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ABSTRACT

How do zooplankton respond to coastal wetland restoration? The case of newly created salt marsh lagoons in La
Pletera (NE Catalonia)

We analysed the changes in the zooplankton composition in several new and old lagoons in La Pletera, a confined Mediterrane-
an coastal salt marsh located in the Baix Ter wetlands (NE Iberian Peninsula) that was subjected to a restoration project (Life
Pletera). We sampled the zooplankton from three new lagoons immediately after their creation (1 and 2 months after), and we
compared the zooplankton with those of three existing lagoons, two natural lagoons and one lagoon created fourteen years ago
in a previous restoration project. The sampling included seven months before the first hydrological connection to the surface
waters, when flooding during a sea storm connected the new lagoons with the existing lagoons for the first time, and seven
months after. The results showed that the nutrient and organic matter concentrations were lower in the new lagoons than in the
old lagoons, suggesting accumulation processes in these ecosystems, which were probably related to the long periods of
confinement that typically follow flooding events in this type of lagoons. However, we did not find significant differences in
the zooplankton community between the old and new lagoons. The seasonal variation in the zooplankton communities was
strongly affected by the seasonal hydrological flooding — confinement pattern, which did not differ between the old and new
lagoons. Calanoid copepods, mainly Eurytemora velox, dominated during winter, while the rotifer Brachionus plicatilis
dominated in summer, coinciding with the highest degree of confinement. The environmental variables and the hydric connec-
tion explained 31 % of the zooplankton variability. The high connectivity of the system once it flooded aided dispersal, the
hatching of the egg banks existing in the restored lagoons and the fast response of the zooplankton species to changes in the
environmental conditions (although with some degree of delay) might explain the lack of significant differences between the
zooplankton composition in the old and new lagoons.
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RESUMEN

¢ Como responde el zooplancton a la restauracion de un humedal costero? El caso de las lagunas recientemente creadas
en la marisma de La Pletera (NE Cataluiia)

Se analizaron los cambios en la composicion del zooplancton en algunas lagunas de nueva creacion y ya existentes de La
Pletera, una marisma confinada en la costa del Mediterraneo, localizada en los humedales del Baix Ter (NE Peninsula
Ibérica) y sujeta a un proyecto de restauracion Life (Life Pletera). Se muestreo el zooplancton de tres nuevas lagunas inmedia-
tamente después de su creacion (1 o 2 meses después) y se comparo con el de tres ya existentes; dos lagunas naturales y una
creada catorce afios antes en un proyecto de restauracion previo. Los muestreos incluyeron siete meses antes de la primera
conexion hidrica superficial, cuando el proceso de inundacion durante los temporales de mar conecto por primera vez las
nuevas lagunas con las ya existentes, y los siete meses posteriores. Los resultados mostraron que la concentracion de nutrien-
tes y materia orgdnica fue mas baja en las nuevas lagunas que en las viejas, sugiriendo un proceso de acumulacion en estos
ecosistemas, probablemente relacionada con los largos periodos de confinamiento que normalmente siguen a los eventos de
inundacion en este tipo de lagunas. Por otro lado, no se encontro diferencias significativas en la comunidad zooplanctonica
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entre lagunas viejas y nuevas. El patron temporal del zooplancton estuvo fuertemente afectado por el patron temporal hidrolo-
gico de inundacion-confinamiento, el cual no difiere entre lagunas viejas y nuevas. Los copépodos calanoides, principalmente
Eurytemora velox, dominaron durante el invierno, mientras que el rotifero Brachionus plicatilis dominoé en verano coincidien-
do con el mayor grado de confinamiento. Las variables ambientales y la conexion hidrica explican un 31 % de la variabilidad
del zooplancton. La elevada facilidad de dispersion entre lagunas ubicadas muy cerca y facilmente conectadas durante los
eventos de inundacion, la eclosion del banco de huevos existente en las lagunas restauradas y la respuesta rapida de las
especies zooplanctonicas a los cambios en las condiciones ambientales (aunque con algun grado de retraso), podria explicar
la falta de diferencias significativas entre la composicion del zooplancton en las lagunas viejas y nuevas.

Palabras clave: zooplancton, lagunas costeras, inundacion-confinamiento, restauracion, dispersion alta, banco de huevos

INTRODUCTION

Coastal lagoons are ecosystems that suffer differ-
ent kinds of anthropogenic threats (e.g., Miracle
et al., 1984, Carrillo et al., 1987; Comin et al.,
1987; Vicente & Miracle, 1992; Pérez-Ruzafa &
Marcos, 2005; Romo et al., 2005). They occupy
approximately 13 % of the coastal areas in the
world (Kjerfve, 1994) and are surrounded by
strongly populated areas since approximately 40
% of human populations live within 100
kilometres of a coast (Small & Nicholls, 2003;
Neumann et al., 2015). Coastal lagoons have an
important ecological role as habitats for numer-
ous species, highly productive areas and ecosys-
tem services providers of important value to
societies (Anthony et al., 2009; Newton et al.,
2018). For this reason, some approaches try to
overcome the challenge of integrating the man-
agement of coastal lagoons in the framework of
global change while taking into account their
vulnerabilities and potentialities (Lillebg et al.,
2015; Vallejo, 1982; Anthony et al., 2009). In this
context, the European Union considers coastal
lagoons as a priority habitat type in its Habitats
Directive (Directive 92/43/EEC) and includes
several coastal lagoons in the Natura 2000
Network. Both directives seek to conserve biodi-
versity and habitats in natural ecosystems, with
the main goal of restoring the ecological func-
tionality of these systems and preserving their
species richness (CCE, 1992; General Direction
of Environment European Commission, 2017).
Regarding the Mediterranean coastal area, urban
and tourism development during the last decades
of the 20th century have caused the disappearance
or degradation of most of their coastal aquatic
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ecosystems. Thus, the restoration and recovery of
the ecosystem services of these habitats are prior-
ities in EU habitat management, which is why
several Mediterranean coastal lagoons have bene-
fited from financial assistance for restoration
purposes, such as the Life Nature projects (Quin-
tana et al., 2018).

Frequently, restoration projects mostly focus
on eutrophication control or on keeping a perma-
nent clear water phase to improve water quality
(Scheffer et al, 1993). The restoration of an
aquatic habitat can be a difficult process since the
main ecological restoration goal to enable the
functioning of all ecological processes in the
restored system is not always fulfilled (Hobbs &
Harris, 2001). Possible causes of unsuccessful
restoration may be a lack of understanding about
the integrated ecological functioning of the
ecosystem being restored or difficulties in disper-
sion and colonization by organisms. Evaluating
the success of wetland restoration is often based
on comparisons without available reference sites,
previous studies or paleolimnological studies
(Drake & Naiman, 2000; Anton-Pardo et al.,
2013). This is often why the basic restoration of
ecological functions or just the recovery of an
aquatic system are not achieved. Some studies
have suggested that structural and functional
restoration could be achieved in the medium term
(decades), but some characteristics such as plant
assemblages or biogeochemical functioning could
take longer amounts of time (centuries) or stabi-
lize in an alternative state to the natural or refer-
ence conditions (Moreno-Mateos ef al., 2012 and
2015; Murcia et al., 2014). Although the manage-
ment of restored habitats requires looking forward
for this kind of long-term response to recovery,
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the need to wait for decades to assess the success
(or failure) of a restoration seems ineffective.
Thus, faster indicators that might reveal expected
(or unexpected) behaviours of restored habitats
immediately after restoration are needed.

Zooplankton assemblages respond rapidly to
variations in environmental factors such as those
caused by hydrological instability in Mediterra-
nean coastal ecosystems (Quintana et al., 1998a,
1998b; Brucet et al., 2005; Badosa et al., 2006;
Olmo et al., 2016). However, other factors or
processes such as dispersal ability or priority
effects also affect the colonization dynamics and,
consequently, the zooplankton composition of
restored wetlands (Bilton et al., 2001; Cohen &
Shurin, 2003; Ortells et al., 2012; Antén-Pardo et
al., 2016). These assemblages are dominated by
passive dispersers that are characterized by a high
dispersal ability by wind or bird transport (but see
Incagnone et al., 2015); thus, they rapidly colo-
nize new water bodies (Louette & De Meester,
2005; Frisch et al., 2006; Olmo et al., 2012;
Audet et al., 2013). In addition, egg banks can
remain viable for decades or longer, but under the
right environmental conditions, diapausing eggs
can develop rapidly and conform to the zooplank-
ton community together with new settlers (Bren-
donck & De Meester, 2003). Therefore, the
analysis of zooplankton composition could be
useful to observe the effects of restoration in the
short term, and dispersal along with egg bank
establishment may be an effective method for
species colonization in the restoration and recov-
ery of ancient existing aquatic habitats.

We analysed the zooplankton composition in
a recently restored Mediterranean coastal ecosys-
tem, La Pletera, where new lagoons were created.
La Pletera is a salt marsh affected by incomplete
buildings intended for a residential estate in the
late 1980s. A Life Nature project (Life Pletera,
LIFE 13 NAT/ES/001001) has been recently
developed with the aim of recovering the ecologi-
cal functioning of the salt marsh by dismantling
the unused urban features (breakwaters, prome-
nade, accesses, and piles of debris) built during
the construction process in the 1980s. Our aim
was to compare the zooplankton community
composition between the old existing lagoons and
the newly created lagoons. Given the rapid

dispersion of zooplankton communities and the
possibility of a remaining egg bank, we hypothe-
size a similar zooplankton composition between
the old and new lagoons.

METHODS
Study area

The study area is located in La Pletera, a Salicor-
nia-dominated Mediterranean salt marsh area
located in the Baix Ter Wetlands in the northeast-
ern region of the Iberian Peninsula (Fig. 1). It is
located between the urban centre of I'Estartit
(Torroella de Montgri, Girona) and the mouth of
the River Ter. The site is one of the few marsh
areas left on the Catalan coast, located immedi-
ately behind a foredune. This area presents a
typical Mediterranean hydrological regime, and it
is affected mainly by the presence of the sea.
Water intrusions in the lagoons or flooding
periods come from sudden sea storms, intense
rainfall and groundwater flows. On the other
hand, there are other long periods or confinement
periods without surface water inputs, especially
in summer and winter when the lagoons can even
become dry (Lopez-Flores et al., 2006; Badosa et
al., 2006; Mencio et al., 2017).

In 1987, partial urbanization modified the
landscape of the zone, leading to the disappear-
ance of some water bodies and the loss of the
hydric connection (HC) among the remaining
water bodies (Badosa et al., 2006; Quintana et
al., 2009). Later, due to changes in urban classi-
fication promoted by the Council of Torroella de
Montgri, La Pletera was designated as a natural
area and protected from building. Currently, the
whole marsh of La Pletera is a natural park and is
included in the Nature 2000 network (Quintana et
al., 2009 and 2018). In the framework of a LIFE
Restoration project (LIFE99NAT/E/006386),
some new lagoons were built in 2002 that
mainly sought to improve the populations of
Iberian toothcarp (Aphanius iberus), an endemic
fish of the Iberian Peninsula that is in danger of
extinction (Doadrio et al., 2011), by means of
the creation of new lagoons that would increase
the number of habitat refuges for the endangered
fish. These new lagoons joined the existing
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lagoons: Bassa del Pi and Bassa del Fra Ramon. In  ing the ecological functioning of the marshes
2014, a second LIFE project began in the zone, = (www.lifepletera.com). The infrastructures built
project “LIFE-Pletera” (LIFE13NAT/ES/001001),  during an old and unfinished urban process, such
with the objective, among others, of recover- as breakwaters, promenades, accesses and accu-
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3°1M114'E 3°11'27"E 3°11'40"E

Figure 1. Map of the study site with the location of the six lagoons studied within La Pletera salt marshes. Mapa del darea de estudio
con la ubicacion de las seis lagunas estudiadas dentro de la marisma de La Pletera.
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mulated debris, were removed and substituted by
a set of new coastal water bodies. Limnological
monitoring was carried out in the existing
lagoons and in the new lagoons when they were
created with the aim of comparing the different
physical, chemical, hydrological and biological
components.

Field sampling and laboratory analyses

Six lagoons were sampled: three were designated
as "old" lagoons: Bassa del Pi (BPI), Fra Ramon
(FRA), which are both natural lagoons, and
Pletera Nova (G02), which was created in 2002.
The other three were new lagoons that were creat-
ed in 2016 1 and 2 months before the sampling
started; these lagoons were dredged until reach-
ing an elevation below sea level and were natural-
ly filled with infiltration from the subsurface
water from the saltmarshes: L04, LO1 and MO03
(Fig. 1). For details on the water circulation, see
Menci6 et al. (2017).

Sampling was conducted monthly, covering an

Table 1.
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annual cycle starting in April 2016 through May
2017. The sampling covered a dry period (summer
2016), when the water level was at its minimum,
and a flooding period (between autumn 2016 and
spring 2017). During sea storm events, when the
water level is highest, all water masses become
connected, allowing displacement through the
whole marsh. The hydric connections among the
entire marsh (between the old and new lagoons)
occurs when the water level increases to 1 metre
above sea level (Pascual & Martinoy, 2017).
Thus, at this water level, dispersal via the water by
organisms among the lagoons is feasible. After the
creation of the new lagoons in April 2016, the
water level in the marsh achieved a level of 1 m
a.s.l. for the first time in October 2016.

A few days later, the water level decreased,
and the different lagoons remained isolated again
(Pascual & Martinoy, 2017). Thus, we can divide
our study time into two periods: before and after
hydric connection. In terms of organisms’ disper-
sal ability, these two periods differ in the fact that
during the first period, any organism propagule

Mean values and standard deviation (in brackets) of the environmental variables measured during the study period in the

different lagoons aDO, deviation from 100% oxygen saturation. Valores medios y desviacion estandar (en paréntesis) de las variables
ambientales medidas durante el periodo de estudio en las diferentes lagunas aDO, desviacion del 100 % de saturacion de oxigeno.

Variable Lagoons

old New

BPI FRA G02 Lo4 Lo1 MO03
Conductivity (mS/cm) ~ 74.8 (+54.7)  63.2 (+18.5) 449 (+18.6) 36.2 (+13.6) 28.4 (#8.9)  54.5 (+28.5)
pH 8.4 (0.3) 8.5 (+0.2) 8.6 (0.3) 8.7 (0.3) 8.6 (£0.3) 8.8 (+0.5)
Temperature (°C) 16.7 (6.5) 17.5 (¥6.2) 16.7 (+6.4) 16.7 (6.2) 16.8 (6.2) 17.7 (¢6.8)
aDO 40.8 (+30.5) 48.1 (%35.2) 39.4 (#51.7) 9.3 (+10.3) 149 (¥21.9) 30.2 (+50.1)
NHj (mg/L) 1.9 (3.8) 0.3 (x0.3) 0.3 (£0.5) 0.2 (+0.4) 0.2 (+0.3) 0.1 (+0.1)
NO3 (mg/L) 0.005 (+0.005)  0.004 (+0.001)  0.004 (+0.001)  0.006 (+0.009)  0.004 (+0.0) 0.004 (+0.0)
NO3 (mg/L) 0.05 (+0.1) 0.02 (+0.0) 0.02 (+0.0) 0.03 (+0.006)  0.02 (0.0) 0.02 (+0.0)
PO;3 (mg/L) 0.1 (x0.1) 0.06 (+0.05) 0.03 (+0.04) 0.009 (+0.01) 0.02 (+0.03)  0.01 (+0.01)
TP (mg P/L) 0.3 (+0.3) 0.3 (%0.2) 0.2 (+0.2) 0.1 (+0.03) 0.1 (+0.03) 0.2 (+0.1)
TOC (mg C/L) 103.2 (+64.3) 40.1 (+18.3) 37.0 (+18.8) 30.3  (#11.8) 39.1 (#¥22.2) 35.2 (*12.6)
TIC (mg C/L) 87.6 (+24.6) 51.2 (+8.9) 58.8 (+14.5) 57.5 (#13.1) 64.1 (+¥24.2) 57.0 (+19.8)
Water level (cma.s.l)  35.2 (+30.9) 29.9 (+23.4)  33.1 (+20.6) 34.7 (#21.1) 356 (+20.7) 385 (+35.6)
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could not reach the new lagoons from the old
lagoons via the water.

Water samples were taken to integrate, as
much as possible, the entire lagoon. The samples
were taken on the surface or up to a maximum
depth of 50 cm. The temperature, electrical
conductivity (EC25), pH and dissolved oxygen
were taken in situ using a Hach HQ30d portable
multiparameter probe. The water level (WL) was
measured as the height in cm above or below the
average sea level by means of levels installed in
the lagoons. The average sea level was obtained
from the Meteorological Station of L’Estartit and
refers to the average sea level from 1990 - 1995
(Pascual & Martinoy, 2017). A total of 125 ml of
unfiltered sample was collected to analyse the
total nutrients: total nitrogen (TN), total phos-
phorus (TP), total organic carbon (TOC) and
total inorganic carbon (TIC). The water filtered
by Whatman GFF filters was collected to analyse
the dissolved nutrients: ammonium (NHz"),
nitrate (NO3), nitrite (NO3), soluble reactive
phosphate (PO4-3), dissolved organic carbon
(DOC) and dissolved inorganic carbon (DIC).
The concentration of organic nitrogen and phos-
phorus were obtained by subtracting the inorgan-
ic forms from the total samples were frozen until
analysis. These analyses were carried out follow-
ing standard methods (APHA, 1992).

The zooplankton samples were obtained after
in situ filtration of 5 L of water through a 50 um
net fixed in 4 % formalin. To identify, count and
measure the zooplankton taxa, an inverted micro-
scope was used. All the calculations, plots and
statistical analyses in this work were performed
with these 50 pm samples. The organisms in
these samples were identified at the lowest taxo-
nomical level possible without specimen manipu-
lation. Thus, most of the taxa were not distin-
guished at the species level in the statistical
analyses. The copepods were distinguished as
calanoids, cyclopoids and harpacticoids as well
as by their stages (nauplii, copepodites and
adults). For each taxon, 25 individuals were
measured to estimate the organisms’ body size
and biomas, measured in dry weight (DW). Crus-
tacean biomass has been estimated from the
allometric relationship between weight and body
length, and using pre-established equations. The
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rotifer and ciliate biomass was calculated by
converting the volume into a dry weight (Rut-
tner-Kolisko, 1977; Malley et al., 1989; Putt &
Stoecker, 1989). The zooplankton in these
ecosystems are normally dominated by few
species of copepod that represent most of the
biomass present in the lagoons (Quintana et al.,
1998b; Brucet et al., 2005). To corroborate this
pattern and determine which copepod species
were present, additional seasonal samples were
collected. In these samples, high concentrations
of adult copepods were captured, which allowed
us to identify the copepods at the species level.
This additional sample was collected using a 20
cm-diameter dipnet (mesh size: 250 pum) and 20
sweeps (a push half a metre long) in different
habitats of the lagoon. In each sample, 24 speci-
mens of each copepods group were determined at
the species level.

Data analysis

To analyse the differences among lagoons in their
water composition, a PCA analysis was
performed. All the environmental variables
except pH were log transformed. The oxygen
concentration was determined by how far it was
from 100 % saturation and the absolute [%] devi-
ation from saturation was measured [aDO =
abs|100-%0|], as proposed by Vollenweider et al.
(1998), and this value was used in the PCA (aDO)
instead of the rough oxygen concentration. The
season, age of the lagoons (old or new) and the
hydric connection (before and after) were added
as categorical variables to determine the differ-
ences among them. To check the significance of
the results, a between-group analysis coupled
with the multivariate analysis (the dudi.pca func-
tion in R studio), and the calculation of the inertia
for each zooplankton group (the dudi.coa func-
tion in R studio) was performed.

To determine differences in the zooplankton
composition among the lagoons, non-parametric
multi-dimensional  scaling (NMDS) was
performed using the biomass of the different
identified zooplankton taxa. The adult and
copepodite stages of the calanoids, cyclopoids or
harpacticoids were grouped, differentiating them
from the nauplii stages. The Bray-Curtis similar-



Zooplankton response to restoration

727

Table 2. List of zooplankton taxa found in La Pletera salt marshes and their mean densities, with the standard deviation (in brackets)
for each lagoon (ug DW/L). Brachionus quadridentatus, Ciliophora and Colurella sp. were not included in the statistical analyses. The
taxa codes are in brackets. Listado de taxones de zooplancton encontrados en la marisma de La Pletera y sus densidades medias con
la desviacion estandar (entre paréntesis) para cada laguna (ug DW/L). Brachionus quadridentatus, Ciliophora y Colurella sp. no
fueron incluidos en los andlisis estadisticos. Entre paréntesis, codigo de los taxones.

Taxa Lagoons
old New
BPI FRA G02 LO4 LO1 MO03
Copepoda
Calanoida (adults and copepodites) 1772.3 340.1 5703.7 216.5 288.8 297.9
(A_C_CAL) (+3482.0) (+863.7)  (+19445.6) (+753.6) (+814.7) (£762.6)
Cyclopoida (adults and copepodites) 0.5 0.8 0.5 0.2 0.4 1.6
(A_C_cYC) (£1.2) (£2.5) (£1.7) (+0.5) (+0.8) (£3.6)
Harpacticoida (adults and copepodites) 0.2 4.0 6.4 0.1 0.2 0.5
(A_C_HAR) (£0.9) (£13.1) (£17.9) (+0.1) (£0.6) (£1.2)
Calanoida (nauplii) 41.8 302.0 78.7 76.1 54.6 55.7
(N_CAL) (+80.1) (+983.5) (+184.8) (+280.9) (+185.1) (¥191.4)
Cyclopoida (nauplii) 1.0 1.8 3.1 2.0 0.7 1.1
(N_CYC) (£1.7) (+4.6) (£6.4) (+6.4) (+0.8) (£2.0)
Harpacticoida (nauplii) 0.003 0.03 0.005 0.005 0.002 )
(N_HAR) (+0.01) (+0.08) (+0.01) (+0.01) (£0.004)
Rotifera
Asplanchna sp. (ASP_SP) L5 - - - - -
P P ASE (#5.5)
. C 4428.3 344.0 104.9 26.9 53.2 566.9
Brachionus plicatilis (BRA_PLI) (+13963.2)  (+1233.7) (+219.9) (£92.4) (+125.9)  (+2004.6)
. . 0.004
Brachionus quadridentatus (BRA_QUA) - - (£0.01) - - -
0.0003
Colurella sp. (CLR_SP) - - (£0.001) - - -
0.2 0.0002 1.0 0.8 1.8
Synchaeta sp. (SYN_SP) (#0.6)  (£0.0006) (#3.6) (2.9) (46.8) -
. 0.1 0.0006
Testudinella clypeata (TES_CLY) - - (£0.4) - (£0.002) -
Protozoa
- 0.006
Ciliophora (CIL_SP) - (£0.02) - - - -

ity coefficient was calculated as the resemblance
measure. The zooplankton data were trans-
formed using the Hellinger transformation (Leg-
endre & Gallagher, 2001). To detect possible
associations between the patterns of species
composition and the environmental variables, we
used the ‘envfit’ function in the ‘vegan’ package
in R, and statistical significance was evaluated
by 999 random permutations. Finally, we also
made a variance partitioning to determine the

relative influence of the environmental variables
(only including variables significantly related to
zooplankton that were identified using a forward
selection procedure), lagoon age and hydric
connection on the zooplankton composition
using zooplankton composition as a response
matrix and the other variables as predictor matri-
ces (Borcard et al., 1992; Legendre & Legendre,
1998). We use the vegan package (Oksanen et
al., 2009) of the R language (R development

Limnetica, 38(2): 721-741 (2019)
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Core Team, 2008). All the calculations and
statistical analyses were performed with R
Studio 3.4.0 for Windows.

RESULTS
Environmental variables

The data measured in situ showed that there
were no differences in water level between the
old and new lagoons, with high variability and
marked temporal patterns in each lagoon (Fig.
2a). The maximum increase started in October
2016, coinciding with the beginning of the
flooding period, which was the first time the
newly created lagoons connected with the exist-
ing lagoons (see methods). The conductivity
was higher in the old lagoons until October
2016, when lagoons were connected (Fig. 2b).
After that time, the conductivity values were
similar in all the lagoons. The conductivity
increased in the dry seasons, sometimes reach-
ing or exceeding the seawater conductivity in
the old lagoons, especially in Bassa Pi (BPI)
and Fra Ramon (FRA), with maximum values
of 193.5 mS/cm and 91.5 mS/cm, respectively.
In the flooding period, the conductivity tended
to decrease, with the lowest conductivity values
reached in February (12.84 mS/cm in BPI and
18.82 mS/cm in LO1). Table 1 summarizes the
main environmental variables and their varia-
bility in the old (BPI, FRA and G02) and new
lagoons (L04, LO1 and M03).

The first two axes of the PCA analysis, which
include the environmental variables, accounted
for 48 % of the total variance (Fig. 3a). The first
PCA axis (32 %) correlated negatively with
water level and positively with conductivity,
temperature and aDO. This means that this axis
was related to the hydrological regime (flooding
— confinement). The second axis (16 %) was
related to the inorganic forms of N and C. It was
positively correlated with NO3, NO; and DIC
and negatively correlated with pH and particu-
late carbon (PIC and POC). The sample posi-
tions in the PCA plot differed (between-group
analyses: p < 0.001) before and after the hydric
connection (Fig. 3b). The samples taken before
the hydric connection were more related to
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confinement and to higher organic nutrient
content (higher PCA1 and PCA2 values), while
the samples taken after the hydric connection
were more related to flooding and to higher
concentrations of inorganic nitrogen (lower
PCA1 and PCA2 values). The sample positions
in the PCA plot also differed (between-group
analyses: p < 0.001) between the old and new
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Figure 2. (a) Changes in the average water level (cm above or
below sea level) of the studied lagoons (old and new) during the
hydrological cycle 2016-2017. HC indicates the hydric connec-
tion for the first time. (b) Changes in conductivity (mS/cm) in
the same lagoons (old and new) during the same period. (a)
Cambios en el promedio del nivel de agua (cm por encima o
debajo del nivel del mar) de las lagunas de estudio (viejas y
nuevas), durante el ciclo hidrologico 2016-2017. HC indica la
conexion hidrica por primera vez. (b) Cambios en la conductivi-
dad (mS/cm) en las mismas lagunas (viejas y nuevas), durante el
mismo periodo.
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lagoons, with higher PCA1 values in the old
lagoons (Fig. 3c). The samples clustered by
season showed significant differences, separat-
ing the samples from the dry periods (summer
2016) from those from the flooding season
(autumn 2016 and winter 2016) (p < 0.001, in
both cases). The springs (2016 and 2017) com-
pared to winter also showed a significant differ-
ence (p < 0.001, in both cases). However, there
was an interannual difference between spring
2016 and 2017 (p < 0.05) (Fig. 3d).
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Zooplankton community structure and com-
position

Thirteen zooplankton taxa were identified in the
samples (Table 2); three of these taxa were
removed from the statistical analyses due to their
low presence and abundance (those that appear in
only one sample and with abundance below 1.0
ugDW/L):  Colurella sp, Ciliophora and
Brachionus quadridentatus. The copepods were
dominated by Eurytemora velox in the calanoid
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Figure 3. (a) PCA ordination diagram showing the distribution of the samples in relation to the environmental variables in the space
represented by the first two axes. PCA polygons: (b) hydric connection [HC], (c) age and (d) season. (a) Diagrama de ordenacion PCA
con la distribucion de las muestras en relacion con las variables ambientales representados en el espacio de los dos ejes principales.
Poligonos PCA: (b) Conexion Hidrica [HC], (c) Edad y (d) Estacion.
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Figure 4. Relative abundance (in %) of the zooplankton species during the study period from 2016-2017 in the six lagoons. Total
zooplankton abundance (ug DW/L) is shown by the solid line on the right axis of the plot. Abundancia relativa (en %) de las especies
de zooplancton durante el periodo de estudio 2016-2017 en las seis lagunas. La abundancia total del zooplancton (ug DW/L) se

muestra en linea gruesa en el eje derecho del grifico.

adults (87 % of the individuals examined), Hali-
cyclops rotundipes in the cyclopoids (86 %) and
Cletocamptus confluens in the harpacticoids
(more than 66 %). The most represented taxa
were calanoid adults and copepodites, with the
highest average density of 5700 png DW/L corre-
sponding to G02, and Brachionus plicatilis, with
the highest average density of 4420 pg DW/L
corresponding to BPI (Table 2). These two groups
marked the temporal pattern in species composi-
tion. The calanoids dominated the community in
the flooding period (up to 80 % of the total
zooplankton biomass), while B. plicatilis domi-
nated in the dry period (up to 85 % biomass) (Fig.
4). April 2017 was the only month when there
was no clear dominance, but this time point
divides the organisms’ density by a similar
percentage (approximately 45 %). In March
2017, the zooplankton biomass peaked, reaching
a maximum of 89 200 ug DW/L, followed by a
strong decrease and return to the average abun-
dance values (3040 pg DW/L) (Fig. 4). The
calanoid nauplii had a lower density than the
previous two taxa, reaching a mean density of
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330 pg DW/L in FRA. Their maximum densities
coincided with the dominance of the calanoid
adult stages (from November 2016 to April 2017)
(Fig. 4).

The results showed differences among the
lagoons in total zooplankton biomass. The old
lagoons had a higher density, with a maximum
value of 59 200 ug DW/L, while the new lagoons
reached the density maximum value of 7300 pg
DW/L (Fig. 5a). Lagoons BPI and GO02 reached
the highest densities (81 100 and 82 600 ng
DW/L, respectively), but their compositions were
different. In G02, calanoids dominated the com-
munity, reaching 96.7 %, while in BPI, these
organisms represented 28.4% of the zooplankton
community, with 70.9 % dominated by B.
plicatilis (Fig. 5b). The other lagoons had a simi-
lar total biomass, although in order of density,
FRA reached 13 900 pg DW/L with a similar
proportion represented by calanoids (adults and
copepodites), the rotifer B. plicatilis and the
calanoid nauplii (Fig. 5). Within the new lagoons,
MO03 had a total zooplankton biomass of 12 000
ug DW/L, with a higher percentage of B.
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Figure 5. (a) Total biomass (ug DW/L) of the zooplankton composition in each lagoon [average of all months]. (b) Relative biomass
percentage of the different zooplankton groups in each lagoon [average of all months]. (a) Biomasa total (ug DW/L) del zooplancton
en cada laguna [promedio de todos los meses]. (b) Porcentaje de biomasa relativo de los diferentes grupos zooplanctonicos en cada

laguna [promedio de todos los meses].

plicatilis (61.37 %) than calanoids (32.25 %). The
other two new lagoons, L04 and L01, had similar
total zooplankton densities (4520 and 5600 pg
DW/L, respectively) and the same composition,
with a dominance by calanoids (Fig. 5b).

The NMDS analysis results including the
zooplankton taxa are listed in Table 2 and
summarized in Fig. 6, showing a similar pattern
to the one observed for the environmental varia-
bles (PCA results). The significant variables were
the water level (in the lowest coordinates) (p <
0.001), which represented the flooding period
dominated by the calanoids (all stages) and the
rotifers Testudinella sp., Asplanchna sp. and
Synchaeta sp. On the other hand, the samples
with the highest coordinates were collected
during the dry period when the conductivity (p <
0.001) and temperature (p < 0.01) were highest.
Coinciding with the maximum values of aDO (p
<0.01), NH4* (p <0.001), SRP (p <0.01) and the
organic nutrients such as organic phosphorus (p <
0.001), organic nitrogen (p < 0.05) and DOC (p <
0.001), B. plicatilis dominated the community
and had fewer cyclopoids and harpacticoids
(adults and copepodites stages) (Fig. 6a).

Contrary to the results obtained in the PCA
with the environmental variables, there were no

significant differences in the zooplankton species
composition. The sample positions in the NMDS
results were not significantly different for the
hydric connection (before and after) or the lagoon
age (old and new lagoons) (Fig. 6b and 6¢). Fig. 6b
shows a strong overlap of the samples before and
after the hydric connection, with the before-con-
nection polygon surface including all the data of
the after-connection polygon. The same situation
occurred for the lagoon age, where the old lagoons
overlapped the new lagoons (Fig. 6¢). The seasons
showed a certain degree of overlap among them,
although the Monte Carlo test showed that there
were some significant differences between winter
and summer (flooding and dry period) (p < 0.001)
(Fig. 6d). Summer and autumn also showed differ-
ences (p < 0.01), and winter presented differences
with spring 2016 (p < 0.001) and spring 2017 (p <
0.001). Finally, the NMDS polygon results did not
show a significant difference between the spring
2016 samples and spring 2017 samples, which
differed from the result regarding the environmen-
tal variables (Fig. 5d).

The variance partitioning analysis showed
that unique environmental variables explained
16 % of the variance in the zooplankton compo-
sition (p < 0.001). The environmental variables
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sharing effects with the hydric connection
explained 31%. The unique effects of lagoon age
and hydric connection had no significant contri-
bution to the variability in the zooplankton com-
position. Finally, 53 % of the variance remained
unexplained.

DISCUSSION
The zooplankton composition in La Pletera is
dominated by euryhaline species that are adapted

to the high salinity fluctuations that characterize
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these ecosystems, which is similar to that found
in other Mediterranean coastal environments with
fluctuating environmental conditions (Cognetti &
Maltagliati, 2000; Ramdani et al., 2001;
Antén-Pardo & Armengol, 2010). Species diver-
sity is always low, with some single taxa domi-
nating the zooplankton community (> 80 % dom-
inance in biomass in at least 55 of the 82 samples
analysed). This coincides with previous studies
developed in these confined coastal marshes and
in similar marshes (Quintana et al., 1998b; Brucet
et al., 2005; Badosa et al., 2006). We found
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higher differences among seasons, even in a
single lagoon, than between the old and new
lagoons. The seasonal variability in the zooplank-
ton composition in La Pletera follows the flood-
ing — confinement pattern that drives nutrient
dynamics and species composition in this type of
habitat (Brucet et al., 2005): Synchaeta appears
immediately after marine water intrusion; cyclo-
poid copepods appear in the middle season with a
slight preference of the nauplii stages over the
adult stages for flooding conditions; calanoid
copepods dominate during stable winter-spring
hydrological conditions; and B. plicatilis domi-
nates during the dry period, with high confine-
ment and frequent hypertrophic events due to the
tolerance of this species to low oxygen concentra-
tion (Miracle et al., 1987). Harpacticoid cope-
pods have a brief dominance when the water level
is low, but their resistance to severe confinement
conditions is much lower than that of B. plicatilis
(Moreira et al., 1982). In our case, this pattern
appears to be simpler than that observed by Quin-
tana et al. (1998b) and Brucet et al. (2005). At
least in part, this could be attributable to the
sampling frequency, which was weekly in the
cited references and monthly in this study.

The PCA results using the environmental
variables showed some differences between the
old and new lagoons. The total nutrients and
organic matter concentrations were higher in the
old lagoons, suggesting a progressive accumula-
tion during successive flooding — confinement
events over the years (Badosa et al., 2006). How-
ever, we did not find significant differences
between the old and new lagoons in the zooplank-
ton NMDS results, suggesting a fast response of
zooplankton after lagoon creation. Similar fast
colonization has been reported in other studies
(Badosa et al., 2010; Anton-Pardo et al., 2013).
The environmental variables and hydric connec-
tion explained 47 % of the variance in the
zooplankton composition. The remaining 53 %
unexplained variance could be the consequence
of several factors, such as hydrological parame-
ters, “bottom-up” effects by other environmental
variables that were not measured or “top-down”
control by predators (Kelly et al, 2002;
Lopez-Flores et al., 2006; West et al., 2009;
Compte et al., 2012).

Four different mechanisms may determine the
zooplankton composition in newly created
lagoons: 1) the dispersal ability and arrival of new
colonizers from nearby water bodies, 2) the
hatching of the egg bank present in the sediment
of the new lagoons, 3) the physical and chemical
composition of the new lagoons and 4) top-down
control by predators. Zooplankton species such as
other small organisms (i.e., small propagules)
have been considered to have virtually no disper-
sal limitation according to the so-called ‘cosmo-
politan paradigm’ or ‘everything is everywhere’
hypothesis (O’Malley 2007). This paradigm has
been supported by (1) the rapid colonization of
newly created or restored waterbodies by these
organisms (e.g., Louette & De Meester, 2005;
Olmo et al., 2012; Audet et al., 2013); (2) the
high potential for passive long-range dispersal of
organisms producing resting stages (Louette &
De Meester, 2005); or (3) cysts being efficiently
transported by physical or biological vectors
(e.g., Bohonak & Whiteman, 1999; Vanschoen-
winkel et al., 2009). However, the generality of
the cosmopolitan paradigm is under discussion
(Incagnone et al., 2015 and references therein),
since: (1) spatial structures have been observed in
plankton metacommunities even in ponds that
were affected by similar environmental variables
(Jenkins & Buikema, 1998); (2) high degrees of
endemism have been reported for microcrusta-
ceans (Marrone et al, 2013); and (3)
lower-than-expected genetic flows have been
described for high-dispersal species (De Meester
et al.,2002). In La Pletera salt marshes, there is a
short distance between the new lagoons and the
existing ones, facilitating the colonization of the
new lagoons. Anton-Pardo et al. (2016) mention
that the short distance among the lagoons and the
apparent absence of geographical barriers facili-
tate the occurrence of zooplankton dispersal
vectors (e.g., waterbirds, wind or humans). Other
studies performed on permanent and temporary
lagoons showed a similar pattern to that found in
the La Pletera salt marshes (Cottenie et al., 2003;
Audet et al., 2013; Antén-Pardo et al., 2016).

The lack of significant differences in
zooplankton composition between the old and
new lagoons before and after hydric connection
suggests that zooplankton dispersion via hydroco-
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ra is not relevant in the early colonization of new
lagoons. On the other hand, the hatching of the
egg bank resting on the sediment filled with man-
made debris during the last decades but removed
during the restoration actions seems to be impor-
tant. In fact, the new lagoons were built on what
was a uniform marsh only a few decades ago.
Thus, the new bottoms of the restored lagoons
must be rich in resting eggs, which easily hatch
after several decades of diapause (De Stasio,
1990; Alekseev & Starobogatov, 1996; Hairston
& Caceres, 1996). Egg banks are frequently dense
in previously filled ponds, providing great oppor-
tunities for hatching immediately after restoration
(Anton-Pardo & Armengol, 2010). Several
studies support the importance of egg banks in
facilitating colonization by zooplankton (Keller &
Yan, 1998; Cohen & Shurin, 2003; Anton-Pardo
& Armengol, 2010; Frisch et al, 2012;
Anton-Pardo et al., 2013) as well as vegetation
and invertebrates (Brouwer & Roelofs, 2001;
Jenkins & Boulton, 2007; Ortells et al., 2012;
Anton-Pardo et al., 2013) after pond restoration.
In any case, due to our sample design, it is impos-
sible to effectively distinguish between the disper-
sal and egg bank contributions to the zooplankton
communities of the new lagoons. Nevertheless,
both mechanisms likely act together to enhance
community recovery after lagoon restoration.

We found differences between the new and
old lagoons in their physical and chemical water
compositions but not in their zooplankton compo-
sitions. However, some environmental variables,
such as water level, conductivity and nutrient
concentrations (especially organic nutrients),
were related in the NMDS analysis of the
zooplankton samples. This would suggest that the
differences in the environmental variables are not
large enough to cause a substantial modification
in zooplankton species composition. Water level
and salinity fluctuations are characteristic of
aquatic ecosystems in Mediterranean climates
(Alvarez-Cobelas et al., 2005; Beklioglu et al.,
2007), and salinity has been described as an
important driver determining community struc-
ture (Boix et al., 2008) and species distribution at
a regional scale (Gascon et al., 2016) in Mediter-
ranean wetlands. The strong variability in salinity
and nutrient concentration is one of the main
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constraints that limit the colonization of these
habitats to just a few euryhaline species adapted
to this variability. Although strict marine or fresh-
water species may arrive at these lagoons during
sea storms or flooding events, they rarely achieve
stable populations if they cannot tolerate salinity
fluctuations (Quintana ef al., 1998b; Brucet et al.,
2005). Regarding seasonal variations in species
composition, once a zooplankton species toler-
ates the environmental filtering of salinity varia-
bility, its relative abundance follows the flooding
— confinement pattern described for these
confined coastal lagoons (Quintana et al., 1998b).
The zooplankton response to this pattern, howev-
er, arises with some degree of delay (Brucet et al.,
2005; Badosa et al., 2007), which makes it diffi-
cult to establish the relationship between species
composition and the physical and chemical varia-
bles. A dependence on the water turnover rate
with different degrees of delay has also been
observed in nutrient and chlorophyll-a concentra-
tions (Quintana et al., 1998a). Thus, environmen-
tal variability affects zooplankton species compo-
sition at two different scales. First, it limits the
species presence to those that can overcome the
constriction caused by strong environmental
variability. Second, it determines species domi-
nance by means of the flooding — confinement
pattern to which zooplankton respond with a
certain degree of delay. Since the new and old
lagoons in La Pletera saltmarshes do not differ at
these two scales, the zooplankton composition
does not show significant differences between
these types of lagoons.

Regarding top-down control, fish were absent
in the new lagoons in the first months before the
hydric connection, and the fish density was low in
the new lagoons in the first months after connec-
tion (unpublished data). Thus, it seems that fish
predation pressure has not had a strong effect on
the zooplankton composition in these habitats
since the composition was similar between the
old and new lagoons even before the hydric
connection. Lopez-Flores er al. (2006) suggest
the larger importance of bottom-up control in
aquatic ecosystems strongly affected by environ-
mental constraints. Badosa et al. (2007) found a
smaller effect of fish predation on species compo-
sition in the same lagoons but a stronger effect on
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zooplankton size distribution. Moreover, fish
predation pressure is also subject to seasonal
variability (being higher in summer), as are the
physical and chemical characteristics of water.
Thus, it is likely that the effects of fish predation
and water characteristics have certain covaria-
tions. Regarding macroinvertebrates, two poten-
tial predator species may achieve high densities
in these lagoons: the amphipod Gammarus aequi-
cauda and the Heteroptera Sigara stagnalis. The
former appears in high densities during spring
and summer, especially in the new lagoons, while
the latter only peak occasionally in space and
time (unpublished data). Although the main diet
is not based on zooplankton in either species
(Savage, 1989; Tachet et al., 2000; Monakov,
2003), both taxa may predate zooplankton (Muri-
llo & Recasens, 1986; MacNeil et al., 1997; Kelly
et al., 2002; Compte et al., 2012). Thus, a certain
top-down control caused by invertebrate preda-
tion should not be discarded.

Restoration is important in terms of communi-
ty succession and colonization processes, and
substantial enhancement in species richness and
the appearance of many new species after restora-
tion have been reported (Antéon-Pardo & Armen-
gol, 2010; Antén-Pardo ef al., 2013). Our results
show that zooplankton may be useful as a proxy
for short-term restoration success due to their fast
response and high dispersal ability. Of course, it
does not necessarily mean that the whole ecosys-
tem achieves maturity so quickly. Plants often
colonize restored habitats more slowly, thus
conditioning the recovery of the structural and
functional attributes of aquatic ecosystems (Wil-
liams et al., 2008; Ruhi et al., 2016). Benthic
macroinvertebrate colonization and succession
dynamics after restoration have been described as
fast and usually related to dispersal abilities (Ruhi
et al., 2009; Miguel-Chinchilla et al., 2014), but
they are affected by differences in habitat struc-
ture, such as those provided by plants (Cafie-
do-Argiielles et al., 2011; Kim et al., 2014). Thus,
although wetlands are ecosystems with high
turnover rates, the recovery of all of the function-
al and structural attributes after a restoration
might require a long period of time (Moreno-Ma-
teos et al., 2012 and 2015). In summary, restora-
tion effectiveness in coastal lagoons cannot be

assessed without the use of several structural and
functional indicators that usually respond in the
long term. However, rapid response indicators
such as zooplankton can provide a quick idea of
whether the restoration criteria applied are
adequate. In the case of La Pletera, the zooplank-
ton indicator suggests that the restoration criteria
used, based on the recovery of ecological func-
tioning and the conservation of its characteristic
hydrological dynamics (Quintana et al., 2018),
are appropriate.
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