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Case study 2: la laguna de La Ricarda
Introduction
The lagoon of La Ricarda is located 2 km from the present mouth of the Llobregat River (Figure 7), in 
the municipality of El Prat de Llobregat. It covers an area of approximately 29 ha and is 1.3 km long 
and maximum 150 m wide. It is a natural lagoon that formerly had been a mouth of the Llobregat River 
and that fed on freshwater coming from it. In humid seasons, the lagoon received an important quantity 
of freshwater, which caused a decrease in salinity, mainly in the high part of the lagoon; in addition, 
the water level increased sharply during the floods of the river or during storms, breaking the sandbar 
that separates the lagoon from the sea and causing saltwater input. As a consequence, during these 
stages, the lagoon had much higher salinities near its mouth. In addition, in summer, due to the lack of 
rainwater and high temperatures, freshwater input was usually scarce and evapotranspiration increased 
significantly, which caused an increase in the salinity of the lagoon (Hernández & Vázquez-Suñé, 1995). 
In this way, the lagoon maintained a water dynamics that allowed the renewal of its water and variations 
of salinity that caused a very wide saline gradient.

Figure 7: Location (top) and extension (bottom) of the study area in 2017. The 3 
sampling points (R1, R2, and R3) and the freshwater inputs from the Barcelona Airport 
have been marked on the extension of the study area. Pictures sourced from Google 
Earth.



158 

The expansion of the Barcelona Airport caused the disappearance of the agricultural area draining 
to the lagoon, and so the lagoon lost its main freshwater input (Figure 8). Later, when the Barcelona 
Airport expansion project was completed, in 2009, water contributions became almost non-existent 
and the lagoon level decreased drastically. Thus, during this last period the sandbar could not be 
broken due to the minimum level that the lagoon had all year round, aggravated by the coastal 
regression of this stretch of coast. In short, the water dynamics of this lagoon has been clearly 
affected in recent years.

Figure 8: Photographs of the Barcelona Airport in 2001 (above) and 
2016 (below). The agricultural area draining to the lagoon before the 
expansion of the airport is left blank. Pictures sourced from Google 
Earth.

In an attempt to restore the balance of the lagoon, the Barcelona Airport, per the Environmental 
Impact Statement of the airport expansion project, began to provide an artificial freshwater flow to La 
Ricarda lagoon in 2003 (with well water and water from a deep aquifer). Between 2008 and 2014 these 
contributions became reused water, and in July 2014 more water from rainfalls and pumped from the 
aquifer started to flow into the lagoon. In December 2014, the sandbar was artificially opened, but it 
closed again 3 days later. In June 2015, the location of the tube that contributed the artificial flows of 
freshwater changed, and is now at the head of the lagoon (Figure 7). 
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Materials and methods
The data presented here were compiled from data generated by the University of Barcelona and the Delta 
Consortium. In addition, data from the macroinvertebrate communities of the lagoon for the 2004–2005 
period (Cañedo-Argüelles & Rieradevall, 2010) were consulted.

This study is based on a 1-year sampling campaign (June 2014–June 2015). The first sampling took 
place just before the start of the artificial freshwater supply by the Barcelona Airport. Therefore, data are 
available prior to the input. Afterwards, subsequent monthly data were collected. Sampling took place 
at 3 points in the lagoon: a first point very close to the pier (R1); a second point in the central part of the 
lagoon, at the confluence of the different arms of the lagoon (R2); and a third point very close to the mouth 
(R3) (Figure 7).

Physicochemical analysis of water

Temperature (°C), conductivity (μS·cm-1), specific conductance (SPC, μS·cm-1), pH, oxygen saturation 
percentage (%), and oxygen concentration (mg·L-1) were collected using a multi-parameter probe (WTW, 
multi-parameter model 197i). In addition, water samples were collected for the analysis of ammonium, 
nitrates, phosphates, total phosphorus, and chlorophyll a in the laboratory following standardised 
methodologies (Greenberg et al., 2005). 

Identification and quantification of plankton

Two types of samples were collected: samples collected with a surface dip net, to identify qualitatively the 
organisms present, and a volume of 100 ml of water, to analyse quantitatively the individuals present. The 
samples were preserved in ethanol. In order to proceed to the qualitative and quantitative identification 
of the organisms present in the samples, the sedimentation protocol in buckets was used, as proposed 
in the methodology for establishing the ecological status of water bodies, according to the Water 
Framework Directive (European Commission Directive 2000/60/EC). Once the results were obtained, a 
SIMPER statistical analysis was performed to establish which species contributed to a higher degree in 
the differentiation of the groups. 

Identification of macroinvertebrates

The sediment samples were collected from the bottom of the lagoon using a dredge; the surface samples 
were collected with a dip net. The samples were preserved in formol. Due to the minimal presence of 
macroinvertebrates in the collected samples, the entire volume of all collected samples was observed; 
so, a total of 19 samples were examined. The organisms were identified at the family level, using the 
taxonomic key of Tachet et al. (2000). Due to their large indicator role and species richness (Cañedo-
Argüelles et al. 2012), Chironomids were identified at the species level under the microscope, following 
the key of Andersen et al. (2013).

Results
The conductivity profile (Figure 8) shows differences between several sampling points over time can 
be observed. Point R1, located near the pier, had a lower conductivity than R2 and R3, but the range 
of variation was relatively low. Point R1 had values between 6000 and 7000 μS·cm-1, while the closest 
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point to the mouth, R3, had a conductivity range between 7000 and 9000 μS·cm-1. In February, after the 
sandbar separating the lagoon from the sea opened, the conductivity increased considerably at the 3 
sampling points (R1, R2, and R3). However, in the next sampling, conducted in April, the conductivity 
dropped to values similar to those recorded before the sandbar opening. Finally, the effect of the change 
of location of the tube that contributes the artificial water input to the lagoon was evident in the values 
of conductivity of point R1, exactly where the current water supply occurs. The conductivity at this point 
decreased dramatically in the June 2015 sampling, when the tube location was changed, but no effects 
were observed on R2 or R3.

In general, the values of dissolved oxygen were low for all the samples (4–10 mg·L-1, Figure 8), except 
for samples taken in February, after the opening of the sandbar (13–17 mg·L-1, Figure 9). However, it is 
necessary to emphasise the anoxia phenomena in the deepest layers during the month of October. In the 
last sampling, in June 2015, once the change of location of the tube supplying the artificial water input to 
the lagoon had taken place, R1 presented more dissolved oxygen than R2 and R3, unlike in the previous 
sampling, in April, when R1 was the point where a lower concentration of dissolved oxygen could be 
observed. 

Figure 9: Depth profiles of dissolved oxygen (top) and conductivity (bottom) for each sampling point in the La Ricarda lagoon over 
the study period.
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Phosphorus concentrations were very high, with values between 0.09 and 0.67 mgP·L-1 (Table 4). In 
contrast, phosphate concentrations were very low. The depth of the Secchi disk varied between 19 and 
50 cm, and the concentrations of chlorophyll a, between 1.19 and 33.5 mg/m3.

Date	 Pier	 Sample	 Secchi	 Total	 Phosphate	 Nitrate	 Ammonia	 Chlorophyll a	 N/P ratio	
	 level	 point	 disk	 Phosphorus	 (mg·L-1)	 (mg·L-1)	 (mg·L-1)	 (mg·m-3)	
	 (cm)		  (cm)	 (mg·L-1)						    

		  R1	 19	 0,67	 0,0016	 <2	 0,06	 5,37	 3,1

ju-14	 60	 R2	 25	 0,29	 0,0000	 <2	 <0,04	 12,5	 7,0

		  R3	 28	 0,28	 0,0006	 <2	 0,11	 26,9	 7,5

		  R1	 28	 0,39	 0,0003	 <2	 0,14	 10,6	 5,5

jul-14	 60	 R2	 34	 0,31	 0,0005	 <2	 <0,04	 15,8	 6,6

		  R3	 48	 0,3	 0,0003	 <2	 <0,04	 17,3	 6,8

		  R1	 38	 0,34	 0,0008	 1,5	 <0,04	 24,5	 4,5

oct-14	 92	 R2	 33	 0,61	 0,0013	 0	 <0,04	 15,0	 0,1

		  R3	 35	 0,18	 0,0005	 0	 <0,04	 33,5	 0,2

		  R1	 30	 0,35	 0,0003	 0	 <0,04	 28,6	 0,1

dec-14	 108	 R2	 38	 0,34	 0,0014	 0	 0,16	 2,77	 0,5

		  R3	 40	 0,27	 0,0003	 0	 <0,04	 23,2	 0,1

		  R1	 32	 0,21	 0,0004	 1,1	 <0,04	 10,9	 5,4

feb-15	 82	 R2	 29	 0,31	 0,0009	 1,2	 <0,04	 18,7	 4,0

		  R3	 35	 0,09	 0,0003	 1,1	 <0,04	 15,4	 12,7

		  R1	 32	 0,22	 0,0003	 0	 0,05	 6,81	 0,2

apr-15	 80	 R2	 33	 0,27	 0,0005	 0,2	 <0,04	 1,19	 0,9

		  R3	 42	 0,22	 0,0008	 0,0	 <0,04	 2,68	 0,2

		  R1	 50	 0,30	 0,0004	 1,0	 0,15	 7,64	 3,8

ju-15	 65	 R2	 30	 0,23	 0,0002	 0,2	 <0,04	 17,1	 1,0

		  R3	 29	 0,13	 0,0002	 0,2	 <0,04	 28,0	 1,8

Table 4: Data of the lagoon level, Secchi disk, and concentrations of nutrients and phytoplankton chlorophyll a recorded in the 
lagoon of La Ricarda.

Phytoplankton

A total of 17 phytoplankton species were identified, and the most abundant were Chlamydomonas sp. 
pl. (54.6% relative abundance), Cryptomonas sp. pl (36.6% relative abundance), and Peridinium sp. pl. 
(2.5% relative abundance) (Table 5). It is worth noting the presence of 2 species of potentially toxic 
cyanobacteria: Aphanizomenon sp. pl. and Anabaenopsis sp. pl.
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Sample Aphanizomenon Euglena Euglena Scenedesmus Cyclotella Synechocystis Monoraphidium Katodinium 
 sp. pl sp. pl acus sp. pl sp. pl sp. pl sp. pl sp

R1_Ju14 43,69 8,74 48,06 4,37 26,21 - - -
R2_Jul14 - 17,48 - - 26,21 - - -
R3_Ju14 26,21 - 17,48 - 39,32 - - 8,74
R1_Oct14 30,58 4,37 - - 52,43 - - -
R2_Oct14 17,48 17,48 - - 13,11 - - -
R3_Oct14 8,74 4,37 74,28 - 4,37 - - 43,69
R1_Dec14 21,85 - - - - - - -
R2_Dec14 - - 136,94 - 109,55 - - -
R3_Dec14 - - 82,17 - 82,17 - - -
R1_Feb15 4,37 - - - - - - -
R2_Feb15 - 8,74 78,64 - 13,11 - - -
R3_Feb15 - - - - - - - -
R1_Apr15 34,95 21,85 4,37 - 8,74 - - -
R2_Apr15 21,85 4,37 48,06 8,74 21,85 - 196,61 -
R3_Apr15 17,48 - 43,69 13,11 8,74 - 524,3 -
R1_Jun15 4,37 - - 4,37 21,85 - - -
R2_Jun15 21,85 26,21 30,58 4,37 65,54 34,95 - -
R3_Jun15 56,8 8,74 100,49 - 30,58 52,43 - 8,74

Sample Anabaenobsis Crucigenia Oscillatoria Phacus Spirulina Goniocloris Peridinium Chlamydomonas Cryptomonas 
 sp. pl tetrapedia sp. pl sp. pl  fallax sp. pl sp. pl sp. pl
R1_Ju14 - - - - - - - 415,07 109,23
R2_Jul14 13,11 - - - - - - 655,37 218,46
R3_Ju14 26,21 - - 4,37 - 4,37 - 218,46 873,83
R1_Oct14 4,37 - - - - - 594,2 87,38 65,54
R2_Oct14 - - - - - - 166,03 174,77 43,69
R3_Oct14 - - - - - - - 436,91 3058,39
R1_Dec14 - - 4,37 - - - - 2621,48 131,07
R2_Dec14 - - - - - - - 7668,8 1095,54
R3_Dec14 - - - - -  - 1369,43 5477,71
R1_Feb15 - - 4,37 - - - - 3495,3 218,46
R2_Feb15 - - - - - - - 3932,22 655,37
R3_Feb15 - - - - - - - 436,91 2403,02
R1_Apr15 4,37 - - - - - 157,29 131,07 52,43
R2_Apr15 - - - - - - 34,95 1223,36 174,77
R3_Apr15 - - - - - 4,37 - 87,38 611,68
R1_Jun15 4,37 - - - 4,37 - - 87,38 34,95
R2_Jun15 56,8 8,74 - - - 8,74 157,29 1135,97 43,69
R3_Jun15 113,6 13,11 - - - 4,37 - 218,46 1092,28

Table 5: Abundance of each species of phytoplankton observed in a millilitre of water from the La Ricarda lagoon.

According to the SIMPER analysis, the community of the sampling point located near the sea (R3) was 
signifi cantly diff erent from that of the middle part (R2) and the head (R1) of the lagoon. Nevertheless, the 
majority of the species present in summer and winter were diff erent from the rest of the year and similar 
to each other. 
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 113,6 13,11 - - - 4,37 - 218,46 1092,28

 4,37 - - - 4,37 - - 87,38 34,95
 - - - - - 4,37 - 87,38 611,68



163 

Taking into account the spatial factor, the species significantly associated with each group were the 
following:

R1: Chlamydomonas sp. pl. (47% contribution to group differentiation, being the species that contributed 
the most), Cryptomonas sp. pl., Aphanizomenon sp. pl., Cyclotella sp. pl.

R2: Chlamydomonas sp. pl. (53% contribution to group differentiation, being the species that contributed 
the most), Cryptomonas sp. pl., Cyclotella sp. pl., Euglena sp. pl., E. acus.

R3: Cryptomonas sp. pl. (58% contribution to group differentiation, being the species that contributed the 
most), Chlamydomonas sp. pl., E. acus.

Taking into account the spatial factor, the species significantly associated with each group were the 
following:

Winter: Chlamydomonas sp. pl. (63% contribution to group differentiation, being the species that 
contributed the most), Cryptomonas sp. pl.

Summer: Chlamydomonas sp. pl. (38% contribution to group differentiation, being the species that 
contributed the most). The contribution in this group is much more distributed among the different species, 
Cryptomonas sp. pl., Cyclotella sp. pl., Aphanizomenon sp. pl., Anabaenopsis sp. pl., E. acus.

Macroinvertebrates

In the sediment samples of the lagoon (including the 3 sampling points and all the sampling sites), only 
5 individuals of macroinvertebrates were found: an individual belonging to the family (R3 30/06/2015)  
Gammaridae and 4 individuals of the family (R3 10/12/2014) Planorbidae. A total of 6 families were found 
in the littoral samples (collected the 29/04/2015): Chironomidae, Gammaridae, Mysidacea, Limonidae, 
Baetidae, and Hydrophilidae. Even so, only 1 individual of each species was found, except in the case of 
chironomids and gammarids, of which there were 10 and 30 individuals, respectively.

Chironomidae exuviae were identified at species level, and 2 species were identified: Chironomus 
nuditarsis, a species with a wide distribution area and which can be found in water bodies with low 
concentrations of dissolved oxygen; and another species of the genus Cricotopus sp., which could not 
be classified, due to the lack of its respiratory organ. 

Discussion 

Firstly, it is important to consider that the contribution of freshwater to the lagoon of La Ricarda was 
not enough to increase its level considerably and, consequently, the sandbar that separates it from 
the sea could only be broken once throughout the study period. Therefore, the lagoon’s hydrological 
balance was not restored, since 2 of the factors that influence this balance, the input of freshwater 
and seawater (Bird, 1994; Smith, 1994; Rosselli et al. 2013) were affected. The reduction of freshwater 
inputs and the minimum contact of the lagoon with the sea favour the confinement of the lagoon (Tett et 
al. 2003). The imbalance of the hydrological dynamics of the lagoon also affects the nutrient cycle and 
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favours eutrophic processes (Zaldívar et al. 2008). The eutrophic state of La Ricarda is clearly reflected 
in several factors. On the one hand, the depth of the Secchi disk was very low, indicating high water 
turbidity. On the other hand, there were high concentrations of nutrients, especially the concentration 
of total phosphorus, which was between 10 and 20 times higher than 0.02 mg·m-3, the concentration 
above which it is considered that a mass of water can suffer eutrophic problems (Vollenweider & 
Kerekes, 1982). In many cases, the phosphorus concentration exceeded the limit separating eutrophy 
from hypertrophy, 0.08 mg·m-3 (Vollenweider & Kerekes, 1982). In contrast, the phosphate-to-total-
phosphorus ratio was very low; this seems to indicate that phosphorus was not dissolved as phosphate 
in the lagoon water, but it could be in other forms, or organic matter could be present. This may be 
related to the abundance of cyanobacteria in the lagoon (Aldasoro et al., 2004). 

The high oxygen values measured in July 2014, when the lagoon was in a eutrophic situation, are 
striking (100–130%). At that time, the temperature was high and so was the nutrient concentration, 
and the algae biomass had grown exponentially, resulting in a period of primary overproduction. This 
caused excessive algal growth, probably leading to an increase in organic matter (Cloern, 2001; Smith, 
2003). The next sampling, in October, indicated that the temperature had dropped and a lot of organic 
matter had begun to decompose, with the consequent need for oxygen. These processes generate a 
demand for oxygen that the system cannot supply and, therefore, anoxia phenomena occur (Cloern, 
2001; Smith, 2003), as observed in this study. The shallow depth of the lagoon and the fact that the 
wind can mix it could be favouring the resuspension of the sediments from the bottom of the lagoon 
and the phosphorus that contains, producing the feedback of the dark phase that is undergoing. All 
this would mean an internal recycling of nutrients and a high degree of eutrophication of the water 
body. In short, the hydrological balance of the lagoon has been altered, causing a critical situation of 
confinement and a typical scenario of a hypertrophic environment.

Our results show important spatial differences in phytoplankton communities. On the one hand, the 
high conductivity of the R3 point resulted in the dominance of euryhaline species (e.g., Cryptomonas 
sp. pl.), whereas points R1 and R2 were dominated by species more characteristic of freshwaters (e.g., 
Chlamydomonas sp. pl.). Temporality also affected the composition of species and their abundance. 
Despite these differences, the vast majority of species present in the lagoon are typical of eutrophic 
environments (Aldasoro et al., 2004). It is important to highlight the presence of Aphanizomenon sp. 
pl. and Anabaenopsis sp. pl., 2 species with toxic potential. Their presence was more significant in the 
summer samples and is entirely related to eutrophic processes. It would be necessary to conduct a 
specific study to determine if there are toxins in the water of the lagoon or in the trophic network.

The invertebrate communities reflect the state of eutrophy in which the lagoon is now. The sediment 
of the lagoon was practically devoid of invertebrates throughout the study, indicating that the anoxic 
conditions of the bottom of the lagoon prevented the survival of aquatic fauna. Coastal samples also 
reflected an impoverished community, dominated by species tolerant to pollution. This is the case of 
the chironomid Chironomus nuditarsis, capable of living in eutrophic environments with low oxygen 
availability (Real et al., 2000).

In general terms, it can be concluded that the lagoon of La Ricarda is in a poor state of conservation, 
immersed in eutrophy. This degradation has been relatively recent, since studies carried out in 2004 
and 2005 showed good oxygenation of the water column during most of the year and much lower 
concentrations of chlorophyll and nutrients (Cañedo-Argüelles et al., 2012a), in addition to an assemblage 
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of macroinvertebrates significantly more abundant and rich in species (Cañedo-Argüelles & Rieradevall, 
2010). Therefore, there is an urgent need to improve management to reverse the eutrophication process. 
This must happen, since it is a protected natural area, classified in the Habitats Directive as a Site of 
Community Importance (SCI) and declared a Priority Interest Site with the main goal of preserving it.

General conclusions
In this chapter we showed the importance of hydrology in the self-purification capacity of coastal lagoons. 
In the case of Cal Tet, the confinement of its waters led progressively to a situation of salinization that 
caused an undesired change of state (from a phase of clear waters to a phase of turbid waters). In the 
absence of natural freshwater inputs from rivers and streams, it was decided to reverse the situation 
using wastewater passed through a green filter. This led to a drastic increase in nutrient concentration 
that strengthened the turbid water phase due to the exponential growth of phytoplanktonic algae. This 
phase still continues to this day, even though the wastewater supply stopped years ago. In the case 
of La Ricarda, the reduction of freshwater inputs has led to the confinement of the lagoon (unable 
to break the sandbar that separates it from the sea due to the lagoon’s low water level). In addition, 
the fact that freshwater inputs occur from a single point has led to the formation of a marked saline 
gradient (freshwater at the head, seawater at the mouth), unlike the previous state, characterised by 
brackish water, resulting from the continuous mix of freshwater and seawater inputs. All this has led to 
an unprecedented eutrophic situation and a worrying reduction of biodiversity.

Taking into account the data presented in this chapter, it seems obvious that both ecosystems would 
significantly improve if they received sufficient good quality freshwater inputs. This would not only help 
dilute current nutrient concentrations and improve water transparency, but it would also (in the case of 
La Ricarda) give the lagoon sufficient hydraulic boost to break the sandbar that separates it from the 
sea. The connection of the lagoons with the sea supposes an input of water well oxygenated and poor in 
nutrients, helping enormously in the purification of the water of the lagoon. Although the solution seems 
relatively simple, it is actually very complicated. In a world where river water is a precious commodity, the 
freshwater inputs that should be received by coastal lagoons have been used by farmers, industries, and 
cities, or diverted to the sea to avoid flooding airports and urban areas. Claiming these contributions to 
safeguard the health and integrity of these ecosystems is therefore difficult, because it conflicts directly 
with the maintenance of human well-being as we understand it today. Perhaps in the future, hopefully not 
too long, we will reflect on the great benefits that these ecosystems provide us, as they are vital for the 
biodiversity of invertebrates, amphibians, reptiles, fish, and birds. Finding a balance between maintaining 
this extraordinary biodiversity and meeting our needs is complicated but not impossible. Therefore, 
a joint effort of all the parties involved in the management of the territory becomes indispensable to 
improve water management so that the water belonging to these ecosystems returns to them if possible, 
once human needs are met.
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1. Introduction
In the coast of Girona (NE of the Iberian Peninsula), there are several wetlands associated with the deltaic 
progradation of the Ter river (Baix Ter wetlands) and of the Muga and Fluvià rivers (Alt Empordà wetlands). 
Among other coastal water bodies with more or less freshwater influence, there are some brackish or 
even hyperhaline coastal lagoons, where continuous surface freshwater inputs are inexistent or very 
scarce. The hydrology of these brackish ecosystems is strongly determined by the sea, although they are 
separated from the sea for most of the year since the low tidal oscillation in this area poorly affects the 
lagoons’ water level. Because of their isolation from surface freshwater and marine inputs, they have been 
defined as confined coastal lagoons. Their hydrology is dominated by sudden inputs during sea storms or 
freshwater flooding events, followed by long periods of confinement without surface water inputs, when 
lagoons tend to dry out and to increase their salinity (Quintana et al., 1998; Quintana, 2002; Badosa et 
al., 2006).

Nowadays, confined coastal lagoons in Girona are scarce, restricted to the 2 main nuclei cited (the Alt 
Empordà and Baix Ter wetlands), both included in the Natura 2000 network. However, it is highly probable 
that this type of ecosystems was much more abundant in the past, not only in Girona but also in other 
floodplain areas around the Mediterranean coast (Britton & Crivelli, 1993; Quintana & Marí, 2004; Quintana 
et al., 2009). Most of these water bodies were desiccated and substituted by residential areas for touristic 
purposes during the second half of the 20th century (Figures 1 and 2). The factors that probably facilitated 
it were their location, immediately behind the coastal sand bar, and the relatively easy way to desiccate 
them (as they are shallow waters, which are not fed by continuous water inputs). Thus, confined coastal 
lagoons are probably one of the coastal aquatic ecosystems that have suffered more reduction and 
degradation due to the human development in the Mediterranean shoreline.

 

Figure 1: Map showing the current confined coastal lagoons (dark green) very close to the coast (first 100m) 
in Girona and the probable coastal ecosystems existing in 1950 (light green) and disappeared during the 
second half of the 20th century.
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Figure 2: Comparison of a general view of the town of l’Estartit (Baix Ter) around 1925 (above) and 
in 2015 (below). A indicates the position of a representative building (Casa Salieti) for reference; B is 
the position of a confined coastal lagoon, which nowadays has been substituted by a roundabout; 
C is the old salt marsh surrounding this lagoon, also disappeared and substituted by buildings. 
Photos: Museu de la Mediterrània and Josep Pascual.

The remaining confined coastal lagoons still keep the natural hydrological characteristics based on a 
flooding-confinement pattern which, in turn, determines nutrient dynamics and species composition 
in these habitats. Because of the irregular flooding, water level fluctuations are strong (Figure 3), as 
it is characteristic of Mediterranean aquatic ecosystems (Alvarez-Cobelas et al., 2005; Beklioglu et 
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al,. 2007). Fluctuations in salinity are also strong, depending on the relative amount of marine and 
freshwater inputs (Table 1). In most of the coastal ecosystems in the Mediterranean Sea, hydrology is 
strongly modified by humans for irrigation supply or waste water evacuation (Britton & Crivelli, 1993; 
Morillo & Gonzalez, 1996; Gönenç & Wolflin, 2005). This is not the case of the remaining confined coastal 
ecosystems, as their hydrology is less affected by human activities. Consequently, confined coastal 
lagoons still keep several species particularly adapted to these characteristic hydrological conditions. 
These species are in strong regression due to the fast disappearance of these environments during 
the last decades (Gosálbez et al., 1994; Quintana & Marí, 2004; Gesti, 2006; Quintana et al., 2009). 
The importance of the habitats appearing in these environments has been widely recognized by the 
European Commission, with the inclusion of most of them in the Habitats Directive (92/43/EEC). Some 
examples of habitats listed in this Directive with a relevant presence in confined coastal ecosystems 
are habitats of Salicornia and other annuals colonizing mud and sand (habitat 1310); Mediterranean salt 
meadows of Juncetalia maritimi (habitat 1410); Mediterranean and thermo-Atlantic halophilous shrubs 
of Arthrocnemetalia fructicosae (habitat 1420); and, finally, coastal lagoons (habitat 1150), which are 
defined as a priority natural habitat type. Thus, conservation of these environments is essential in a 
context of global biodiversity conservation in Europe.

Figure 3: Variations in water level in the Fra Ramon lagoon (Baix Ter Wetlands) during 10 hydrological 
cycles. The water level is the elevation above sea level of the water surface. Zero water level 
corresponds to the average sea level in the area between 1990 and 1995. The bars represent 
rainfall (in mm). Strong water level increases coincide with sea storm events (arrows).



177 

Ta
bl

e 
1:

 M
ea

n 
an

d 
ra

ng
e 

(in
 b

ra
ck

et
s)

 o
f c

on
du

ct
iv

ity
 a

nd
 n

ut
rie

nt
s 

of
 s

om
e 

co
nfi

ne
d 

co
as

ta
l l

ag
oo

ns
 (s

ur
fa

ce
 w

at
er

s)
 in

 th
e 

Al
t E

m
po

rd
à 

an
d 

Ba
ix

 T
er

 w
et

la
nd

s.
 S

RP
, s

ol
ub

le
 re

ac
tiv

e 
ph

os
ph

at
e.

 (1
) A

rti
fic

ia
l la

go
on

 c
re

at
ed

 in
 2

00
2 

in
 th

e 
fra

m
ew

or
k 

of
 th

e 
lif

e 
pr

oj
ec

t L
IF

E9
9N

AT
/E

/0
06

38
6.

 (2
) A

rti
fic

ia
l la

go
on

 c
re

at
ed

 in
 2

01
6 

in
 th

e 
fra

m
ew

or
k 

of
 th

e 
lif

e 
pr

oj
ec

t L
IF

E1
3N

AT
/

ES
/0

01
00

1.
 N

A,
 n

on
-a

va
ila

bl
e 

da
ta

.

Ar
ea

	
W

at
er

 b
od

y	
Pe

rio
d	

C
on

du
ct

iv
ity

	
N

O
3-	

SR
P	

To
ta

l N
	

To
ta

l P
	

C
hl

or
op

hy
ll	

R
ef

er
en

ce
s

			



(E

C
25

)	
(µ

M
)	

(µ
M

)	
(µ

M
)	

(µ
M

)	
(µ

g·
L-1

)	

	
C

on
ne

ct
ad

a	
19

89
/9

1	
34

.7
	

1.
19

	
1.

64
	

N
A	

N
A	

8.
24

			



(1

6.
0-

51
.2

)	
(0

-9
.8

)	
(0

-5
.7

4)
			




(0
.2

5-
52

)	
Q

ui
nt

an
a 

et
 a

l. 
(1

99
8)

	
Ba

ss
a 

Ta
m

ar
iu

	
19

89
/9

1	
25

.4
	

1.
25

	
0.

82
	

N
A	

N
A	

13
.3

			



(6

.3
-4

1.
0)

	
(0

-8
.4

)	
(0

-2
.9

4)
			




(0
.2

5-
96

)	

	
C

on
ne

ct
ad

a	
19

96
/9

8	
31

.5
	

7.
19

	
1.

76
	

12
3.

8	
4.

66
	

12
.6

			



(4

.4
-7

9.
0)

	
(0

-2
03

)	
(0

-4
6.

2)
	

(1
6-

61
6)

	
(0

.8
5-

46
)	

(0
.5

8-
12

0)
	

Br
uc

et
 e

t a
l. 

(2
00

5)

	
Ba

ss
a 

Ta
m

ar
iu

	
19

96
/9

8	
34

.9
	

3.
23

	
0.

90
	

15
3.

1	
4.

44
	

16
.6

			



(4

.4
-6

4.
0)

	
(0

-1
49

)	
(0

-3
4.

6)
	

(4
6-

38
0)

	
(0

.6
3-

36
)	

(0
.4

6-
13

1)
	

	
Li

to
ra

l	
19

96
/9

8	
32

.7
	

12
.1

	
7.

73
	

21
3.

5	
20

.3
	

19
.6

			



(1

.2
-8

9.
7)

	
(0

-4
28

)	
(0

-7
3.

5)
	

(4
4-

10
05

)	
(0

.9
-1

82
)	

(0
.8

3-
16

4)
	

	
Ro

ge
ra

	
19

96
/9

8	
24

.3
	

8.
35

	
1.

92
	

13
5.

3	
4.

02
	

25
.7

	
			




(6
.0

-6
6.

1)
	

(0
-1

94
)	

(0
-2

4.
3)

	
(4

5-
38

0)
	

(0
.5

9-
18

)	
(3

.3
4-

10
9)

	

	
Es

ta
ny

 d
’e

n 
Tú

rie
s	

19
96

/9
8	

31
.4

	
6.

37
	

3.
98

	
18

6.
5	

9.
43

	
18

.0
			




(6
.3

-8
1.

4)
	

(0
-3

7.
3)

	
(0

-4
9.

6)
	

(4
5-

55
5)

	
(0

.6
5-

48
)	

(0
.2

8-
13

1)
	

	
Fr

a 
Ra

m
on

	
20

02
/0

3	
41

.9
	

1.
52

	
0.

57
	

22
3	

10
.2

3	
19

.7
5

			



(1

5-
68

.3
)	

(0
.2

2-
6)

	
(0

-1
.5

4)
	

(7
8-

35
7)

	
(3

.7
4-

26
)	

(0
-1

37
)	

Ba
do

sa
 e

t a
l. 

(2
00

6)

	
Ba

ss
a 

Pi
	

20
02

/0
3	

60
.3

	
12

.9
	

2.
78

	
43

2	
27

.7
	

44
.8

			



(2

.5
-1

29
)	

(0
-1

26
)	

(0
.6

-6
.3

)	
(1

70
-6

77
)	

(3
.1

5-
99

)	
(0

-2
04

)	

	
Pl

et
er

a 
G

02
(1

) 	
20

02
/0

3	
31

.3
	

4.
21

	
0.

92
	

14
5	

4.
48

	
5.

62
			




(8
.3

-5
6.

4)
	

(0
-3

4.
7)

	
(0

-3
.8

6)
	

(7
3-

22
0)

	
(1

.3
5-

9.
9)

	
(0

-3
0.

8)
	

	
Fr

a 
Ra

m
on

	
20

16
/1

7	
63

.9
	

1.
48

	
1.

60
	

41
8	

9.
21

	
N

A
			




(3
2.

6-
91

.5
)	

(0
.2

8-
2.

69
)	

(0
.2

-5
.6

5)
	

(3
.5

7-
78

6)
	

(1
.9

5-
21

.7
)		


Th

is
 s

tu
dy

	
Ba

ss
a 

Pi
	

20
16

/1
7	

87
.1

	
2.

87
	

2.
97

	
94

3	
12

.3
4	

N
A

			



(1

2.
8-

19
3)

	
(1

.6
-2

8.
4)

	
(0

.3
-1

2)
	

(1
88

-2
25

7)
	

(0
.9

9-
25

.5
)		



	
Pl

et
er

a 
G

02
(1

) 	
20

16
/1

7	
47

.5
	

1.
44

	
1.

30
	

29
7	

6.
54

	
N

A
			




(1
9.

2-
84

.4
)	

(0
.2

-1
.7

9)
	

(0
.2

-4
.9

3)
	

(3
.5

7-
73

9)
	

(0
.9

2-
16

.6
)		



	
Pl

et
er

a 
M

03
(2

) 	
20

16
/1

7	
57

.1
	

1.
44

	
0.

39
	

32
3	

5.
86

	
N

A
			




(2
3.

5-
11

4)
	

(0
.2

1-
1.

64
)	

(0
.1

-1
.1

8)
	

(3
.5

7-
86

6)
	

(2
.4

-1
9.

22
)		



Alt Empordà Wetlands Baix Ter Wetlands



178 

2. Ecological characteristics of confined 
coastal lagoons and associated salt 
marshes
2.1. Hydrology
The hydrology based on a flooding-confinement pattern is one of the main characteristics of these 
ecosystems. In these lagoons, the main inputs occur during strong storm events, when not only surface 
but also subsurface and groundwater inputs take place. These episodes restrict to very few days, and 
coincide with sea storms and strong flooding events. After them, lagoons remain disconnected from the 
sea and from any surface freshwater source. As it is typical of Mediterranean climate events, flooding 
events occur randomly along the year with no clear seasonal pattern, except that they are more frequent 
in winter and are especially rare in summer. The frequency of the sea storms per year is also variable 
and has increased during the last decades, from 2-3 per year during the 70s to 5-6 per year in the first 
decade of the 21st century (Pascual et al., 2012). No more surface water inputs are significant apart from 
the flooding events, but groundwater inputs feed the lagoons for a longer time period (1-2 months after 
the flooding event, depending on its intensity). Groundwater inputs are very important in this system 
since they allow the persistence of these lagoons during dry periods. These inputs consist of a mixture of 
sea and fresh groundwater, which may suppose, for instance, between 20 and 60% of freshwater in Fra 
Ramon lagoon (Menció et al., 2017).

Most of the year these lagoons remain confined, with much reduced surface and groundwater inputs, 
especially in summer (Figure 4). During confinement, water level decreases and salinity increases due 
to evaporation. The degree of confinement, together with the mixture of sea water, freshwater and 
groundwater, determines the salinity of the lagoons. Salinity usually ranges from brackish (conductivity 
close to 20 mS·cm-1) to hyperhaline (more than 60 mS·cm-1) but outlayer values of <1 and >120 mS·cm-1 
are also recorded (Table 1). A high degree of salinity stratification may appear at a short depth during 
groundwater inputs and it tends to disappear with confinement (Figure 5). Thus, not only a high salinity 
but also its high temporal and spatial variability are features of this type of lagoons (Quintana et al., 1998; 
Brucet et al., 2005; Badosa et al., 2006).

2.2. Nutrient dynamics
The flooding-confinement pattern strongly determines nutrient dynamics, which is more related to internal 
loading processes than to external nutrient supplies, as it is characteristic of chocked coastal ecosystems 
(Gilbert et al., 2010). During confinement, lagoons concentrate organic matter and total nutrients, which 
are especially high in summer (Table 1). However, different patterns were observed in inorganic nutrients 
(Quintana et al., 1998; Badosa et al., 2006; López-Flores et al., 2006a; 2014): while phosphate tends 
to accumulate with confinement as organic matter does, inorganic nitrogen concentrations peak with 
flooding events, but disappear fast with confinement (Figure 6).
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Figure 4: Aerial view of els estanys d’en Túries coastal lagoons 
(Alt Empordà wetlands) in the period previous to desiccation, 
when confinement is the highest. Photo: Parc Natural dels 
Aiguamolls de l’Empordà.

Fi
gu

re
 5

: S
al

in
ity

 is
ol

in
es

 (‰
) i

n 
Fr

a 
Ra

m
on

 la
go

on
 (B

ai
x 

Te
r W

et
la

nd
s)

 d
ur

in
g 

se
ve

ra
l a

nn
ua

l c
yc

le
s 

(2
01

4-
20

17
). 

Th
e 

ve
rti

ca
l a

xi
s 

re
pr

es
en

ts
 th

e 
el

ev
at

io
n 

(in
 m

) o
f t

he
 la

go
on

 s
ur

fa
ce

 
ab

ov
e 

th
e 

se
a 

le
ve

l i
n 

th
is

 z
on

e 
be

tw
ee

n 
19

90
 a

nd
 1

99
5.

 T
he

 fi
gu

re
 a

ls
o 

sh
ow

s 
th

e 
st

ra
tifi

ca
tio

n 
in

 w
in

te
r d

ue
 to

 g
ro

un
dw

at
er

 in
pu

ts
 a

nd
 th

e 
un

ifo
rm

 in
cr

ea
se

 o
f s

al
in

ity
 d

ur
in

g 
su

m
m

er
 d

ue
 to

 c
on

fin
em

en
t.



180 

López-Flores et al. (2014) found that denitrification rates are always higher than nitrification ones, resulting 
in a net loss of inorganic nitrogen if nitrogen inputs do not compensate it. Thus, the balance between 
nitrification and denitrification processes may explain these intense nitrogen losses. This pattern affects 
all the inorganic forms of nitrogen since reduced nitrogen forms (such as the ammonia generated with 
organic matter mineralization) are firstly oxidized to nitrate via nitrification, but later lost to the atmosphere 
via denitrification. On the other hand, phosphate dilutes during flooding events and tends to concentrate 
during confinement. The simultaneous accumulation of phosphate and loss of inorganic nitrogen lead 
to especially low N/P ratios, what has been defined as a differential confinement of nutrients (Quintana 
et al., 1998). The consequence is the nitrogen limitation for phytoplankton growth (López-Flores et 
al., 2006a; 2009; 2014). Such differences in accumulation in other conservative and non-conservative 
compounds were also found: some persistent pesticides and heavy metals tend to concentrate during 
confinement, while some more degradable pesticides appear only when the water turnover rate is high 
due to runoff (López-Flores et al., 2003; Salvadó et al., 2006).

Figure 6: Variations in nitrate and total phosphorus concentrations in Fra Ramon lagoon (Baix Ter Wetlands) 
during an annual cycle. Adapted from Badosa et al. (2006).

2.3. Community structure
Water level fluctuations, salinity variability and nutrient dynamics resulting from the flooding-
confinement pattern strongly determine species composition and community structure in confined 
coastal lagoons (Brucet et al., 2005; Gascón et al., 2005; López-Flores et al., 2006b; Quintana et 
al., 2006). Although a lot of marine or freshwater species may arrive during flooding events, only a 
few euryhaline species that tolerate the adverse conditions found in these habitats achieve stable 
populations. Thus, some compartments of the trophic structure are frequently covered by close-to-
monospecific assemblages. This is the case of macrophyte meadows, dominated by a single species 
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of Ruppia genus (Gesti, 2006), which adapts its reproductive behaviour as it grows in temporary or 
permanent areas (Gesti et al., 2005). The surrounding vegetation is also composed of few species 
tolerating inundation with saline water, such as Salicornia patula, Sarcocornia fruticosa, Juncus 
acutus, J. maritimus, and Halimione portulacoides, organized in a topographic gradient, depending 
on their tolerance to flooding duration (Gesti, 2006). The lack of inorganic nitrogen in water strongly 
determines phytoplankton species. Thus, species composition of planktonic primary producers is 
dominated by unicellular Synechococcus-like cyanobacteria, which can fix atmospheric nitrogen, 
or by mixotrophic species, such as dinoflagellates, haptophytes or cryptophytes, which can uptake 
nitrogen by consuming bacteria. Organisms more dependent on dissolved inorganic nitrogen, such 
as diatoms or chlorophytes, are scarce (Quintana & Moreno-Amich, 2002; López-Flores et al., 2009; 
2014). Microbial community structure has been traditionally overlooked in Mediterranean coastal 
lagoons. As a recent study found out (Frederic Gich, unpublished data), the bacterial functional 
gene nosZ involved in the last denitrification enzymatic step and the functional gene nrfA involved in 
dissimilatory nitrate reduction to ammonia (DNRA) are present in several Baix Ter lagoons at similar 
gene copy numbers (from 104 to 107 gene copy numbers per milliliter). Thus it demonstrates the 
genetic potential of the community to reduce nitrate to nitrogen gas or ammonia. Since DNRA is 
favoured when there is a high availability of organic matter relative to nitrate (Fazzolari et al., 1998; 
Nizzoli et al., 2010), we can envisage that ammonification could be important during confinement 
periods. Then, surrounding plant detritus containing nitrogenous macromolecules, such as nucleic 
acids, proteins and amino sugars, would be decomposed to ammonia in anoxic conditions while 
denitrification could be predominant after freshwater inputs containing nitrate. 

In the absence of fish, such as in temporary or semi-permanent lagoons, dominances of different 
species of invertebrates follow one another over time according to the flooding-confinement gradient. 
Rotifers (Synchaeta spp.) dominate in flooding periods, but they are then substituted by calanoid 
copepods (mainly Eurytemora velox or Calanipeda aquaedulcis). During stable conditions when water 
level is close to desiccation dominant species depends on trophic state: rotifers (Brachionus spp.), 
amphipods (Gammarus aequicauda) or jellyfish (Odessia maeotica) (Figure 7). Cladocera are absent 
or very scarce. Calanoid dominances exceeding 90% of total individuals remain during weeks or even 
months if stable conditions are not interrupted by any hydrological disturbance (Brucet et al., 2005). 
During calanoid dominances body size arises as an important factor in the structuring of aquatic 
invertebrate community (Brucet et al., 2006): adults and juveniles of the same species play a different 
trophic role, thus reducing intraspecific competition when nutrient availability is scarce (Brucet et 
al., 2008; Quintana et al., 2015). Benthic community structure is not so dependent on the temporal 
flooding-confinement pattern (Gascón et al., 2005). While water column assemblages are similar in 
different water bodies, but with a high temporal variability, benthic macroinvertebrates depend more 
on space related variables, such as water permanence or substrate granulometry (Gascón et al., 
2007).

One of the most characteristic fish species of confined coastal lagoons is the Iberian toothcarp 
(Aphanius iberus), an endangered cyprinodontid fish, endemic of the Iberian Peninsula, included 
in annex I of the Habitats Directive (Doadrio et al., 2011). Dense monospecific populations of the 
Iberian toothcarp are common in fish assemblages, especially during confinement, when the water 
level is the lowest and fish concentrate in permanent water refuges (Moreno-Amich et al., 1999). 
Iberian toothcarp strongly adapts to the fluctuating conditions of these waters tolerating a wide 
range of salinity. It also acts as a top predator, originating a conspicuous size-based trophic cascade 
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(Compte et al., 2012), which causes an increase in water clarity and macrophyte density. Besides 
habitat reduction, one of the main problems of Iberian toothcarp conservation is the presence of 
the mosquitofish (Gambusia holbrooki), an invasive North American species, introduced in the 
Mediterranean area at the beginning of the 20th Century for mosquito and malaria control purposes 
(Doadrio et al., 2011). Nowadays, due to the presence of mosquitofish, Iberian toothcarp is relegated 
to habitats with high salinity fluctuations that limit mosquitofish invasive success (Alcaraz & Garcia-
Berthou, 2007; Ruiz-Navarro et al., 2011).

Figure 7: Conceptual model of plankton succession in fishless confined coastal lagoons. Drawing by J. Corbera reproduced 
from Boix et al. (2015) with permission.
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3. Management and restoration of 
confined coastal lagoons

3.1. Flux regulation in Alt Empordà salt marshes and their 
ecological consequences
In 1989, few years after the creation of the Empordà Wetlands Natural Park in Alt Empordà wetlands, 
managers of the new park decided to increase the flooding duration in the salt marshes. The arguments 
were clear: in the 1950s a drainage channel was built to drain the salt marsh and to reduce flooding 
duration. Later, in the ‘70s, a residential project was proposed in the area, but it was cancelled, because 
people protested against the descruction of the salt marsh. Therefore, with the creation of the Natural 
Park, it was high time to recover the flooded surface. With this purpose, park managers installed a sluice 
gate in the drainage channel built in the 50s, thus deviating surface freshwater inputs to the confined 
coastal lagoons. Due to this flux regulation, surface freshwater flooding mainly circulated through the 
coastal lagoons instead of evacuating directly to the Fluvià river estuary and the sea (Figure 8). This 
change in the flooding pattern caused several effects in nutrient dynamics and species composition of 
these lagoons (Quintana et al., 1998; 1999; Brucet et al., 2005):

•	 As expected and desired, water level remained higher than before, enlarging the hydroperiod of the 
salt marshes.

•	 Average salinity tended to decrease with the increase of freshwater inputs, as salinity variability did.

•	 Together with freshwater inputs, there was an increase of nitrate inputs, which caused a change in 
the N/P ratio. An N limitation before flux regulation (NO3

-/SRP<1) changed to a high availability of 
inorganic N during freshwater flooding (NO3

-/SRP>100).

•	 The high amount of nitrate entering in a strong N limited system caused eutrophication of the 
lagoons and the increase of the frequency of hypertrophic events during confinement periods.

•	 Species composition changed dramatically, with a strong reduction of species adapted to 
confinement conditions and their substitution by species typical from eutrophic oligohaline waters.

After seeing this negative effect, park managers decided to change how the sluice gate works. Currently, 
the sluice gate is used to control water level so that it avoids the excessive drainage of the salt marsh 
but ensures that the excess of freshwater floods directly to the sea and is not diverted to the confined 
lagoons.
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Figure 8: Flux regulation effects in Alt Empordà salt marshes as a consequence of the installation of a sluice gate (SC) 
in the output channel. The figure shows seasonal variations of freshwater inflow entering through Rec Corredor (A) and 
of nitrate and SRP concentrations in different water bodies. High N/P ratio waters from the Rec Corredor flooded low 
N/P ratio waters from the coastal lagoons (B, C, and D) causing eutrophication. Nitrate picked during the flooding period 
(December-March) while phosphate increased during confinement, coinciding with hypertrophic events. SRP, soluble 
reactive phosphate. Adapted from Quintana et al. (1999).

3.2. Iberian toothcarp conservation efforts
The Iberian toothcarp is an example of species negatively affected by the flux regulation during the 90s 
in the Alt Empordà salt marshes (Moreno-Amich et al. 1999). The increase in eutrophication, as well as 
the reduction of average salinity and variability, allowed the spread of the invasive mosquitofish, which 
is more adapted to those new freshwater flooding conditions (Rincón, 2002; Alcaraz & Garcia-Berthou, 
2007; Ruiz-Navarro et al., 2011). The current management of the sluice gate and the consequent reduction 
of freshwater flooding in the confined lagoons have promoted the recovery of the Iberian toothcarp 
populations in the Alt Empordà salt marshes.

In La Pletera salt marshes, in Baix Ter wetlands, three new permanent lagoons were created in 2002, in 
the framework of a Life Nature project (Life Ter Vell-Pletera, LIFE99NAT/E/006386). The aim of the project 
was to increase the number of refuges for the Iberian toothcarp populations in this area (Quintana & Marí, 
2004; Quintana et al., 2009). The recent lagoons were repopulated with close to 400 Iberian toothcarp 
individuals immediately after their creation. Short term repopulation was successful, and Iberian toothcarp 
density increased one order of magnitude per year (Badosa, 2007). However, on the long term, Iberian 
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toothcarp density declined due to the arrival of mosquitofish, affecting not only the created lagoons but also 
the natural ones (Pou-Rovira, 2009). A very strong freshwater flooding event caused by strong rainfall in 
October 2005 (Pascual et al., 2006) might be the cause of mosquitofish arrival to La Pletera confined coastal 
lagoons. Since then, the Iberian toothcarp and the mosquitofish coexist in the area, with strong population 
oscillations in both species, being mosquitofish more abundant in oligohaline waters and Iberian toothcarp 
in conditions of high salinity fluctuations. Thus, a high salinity concentration or variability is basic for the 
conservation of the Iberian toothcarp populations in lagoons where mosquitofish is present. 

One relevant aspect that was not considered during the construction of the lagoons in 2002 is the importance 
of the sedimentary pattern and the groundwater supplies. In La Pletera salt marshes, groundwater may 
account up to 80% of the total water circulation (Menció et al., 2017). A thin sediment layer with very 
low permeability situated at shallow depth (between 30 and 90 cm from the surface) makes the input of 
groundwater in the lagoons difficult (Geoservei, 2016). The creation of lagoons in 2002 was simply based 
on the building of a hole below sea level, which ensured water permanency all year round. However, 
substrate composition was not considered, so the impermeable layer was most probably removed during 
the works. The high permeability of the new lagoons may facilitate the input of groundwater, with a salinity 
close to 20 mS·cm-1, which enables mosquitofish persistence.

3.3. Criteria for restoration of confined coastal lagoons in 
Baix Ter wetlands
In Baix Ter wetlands a restoration project was developed in La Pletera salt marshes (Life Pletera; 
LIFE13NAT/ES/001001). This zone was affected by building works for a residential estate in the late 
80s, and then discontinued in the 90s. The aim of the project was to recover the ecological values 
of these salt marshes, altered by the building works. With this purpose, the remaining urban features 
(promenade, accesses, filling material, breakwaters, and debris) were dismantled and substituted by a 
coastal ecosystem. Several confined coastal lagoons were surrounded by the corresponding salt marsh 
vegetation, separated from the sea by a well-constituted dune (Figure 9). Five criteria prevailed in the 
excavations for lagoon creation and removal of the human-made elements. Their order was hierarchical 
so that none of them applied unless the former criteria were met. These criteria were:

1) The conservation of the ecological functioning of the coastal ecosystem. The new structure of 
the restored salt marsh must guarantee that the typical ecological processes of the lagoons (described 
in section 2) will work properly in the future. With this purpose, the restored ecosystem was organized 
following the usual spatial structure of confined coastal wetlands in natural conditions, which consist of 
the following bands running parallel to the coastline:

•	 a band of coastal dunes made up of mobile dunes and the foredune;

•	 a gradient band consisting of a mixture zone of dunes and salt marshes;

•	 a band of lagoons formed by several permanent confined lagoons distributed parallel to the sea; 

•	 a band of salt marshes formed by halophilic vegetation allowing lagoons to overflow during 
flooding events. 
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Figure 9: Aerial view of the restored area in La Pletera (Baix Ter wetlands) before (up) and after (down) the restoration.
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Hydrology must follow the flooding-confinement pattern with no continuous inputs of surface 
freshwater sources. It will maintain the characteristic nutrient dynamics and community structure of 
these habitats, as described in sections 2.2 and 2.3.

2) The improvement of the existing colony of the Iberian toothcarp with the creation of more 
population nuclei. Two issues were considered here. Firstly, several permanent water bodies remain 
isolated during confinement periods but connected during flooding events. This structure promotes 
habitat diversification and ensures the permanent availability of refuges suitable for Iberian toothcarp, 
either during dry or wet years. Secondly, permanent water bodies were built by excavating the sediment 
below sea level, but taking into account the sedimentary pattern, and ensuring that the impermeable 
layer was not removed (Geoservei, 2016). It facilitates higher salinity conditions during confinement, 
which are suitable for Iberian toothcarp permanence (as discussed in section 3.2.). 

3) The non-intervention in areas still keeping salt marsh vegetation, since the filling done during 
the urbanization process did not fill up the whole salt marsh area. Thus, the remaining areas still 
covered by coastal habitats included in the Habitats Directive (such as those listed in section 1) should 
be kept.

4) The recovery of the topographical levels existing before the urbanization process. It is 
important to stand out that this is not the main restoration rule, as it is in most restoration projects. It 
means that we did not use the morphology of the original salt marsh as a reference for the building 
of the new morphology. On the other hand, we only apply it when the three former criteria were met. 
Trying to reproduce the old morphology does not make sense when the salt marsh has been strongly 
altered by the building works.

5) The design of a new topographic distribution that in the future recalls the existence of an 
unfinished development process in the area. It is not the aim to reproduce a pristine salt marsh as if 
it was never altered and destroyed, but to remember that there was a failed urbanization process and 
that the salt marsh ecosystem is not an original system, but rather a restored and recovered one. With 
this idea, the old accesses and promenades turned into lagoons and depressions; the old roundabouts 
became separations between permanent water bodies and one of the old electric transformers now 
shelters a hide for bird watching.

3.4. Restoration in a global change scenario
In the current context of global change, the area of La Pletera has recorded an average increase of 
sea level of 5 mm·year-1, an increase in the average frequency of sea storms, and a backward of the 
coastline of about 1 m·year-1 during the last decades (Pascual et al., 2012). Occasional river flooding 
events, which can regenerate the confined lagoons, are not possible in the area as long as the last reach 
of the Ter River is dammed and channelled, and rock armour embankments on both shores protect it 
from overflowing. Nowadays, the relatively short dimensions of the area and the unpredictability of the 
effects of a river flooding advise against the occasional river flooding through the salt marsh.

In the short term, a modelling approach (Figure 10) of the current possible effects of a strong sea storm 
compared with those of the presence of the withdrawn human-made elements shows that the removal 
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of the human-made structures in La Pletera increases the capacity of the salt marsh to laminate water 
during sea storms and reduces sea water intrusion into adjacent crop fields (Solà et al., 2016). In the 
very long term, one of the main problems on the coast of Catalonia is the presence of infrastructures 
close to the sea (train rails, motorways, promenades, breakwaters), which do not allow a gradual shift 
of the sea coast and of the coastal ecosystems into land (Sabater et al., 2017). The designed soft 
structure, based on bands and with the absence of any hard barrier, appears to be the best way to 
mitigate climate change effects in this coast. 

Figure 10: Results of the hydraulic model, developed in the framework of the projects Life Pletera (LIFE13 NAT/ES/001001) 
and Life Medacc (LIFE12ENV/ES/000536), showing the expected effects of an intense sea storm in the area of La Pletera 
salt marshes before and after the restoration actions.  The presence of the man-made elements before the restoration 
(left) avoided the flooding of the salt marsh and caused marine intrusion in the adjacent farmlands. With the removal of 
these elements (right) the sea water inputs during a sea storm do not overcome the salt marsh area. Red dotted line, limit 
of the Nature 2000 area; green dotted line, limit of the public coastal domain.
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1. Introduction
The Albufera Natural Park (Valencia, Spain) is a protected area, partially surrounded by the city of Valencia 
and its metropolitan area, which shelters around a million and a half inhabitants (Figure 1). Broadly 
speaking, the park comprises three types of ecosystems: 1) a shallow freshwater lake (approx. 2800 
ha), homonymous to the park, connected to the sea by artificial channels, called golas; 2) the marsh 
surrounding the lake on the north, south, and west, and now almost entirely occupied by rice paddies, 
which at the same time act as wetlands during flooding of the crop (in late spring for rice cultivation, and in 
late autumn to early winter, for hunting); and 3) a sandy bar, or restinga, located on the east, between the 
lake and the Mediterranean Sea. This sandy bar, known as La Devesa de El Saler, is about 1 km wide and 
14 km long and it is formed by several dune strands parallel to the coast and their respective interdunal 
depressions. Water usually accumulates in these basins during certain periods of the year, forming a 
system of ponds locally known as malladas. It should be noted that La Devesa de El Saler is currently a 
recreation area widely frequented by both the local population and tourists. 

Figure 1. Left: Location of the study area in the Iberian Peninsula (top) and 
the Albufera Natural Park (bottom). Right: Detail of the area with the location 
and code of some of the studied malladas. The colours indicate their age 
of restoration: yellow, green, and orange correspond to the projects of 
restoration in 2007, 2003, and 1998, respectively. (Modified from Olmo 2016).
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The area was declared Natural Park in 1986 (Decree 89/1986, 8 July), -the first in the Valencian region-, 
and included in the Ramsar List of Wetlands of International Importance in 1989. The whole area also 
belongs to the Natura 2000 Network, because it is considered a Site of Community Interest (Council 
Directive 92/43/EEC) and Special Protected Area for Birds (Council Directive 2009/147/EC). The 
protection of the Natural Park is regulated by two autonomous regulations, the Natural Resources 
Management Plan (Decree 96/1995) and the Master Plan for Use and Management (Decree 259/2004). 
Like many other Mediterranean coastal areas and despite the high level of protection, the area was 
historically under strong anthropogenic pressures due to the high population density located in its 
vicinity.

In particular, the sandy bar ecosystem, La Devesa de El Saler, has undergone several transformations, the 
most intense in the 20th century (Figure 2).

Figure 2. Pictures of La Devesa de El Saler and restoration of some malladas: (a) in the 60’s during the 
development plan; (b) aerial view in 2002; (c) restoration work in the mallada R1; (d) installation of a footbridge 
in the mallada O4; (e) mallada R1 right after its restoration in the summer of 2007; and (f) mallada R1 after its 
first filling in October 2007. (From Olmo 2016).
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At the time, as an endemic area of malaria, the malladas were considered unhealthy places where 
mosquito populations, vectors of the disease, had to be eradicated. Therefore, these ponds were 
drilled, breaking their impermeability, to promote drainage towards the groundwater (Cambó Law of 
1918). Later, in the 60’s, an urbanization project called “Management and Development Project of 
Monte de La Devesa” was approved. Its goal was the urbanization of the beach barrier, including a set 
of residential complexes with several towers of apartments, single-family houses, hotels and recreation 
areas, in addition to a sewerage system, car parks, secondary roads, and a sea promenade.

All these actions involved the levelling of the land, which resulted in the complete disappearance of 
the dune strands near the sea, along with many of the associated ponds. The malladas were artificially 
filled with the sand of the dunes and with debris (mud, rubble, etc.) from the River Turia flooding of the 
city of Valencia in 1957.

In the mid-1970s, the political change in Spain (from dictatorship to democracy) prompted the rise 
of a series of social and environmental movements against the urbanization project; many of them 
promoted by prominent naturalists of the time, such as the well-known Felix Rodríguez de la Fuente. 
As a consequence, the urbanization project of La Devesa de El Saler was only partially implemented. 
Valencian citizens, under the slogan “El Saler per al poble” (El Saler for the people), managed to stop 
the construction of most of the facilities planned, mainly the bulk of residential units. However, not until 
the end of the 1980s did the environmental policies at European, national, and regional level adopted 
action frameworks in an attempt to recover the ecological value of the area (Sanjaume 1998; Rey 
Benayas et al. 2003). Since then, the coastal dunes and the buried ponds were tried to be brought to 
their previous state through successive restoration projects. 

The first of these projects was carried out between 1988 and 1998 by the local government, who 
restored one part of the affected area. Later, two Life Natura projects were done in the region, Life Duna 
(LIFE00 NAT/E/007339), between 2003 and 2005, and Life Enebro (LIFE04 NAT/E/000044), between 
2007 and 2009, co-financed by the European Commission. In these projects, infrastructures such as 
roads were eliminated, and part of the coastal dune strand and some dune slacks were restored. 
The old basins were silted, although during periods of heavy rains, they could maintain a thin layer of 
water. Consequently, the vegetation was dominated by reeds along with other terrestrial plants that 
tolerate some degree of flooding, such as species of the Inula or Dittrichia genera. The first step for 
the restoration of the malladas was to define the boundaries of the old basins using aerial photographs 
and other historical records. Subsequently, heavy machinery was used to extract the sediments (Figure 
2c) above the layer of silts limiting the waterproof zone (between 50 and 100 cm below ground level). 
Most of the malladas were restored to be temporary (Antón-Pardo & Armengol 2010; Olmo et al. 2016). 
Nevertheless, some were excavated deeper to maintain a water column throughout the year and thus 
create reservoirs for endemic and threatened cyprinodont fish species (Benavent Olmos et al. 2004): 
fartet or Iberian toothcarp (Aphanius iberus) and samaruc or Valencian toothcarp (Valencia hispanica). 
In some of these permanent malladas, submerged macrophytes (mainly of the Chara and Potamogeton 
genera) and specimens of the above-mentioned fish were introduced. For the rest of the malladas, a 
natural recolonization of those local plant species adapted to these environments was chosen (Benavent 
Olmos et al. 2004). The shores of the ponds were given a gentle slope to facilitate the access of fauna.

The malladas are listed in the Habitats Directive (92/43/EEC) as “Humid dune slacks (Code 2190)”. As 
general features, these interdunal ponds are endorheic, shallow, slightly brackish, and small, hardly 
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extending beyond one hectare. The water of the temporary ponds comes from rainfall, whereas the 
water of the permanent ponds also derives from groundwater. Temporality has an annual dynamic 
defined by the Mediterranean climate of the region, where the heaviest rains fall in autumn and spring, 
while summers are dry and hot. Accordingly, the hydrological year starts in September and ends in 
August the following year. Given the unpredictability of the Mediterranean climate, temporary malladas 
can have different alternating periods (hydroperiods) of filling and drought within the same hydrological 
year and with different durations.

In the area of La Devesa there are over 40 water bodies (Rueda-Sevilla et al. 2006; Rueda 2015). The 
main malladas, following the traditional toponymy and from north to south, are: mallada del Quarter, 
del Saler, de La Rambla, Redona, del Garrofer, Llarga, de la Mata del Fang, de l’Hospitalet, de la Torre, 
Malladeta, and del Canyar. There is also an area with restored lagoons in the Racó de l’Olla, a reserve 
area closer to Albufera Lake. Most malladas are separated by old firewalls (tallafocs); however, some 
that are sequential can be found connected during extreme flooding events (for example in the winter 
of 2017 we observed the connection of the malladas de La Rambla and Redona, and the latter also 
with del Garrofer). Some of these old malladas are very fragmented, and some include isolated water 
bodies. For instance, following the restoration carried out in 2003 (Life Duna project) where the old 
mallada Mata del Fang was located, four malladas were created, three of them (two temporary and 
one permanent) connect to each other when the water level is very high, and a fourth temporary one is 
separated from the other three by a path. The last of the completed projects restored two temporary 
malladas in the summer of 2016 (Rambla and Redona), and new actions are planned. 

The aquatic systems of the Albufera Natural Park have been the subject of research in the field of 
limnology. Since the beginning of the 20th century many of these studies have focused on the Albufera 
Lake (Arévalo 1916, 1918; Blanco 1976). Since the 1980s, under the direction of Dr. Rosa Miracle, 
limnological studies intensified (e.g. Miracle et al., 1984; Oltra & Miracle 1984, 1992; Oltra 1993; Romo 
& Miracle 1994) and extended to other aquatic systems of the natural park, such as rice fields, ditches, 
springs (locally known as ullals), and some of the old malladas (Soria & Alfonso 1993; Alfonso, 1996; 
Soria, 1997). More recently, after the restorations carried out by the projects Life Duna and Life Enebro, 
several limnologic aspects of the malladas were studied (Rueda-Sevilla et al. 2006; Antón-Pardo & 
Armengol 2010; Olmo et al. 2015, 2016; Rueda 2015; Antón-Pardo et al. 2016; Olmo 2016; Romo et al. 
2016). 

This chapter documents the effects that different restoration projects have had on the environmental 
features and the zooplankton assemblages of the malladas. We emphasize the colonization, 
establishment, and configuration of various groups of zooplankton in these aquatic habitats, comparing 
those recently restored malladas with the firstly restored ones, which will be used as reference systems. 
We have used a nomenclature related to the different ages of restoration (Figure 1): R (recently restored, 
in 2007), I (intermediate restoration, in 2004), and O (old malladas restored in 1998); and P will refer to 
the permanent malladas. Zooplankton is an excellent model for understanding community ecology and 
ecological restoration (Louette et al. 2009; Badosa et al. 2010), and the studies presented below provide 
detailed information on how the development of restoration works can affect these communities.
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2. The effect of the restoration on the 
environmental characteristics of the 
“malladas”
The successive restorations carried out in the malladas have affected diverse environmental 
characteristics including the limnological ones. To examine the effects of restoration on these 
characteristics an exhaustive study during four hydrological years was launched: since October 2007, 
after the first filling of the recently restored malladas, until May 2011, after the summer drying of all the 
temporary ones. In the set of the 17 studied malladas, (13 temporary and four permanent) the different 
ages of restoration are well represented (7 recently restored, 4 intermediate and 6 old malladas). 

During the study period, the air temperature was similar, with mean values close to 18°C (Figure 3). 
However, rains were more variable between the different hydrological years. In the first three years, the 
accumulated annual precipitation was higher than 650 mm per year, while in the last hydrological year, it 
was less than 400 mm. In this last year, the hydroperiods of the temporary ponds were more intermittent 
and ephemeral (Figure 4). In the permanent malladas, the water level fluctuated with a variation of 90 
cm, indicative of seasonal and interannual rainfall variability. Since the spring of 2011, the temporary 
malladas remained virtually dry due to a long lasting drought. Following that episode of xericity, the 
complete filling of all the basins took place at the end of the autumn of 2016, after strong rainfall.

Figure 3. Cumulative precipitation (monthly and annual) and average temperature (monthly and annual) recorded 
during the four hydrological study years (September 2007-July 2011) at the Benifaió meteorological station, located 
12 km from the study area. (Modified from Olmo 2016).
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Figure 4. Representation of the hydroperiod of the 17 malladas from 2007 to 2009. Black: flood periods; grey: dry periods; white: 
no data available.

During this four-year hydrological period, the malladas were visited monthly, and during the inundation 
periods a series of limnological variables were measured: conductivity, water temperature, pH, 
dissolved oxygen, depth, and chlorophyll a, nitrate, and soluble reactive phosphate concentrations. 
Other variables such as the percentage of vegetation cover or the presence of macroinvertebrates and 
waterfowl were also registered.

In the case of the temporary ponds, the vegetation cover comprised almost exclusively helophytes, 
whereas the permanent ponds also developed macrophytes in the beds of their basins. The temporary 
malladas restored in 2007 evolved from lacking vegetation in the first year of study to having a vegetation 
cover of 10–20% at the end of the four years. The cover of the temporary malladas restored in 1998 and 
2003 remained around 75–90% and 50–70%, respectively. On the other hand, the cover of the recent 
permanent mallada (RP) reached up to 70%, while the permanent older ones (IP, OP1, and OP2) had 
around 40% of total coverage. 

In general terms, and despite the intrinsic characteristics of each pond, younger malladas had higher 
levels of pH, oxygen, conductivity and depth (Figure 5). This could be related to the increase in plant 
cover that occurs with time since restoration. The increase in plant cover imply a higher supply of 
organic matter to the older basins sediments, which should have two main consequences: 1) increase 
of silting speed, with the consequent reduction of depth and shortening of the hydroperiod; and 2) 
increase of decomposition rate, which could imply a reduction of pH and dissolved oxygen.

In calcareous regions, like ours, pH is regulated by the carbonate buffer system (Wetzel 2001). However, 
other natural processes such as respiration, photosynthesis, decomposition, and the presence of 
humic compounds also influence this variable. In general, the pH value changes as the balance 
between primary production and decomposition changes (by the uptake or release of CO2 dissolved 
in water), and this causes daily, seasonal, or interannual pH fluctuations. If the production exceeds 
the decomposition, pH will be higher; on the contrary, if the decomposition dominates, pH will be 
lower (Brönmark & Hansson 2010). In our pond system, pH is generally around 8 to 9 (Alfonso 1996; 
Antón-Pardo & Armengol 2010). The lower pH values in the older malladas imply the dominance of 
decomposition over production (Scheffer 2004) due to the increase of organic matter from vegetation. 
On the contrary, in the recent malladas, production apparently dominates, as they have small inputs 
of organic matter due to the scarce vegetal cover. The same processes may also be the cause of the 
decrease in oxygen as the time since the restoration increases.
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Figure 5. Box and whisker diagrams of conductivity, temperature, pH, oxygen, chlorophyll a, nitrates, and soluble reactive 
phosphorus for each mallada during the study period. The boundaries of the boxes indicate the 25th and 75th percentiles; the 
line inside each box is the median. Error bars indicate the 90th and 10th percentiles, with black dots being the extreme values.
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In respect to conductivity, coastal ponds tend to concentrate salts due to the influence of groundwater, 
which is usually brackish, and of marine spray (Reyes et al. 2006). However, a reduction in salinity 
from the first year of restoration until the end of the study was observed in recent malladas. The 
restoration works exposed layers of sediment containing an accumulation of salts, which possibly 
favoured a higher conductivity during the first hydroperiod, when compared to the older ponds. In our 
system, the progressive reduction of conductivity could be due to the leaching of the salts to deeper 
layers of the sediment. Two of the oldest lagoons (O4 and OP1) had higher conductivities than the 
rest, because of the presence of an old zone with high salinity in the bed of the temporary mallada 
O4 and the punctual input of marine water in the permanent mallada OP1 (near the beach) during sea 
storms.

Water level variations in both permanent and temporary wetlands are theoretically the result of the 
interaction of a complex set of processes such as precipitation, infiltration, evaporation, and plant 
transpiration (Mitsch & Gosselink 2007). The morphology of the basins, including their depth, has a 
significant influence on these variations. In our system, depth generally decreases with age, and this 
could also be related to the increase in vegetation cover over time, which favours a quicker silting 
of the basin. Increased coverage could also contribute to the drying of ponds by evapotranspiration 
and filtration since root systems alter and break impermeable silt strata, facilitating the loss of water 
to deeper layers (Mitsch & Gosselink 1993).

For other environmental variables, however, no clear patterns apparently derived from the age of 
restoration. In all malladas, the mean values of chlorophyll a in the water were around 5 μg L-1, which 
is the boundary between oligotrophy and mesotrophy (OECD 1982), although the permanent ponds 
had slightly higher mean concentrations (Figure 5). Regarding the dissolved nutrients, nitrates and 
phosphates were detected in all samples, but with very low concentrations and without a defined 
pattern related to the hydroregime or the age of the restoration of the ponds.

In order to explore the general patterns of the environmental characteristics in the set of ponds, 
we performed a principal component analysis (PCA). The first axis (CP1) explained 57% of the 
variance and appeared positively related to pH (Figure 6). It ordered the ponds according to the 
age of restoration, with the most recent lagoons located in the positive side of the axis, and the 
oldest ones in the negative side. The second axis (CP2) explained 17.8% of the variance. This axis 
ordered the lagoons according to their hydroperiod, and it clearly separates the permanent lagoons 
(on the positive side of the axis) from the temporary ones (on the negative side). This axis correlated 
positively with depth, pH, and chlorophyll a, and negatively with conductivity.

Other ordination analyses performed with samples from the temporary and permanent lagoons 
independently revealed similar patterns. On one hand, in the absence of the hydroperiod (permanence 
vs. temporality), these analyses also highlighted the importance of pH in relation to the age of 
restoration, with a lower value in older lagoons that were clearly isolated from recent and intermediate 
ones. On the other hand, our sites were also related to chlorophyll a and depth, with deeper ponds 
presenting lower values of chlorophyll a, which is probably related to the seasonal and interannual 
variations.

Based on these results, we can conclude that the heterogeneity in our pond system is highly 
determined by the age of restoration, or the number of years that have passed since the restoration. 
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Our goal was to unravel and quantify the main factors that explain the environmental differences 
between the age groups, since information on the abiotic context will help us to better understand 
the biotic framework in which we will focus in the rest of the chapter: the assemblage of zooplankton 
communities.

Figure 6. Ordination diagram of the Principal component analysis made with the limnological variables in 17 
malladas. Each symbol corresponds to the average position of all the samples of a pond in the studied period. 
The grey and empty symbols correspond to the permanent and temporary malladas, respectively. COND: 
conductivity; TEMP: temperature; CHLA: chlorophyll a and SRP: soluble reactive phosphorus.

3. The effect of restoration on the 
zooplankton of the “malladas”
The results on zooplankton come mainly from two studies: a preliminary one including eight malladas 
restored in 2003 and 1998, with samples taken in the hydrological cycle 2006–2007, and another one 
with 17 malladas (including the previous ones and others restored in 2007) that were studied during the 
2007–2011 period.

3.1. The zooplankton of the “malladas”: composition and 
dominant groups 
During the hydrological cycle 2006–2007, some malladas including temporary and permanent ones 
were studied three years after the project Life Duna. In that study, we took samples fortnightly and 
identified 100 species of zooplankton, among which rotifers dominated with 71 species, followed 
by cladocerans (15 species), copepods (13), and a species of anostracan (Antón-Pardo & Armengol 
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2010; Antón-Pardo et al. 2016). The accumulated species richness during that year had its highest 
values in the permanent freshwater pond IP (Table 1). Values of average density were around 200–300 
ind L-1 in most of the ponds, but they fluctuated greatly, with highest abundances due to juveniles of 
cyclopid copepods and to rotifers. This result coincides with the pattern of dominance that has been 
found in other shallow Mediterranean systems (Ortega-Mayagoitia et al. 2000, Rodrigo et al. 2003; 
Brucet et al. 2010). The species found during this period were generally cosmopolitan, frequent in 
the region and in this type of Mediterranean coastal systems with saltwater influence (e.g., Antón-
Pardo & Armengol 2012, 2014) and therefore subject to salinity fluctuations characteristic of these 
ecosystems (Badosa et al. 2005; Serrano & Fahd 2005).

	 REFERENCE	 Abundance	 Mean	 Cumulative
		  (Ind L-1)	 richness	 richness
	 IP	 211.8 ± 121.4	 16.8 ± 4.7	 62
	 OP1	 334.8 ± 174.6	 12.4 ± 5.4	 40
	 O3	 117.6 ± 94.7	 14.8 ± 3.8	 39
	 I2	 249.0 ± 377.7	 6.6 ± 2.4	 26
	 O2	 212.6 ± 465.9	 7.9 ± 3.3	 21
	 I1	 231.9 ± 300.5	 7.1 ± 2.2	 19
	 O4	 938.6 ± 865.1	 7.3 ± 2.2	 18
	 O1	 280.5 ± 249.7	 12.3 ± 1.2	 28

Table 1. Average values of density, mean richness and accumulated richness in 
the set of malladas studied in 2006–2007 and which were used as reference sys-
tems in other studies.

In terms of species composition, the genera of rotifers Lecane and Brachionus were the richest, 
while Hexarthra, Polyarthra, and Keratella had the highest densities. Cyclopids dominated among 
the copepods: the most abundant species was Acanthocyclops americanus, which was previously 
cited as present in the area by another name (A. robustus); and it is very abundant in the whole area 
(Soria & Alfonso 1993; Alfonso 1996; Oltra & Miracle 1992) and tolerates brackish and eutrophic 
waters (Dussart 1969; Miracle et al. 2013). There were also remarkable abundances of Diacyclops 
bisetosus, D. bicuspidatus, and Tropocyclops prasinus, which are also euryhaline (Dussart 1969; 
Alonso 1998). Only one mallada (O3) registered the presence of a species of calanoid copepod, the 
diaptomid Mixodiaptomus kupelweseri, which was previously cited as present in the area (Alfonso 
1996). As for Cladocera, D. magna was found at higher densities, which is understandable given 
its tolerance to high ranges of salinity (Boronat et al. 2001; Ortells et al. 2005). Conductivity tends 
to be negatively related to the diversity of cladocerans since most species of this group have little 
tolerance for this factor (Jeppesen et al. 1994; Moss 1994). Other species of cladocerans less tolerant 
to mineralization such as Ceriodaphnia quadrangula, Simocephalus vetulus, or Daphnia pulicaria 
(Alonso 1998; Boronat et al. 2001) were also found. The results of this work show that the permanent 
ponds and those with longer hydroperiod accumulated greater species richness during the study 
period, but it also emphasizes the importance of the restoration age on zooplankton, as well as the 
conductivity and the system’s productivity-related aspects (Antón-Pardo & Armengol 2010; Antón-
Pardo 2011; Antón-Pardo et al. 2016).
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Many studies have found that the duration of the hydroperiod (here correlated with depth) is the 
primary factor determining the structure and composition of the community in aquatic systems (e.g. 
Wellborn et al. 1996; Boix et al. 2001; Eitam et al. 2004). Generally, species richness is greater in 
permanent ponds (e.g., Collison et al. 1995; Alonso 1998; Spencer et al. 1999) or in temporary pools 
with longer hydroperiods (e.g. Fahd et al. 2000; Boix et al. 2001). However, comparing systems with 
different hydroperiods is complicated because of two reasons: first, the greater number of samples 
(the sampling effort) can influence the number of species found in the permanent systems or with 
longer hydroperiods; and second, the hydroperiod is often associated with variables that increase 
environmental heterogeneity (depth or aquatic vegetation) or with the abundance of Anatidae, which 
may act as dispersal vectors of zooplankton (Figuerola & Green 2002).

The influence of salinity on the structure of the pond community has also been widely studied 
(Williams 1999; Brock et al. 2005; Toumi et al. 2005; Waterkeyn et al. 2008) and, as in the malladas, 
its influence on the zooplankton assemblage is significant (e.g. Boronat et al. 2001; Frisch et al. 2006; 
Martinoy et al. 2006; Waterkeyn et al. 2008). Apart from the effects on species richness, which will be 
discussed in the next section, this variable had a positive effect on the abundance of zooplankton; 
the three most brackish ponds were those with the highest average abundance of zooplankton. 
The relationship between salinity and productivity has long been known, since brackish ponds are 
systems where nutrients are not usually limiting and where a few well-adapted species can develop 
significantly (Hammer 1986).

Finally, we note the presence of the Anostraca Tanymastix stagnalis, a rare species in the Iberian 
Peninsula (Boix 2002), which was only found in one mallada (O2) with one of the most irregular 
hydroperiods. Rueda-Sevilla et al. (2006) found three populations of this species in the same area: 
one population in O2 and the other populations in two malladas which are not included in this study. 
Although this species has been classified as a cold-water species, in this area it appears at higher 
temperature ranges. Large branchiopods like this may be more efficient competitors than smaller 
filterers such as cladocerans or rotifers (Waterkeyn et al. 2011), but being larger are also more 
susceptible to predation by fish and invertebrates (Bohonak & Whiteman 1999). Therefore, species 
of large branchiopods usually appear in temporary systems, where large predators (mainly fish) are 
absent (Schneider & Frost 1996). Experiments carried out with this species showed the importance 
of conductivity in the maintenance and development of its populations. This fact, together with their 
obligate sexuality and with the fact that their dispersal capacity may not be as high as that of other 
branchiopods, would explain the isolation of their populations (Olmo et al. 2015). 

3.2. The effect of restoration on zooplankton in permanent 
ponds

As already mentioned, the permanent malladas presented  higher zooplankton species richness, 
which in our case can be associated with several factors: (i) high habitat heterogeneity and 
environmental conditions related to a diversification of niches; (ii) the annual permanence of water, 
which facilitates assemblage succession; (iii) the temporal variety in the environmental conditions 
favouring different hatching stimuli; (iv) a constant water column that helps the establishment 
of waterfowl, which are significant dispersal vectors (e.g., Figuerola & Green, 2002); and (v) the 
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presence of fish populations and other predatory macroinvertebrates that imposes an intense 
predation pressure, preventing the dominance of a few species (e.g. Spencer et  al. 1999) and 
making competitive exclusion difficult. In addition, the expansion of the old basins (in area and 
depth) and the introduction of aquatic flora and fauna species carried out during the restoration may 
have helped to increase the effect of these factors. This is because, together with the introduced 
fish and plants, diverse species of zooplankton or its forms of resistance associated with the water 
and the sediment of the plants may have entered. This fact could contribute to the quick increase 
of the species richness in these permanent ponds.

To illustrate the effect of the restoration on the zooplankton of permanent systems, we will present 
two examples that were studied in detail: the case of the permanent pond Mata del Fang (PI), 
restored in 2003, and the case of the new pond created in the old mallada del Canyar (RP).

1. Mallada de la Mata del Fang (IP): This pond was not completely silted during the development 
of the area in the 60’s, leaving a small channel-shaped lagoon with an area of about 300 m2 and 
a depth of 1 m that was used to provide water to the urbanization works. A study of this pond 
carried out in 1987 along a year (Soria & Alfonso 1993) found a high density of emergent vegetation 
and low water quality. The dissolved oxygen was low (4.7 ± 2.4 mg L-1) and the concentration of 
chlorophyll a was 27.7 ± 10.7 μg L-1, so the pond was described as mesotrophic (OECD 1982). As 
part of the project Life Duna (in 2003), the area of the basin was increased (up to 4000 m2), and 
the basin was excavated to an approximate depth of 2 m. Different species of macrophytes (Chara 
hispida, Potamogeton pectinatus, and Zannichellia peltata), as well as specimens of the endemic 
fish above-mentioned, were introduced. In the post-restoration years (2006 to 2009), there were 
significant changes in both environmental variables and aquatic communities (Antón-Pardo et al. 
2013). In addition to the development of submerged vegetation, there was a significant colonization 
of helophytes, mainly of Phragmites, Typha, Juncus, and Scirpus genera. As a consequence of 
the new submerged vegetation and the increase in depth, there was an increase in dissolved 
oxygen levels. Moreover, between three and six years after restoration, the mean concentration 
of chlorophyll a decreased to values below 5 μg L-1, so the pond entered a state of oligotrophy 
(OECD 1982). As for zooplankton, the richness of all groups increased substantially, which implied 
important changes in the structure of the communities (Antón-Pardo 2011; Antón-Pardo et al. 
2011). Between February 1987 and January 1988 (Alfonso 1996), a total of 14 species of rotifers 
were found, with a clear dominance of Keratella tropica. Only two species of crustaceans were 
observed, the cladoceran Daphnia magna at very low densities and the copepod Tropocyclops 
prasinus, whose juveniles (mainly nauplii) reached the maximum densities. In the years after the 
restoration, the mallada held 78 species of zooplankton, with 60 species of rotifers in total, 5 
copepods, and 13 species of cladocerans (Antón-Pardo et al. 2013). The increase in species of 
this latter group is particularly relevant for the system functioning, since its greater efficiency in 
phytoplankton filtration (as compared to rotifers and nauplii microfilters) helps in the processes of 
water clarification and facilitates the existence of clear phases in shallow habitats (Scheffer et al. 
1993).

2. Mallada del Canyar (RP): In this case, the pond was excavated in an area where there was no 
previous basin. The excavation took place in the summer of 2007 as part of the project Life Enebro. 
The final dimensions of the pond were approximately 5900 m2 in area and maximum 1.5 m in depth. 
Unlike the restored temporary systems, in this case, the excavation reached the groundwater table, 



206 

so the pond had water before the autumn rains (Figure 7). Endemic fish and submerged vegetation 
were also introduced, similar in composition to that detailed in the description of mallada IP. 
Gradually from its first filling (October 2007), the pond had a significant colonization of helophytes 
(similar species to IP) in the basin and its rim (Antón-Garrido et al. 2013; Calero et al. 2015). There 
was a quick development of submerged vegetation with the colonization and establishment of new 
species of macrophytes belonging to genera Nitella and Utricularia, which eventually developed 
large submerged beds (Calero et al. 2015). This mallada was sampled after filling for four hydrologic 
years: nutrient and conductivity values increased over time, while oxygen values decreased after 
the second year and chlorophyll a was generally low in the same period. 

Figure 7. (a) Detail of the excavation work in the permanent mallada PR in summer 2007 (before the autumn rains). Note that the 
water table is exceeded in depth; (b) the same mallada in the autumn of 2008.

Many species of zooplankton quickly colonized this newly created mallada. Figure 8 shows the species 
richness accumulated in this pond during the four years of the study, indicating a high richness already 
from the first sampling (12 species of rotifers and one of cladoceran), and a progressive increase in the 
number of species until the slope softened two years after its creation. After four years, the accumulated 
species richness reached 80 species, mostly rotifers (61 species), followed by cladocerans (13 species) 
and, finally, copepods (six species). The most abundant group was the rotifers, especially in the first 
months, with abundances above 1000 ind L-1. The most abundant species of this assemblage were 
Anuraeopsis fissa, Polyarthra dolichoptera, K. tropica, Hexarthra oxyuris, and Trichocerca pusilla. The 
cladocerans showed lower and more constant abundances during the whole period (maximum of 29 
ind L-1). In the later years of the study, copepods were more relevant, due to the juvenile stages, whose 
average densities increased from 103 ind L-1 to 406 ind L-1 from the first to the last year of the study, 
respectively.
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Figure 8. Top: Cumulative richness of rotifers, copepods, and cladocerans of the mallada RP from 
September 2007 to March 2011 in bimonthly intervals. Bottom: Zooplankton density of the three 
main groups of zooplankton during the same period.

3.3. The effect of restoration on zooplankton in temporary 
ponds  
Most of the lagoons we have studied are temporary, so in this section, we will discuss some noticeable 
aspects of the zooplankton of this type of systems undergoing restoration, such as early colonization, 
egg bank, and ecological succession.

1. Early colonization: The six temporary malladas recently restored by the project Life Enebro (R1 
to R6, Figure 1) were sampled 15 days after the first rainfall at the end of September 2007, which 
was quite abundant, so the lagoons filled quickly. We could thus document the colonization of the 
main zooplankton groups from the beginning. Furthermore, we had the opportunity to compare these 
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pioneer communities with those from a set of eight malladas restored in 1998 and 2003, which we 
have considered as reference and which have been described in more detail in section 3.1.

In the first sampling performed after the restoration, 30 species in total were identified in the six 
recently restored malladas: 24 rotifers, four copepods, and two cladocerans (Figure 9). In the recent 
malladas, the richness value had a wide range: from five species in R6 to 19 in R1. But for two species 
of rotifers of the genus Cephalodella, the rest had already appeared in the reference malladas during 
the previous hydroperiod (2006-2007). Out of 100 species previously reported, 28% were detected 
in the first filling of the recent malladas (31% of the 71 species of rotifers, 14% of the 15 species of 
cladocerans, 27% of the 13 species of copepods, and the only species of anostracan was not found). 
In some of them, high densities were reached, with rotifers dominating in richness and abundance: 
some species, such as H. fennica, P. dolichoptera, and B. angularis, had densities of more than 150 
ind L-1. In contrast, malladas with low richness also showed low densities (R5 and R6). 

Figure 9. Proportion of the different zooplankton groups in the first sam-
pling of newly created ponds (R1–R6) carried out in October 2007. The 
location of the graphs shows the relative position of each mallada, and its 
size is proportional to the zooplankton density.

These six malladas are not connected and thus, main dispersal vectors for zooplankton arrival relies 
on wind and animals (humans included). A large number of waterfowl (mainly Anatidae) was detected 
in some of the ponds right after the first filling. As dispersion is apparently not a limiting factor for 
the arrival of zooplankton (Antón-Pardo et al. 2016), these new malladas act as sinks of immigrants 
arriving from older neighbouring malladas, which in turn serve as a source of the regional species 
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pool, as suggested by several studies (Caley & Schluter 1997; Leibold et al. 2004; Vanschoenwinkel et 
al. 2007). Data show that the colonization of zooplankton occurred very quickly in the restored ponds, 
indicating their good dispersive abilities, according to other studies (Louette & De Meester 2004; 
Frisch & Green 2007; Badosa et al. 2010). The results evidenced the colonizing capacity of organisms 
with shorter development times and quick response to hatching such as rotifers (Brendonck & De 
Meester 2003; Frisch et al. 2012; Lopes et al. 2014). Likewise, they benefitted from the absence of 
their direct competitors, the cladocerans, which were only detected in two ponds and at very low 
density. Despite their high regional diversity (15 species in 2006–2007), cladocerans have longer 
generation times, so it would take them longer to colonize new waterbodies (Jenkins & Buikema 
1998). 

Bearing in mind that the natural recolonization of restored aquatic systems is strongly influenced 
by a propagule bank in the previous basin (Olmo et al. 2012), we cannot discard the recruitment 
from a remnant eggs bank before restoration, although the maintenance of this egg bank was not 
taken into consideration during excavation works. Moreover, the early appearance of adult copepods 
(including ovigerous females) in active communities could also be indicating that the egg bank before 
restoration was not completely withdrawn. According to Frisch & Green (2007), the cyclopids can 
colonize and become dominant in a few hours after the rehydration of their anhydrobiotic resistance 
forms. Other indicator of this remnant egg bank would be the results obtained from genetic analysis 
of D. magna, which revealed that some recent malladas had a high clonal richness, comparable to the 
reference malladas and far superior to that expected after reproduction among the colonizing clones 
after a growing season (Ortells et al. 2012).

2. Egg bank: A short period after the restoration should be sufficient for a pond to accumulate a 
large number of species, aided by the high dispersal rate and recruitment from the egg bank (Louette 
et al. 2006; Badosa et al. 2010). The start of the hydroperiod represents the moment of greater 
recruitment of species (Olmo et al. 2012) that configures the communities thereafter (Boix et al. 2004). 
In these early stages, residents are mainly recruited from the bank of resting eggs accumulated in the 
sediment of the basins. 

The accumulation of these resistance forms increases with time (in quantity and diversity), and it 
represents an archive of the local biodiversity of each pond (Hairston 1996; Caceres 1998). For this 
reason, the abundance and diversity of the egg bank should have a considerable impact on the 
structure and dynamics of the communities in this type of pond (Marcus et al. 1994; Hairston 1996; 
Caceres 1998). It is thus expected that the age of restoration—especially in this case, where the 
sediment was removed from the lagoon—acts as a limiting factor of richness in the recently restored 
malladas in comparison to older ones with a more developed resting egg bank.

In addition to the study of active communities in the water column, the analysis of egg banks is a useful 
tool for studying the diversity of zooplankton communities (Vandekerkhove et al. 2004) as it integrates 
spatial and temporal scales (Brendonck & De Meester 2003). In this sense, hatching experiments with 
the viable egg bank are useful for comparing pond communities with different characteristics (Frisch 
et al. 2009). In September 2010 we took sediment samples from three temporary malladas of different 
restoration ages (R1, I1, and O2). Using samples of homogenized sediment from each pond, we carried 
out an ex situ experiment of hatching in aquaria for a month (October-November 2010, at the same 
time as the ponds flooded). The number of hatching species was 13, 15, and 18 in R1, I1, and O2, 
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respectively. All the aquaria reached some stabilization in the accumulated richness between days 14 
and 18 of the experiment. No hatching of copepods was observed, but the ostracods were common 
to all of them. The rotifers, with quick response to hatching, were the dominant group in richness: 
seven species were common to the three ponds, against a single species of cladoceran, D. magna. 
Finally, in all cases, benthic species dominated over the four planktonic species (A. fissa, H. fennica, 
D. magna, and T. stagnalis). In contrast, the number of exclusive species increased with the age of 
restoration: three, five, and eight in R1, I1, and O2, respectively. Among these particular species, the 
anostracan T. stagnalis only hatched in the aquaria with sediment from O2, the only pond that had 
an active population of this branchiopod. Also, a delay in hatching time (sensu Vandekerkhove et al. 
2004) was detected associated with the age of the mallada. This observation is in line with several 
studies that suggest that egg bank age influences hatching rate, since older eggs do not hatch as 
easily as new ones (Hairston et al. 1995; Weider et al. 1997) due to a progressive degradation of 
photosensitive components that induce hatching (De Meester et al. 1998, Nielsen et al. 2015). An 
additional reason for the hatching delay in the oldest mallada could be a temporary adjustment due to 
the competitive pressure exerted by the branchiopod T. stagnalis. This group may even competitively 
exclude cladocerans, rotifers, and copepods, which would hatch in later stages of filling when the 
branchiopods disappear from the water column (De Meester et al. 2016).

3. Ecological succession: Ecological succession is related to the temporal changes that occur in the 
communities. In this case, to evaluate the effects of the restoration on succession in the zooplankton 
community, we selected a recently restored mallada (R1) and compared it with two older ones (I1 
and O2), restored respectively in 2004 and 1998. We have considered them as reference systems 
with which to compare the data of the new one. The three malladas were sampled monthly during 
four hydrological cycles: from the first filling of R1 in the autumn of 2007 to drying in the spring of 
2011. Furthermore, they are all temporary, and during the study period, they presented a similar 
hydroperiod (Figure 4), with longer water permanence phases in the first years and more ephemeral 
water in the last year. Thus, differences in the zooplankton community due to the hydroperiod are 
minimized. As previously described, the new malladas presented slightly different environmental 
conditions than the older ones. R1 had higher values of conductivity, oxygen concentration, and 
depth. Regarding species richness per sample, the largest differences were observed in the oldest 
mallada O2 (17.6 ± 3.7) compared to the most recent ones (I1: 10.9 ± 3.4, R1: 10.5 ± 4.2). The 
species accumulation curves (Figure 10) showed in R1 and I1 a significant increase in the first year, 
while the slope softened in recent years. On the other hand, in O2 the substantial increase in the 
number of species occurred in both the first and second years. In this way, O2 is the mallada with 
the highest number of accumulated species (60 species), as compared to 43 of I1 and 52 of R1 
(Figure 10). Regarding the composition of the zooplankton community in the new mallada, the first 
year it was dominated by rotifers and juveniles of copepods, typical pioneer organisms (Firsch & 
Green 2007; Badosa et al. 2010). However, from the second year onwards, although juveniles of 
copepods continued to dominate, cladoceran abundance increased considerably, achieving a similar 
proportion as in the older ponds (Figure 11). These results showed an increase in the complexity of 
the zooplankton community in R1, which would gradually resemble that of the older malladas. This 
increase in diversity in R1 could also be favoured by vegetation development (which enhances the 
availability of microhabitats) and by a change in environmental variables (Olmo et al. 2016). Other 
studies indicate that species richness is higher in older aquatic habitats, due to greater accumulation 
of resting eggs in the sediment (Badosa et al. 2010; Miguel-Chinchilla et al. 2014), as in O2. However, 
the most recent mallada is set in an intermediate position. This mallada was quickly colonized by 
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different species immediately after filling, and probably the greater range of variation in environmental 
conditions (mainly variations in conductivity and chlorophyll) would have allowed the presence of a 
larger number of species than in I1, with a more stable environment. To sum up, the restoration in R1 
produced an immediate and quick transition to similar conditions to the ones in older malladas. While 
greater differences were observed in the zooplankton communities in the first year, from the second 
year on, the R1 mallada showed more similarities with the reference malladas and a more complex 
community.

Figure 10. Accumulated richness of zooplankton in three malladas with different restoration ages: R1 
(recent), I1 (intermediate), and O2 (old) during four hydrological cycles between 2007 and 2011. The line 
indicates the continuity in the inundation period. 

Figure 11. Relative abundance (bars) and average density (dots) of the main zooplankton groups in three 
malladas with different restoration ages: R1 (recent), I1 (intermediate), and O2 (old), during four hydrologic 
cycles (1–4) between 2007 and 2011.
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4. General conclusions
Restored aquatic habitats provide a unique opportunity to understand the resilience of their 
communities and the ecological succession (De Meester et al. 2005). The different restoration 
projects that were carried out in La Devesa de El Saler produced a mosaic of aquatic ecosystems 
that had been restored at various times and therefore, with different ages. This opportunity helped 
to monitor the environmental and zooplankton conditions in these ponds, especially those that 
were restored in 2007, since colonization and succession were studied from the moment of the 
restoration of the habitats. On the other hand, zooplanktonic organisms, with short life cycles and 
quick responses to environmental variations, can be appropriate indicators to evaluate the success 
of the restoration (e. g. Jenkins 2003; Williams et al. 2008; Antón-Pardo et al. 2013).

Regarding the environmental factors, the successive restorations have shown, on the one hand, 
the high velocity of change, and on the other, a clear pattern that was related to a rapid colonization 
by helophytes, a reduction of conductivity, a decrease of depth by clogging, and an increase of 
the quantity of organic matter in the sediment, which was accompanied by a decrease in dissolved 
oxygen and pH. The levels of nutrients and chlorophyll fluctuated, but remained low.

Concerning zooplankton communities, initially, the new habitats were colonized by species 
with high rates of dispersal and growth (mainly rotifers) which mostly were already present in the 
regional reservoir of species. This may indicate that colonization and establishment of species 
occurred from older habitats; but, given the rapidity of colonization in some cases, we cannot 
rule out the presence of a residual egg bank that remained viable in the sediment in spite of the 
silting and the restoration, and that in these new environmental conditions, eggs hatched again 
and recolonized the waterbodies. The results also highlight the importance of the hydroperiod 
on species richness. The richness was greater in the permanent systems than in the temporary 
ones. In the temporary systems, richness was higher in longer hydroperiods, although, in the case 
of permanent systems, this great richness may have been affected by the introduction of species 
associated with repopulation with fish and macrophytes. Other factors such as conductivity and 
those related to system productivity were also important in structuring zooplankton communities. 
Finally, the age of restoration strongly reflects in the zooplankton communities, since it had a 
great importance in the ordination of the communities. Moreover, total richness, especially 
richness of microcrustaceans and in particular of cladocerans, was strongly influenced by the age 
of restoration. These parameters could therefore be good indicators to evaluate the success in 
restoration. In spite of the small difference in the age of restoration among the ponds, the study of 
the hatching of the zooplankton egg bank helped us to distinguish the age of the ponds based on 
the richness, the number of exclusive species, and the moment of hatching.

A remarkable aspect of our study is the rapidity with which the new waterbodies, both permanent 
and temporary, have been transformed and colonised. This shows that in these systems, where 
there is a good dispersal of zooplankton, in a few years (though few years are equivalent to several 
generations of zooplankton), the communities of the new ponds become similar to the old ones, 
which can be considered reference sites in the absence of unaltered systems. 

These studies show that the removal of sediment (as a form of restoration) from the silted ponds, 
either naturally or artificially, has improved the characteristics of the systems and their functionality, 
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enabling a rapid colonization by zooplankton (and by the whole aquatic community). Changes 
in environmental variables and vegetation occurred rapidly, but in these shallow systems, given 
the abundance of emergent vegetation, the processes of clogging accelerate and in a few 
years (approximately 10–15) ponds lose depth and hydroperiod length. At present, new partial 
interventions that remove part of the sediment (leaving some as a source of propagules) and of the 
helophytes in some areas of the lagoon would allow them to maintain a high heterogeneity, greater 
biodiversity, and better limnological functioning.
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