11 0.62 13.38 84.5

S1-25ºC: 55.50 Ostracoda 17.46 10.82 31.47 31.47
Gnesiotrocha 8.44 3.75 15.21 46.68
Rotifera 5.96 1.09 10.74 57.42
Pleuroxus letourneuxi 5.53 1.00 9.96 67.38
Lecane luna 4.07 0.59 7.34 74.72
Brachionus spp. 3.88 1.15 6.99 81.71

S2-25ºC: 58.62 Ostracoda 18.47 3.37 31.51 31.51
Arctodiaptomus salinus 12.09 3.02 20.62 52.12
Hexarthra fennica 12.03 0.94 20.53 72.65
Rotifera 8.63 1.09 14.72 87.37

S3-25ºC: 27.03 Hexarthra fennica 12.22 0.58 45.22 45.22
Arctodiaptomus salinus 9.78 0.62 36.19 81.41



3020	 Hydrobiologia (2023) 850:3013–3029

1 3
Vol:. (1234567890)

salinity (Fig.  2 and Table  4). P. letourneuxi abun-
dance increases with temperature and, in general, it is 
only present at the lowest salinity (Fig. 2, Fig. 4 and 
Table 4).

Effect of salinity and temperature on diversity

Table 5 and Fig. 5 show the results of several two-
way ANOVAs testing the effect of salinity and tem-
perature on richness and Shannon–Wiener’s diver-
sity index. Richness was significantly affected by 

those variables, but in a non-linear way. Indeed, 
interaction was statistically significant: (i) richness 
reduced gradually at 25ºC when salinity increased, 
whereas at 20ºC salinity did not affect richness 
and (ii) richness was higher at 25ºC than at 20ºC, 
except at S3, in which not significant differences 
between temperatures were found. Consequently, 
temperature and salinity had a combined effect on 
taxonomic richness. In contrast, these variables 
had no observable effect on diversity. Nevertheless, 
even though there were not statistically significant 

Table 3   Results of SIMPER analysis showing the discriminant species between treatments grouped by main factors (i.e., tempera-
ture and salinity)

Column 1: average of the Bray–Curtis dissimilarities between all pairs of treatments. Colum 2: discriminant taxa. Columns 3 and 4: 
average abundance (fourth square transformed) in the first and second groups, respectively, of the pair being compared. Column 5: 
average dissimilarity of each taxa. Column 6: the ratio of the average contribution (column 5) divided by the standard deviation (SD) 
of those contributions across the pair of treatments making up this average. Column 7: contribution of each taxa to the total dissimi-
larity in the pair being compared. Column 8: cumulated percentages from column 7

Pair of groups and 
average dissimilarity

Taxa Av. Abund 
first group

Av. Abund 
second group

Av. Diss Diss/
SD

Contr
(%)

Cum
contr. (%)

S1 vs. S2: Pleuroxus letourneuxi 1.91 0.1 12.77 1.69 23.75 23.75
53.76 Ostracoda 2.91 1.85 7.15 1.74 13.3 37.05

Rotifera 1.21 0.94 6.47 1.02 12.03 49.08
Arctodiaptomus salinus 0.63 1.00 4.67 0.95 8.68 57.76
Hexarthra fennica 0.61 1.42 4.31 0.71 8.02 65.78
Lecane luna 0.8 0.1 4.31 0.76 8.02 73.8
Brachionus spp. 0.68 0.2 3.64 0.83 6.77 80.57

S1 vs. S3: Ostracoda 2.91 0.3 18.78 2.74 23.73 23.73
79.14 Pleuroxus letourneuxi 1.91 0.00 13.55 1.78 17.12 40.85

Rotifera 1.21 0.42 8.31 1.43 10.51 51.36
Arctodiaptomus salinus 0.63 1.08 7.18 1.13 9.08 60.43
Hexarthra fennica 0.61 0.78 6.38 0.86 8.07 68.5
Brachionus spp. 0.68 0.68 6.14 1.04 7.75 76.25
Lecane luna 0.8 0.00 4.43 0.62 5.6 81.85

S2 vs. S3: Ostracoda 1.85 0.30 18.01 1.81 27.12 27.12
66.43 Hexarthra fennica 1.42 0.78 13.69 1.13 20.6 47.72

Rotifera 0.94 0.42 11.26 1.46 16.95 64.67
Arctodiaptomus salinus 1.00 1.08 7.84 0.90 11.81 76.48
Brachionus spp. 0.2 0.68 7.19 0.78 10.83 87.31

20ºC vs. 25ºC: Hexarthra fennica 0.24 1.63 13.14 1.04 22.13 22.13
59.38 Rotifera 0.63 1.09 8.87 1.25 14.94 37.07

Arctodiaptomus salinus 0.88 0.93 7.11 0.61 11.98 49.05
Brachionus spp. 0.43 0.62 6.89 0.74 11.6 60.65
Gnesiotrocha 0.00 1.05 6.25 1.21 10.52 71.17
Ostracoda 1.51 1.87 5.03 0.84 8.47 79.64
Lecane luna 0.07 0.53 3.02 0.56 5.09 84.74
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differences among treatments, diversity displayed a 
similar trend to richness.

Discussion

Mediterranean wetlands are a highly fluctuat-
ing environment both seasonally and year on year. 
Biota living in these water bodies have developed 

strategies to survive and develop in such variable 
and unpredictable conditions. In this context, we 
studied which zooplankton assemblages emerge 
from egg bank under different salinity and tem-
perature scenarios. We analyzed the cumulative 
abundances and taxa composition after 60  days of 
incubation in the laboratory. The same sediment 
was incubated, which allowed us to focus on the 
effect of temperature, salinity, and its interaction, 

Fig. 4   Abundance of ostracods, the copepod A. salinus, 
rotifers (both unidentified and identified) and the branchiopod 
P. letourneuxi, accumulated after 60 days of incubation under 

different treatments. S1: 14.40 mS/cm; S2: 24.78 mS/cm; and 
S3: 34.61 mS/cm
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reducing the potential effects of other possible con-
fusion factors, such as ionic composition, hydrolog-
ical patterns, and geographical position.

Role of temperature and salinity on zooplankton 
assemblage

Temperature and salinity determined the species 
composition and abundances in a non-linear way. 
The composition of the community was strongly 
determined by salinity at both experimental temper-
atures. In contrast, the magnitude of the temperature 

effect depended on salinity; the communities at 20 
and 25ºC differed between them at the two low-
est salinities, whereas no clear effect of tempera-
ture was detected at the highest salinity. In general, 
salinity decreased total abundance but this decrease 
was especially marked at 25ºC.

The results obtained are schematized in Fig.  6. 
Overall, Ostracoda and P. letourneuxi dominated 
the community at the lowest salinity. At the oppo-
site end A. salinus and rotifers became more impor-
tant. At an intermediate salinity, Ostracoda and A. 
salinus dominated as transition taxa. If we focus on 

Table 4   ANOVAs showing the effects salinity and tempera-
ture have on cumulative abundance

When necessary, data were transformed to normalize them. 
For P. letourneuxi a Generalized Linear Model was performed, 
with Poisson distribution and log-link function. Bold indicates 
a 95% significance level. df: degrees of freedom

Source df F P

Ostracoda (square root transformation)
 Salinity 2 24.855  < 0.001
 Temperature 1 5.386 0.028

A. salinus
 Salinity 2 2.171 0.136
 Temperature 1 0.324 0.574
 Salinity x Temperature 2 3.757 0.038

Rotifera (sixth-root transformation)
 Salinity 2 1.259 0.302
 Temperature 1 18.136  < 0.001
 Salinity x Temperature 2 3.627 0.042

P. letourneuxi (GLM) df Wald Χ2 P
 Salinity 2 47.971  < 0.001
 Temperature 1 405.265  < 0.001

Table 5   Two-way ANOVAs showing the effect temperature 
and salinity have on richness and Shannon–Wiener’s diversity

Bold indicates a 95% significance level. df degrees of freedom

Source df F P

Richness
 Salinity 2 16.098  < 0.0001
 Temperature 1 10.670 0.0033
 Salinity x Temperature 2 8.725 0.0014

Shannon–Wiener’s diversity
 Salinity 2 2.136 0.138
 Temperature 1 1.365 0.2533

Fig. 5   Interaction graphs comparing richness and diversity 
between treatments. Means predicted by two-way ANOVAs 
(Table  5). Asterisks in black indicate significant differences 
between main factors (salinity and temperature). Asterisks in 
gray indicate statistical significance between levels of a given 
factor (Bonferroni test). *P < 0.05; **P < 0.01. Bars show the 
standard error. Note that for a greater clarity the richness data 
shown in the figure are un-transformed, although in the statisti-
cal analysis they were previously transformed
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temperature, then the results suggest that the spe-
cies most tolerant to salinity at high temperatures 
are the copepod A. salinus and the rotifers H. fen-
nica and Brachionus spp.

Consequently, the cues triggering the end of the 
dormancy state may be crucial for determining the 
zooplankton assemblages in aquatic ecosystems. 
Once the community has emerged from the egg bank 
buried in the sediment, the succession is determined 
not only by the physicochemical variables but also by 
biological factors, that is, who and how many are at, 
a given time, can determine this ecological succes-
sion. In this sense, Castro (2004) found that in a very 
extreme dry hydrological cycle, with salinity values 
higher than 200 g/L and temperatures are above 30ºC, 
the plankton community structure in Laguna Honda 
was physically controlled, whereas in a wet period, 
with lower salinity ranges, the community structure 
was controlled by biological factors (i.e., dominance 
of grazing and competition).

The interaction observed between temperature and 
salinity, both on community composition and taxo-
nomic richness, might be an emergent property from 
the physiology at species-level since temperature is 
known to have a species-specific interactive effect on 
salinity tolerance through changes in their metabolic 
rate (Lee & Bell, 1999) and osmoregulatory ability 
(Aladin & Potts, 1995).

Salinity may reduce the rate of population growth 
of the keystone species Daphnia pulex (Bezirci et al., 

2012). In this respect, in previous research, a shift was 
seen from the dominance of large cladoceran species 
at low salinity, with a broad-sized feeding spectrum, 
to the dominance of smaller and less efficient grazer 
species at higher salinities, that is, copepods (mainly 
calanoids), small cladoceran, and rotifers (Heerkloss 
et al., 1991; Jeppesen et al., 1994, 2007). According 
to the findings in these studies, the calanoid A. salinus 
and the small branchiopod P. letourneuxi were, along 
with the Ostracoda and rotifers, the most abundant 
organisms to emerge from the sediment of this saline 
pond, whereas the presence of larger cladocerans (D. 
magna and D. mediterranea) is anecdotal. This result 
is corroborated by the data obtained by Castro (2004) 
in the same ecosystem; in which daphnids species 
appeared in Laguna Honda at low density with low 
salinity levels. A shift to the extensive dominance of 
rotifers when salinity increased was also observed in 
other enclosure experiments (Jeppesen et al., 2007).

Some authors suggest that climate change could 
modify the size structure of zooplankton to favor 
small-sized species (Molinero et  al., 2006). In this 
sense, we have observed that rotifers are favored at 
25ºC, although their abundance is drastically reduced 
to S3. Once again, the results agree with the observa-
tions of Castro (2004), who found a high abundance 
of rotifers in Laguna Honda in the summer season.

Not all the zooplankton species previously detected 
in Laguna Honda hatched in our experiment. Namely, 
the Andalusian Government found the rotifers Kera-
tella tropica, K. quadrata, and Brachionus plicatilis, 
the copepods Copidodiaptomus numidicus and Acan-
thocyclops kieferi and the cladoceran Bosmina lon-
girostris and Daphnia galeata (Junta de Andalucía, 
2005). Our research group has previously observed 
the occurrence of the copepods Metacyclops minutus 
and Cletocamptus retrogressus and the cladoceran 
Moina salina and Alona sp. (López-González et  al., 
1998; Castro, 2004; Gilbert et al., 2015). In contrast, 
species or taxa not detected before in Laguna Honda 
hatched in our study. Namely, the rotifers Lecane 
luna, Lepadella patella, Asplanchna sp., Ascomorpha 
sp., and the superorder Gnesiotrocha.

There may be several reasons why those species 
did not hatch from our sediment. Firstly, cues trig-
gering the end of dormancy for these species − higher 
salinity, for example − could be different to those 
implemented in our experiments. However, this would 
not explain the absence of M. salina since resting 

Fig. 6   Outline that summarizes the results, where the salinity 
gradient is shown from left (S1) to right (S3) and the tempera-
ture gradient from bottom (20ºC) to top (25ºC)
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eggs of this cladoceran have been hatched in previ-
ous studies under conditions of salinity and tempera-
ture similar to those of our experiment (Rokneddine 
& Chentoufi, 2004). Chance may be a determining 
factor when a given species hatches: very abundant 
species in the water column − such as A. salinus in 
the last decades (personal observations and Junta de 
Andalucía, 2005) − will produce more resting eggs 
than less numerous species and, consequently, the 
probability that their eggs hatch will be higher. This 
might also explain why so few Daphnia individu-
als were observed in our experiments. Finally, the 
last time our team detected M. salina, Alona sp., M. 
minutus, and C. retrogressus in Laguna Honda was 
in 1998. Since then the excessive loads of sediment 
from erosion from nearby olive groves might have 
buried the active egg banks, thereby reducing chances 
of hatching. In this respect, Gleason and co-workers 
(2003) implemented sediment-load experiments 
and found that the total emergence of aquatic inver-
tebrates reduced a 99.7% at burial depths of 0.5 cm. 
(Gleason et al., 2003). These researchers noticed that 
sediment entering wetlands from agricultural erosion 
may also hamper successional changes throughout 
inter-annual climate cycles.

Role of temperature and salinity on diversity

As happened to species composition and abundances, 
salinity and temperature determined richness of zoo-
plankton in a non-linear way. Richness increased 
with temperature, except at the highest salinity where 
similar richness was detected at both temperatures. 
Similar results were reported by Kaya and co-workers 
who in a field study found that temperature positively 
affected the richness of rotifers (Kaya et  al., 2010); 
although this effect was clear in freshwater habitats, 
it was not observed at higher salinities. In the same 
way, Conde-Porcuna and colleagues (2018) found 
also that the effect of salinity on hatching success of 
resting eggs of rotifers depended on the temperature. 
At 15ºC, the hatching success of most rotifers spe-
cies decreased with salinity, whereas at 25ºC the rela-
tionship was quadratic with a maximum in the mid-
dle salinity (Conde-Porcuna et  al., 2018). This last 
finding agrees with the rotifers abundances we have 
observed at the same temperature, 25ºC. Under con-
trolled laboratory conditions, Bailey and colleagues 
(2006) studied the effect temperature and salinity 

had on cumulative abundance and the species rich-
ness that emerged from zooplankton resting eggs 
from different sediments in ship ballast. In a similar 
way to our results, they found that the salinity effect 
was temperature dependent, although the direction 
of the effect was case specific; interaction between 
these variables was only significant for half of the 
different type of sediments, and even in two trials the 
combination of high salinity and high temperatures 
led to more eggs hatching than at the other exposures 
(Bailey et  al., 2006). In contrast, recent findings by 
Mabidi and colleagues (2018), from a lab incubation 
sediment experiment, are overwhelming and conclu-
sive: a rise in salinity drastically reduced both the 
abundance and taxa richness of crustaceans emerging 
from egg banks in the wetlands of a semi-arid region 
in South Africa (Mabidi et al., 2018).

The richness of branchiopods in our experiments 
was very low and in concordance with field studies 
in similar endorheic areas, as explained below. Boro-
nat and colleagues (2001) studied cladoceran assem-
blages from 44 endorheic bodies of water in Central 
Spain displaying a wide salinity gradient. At the 
boundary between the mesosaline and hypersaline 
status, the cladoceran assemblage they found con-
sisted of exactly the same species that hatched from 
our sediment, that is, D. magna, D. mediterranea, 
and P. letourneuxi. As these researchers indicated, D. 
mediterranea and P. letourneuxi are typical in Span-
ish endorheic lakes and are of biogeographic interest 
due to their restricted circum-Mediterranean distribu-
tion. These are usually accompanied by other more 
widespread species, mainly the eurioic D. magna 
(Boronat et al., 2001).

While in several field studies, the specific rich-
ness of zooplankton has been observed to decline as 
a result of salinity (Boronat et  al., 2001; Schallen-
berg et  al., 2003; Brucet et  al., 2009; Alcorlo et  al., 
2014; Lin et al., 2017), the same could not be said for 
temperature, the influence of which was not so clear. 
Some authors did not find any significant relationship 
between this variable and zooplankton richness (Lin 
et al., 2017) or on the hatching of resting eggs (Bur-
ian et al., 2016). In other studies, an inverse relation-
ship has even been observed between zooplankton 
richness and temperature (Pomati et al., 2012). Con-
sequently, the response of zooplankton resting eggs to 
temperature is not clear since different research show 
different trends.
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It should be noted that although we found tempera-
ture and salinity have a significant effect on species 
richness, the same was not observed for diversity. 
This observation was in keeping with the findings of 
Paturej and Gutkowska (2015) who saw salinity had a 
significant negative effect on the richness and abun-
dance of zooplankton, but they did not observe any 
relationship between salinity and diversity (measured 
with Shannon’s index) (Paturej & Gutkowska, 2015).

Ecological implications

The richness of Laguna Honda, or similar saline eco-
systems, might seem low if we only take a snapshot 
in time. However, its richness is very high in geneti-
cal terms, thanks to the egg bank. Different species 
coexist in the same habitat because of the dynamics 
of physical changes – i.e., “paradox of the plankton” 
(Hutchinson, 1961) – and the spatial heterogeneity 
– e.g., “hypothesis of the contemporaneous disequi-
librium” (Richerson et al., 1970).

Many factors determine zooplankton communities, 
ranging from the merely physical (e.g., temperature 
and salinity) or biological (e.g., predation or competi-
tion), to stochastic (e.g., perturbations, spatial hetero-
geneity, or phenotypic plasticity). In the case at hand, 
competition and predation have not yet been allowed 
to act, so that physical and chemical changes should 
be the most important factors affecting the abun-
dance and distributions of the planktonic species, as 
proposed by Por (1980). Consequently, in a pioneer 
phase, the emergence from the egg bank is strongly 
determined by the initial conditions of temperature 
and salinity. But spatial heterogeneity might be also 
important; it might explain part of the intra-treatment 
variability that we have observed.

In addition to physical factors, the pioneer commu-
nity might be determined by the biological record or 
“history” of the pond, that is, by the communities that 
were present in the past and left resting structures in 
the sediment. As mentioned in previous paragraphs, 
abundant species in the water column, such as A. sali-
nus, will produce more resting eggs than less numer-
ous species and, consequently, the probability that 
their eggs hatch will be higher. In this way, accord-
ing with the lottery hypothesis, species with similar 
patterns of resource use can coexist through chance 
recolonization of vacant space, provided there are 

temporal or spatial fluctuations in the relative abun-
dance of recruits available to occupy vacant habitats 
(Chesson & Warner, 1981; Munday, 2004). Chance 
of occupying these vacant spaces can decrease due to 
anthropogenic perturbations, such as sedimentation 
because of soil loss, which may impair the species 
emergence from the egg bank.

Besides perturbations, temporal fluctuations, and 
spatial heterogeneity, phenotypic plasticity also intro-
duces a stochastic component to the community struc-
ture. That is, although salinity causes certain crusta-
ceans not to be suitable for hatching and development 
(Andreev et al., 1992; Hammer, 1993; Nielsen, 2003), 
some individuals of a population might hatch and sur-
vive even at the extremes of their tolerance ranges. 
All these stochastic components might explain why 
some species previously observed in the pond have 
not hatched in our experiment, even when the physi-
cal conditions are optimal for their hatching and 
development.

Conclusion

Our findings confirm the hypothesis that the coexist-
ence of different species living together in a fluctu-
ating saline pond was strongly determined by tem-
perature and salinity, which have a combined effect. 
Salinity was more determining on community struc-
ture than temperature, such as López-González et al. 
(1998) observed in column water from the same eco-
system. Although the community was always domi-
nated by smaller and less efficient grazer species, 
the zooplankton assemblage changes with salinity 
and temperature. Thus, Ostracoda and P. letourneuxi 
would dominate the community at the lowest salinity. 
At the opposite of the gradient A. salinus and rotifers 
would become more important. At an intermediate 
salinity, Ostracoda and A. salinus dominate as transi-
tion taxa. At high temperatures, the species most tol-
erant to salinity was the copepod A. salinus and the 
rotifers H. fennica and Brachionus spp. According to 
our field observations, A. salinus is a highly euryther-
mal and euryhaline species, allowing it to dominate 
the community during all seasons (Jiménez-Melero, 
2007). Regarding richness, it was generally affected 
by salinity (decreasing) and temperature (increasing). 
In contrast, diversity was not affected.
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The enormous heterogeneity we have observed 
at S3, for both within and inter-treatments, suggests 
that at a high salinity the structure of the emer-
gent community is highly unpredictable. In this 
respect, Winder and Schindler (2004) warned that 
climate change affects biological processes in dif-
ferent ways, and it is therefore difficult to forecast 
how ecosystems will respond to this phenomenon 
(Winder & Schindler, 2004). The indirect effects 
of global warming, such as changes in salinity, will 
have a larger influence on brackish lagoon ecosys-
tems than the increase in temperature per se (Brucet 
et al., 2009; Akbulut & Tavşanoğlu, 2018). In terms 
of population level, the phenotypic plasticity or 
individual variability of some life traits increases 
under conditions of stress (Carlotti & Nival, 1991; 
Jiménez-Melero et  al., 2005, 2007, 2012). This 
phenomenon might be translated as an emergent 
property at community level, which gives rise to 
different taxonomic compositions under identical 
environmental conditions, as suggested by the high 
variability between replicates at the S3-25ºC incu-
bations. Our results suggest that, under the current 
global warming scenario, increased temperature and 
salinity might lead to unpredictable changes in spe-
cies composition and to a decrease in species rich-
ness of saline endorheic wetlands.
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