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Abstract
Zooplankton assemblages in the confined coastal lagoons of La Pletera salt marshes (Baix Ter wetlands, Girona, Spain) 
are dominated by two species: one calanoid copepod (Eurytemora velox) and the other rotifer (Brachionus gr. plicatilis). 
They alternate as the dominant species (more than 80% of total zooplankton biomass), with the former being dominant in 
winter and the latter in summer. Shifts between these taxa are sudden, and intermediate situations usually do not last more 
than 1 month. Although seasonal shifts between zooplankton dominant species appear to be related with temperature, other 
factors such as trophic state or oxygen concentration may also play an important role. Shifts between species dominances 
may be driven by thresholds in these environmental variables. However, according to the alternative stable states theory, 
under conditions of stable dominance a certain resistance to change may exist, causing that gradual changes might have little 
effect until a tipping point is reached, at which the reverse change becomes much more difficult. We investigated which are 
the possible factors causing seasonal zooplankton shifts. We used high-frequency temperature and oxygen data provided 
by sensors installed in situ to analyse if shifts in zooplankton composition are determined by a threshold in these variables 
or, on the other hand, some gradual change between stable states occur. Moreover, following the postulates of the alterna-
tive stable states theory, we looked at possible hysteresis to analyse if these seasonal zooplankton shifts behave as critical 
transitions between two different equilibriums. We also examined if top-down or bottom-up trophic interactions affect these 
zooplankton shifts. Our results show that shifts between dominant zooplankton species in La Pletera salt marshes are asym-
metric. The shift to a Eurytemora situation is mainly driven by a decrease in temperature, with a threshold close to 19 °C of 
daily average temperature, while the shift to Brachionus does not. Usually, the decrease in water temperature is accompanied 
by a decrease in oxygen oscillation with values always close to 100% oxygen saturation. Moreover, oxygen and temperature 
values before the shift to calanoids are different from those before the reverse shift to Brachionus, suggesting hysteresis 
and some resistance to change when a critical transition is approaching. Top-down and bottom-up forces appear to have no 
significant effect on shifts, since zooplankton biomass was not negatively correlated with fish biomass and was not positively 
related with chlorophyll, in overall data or within shifts.
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Introduction

Physical variability across environmental gradients, biotic 
effects mediated by top-down or bottom-up forces as well 
as the trade-offs by constraining traits on species involved 
determine zooplankton community structure in shallow 
lakes (Wiggins et al. 1980; McQueen et al. 1986; Til-
man 1987; Wellborn et al. 1996; Meerhoff et al. 2012; 
Batzer and Boix 2016; Gascón et al. 2016; Tavşanoğlu 
et al. 2017). Dominances of single species in zooplank-
ton assemblages are often described as a consequence 
of competitive exclusion under low predation pressure 
(Gliwicz et al. 2010; Kerfoot and DeMott 1984) or of 
extreme environmental constraints, such as those caused 
by temperature (Herbert and Hann 1986; Lau et al. 2020), 
temperature fluctuations (Zhang et al. 2018) or salinity 
(Boix et al. 2007, 2008; Waterkeyn et al. 2008; Brucet 
et al. 2009, 2012). Regarding salinity, monospecific zoo-
plankton assemblages can be found under extremely high 
salinities or strong salinity fluctuations in time or space 
both in inland (Comín et  al. 1983; Girgin et  al. 2004; 
Horváth et al. 2014; Tóth et al. 2014) or coastal (Attayde 
and Bozelli 1998; Brucet et al. 2010; Emir Akbulut and 
Tavşanoğlu 2018) brackish or saline waters. This is the 
case of Mediterranean confined coastal lagoons, which are 
subjected to strong variations in water level, salinity and 
nutrient concentrations due to the lack of a continuous 
surface connection with the sea or with the adjacent fresh-
water habitats (Quintana et al. 1998b, 2018; Menció et al. 
2017; Casamitjana et al. 2019). Although many marine 
or freshwater species may arrive at these lagoons during 
sea storms or flooding events, only few euryhaline species 
tolerate these sharp salinity fluctuations and achieve stable 
populations (Cognetti and Maltagliati 2000; Gascón et al. 
2005). Therefore, diversity in zooplankton assemblages in 
these ecosystems is usually low, with the dominant species 
often representing more than 80% of total zooplankton 
biomass (Quintana et al. 1998a; Brucet et al. 2006). A 
succession of zooplankton dominances related to changes 
in hydrology and trophic state has been described in brack-
ish and temporary confined water bodies (Quintana et al. 
1998a, 2006). Similar alternations among single zoo-
plankton species have also been described in permanent 
water bodies with high fish density, as is the case of La 
Pletera salt marshes, with seasonal changes between cala-
noids (mainly Eurytemora velox) and Brachionus rotifers 
(almost exclusively a species of the Brachionus plicatilis 
complex), the former dominating in winter, when organic 
matter concentration is low, and the latter in summer, coin-
ciding with increases in organic matter and with strong 
oxygen oscillations giving oversaturation during the day 

and hypoxia during the night (Badosa et al. 2007; Cabrera 
et al. 2019; Bas-Silvestre et al. 2020).

Shifts between Brachionus and E. velox may be caused by 
variations in environmental conditions such as temperature 
or trophic state, but also may be the consequence of trophic 
interactions, including bottom-up limitation or competition 
for resources or different response to top-down predatory 
pressure (Peters and Downing 1984; Carpenter et al. 1985; 
McQueen et al. 1986). Both species are filter-feeding grazers 
(Pagano and Gaudy 1986; Wallace et al. 2006), but Bra-
chionus is a non-selective microbivore, feeding mainly on 
bacteria or small picoplankton (Herkloβ and Hlawa 1995; 
Navarro 1999), while Eurytemora usually select larger prey 
(Boak and Goulder 1983; Kunzmann et al. 2019). Regard-
ing response to predation, Brachionus and E. velox strongly 
differ in size and, thus, can differ in their sensitivity to plank-
tonic fish predation (Brooks and Dodson 1965; Kerfoot and 
DeMott 1984).

Regime shifts between different stable states may be con-
tinuous, as a consequence of a linear continuum response to 
gradual changes in environmental conditions, or discontinu-
ous, when gradual changes of a driving factor might have 
little influence until a tipping point is reached, at which 
a sudden change in species composition occurs (Carpen-
ter 2003; Suding and Hobbs 2009). Discontinuous mod-
els can also be separated between models with or without 
hysteresis, differing in the way they recover to the original 
conditions before the change. In threshold models without 
hysteresis, the change is reversible and follows the same 
pathway regardless of the direction of the environmental 
change (Suding and Hobbs 2009). On the other hand, in 
hysteresis models there are more than one equilibrium, more 
than one attractor, and the pathway followed before a shift 
is different to that followed by the reverse one (Scheffer and 
Carpenter 2003; Scheffer et al. 2009). Alternations between 
stable states, where ecosystems may have more than one 
equilibrium, have been widely described in ecological sys-
tems, with critical tipping points at which the system shifts 
between one state to the other (Scheffer and Carpenter 2003; 
Scheffer 2010) and several empirical evidences have been 
reported in a wide range of ecosystems (Schröder et al. 
2005). Foreseeing tipping points to anticipate these critical 
transitions has been one of the main challenges in predictive 
ecology related to conservation ecology or climate change 
effects (Dakos et al. 2008; Suding and Hobbs 2009; Scheffer 
2010; Scheffer et al. 2012) as well as in restoration ecology 
(Suding et al. 2004).

Biotic interactions with positive feedbacks, where the 
activity of the dominant species favours the species itself, 
cause a resistance to change at intermediate values of the 
environmental conditions (Suding et al. 2004). Positive feed-
backs have been described to be a main cause of hysteresis 
and alternations between stable states with more than one 
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equilibrium (Scheffer and Carpenter 2003; Schröder et al. 
2005; Suding and Hobbs 2009). Alternative stable states the-
ory was first developed in freshwater shallow lakes, where 
positive feedbacks cause a resistance to change at interme-
diate nutrient concentrations, explaining the alternations 
between nutrient-rich turbid lakes dominated by phytoplank-
ton and more oligotrophic clear lakes dominated by mac-
rophytes. On the one hand, macrophyte activity enhances 
water clarity, slowing the transition to a turbid state when 
the increase in nutrients is not large enough, whereas phy-
toplankton growth reduces light availability for benthic pri-
mary producers, preventing the recovery of a clear phase if 
nutrient reduction is not large enough (Scheffer et al. 1993; 
Scheffer 1998; Scheffer and Van Nes 2007). A similar posi-
tive feedback might operate to determine seasonal changes 
in species composition as those between the dominant zoo-
plankton species in Mediterranean confined coastal lagoons. 
Thus, although the shifts between calanoid and Brachionus 
dominances seem to be driven by temperature, or by trophic 
state, some positive feedback produced by the own activ-
ity of these organisms might cause a resistance to change 
at intermediate temperature or trophic state, following the 
postulates of alternative stable states theory.

There are several ways to find out the existence of alterna-
tive states and to detect if a critical transition is approach-
ing before a regime shift (Scheffer et al. 2009; Dakos et al. 
2012). Some of them try to identify a slowing down in 
the recovery after a disturbance, measured as an increase 
in autocorrelation and in the variance of the state variable 
(Dakos et al. 2012). Other methods are based on the iden-
tification of hysteresis by comparing if the pathway in the 
state variable before a shift is different from that before 
the reverse shift (Scheffer and Carpenter 2003; Suding and 
Hobbs 2009). However, high-frequency data sets of the state 
variable, in our case the zooplankton community composi-
tion, require a huge effort of sampling and counting, which is 
unapproachable at medium or long term. On the other hand, 
technological advances during the last decades offer autono-
mous and accurate devices that provide high-frequency data 
of environmental variables such as temperature or dissolved 
oxygen concentration during long periods of time. Such 
type of sensors generate a detailed description of temporal 
variation in temperature and oxygen dynamics and arise as 
an integrative indicator of ecosystem functioning. Ecosys-
tem responses to temperature have increased its relevance 
under a climate change scenario (Brucet et al. 2010, 2017; 
Jeppesen et al. 2010; Meerhoff et al. 2012). Moreover, fluc-
tuations in oxygen values have been related to trophic state 
(Vollenweider and Kerekes 1982; Nielsen et al. 2013). A 
wide line of research has been developed related to the use 
of oxygen diel oscillations for the estimation of ecosystem 
metabolic rates and the analysis of their drivers in aquatic 
ecosystems (Staehr et al. 2010; Demars et al. 2015; Grace 

et al. 2015; Honti et al. 2016) as done in coastal lagoons 
(Carmouze et al. 1991; Howarth et al. 2014; Obrador et al. 
2014; Bas-Silvestre et al. 2020).

Our aim is to investigate which forces may cause the sea-
sonal shifts between zooplankton dominant species using a 
species-poor zooplankton community of a Mediterranean 
confined coastal ecosystem as a case study. We analysed the 
behaviour of some environmental variables, such as tem-
perature or oxygen collected at high frequency, before these 
seasonal shifts including the detection of possible environ-
mental thresholds. We also explored the possible existence 
of hysteresis in zooplankton composition, as well as pos-
sible food web-related top-down or bottom-up effects. We 
hypothesize that, although thresholds in some environmental 
variables could explain the shifts between dominant spe-
cies, the own activity of the species involved and the biotic 
interactions established between these species facilitate the 
resistance to change and slow the shift.

Methods

Study site

La Pletera salt marsh contains a set of confined coastal 
lagoons and marshes located in Baix Ter wetlands (Girona, 
NE Iberian Peninsula), separated from the sea almost all the 
year and with no continuous freshwater supplies (Fig. 1). 
Water level fluctuations are strong, as it is characteristic of 
Mediterranean aquatic ecosystems (Quintana et al. 1998b; 
Alvarez-Cobelas et al. 2005; Beklioglu et al. 2007). Its 
hydrology is based on a flooding-confinement pattern which, 
in turn, determines nutrient dynamics and species composi-
tion in these habitats (Quintana et al. 1998a; Badosa et al. 
2006). Flooding events are sudden, usually coinciding with 
sea storms or intense rainfalls, followed by long periods of 
confinement, with no surface water inputs but with impor-
tant subsurface or groundwater inputs (Menció et al. 2017; 
Casamitjana et al. 2019). During confinement, water level 
decreases and salinity increases due to evaporation, causing 
the accumulation of nutrients and organic matter (Badosa 
et al. 2006; López-Flores et al. 2006; Quintana et al. 2018). 
In the 1980s, La Pletera salt marsh was affected by build-
ing works for a residential estate. To recover the ecological 
functioning of this coastal ecosystem, two Life Nature res-
toration projects were developed in the area (Life Ter Vell—
Pletera, LIFE99 NAT/E/006386, between 1999 and 2003 
and Life Pletera, LIFE13 NAT/ES/001001, between 2014 
and 2018). During the works of these restoration projects 
the remaining urban features (promenade, accesses, filling 
material, breakwaters, and debris) were dismantled and sub-
stituted by several confined coastal lagoons surrounded by 
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Fig. 1  Map of the study area with the location of the lagoons studied. Adapted from Cabrera et al. (2019) and Bas-Silvestre et al. (2020). BPI 
and FRA, natural lagoons; lagoons with a number are artificial
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the corresponding salt marsh vegetation. More details about 
these projects can be found at www. lifep letera. com.

Sampling procedure and high‑frequency 
measurements

We took advantage of the water quality monitoring program 
developed during the Life Pletera project, from 01/10/2014 
(from here on, day 1 of the study period) to 13/06/2018 (day 
1352). The monitoring was done in six permanent water bod-
ies (Fig. 1): two natural ones (FRA and BPI), one created in 
2002 during the first restoration project (G02), and three new 
ones (L01, L04 and M03), created in 2016 during the second 
restoration project (around day 500). Some environmental 
variables of the lagoons studied are listed in Table S1. Phy-
toplankton chlorophyll-a was collected monthly by filter-
ing a known volume of the lagoon water (usually 500 mL) 
through a Whatman GF/F filter and conserved frozen until 
analysis. The chlorophyll-a concentrations were estimated by 
high-performance liquid chromatography (HPLC) following 
Zapata et al. (2000) and López-Flores et al. (2006).

Zooplankton samples were collected monthly as part of 
the monitoring program. A total volume of at least 10 L 
was taken with a plastic pot of 250 mL from different parts 
of the lagoon (at least 40 points randomly distributed) up 
to a maximum depth of 50 cm, trying to integrate as much 
as possible the entire lagoon surface. 5 L of this water was 
filtered in situ through a 50 µm net and fixed in 4% for-
malin. The organisms in these samples were identified and 
counted at the lowest taxonomical level possible without 
specimen manipulation. In the case of copepods, because 
immature stages can hardly be distinguished at species level, 
we grouped them in the counts at order level as calanoids, 
cyclopoids or harpacticoids. To identify the species present 
in the lagoons, some additional samples were quarterly col-
lected using a 20 cm dip net (mesh size 250 µm) to attain 
high concentrations of copepod adults and at least 25 indi-
viduals of each copepod order were dissected for species 
identification. For each taxon found in the 50 µm counts, we 
measured 25 individuals to estimate the organisms’ body 
size and biomass (dry weight). Crustacean biomass was 
estimated from the allometric relationship between weight 
and body length (Malley et al. 1989). Rotifer and ciliate 
biomass was calculated by converting the volume into dry 
weight (Ruttner-Kolisko 1977; Putt and Stoecker 1989). See 
Cabrera et al. (2019) for details on zooplankton counting 
and biomass estimations. Flooding patterns and zooplankton 
composition do not differ substantially between existing and 
newly created lagoons (Cabrera et al. 2019).

Fish surveys were performed every three months, between 
13/07/2016 (day 652) and 13/06/2018 (day 1352) using 
unbaited fyke nets. Theses passive fishing devices consisted 
of a semicircular entrance with one funnel leading to one 

chamber, surrounded by netting with small mesh (3.5 mm). 
Each fyke net had a single net wind at the entrance and was 
fixed to the bottom using two iron stakes. We chose this 
sampling method because of its versatility and low both size 
and species selectivity in this kind of habitats (Clavero et al. 
2006). Traps were placed for 1 day (~ 24 h) in the margin of the 
lagoon with the net wind facing outside the water to redirect 
swimming fishes towards the entrance. Six traps were placed 
in each lagoon, except in BPI, where only three traps were 
placed, because of its small size. Captured fish were identified 
to species level, counted in situ and up to 100 specimens per 
trap of each species were measured for total length (± 1 mm) 
and released at the same sampling point. Fish biomass was 
estimated from length–weight regressions (Andreu-Soler et al. 
2006; Verdiell-Cubedo et al. 2006). Fish abundances (in bio-
mass units) were counted as grams captured per unit effort 
(CPUE), representing the weight of fish captured in a trap per 
hour. Nine fish species were captured throughout the study 
period, with Aphanius iberus (69% of total fish biomass) and 
Gambusia holbrooki (13%) being the most abundant species, 
captured in all the lagoons. Mugil cephalus, Atherina boyeri, 
and Anguila anguila were also present. Other fish species were 
only occasionally captured, together representing less than 
0.15% of fish captures.

In two of the water bodies, FRA (natural lagoon) and G02 
(artificial lagoon created in 2002), a MiniDOT oxygen probe 
(PME, USA) was installed on 9 July 2015, at the deepest part 
of the lagoon (Fig. 1). The probe was suspended from a buoy 
at 30 cm depth. This probe provided 10-min frequency data 
of temperature and oxygen concentration (144 measures per 
day). The oxygen sensor has a resolution of 0.01 mg/L with an 
accuracy of ± 5%, and the temperature sensor has a resolution 
of 0.01 °C with an accuracy of 0.1 °C. More details about the 
oxygen measurements and the resulting ecosystem metabolism 
estimations in these lagoons are found in Bas-Silvestre et al. 
(2020).

Regarding oxygen, we measured how different the oxygen 
concentration is from 100% saturation using the expression 
proposed by Vollenweider et al. (1998) for the evaluation of 
trophic state in coastal lagoons:

where aD%O is the absolute percent deviation from 100% 
dissolved oxygen saturation. Values of aD%O close to 0 rep-
resent oxygen saturation close to 100%, while high aD%O 
values indicate oxygen oscillations far from the 100% 
saturation, either above (i.e. supersaturation) or below 
(undersaturation).

aD%O = |
|100 − %O2

|
|,

http://www.lifepletera.com
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Detecting shifts and their possible causes

To identify the shifts between dominant species, we used 
zooplankton species relative abundance (in biomass) of the 
monthly sampling dates. We defined a shift when these two 
conditions were met: (1) there was an increase > 50% of the 
relative abundance of a single species and (2) this increased 
value was persistent for at least 3 months (i.e. three consecu-
tive sampling dates). Thus, we did not consider as a shift 
any transitory increase in a species dominance unless it was 
stable for at least 3 months.

To analyse the possible factors affecting the shift between 
dominant species, we performed the following different anal-
yses, summarized in Fig. 2.

1. Potential thresholds before a shift (Fig.  2A): we 
observed the 120 days before a shift took place and ana-
lysed the trend of the daily averages of temperature and 
aD%O to identify potential discontinuous thresholds 
the days close to the shift, that is, when a short change 
in environmental conditions causes a sudden change 
in composition (Suding et al. 2004; Suding and Hobbs 
2009). We took 120 days before a shift to exclude previ-
ous reverse shifts in the analysis, as the period between 
two consecutive shifts is always > 120 days. The day = 
0 was set as the time when the shift was consolidated 
according to the criteria of zooplankton species domi-
nances described above. Since the zooplankton sample 
frequency was monthly, the exact moment of a given 

Fig. 2  Conceptual summary of 
the main possible drivers caus-
ing a shift between dominant 
species. A A threshold (dashed 
line) in an environmental varia-
ble not exceeded during the last 
days before a shift takes place 
(arrow). B and C Trajectories in 
environmental conditions before 
species shifts; B shows the same 
pathway the days before a shift 
to a species dominance than 
that before its reverse shift; C a 
different pathway before a shift 
to a species dominance than 
that before its reverse shift. D 
Bottom-up positive relation-
ship between the amount of 
resources and the zooplankton 
total biomass (or the biomass of 
one of the dominant species). 
E Top-down control causing a 
cascading negative relationship 
between the fish biomass and 
the zooplankton biomass (or the 
biomass of one of the dominant 
species). F hysteresis, shown 
by differences in environmental 
variables when the state shifts 
between each dominant species
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shift must take place sometime between the days − 30 
and − 1.

2. Pathways of environmental variables before a shift and 
its reverse (Fig. 2B, C): we compared the trajectories of 
the environmental variables during the 120 days before a 
shift with those before the reverse shift. We investigated 
if the recovery of a change in one direction of environ-
mental variables was reversible in the opposite direction 
and through the same pathway (Fig. 2B) or, on the other 
hand (Fig. 2C), the recovery followed a very different 
pathway. We compared the opposite pathways by means 
of generalized additive model (GAM) analyses using 
the daily average of aD%O or temperature as a response 
variable and the number of days before the shift as the 
continuous variable. We performed a Gaussian GAM 
model using a LOESS smoothing with a span of 0.5.

3. Bottom-up or top-down forces (Fig. 2D, E): we per-
formed several linear regressions using the chlorophyll-a 
concentration as explanatory variable and the zooplank-
ton biomass or the biomass of the dominant species as 
response variables (Fig. 2D) to explore if there were 
possible bottom-up effects causing the shifts (McQueen 
et al. 1986). To account for cascading top-down forces 
(Carpenter et al. 1985; McQueen et al. 1986), we used 
fish biomass as explanatory variable (Figure 2E). All 
variables were log-transformed. We also compare the 
biomass of the different trophic levels (chlorophyll-a, 
zooplankton and fish biomass) within periods dominated 
by different species by means of a one-way ANOVA. 
Moreover, thanks to the absence of fish in newly cre-
ated lagoons, immediately after creation, we compare 
the behaviour of the shifts under fish and fishless condi-
tions.

4. Hysteresis (Fig. 2F): we searched for empirical evidence 
of hysteresis in the response to slow increases and subse-
quent decreases in the selected high-frequency environ-
mental variables, temperature and aD%O. If there is full 
hysteresis, values of the environmental variable before 
a shift should be different from the values before the 
reverse one (Scheffer and Carpenter 2003; Suding and 
Hobbs 2009). We compared the values of temperature 
and aD%O on the days close to a shift (15 days) with 
those values of the same variable on the days close to 
the reverse shift. We did the comparison with standard-
ized values of temperature and aD%O (by subtracting 
the mean and dividing by the standard deviation), so that 
we could compare the amount of the possible differences 
between variables. Because our precision in the identifi-
cation of the shift timing was 30 days, to avoid including 
data once the shift had already occurred (which would 
increase the differences between a shift and its reverse), 
we discarded for the comparison the data of the 30 days 

before the shift (days − 30 to − 1), that is, we used the 
data of the days − 45 to − 31.

All the calculations and statistical analyses were per-
formed in R-3.5.3. software (R Development Core Team 
2019).

Results

Detecting shifts

Two different stable situations alternated in zooplankton 
composition in La Pletera lagoons: Brachionus dominated 
in summer and calanoid copepods in winter (Fig. 3A, B). 
Brachionus specimens belonged almost exclusively to B. 
gr. plicatilis. B. urceolaris appeared in only two samples 
and represented less than 2% of total zooplankton biomass. 
Regarding calanoid copepods, from the adults examined, 
87% were Eurytemora velox, but other calanoid species such 
as Acartia clausii and other undetermined Acartia were also 
found. Shifts between calanoid and Brachionus situations 
were sudden and intermediate situations usually did not 
last more than 1 month (Fig. 3A, B). Other zooplankton 
species, such as some ciliates or some rotifers of the genus 
Synchaeta, occasionally achieved dominances > 50%, but 
these events were short-lived, never longer than 2 months. 
Similar zooplankton dominances were found in the different 
water bodies, both in natural and newly created ones (Fig. 
S1). Eight different shifts in FRA lagoon and six in G02 
lagoon were identified during the study period (Table 1), 
with changes in the proportion of the dominant species 
reaching between 70 and close to 100% of the resulting bio-
mass of the dominant species (Table 1). Although the shift 
to Brachionus occurred in spring or summer and the shift 
to calanoids in autumn or winter, the timing of the shift was 
highly variable among years. Some shifts did not coincide 
in time between the two lagoons (Table 1).

During Brachionus situations, temperature was high 
(mean = 25.0 °C; sd = 4.31) and oxygen saturation oscil-
lated strongly (mean % saturation = 63.8; sd = 81.6; mean 
aD%O = 81.3; sd = 37.0), with day values reaching > 200% 
and night values dropping to < 5%. During calanoid situa-
tions, the temperature was lower (mean = 12.7 °C; sd = 5.26) 
and oxygen saturation had lower oscillations usually closer 
to 100% saturation (mean % saturation = 63.2; sd = 48.4; 
mean aD%O = 47.3; sd = 38.2), with fewer periods with 
oxygen saturation close to anoxia (Fig. 3C–F).

Possible causes of shifts

1. Potential thresholds before a shift: Fig. 4 shows the daily 
averages of temperature and aD%O the days before a 
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shift to calanoids or Brachionus took place. Daily 
average temperature never exceeded 19 °C in the last 
20 days, nor exceeded 21.5 °C in the last 40 days, before 
a shift to calanoids. aD%O values were usually lower 
than 60 in the last 40 days before a shift to calanoids, 
indicating average oxygen saturation close to 100%, 
but with some exceptions (15% of the last 40 days with 
daily average aD%O > 60). The 40 days before a shift to 
Brachionus were characterized by temperatures higher 
than 19 °C (except all the days before shift 6 and 4 days 
before shift 8) and aD%O values higher than 80 (except 
22% of the last 40 days with daily average aD%O < 60).

2. Pathways of environmental variables before a shift and 
its reverse: We compared the pathways followed by the 
environmental variables (temperature and aD%O) on the 

days before the shift to calanoids with those followed 
before the reverse shift to Brachionus. Pathways were 
significantly different for both temperature and aD%0 
(Fig. 5, Table 2). Differences in the pathways between 
a shift and its reverse were lower in temperature than in 
aD%O values. Trajectories in temperature were rather 
similar, while trajectories in aD%O before the shift 
to Brachionus were steeper and occurred earlier than 
before the reverse shift to calanoids (Fig. 5).

3. Top-down vs bottom-up forces: We found higher zoo-
plankton biomass and lower chlorophyll-a concentra-
tions in calanoid situations than in Brachionus situations 
(Table 3). Fish biomass was not significantly different. 
Regarding biomass ratios, during calanoid situations, 
there was a lower amount of chlorophyll-a per unit of 

Fig. 3  Relative abundance (biomass units) of calanoid copepods 
(pCAL, blue) and Brachionus (pBRA, red) in monthly samples 
(plots A and B) of two water bodies of La Pletera salt marshes from 
1/10/2014 (day = 1) to 13/06/2018 (day = 1352). Plots C and D, 
10-min frequency variation in temperature; plots E and F, 10-min fre-

quency variation in % of oxygen saturation. Water bodies are FRA 
(plots A, C and E) and G02 (plots B, D and F). Dashed vertical lines 
indicate the shifts to a calanoid dominance (blue lines) or to a Bra-
chionus one (red lines) listed in Table 1
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zooplankton biomass and a higher amount of zooplank-
ton per unit of fish biomass. Regressions between the 
biomass of the different trophic levels were not signifi-
cant, both overall and within situations, with the only 
exception of the overall relationship between zooplank-
ton biomass and chlorophyll-a concentration, which was 
negative, with a very low r2 (Table 4). The same was 
found for the log-ratio between the biomass of calanoids 
and Brachionus.

  Since some of the lagoons were newly created during 
the study period (approximately in day = 500), they did 
not have fish during the first year. When we compared 
the patterns of shifts between calanoid and Brachio-
nus situations, they were similar both under presence 
or absence of fish. The moments and intensity of shifts 
were similar between a new fishless lagoon and a natural 
one with fish during the same year, as well as between 
two different years (the first one fishless, the second with 
fish) in the same newly created lagoon (Fig. 6).

4. Hysteresis: A strong difference between the values of 
temperature and aD%O before a shift and those of the 
same variable before the reverse shift might indicate 
hysteresis (see methods). In this sense, average temper-
ature was 18.1 °C and average aD%O was 53.6 before 
a shift to calanoids. Before a shift to Brachionus, the 
values were 21.2 and 86.9. Differences in temperature 
standardized values were significant (F1, 130 = 68.72, 
p < 0.0001), but with a high overlap in percentiles. Dif-
ferences in aD%O standardized values were also signifi-
cant (F1, 130 = 27.27, p < 0.0001) and with less overlap 
(Fig. 7). The magnitude of the difference in the stand-
ardized average value before both shifts was lower for 
temperature (= 0.50) than for aD%O (= 1.01).

Discussion

The dominances in zooplankton composition in La Pletera 
salt marshes respond differently to changes in temperature 
or oxygen saturation. Our results show a possible thresh-
old in temperature close to 19 °C (daily average), causing 
the shift between the low-temperature calanoid-dominated 
assemblage and the high-temperature Brachionus dominated 
one. Although aD%O values are usually low in calanoid 
situations and high in Brachionus ones (indicating oxygen 
percentages of saturation close to and far from 100%, respec-
tively), aD%O values are highly variable when a shift is 
approaching and we do not identify any threshold in aD%O 
in the immediate days before a shift. Moreover, there is some 
covariation between temperature and oxygen oscillations, 
so that there are not situations with low temperature and 
high oxygen oscillations. This is expected in confined eco-
systems, where there is a lack of external inputs most of the 
year and where internal processes dominate over external 
loadings (Gamito et al. 2005; Glibert et al. 2010). Thus, 
oxygen dynamics depends more on system metabolism, 
which in turn is dependent on temperature (Obrador and 
Pretus 2010, 2012; Bas-Silvestre et al. 2020), rather than on 
physical processes related to surface water inputs, which are 
especially low during confinement conditions (Menció et al. 
2017; Casamitjana et al. 2019).

As described before (Badosa et al. 2006; Cabrera et al. 
2019), Eurytemora velox is the dominant species of calanoid 
assemblages, a species which is close to its southern limit 
of distribution in La Pletera salt marshes (Gaviria and Forró 
2000) and this may explain its high sensitivity to tempera-
ture increases. In the Mediterranean coast of Iberian Penin-
sula, E. velox presence has not been reported in brackish or 
saline marshes further south of Baix Ter wetlands, where 
La Pletera is located. Other calanoids, such as Calanipeda 

Table 1  Identification of the shifts plotted in Fig. 3

The change in proportion observed of the dominant species is also 
listed. Shifts 1–8 belong to FRA water body; shifts 12–17 belong to 
G02. Ten-minute frequency temperature and oxygen data are avail-
able since day 282. “Days” correspond to the number of days after 
1/10/2014 (day = 1), also represented in the x axes of Figs.  3 and 6 
and S1
*The shifts with no coincidence in time in both lagoons are indicated

Lagoon # Shift Date Days Shift to Change in proportion

FRA 1* 20/01/2015 112 CAL 0.16 → 0.93
FRA 2* 19/05/2015 231 BRA 0.02 → 0.82
FRA 3 19/11/2015 415 CAL  < 0.01 → 0.99
FRA 4 13/07/2016 652 BRA 0.29 → 0.99
FRA 5 16/11/2016 778 CAL  < 0.01 → 0.96
FRA 6* 19/04/2017 932 BRA  < 0.01 → 0.70
FRA 7 11/12/2017 1168 CAL 0.37 → 0.82
FRA 8* 13/06/2018 1352 BRA  < 0.01 → 0.97
G02 12* 18/03/2015 169 BRA 0.07 → 0.85
G02 13 19/11/2015 415 CAL  < 0.01 →  > 0.99
G02 14 13/07/2016 652 BRA 0.42 →  > 0.99
G02 15 16/11/2016 778 CAL  < 0.01 → 0.99
G02 16* 17/05/2017 960 BRA 0.02 → 0.95
G02 17 11/12/2017 1168 CAL 0.37 → 0.82
# Shift
1 Increase in CAL proportion up to 0.5 in G02, but starting 

1 month later than FRA and not stable (only 1 month 
long; not considered a shift in G02)

2, 12 Increase in BRA proportion starting in FRA 2 months 
later than in G02

6, 16 Increase in BRA proportion starting in FRA 1 month 
before than in G02

8 Increase in BRA proportion up to 0.5 in G02, but not 
stable (only 1 month long; not considered a shift in G02)
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aquaedulcis dominate in these southern marshes (Comín 
et al. 1987; Anton-Pardo and Armengol 2012, 2014). In 
nearby temporary or semipermanent salt marshes E. velox 
and C. aquaedulcis coexist and alternate as the dominant 
species, with E. velox dominating under conditions of low 
temperatures and C. aquaedulcis under higher ones (Quin-
tana et al. 1998a; Brucet et al. 2005a). Calanoid copepods 
are substituted by other species under conditions of high 
confinement when lagoons are close to desiccation, with 
Brachionus gr. plicatilis being the dominant species under 
more eutrophic conditions (Quintana et al. 2006). Brachio-
nus situations in La Pletera were almost exclusively com-
posed by B. gr. plicatilis, a species widely distributed in 
Mediterranean coastal waters (Miracle et al. 1987; Quintana 
et al. 1998a; Brucet et al. 2005a; Anton-Pardo and Armengol 
2014), with a great tolerance to high temperatures and long 
periods of anoxia (Esparcia et al. 1989).

Fish top-down control has no effect on zooplankton shifts 
in La Pletera salt marshes, since the same shift pattern have 

been observed under fish and fishless conditions. The plank-
tivorous cyprinodont Aphanius iberus is the most abundant 
species in La Pletera, reaching high densities in all the stud-
ied lagoons (Alcaraz and García-Berthou 2007; Badosa et al. 
2007). Although there are some experimental evidences of 
the effect of A. iberus on zooplankton species composition 
using adult females that prefer big zooplankters (Compte 
et al. 2011), smaller fish of this species select smaller zoo-
plankton sizes (Alcaraz and Garcia-Berthou 2007). Thus 
A. iberus may feed on both dominant zooplankton species, 
calanoids and Brachionus. Fish activity in these coastal eco-
systems has been described to have more effect on zooplank-
ton size distribution than on zooplankton species composi-
tion (Badosa et al. 2007; Compte et al. 2012). This influence 
of fish predation on zooplankton size distribution in aquatic 
ecosystems is well known (Brooks and Dodson 1965; Quin-
tana et al 2015). No significant increases in zooplankton 
biomass were found with increasing chlorophyll-a concen-
trations, discarding possible bottom-up effects mediated by 

Fig. 4  Daily averages (from 144 10-min frequency measurements) 
of water temperature and aD%O before a shift to a calanoid situa-
tion (blue plots) or to a Brachionus situation (red plots). Horizontal 
dashed line in temperature plots represents a daily average tempera-
ture of 19 °C, never exceeded the last 20 days before a shift to cala-
noids. The x axis represents the number of days before the shift takes 
place, where 0 represents the moment when the shift has been con-
solidated (change in the dominant species, as described in methods). 

Because the frequency of the zooplankton sampling was monthly, the 
shift must take place during the days within the grey band (30 days 
wide). Each point line represents a different shift. The number of each 
shift as listed in Table 1. We used 120 days before a shift to be sure 
that this period does not include any other anterior shift, since the 
shortest period between two consecutive shifts is always > 120 (see 
Table 1)
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algal biomass. Bottom-up control has been described to be 
relevant in phytoplankton composition (Lopez-Flores et al. 
2006), but our results show that its importance decreases in 
higher trophic levels.

Several methods based on modelling and observation of 
field data have been proposed to detect and anticipate critical 
transitions between stable states, usually related to flickering 
slowing down as a consequence of a reduction in resilience 
when a shift is approaching. Increase in the variance and in 
the autocorrelation in the state variable when approaching 
a tipping point has been used to detect such slowing downs 
(Scheffer et al. 2009; Dakos et al. 2012). The use of differ-
ent independent methods in parallel has been suggested to 
identify alternative attractors, since the different methods 
used have different strengths and weaknesses and none of 
these methods is conclusive to ensure the existence of these 

attractors (Scheffer and Carpenter 2003). We cannot apply in 
our data those methods based on the oscillations of the state 
variable, in our case the zooplankton composition, since 
only monthly samples are available. The fast shift between 
dominant species shows that state oscillations occur at a 
higher frequency than the sampling. Previous studies with 
weekly collected samples show a relatively high turnover 
in zooplankton species (Quintana et al. 1998a; Brucet et al. 
2005a, b), even being a weekly frequency insufficient to 
detect flickering in zooplankton composition. Higher sam-
pling frequencies appear to be unapproachable, unless there 
is some kind of automation of the sampling and counting 
procedure.

Detecting hysteresis is another way to identify alterna-
tions between two ecosystem states (Scheffer and Carpenter 
2003; Dakos et al. 2012). In La Pletera salt marshes, dif-
ferences in temperature and aD%O values before a shift to 
Brachionus are significantly higher than those found before 
the reverse shift to calanoids. Differences in aD%O are two 
times higher than those found in temperature values. This 
suggests the existence of hysteresis, more detectable with 
aD%O values, but also identifiable in temperature values. 
However, we have to take into account that hysteresis may 
fail to identify alternative attractors when the rate of change 
in the control factor is much faster than the response of the 
system (Scheffer and Carpenter 2003). This seems not to 
be the case in the zooplankton of the Pletera, where there 
is a fast turnover in zooplankton species (Quintana et al. 
1998a; Brucet et al. 2005a) and a fast response to restoration 
actions (Cabrera et al. 2019). Differences in trajectories of 
environmental variables before the shift and its reverse are 
compatible with hysteresis. However, differences in turnover 
between species involved may also explain slower or faster 
trajectories of environmental variables before a shift, as is 

Fig. 5  GAM models showing the pathways followed by the daily 
averages of temperature (up) and aD%O (down) the last 120  days 
before a shift to calanoids (blue y scale, line and points) and before 
the reverse shift to Brachionus (red y scale, line and points). Data of 
all the shifts listed in Table 1 are included. As in Fig. 4, the shift must 
take place during the days within the grey band (30 days wide)

Table 2  Results of the GAM models in the daily average of tempera-
ture and aD%O in the last 120 days before a shift to calanoids or to 
Brachionus represented in Fig. 5

The factor shift indicates how many times greater is the value of the 
environmental variable in the shift to calanoids than in the reverse 
shift to Brachionus

Estimate Std. Error t value p

Temperature
 Adjusted R2 0.73
 Intercept 17.5 0.1 119  < 0.001
 Factor (= shift) 3.59 0.2 19  < 0.001
 Smooth term 7.09  < 0.001

aD%O
 Adjusted R2 0.54
 Intercept 53.5 1 54  < 0.001
 Factor (= shift) 13.6 1.3 10  < 0.001
 Smooth term 7.91  < 0.001
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the case of aD%O values (Fig. 5). Brachionus has a faster life 
cycle compared to E. velox (James and Rezeq 1989; Nagaraj 
1988) and this asymmetry may result in different speeds of 
their response to changes in environmental conditions.

Alternative equilibria between two stable states are 
based on positive feedbacks among species involved, where 
dominant species are self-reinforcing by their own activ-
ity (Scheffer et al. 1993; Scheffer and Carpenter 2003) and 
this means an overall negative effect between alternative 
dominant species as is characteristic of typical competitive 

interactions (Smith et al. 1975; Werner and Gilliam 1984). 
This is represented in minimal models as competitive coef-
ficients of negative sign (Scheffer et al. 1993). Asymmetry 
in the behaviour of the ecosystem state before a shift and its 
reverse can also occur, considering asymmetry not only as 
the difference in the intensity of the competitive coefficients, 
but also in the sign of this interaction. In fact, trophic inter-
actions between E. velox and B. gr. plicatilis are not limited 
to competition for resources. Although both species may 
be considered as filter feeding grazers (Pagano and Gaudy 

Table 3  Mean and standard 
deviation (in brackets) of 
the biomass of the different 
trophic levels, and of the log-
ratios between trophic levels, 
in situations dominated by 
calanoid (CAL) and Brachionus 
(BRA)

Results of the ANOVA test comparing both situations are also included. CPUE, fish biomass (g) captured 
per unit effort (see methods). DW, dry weight

CAL BRA F Df p

Chlorophyll-a (µg·L−1) 8.2 (14.1) 48.7 (76.0) 81.32 1, 178  < 0.001
Zooplankton (µgDW·L−1) 251.1 (575.6) 88.3 (181.4) 15.96 1, 178  < 0.001
Fish (CPUE) 3.8 (6.6) 9.3 (18.4) 1.87 1, 67 0.203
log(chlorophyll-a/zooplankton) − 2.3 (2.3) 0.7 (2.8) 63.39 1, 178  < 0.001
log(zooplankton/fish) 3.3 (2.1) 1.0 (2.6) 10.94 1, 47 0.002

Table 4  Top-down 
bottom-up regressions: 
chlorophyll-a, zooplankton 
and fish relationships and their 
differences between calanoid 
(CAL) and Brachionus (BRA) 
situations

All data were in biomass and log transformed before regression. Significant regressions (p < 0.05) in bold

Response variable Explanatory variable Period r2 Slope F Df p

Zooplankton Fish Overall n.s 0.32 1, 52 0.577
CAL n.s 0.36 1, 22 0.557
BRA n.s 0.35 1, 23 0.559

Zooplankton Chlorophyll-a Overall 0.02 − 0.218 5.27 1, 209 0.023
CAL n.s 1.35 1, 101 0.248
BRA n.s 0.05 1, 75 0.827

log (calanoids/Brachionus) Fish Overall n.s 0.008 1, 52 0.931
log (calanoids/Brachionus) Chlorophyll-a Overall 0.26 − 2.344 73.69 1, 209  < 0.001

Fig. 6  Fish biomass (black 
points) compared to the relative 
abundance of calanoid copepods 
(pCAL, blue) and Brachionus 
(pBRA, red) in a newly created 
lagoon (lagoon L01) after its 
creation about day 500. Fish 
biomass (log units) are in CPUE 
(see methods). Dashed vertical 
lines indicate the shifts to a 
calanoid dominance (blue lines) 
or to a Brachionus one (red 
lines) as defined in the methods 
section
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1986; Wallace et al. 2006), the result of the activity of each 
one over the other is different because of their differences 
in size. While B. gr. plicatilis mean and maximal lengths 
measured in our samples are 0.16 and 0.46 mm, E. velox 
adults may reach more than 2 mm (1.26 and 2.27 mm mean 
and maximum observed lengths), thus being E. velox great 
enough to graze on B. gr. plicatilis. Grazing on rotifers by E. 
velox has already been reported (Monakov 1972; Williamson 
1983) as do other calanoid copepods (Brandl 2005; Jagadee-
san et al. 2017; Mzozo et al. 2019). In this context, B. gr. pli-
catilis growth would promote E. velox growth and, thus, the 
self-reinforcing positive feedback would appear only in E. 
velox activity. A double positive effect of prey consumption 
and reduced competition on predators promoting alternative 
stable states has already been described in theoretical frame-
works dealing with intraguild predation (Polis et al. 1989). 
Moreover, given the complex ontogenetic development of 
copepods, size-based intraspecific interactions between 
those different development stages become especially rel-
evant in monospecific calanoid-dominated zooplankton 
assemblages. Calanoids may avoid intraspecific competition 
by niche segregation between different development stages, 
leading to a size-based trophic structure (Polis et al. 1989; 
Ye et al. 2013; Quintana et al. 2015). There are evidences of 
such niche segregation in calanoid-dominating assemblages 

of confined salt marshes (Brucet et al. 2005b, 2008), where 
an increase in size diversity has been described with increas-
ing stability or decreasing food availability (Brucet et al. 
2006; Badosa et al. 2007). On the other hand, cannibalism 
by adults, already described in calanoids (Daan et al. 1988; 
Frank-Gopolos et al. 2017), may limit the development of 
their early stages reducing advantages of intraguild preda-
tion. The long-term stability of calanoid dominances even 
under decreasing water and nutrient inputs, found in con-
fined coastal habitats (Quintana et al. 1998b; Brucet et al. 
2006), suggest that direct negative effects of cannibalism, if 
present, should be less important than the indirect positive 
effects of adults grazing on rotifers or the positive effects 
of decreasing intraspecific competition between different 
development stages, thanks to a size-based trophic niche 
partitioning.

Regime shifts are driven by multiple causes, including 
trade-offs in trophic interactions and external environmen-
tal forces (Scheffer and Carpenter 2003). Understanding 
their patterns may help not only to predict abrupt shifts 
to long-term different regimes, but also to detect alterna-
tive attractors of seasonal changes, which are recurrent in 
plankton communities (Margalef 1978; Glibert 2016; Ken-
itz et al. 2017). Environmental constrictions such as those 
found in brackish and saline habitats may lead to species-
poor, but high functioning and structured communities 
(Brucet et al. 2006, 2010; Boix et al. 2008; Horváth et al. 
2014). In such species-poor communities, the particular 
biological traits of species involved become more relevant 
to understand changes in system state. In monospecific 
assemblages, intraspecific competition becomes especially 
relevant and reinforces size-based interactions between the 
different stages of the dominant species (Polis et al. 1989; 
Ye et al. 2013; Quintana et al. 2015). This is the case of 
La Pletera where trophic interactions affecting seasonal 
shifts seem to be limited to the relationships between two 
species. In this sense, the possible sensitivity of E. velox 
to an increase in temperature arises as a determinant factor 
in alternations of zooplankton dominances and might be 
relevant in possible future changes mediated by climate 
change. An increase in the temperature might shorten the 
duration of E. velox dominance, favouring Brachionus. But 
it also might favour the appearance of other calanoid spe-
cies more adapted to high temperatures, such as C. aquae-
dulcis, which is abundant in nearby salt marshes and which 
could reduce substantially the duration of the Brachionus 
situation. With the appearance of C. aquaedulcis, alterna-
tions between stable states would be between dominant 
species similar in size. In this case, probably changes in 
trophic state and in oxygen concentrations would become 
more relevant in zooplankton shifts and the system would 
reflect more symmetric critical transitions among stable 
states.

Fig. 7  Comparison of the temperature and aD%O values in a 15 days 
window before a shift to Brachionus (BRA) and before the reverse 
shift to calanoids (CAL). Temperature and aD%O data were standard-
ized to facilitate the comparison. To be sure that we do not include 
data once the shift has already occurred, we discarded for the com-
parison the data of the last 30 days before the shift (see methods)
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