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Abstract 49 

Coastal lagoons are very heterogeneous systems covering a wide range of 50 

physiographical and hydrological characteristics. The hypothesis of the present 51 

investigation was to test physiographical and hydrological characteristics of coastal 52 

lagoons affecting their physico-chemical properties and their buffer capacity against 53 

nutrient enrichment. We compared data collected during a whole annual cycle in six 54 

coastal lagoons which were representative of the different lagoon types proposed by 55 

Kjerfve (1986) and were subjected to different anthropogenic pressures. The higher 56 

exchange of water with sea in the leaky lagoon of Ria Formosa (type 3) reduced the 57 

seasonal differences in the physico-chemical variables and increased the buffer capacity 58 

against nutrient enrichment when compared to the restricted (type 2) and chocked (type 59 

1) lagoon types. The lagoon types also registered important differences regarding 60 

nutrient limitation, with types 1 and 2 being P-limited and type 3 being N-limited. The 61 

results of such a work, could be applied to other coastal lagoons being the systems 62 

studied in the current work representative of transitional water types in order to provide 63 

general framework for a rational management and policy strategies of coastal lagoons.  64 

 65 
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1. Introduction 84 

Coastal lagoons can be broadly defined as natural lentic water bodies distributed 85 

along the continental shoreline. Thus, coastal lagoons can be precisely defined as 86 

shallow aquatic ecosystems that develop at the interface between coastal terrestrial and 87 

marine ecosystems and can be permanently open or intermittently closed off from the 88 

adjacent sea by depositional barriers (Kjerfve, 1994; Gönenç and Wolfin, 2005). Water 89 

can span the range of salinities from hypersaline to completely fresh depending on the 90 

relative strength of the particular drivers of their hydrological balance, such as local 91 

precipitation, watershed inflow, evaporation and sea-water intrusion by percolation 92 

through, or overtopping of, the sand barrier(Bird, 1994; Smith, 1994). Coastal lagoons 93 

can be subdivided into choked, restricted and leaky systems based on the degree of 94 

water exchange with the ocean (Kjerfve, 1986). Choked lagoons are characterized by a 95 

single entrance channel and a small ratio of entrance channel cross-sectional area to 96 

surface area of the lagoon. They are dominated by the hydrologic/riverine cycles; have 97 

long residence times; are wind forced; and experience limited short-term marine 98 

variability. Leaky lagoons, on theother hand, are characterized by multiple entrance 99 

channels and a relatively large ratio of entrance channel cross-sectional area to surface 100 

area of the lagoon. They are dominated by marine influence, near-oceanic salinities, 101 

strong tidal variability, and occasional significant wave energy. Restricted lagoons 102 

represent the middle of the spectrum of lagoons between the choked and leaky 103 

extremes. 104 

Coastal lagoons are highly productive ecotones and cover some ecological key 105 

roles such as denitrification areas, resting areas for many species of migratory birds and 106 

nursery areas for commercial invertebrate and fish species (Alonghi, 1998; Basset et al., 107 

2006). Their historical exploitation by humans for settlement and development makes 108 

these regions of restricted exchange vulnerable to eutrophication (Newton and Mudge, 109 

2005)Drivers of eutrophication include human activities such as agriculture (Bell, 1991; 110 

Viaroli et al., 2005), aquaculture(Strain and Yeats, 1999; Jones et al., 2001), 111 

urbanization and industrialization(Bock et al., 1999; Lee and Arega, 1999; White et al., 112 

2008). Southern European lagoons are particularly vulnerable to the resulting pressures 113 

from human activities (Viaroli et al., 2005). In recent years, these human pressures have 114 

increased causing a complex suite of both direct as well as indirect changes that cause 115 

deterioration of water quality and consequently alteration of the ecological state of the 116 
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biological communities. This impacts the coastal ecosystem including aspects on human 117 

health (Nixon, 1995; Belzunce et al., 2004), social and economic costs (Cloern, 2001). 118 

 Eutrophication is considered one of the most relevant disturbance process caused 119 

by human impact on aquatic ecosystems (European Commission, 1991) which  system-120 

specific attributes act as a filter to modulate the responses to nutrient enrichment 121 

(Cloern, 2001). During the last decade it has become apparent that nutrient 122 

concentrations may not be a robust diagnostic variable (Cloern, 2001; Dettmann, 123 

2001).Nutrients are the primary cause but there are many other influencing factors that 124 

can help to establish a link between a system’s natural sensitivity, or susceptibility, to 125 

eutrophication and the eutrophic symptoms that are observed (Bricker et al., 1999; 126 

Bricker et al., 2003). Among these factors, physiographical characteristics of coastal 127 

lagoons can modulate and control internal hydrodynamic and exchange with adjacent 128 

sea, which in turn are responsible of water retention and flushing (Zaldívar et al., 2008).  129 

 The aim of present work was to test if physiographical and hydrological 130 

characteristics of coastal lagoons affect their physico-chemical properties and their 131 

buffer capacity against nutrient enrichment. For this purpose, six coastal lagoons 132 

representative of  different morphological types (sensu Kjerfve, 1986) and subjected to 133 

different anthropogenic pressures level have been compared. 134 

  135 

2. Materials and Methods 136 

2.1.Description of study sites and anthropogenic pressures 137 

This study was carried out in seven European water bodies: the large lagoon of Ria 138 

Formosa, located on the southern Portuguese coast in the Northeast Atlantic ecoregion; 139 

Lesina and Varano lagoons located on the Southern Adriatic coast of Italy, and three 140 

small water bodies,  CaL’Arana, Ricarda and Cal Tet, on the Northern Mediterranean 141 

coast of Spain in the Mediterranean ecoregion (Figure 1). 142 

 The Ria Formosa (RF) is a sheltered, shallow and mesotidal coastal lagoon in 143 

the South of Portugal and it is generally well mixed vertically (Newton and Icely, 144 

2006). The system is 55 km long, 6 km at its widest, with an average channel depth of 145 

3.5m, and has an area of 160 km
2
, of which one third is intertidal. The lagoon has 146 

10,000 ha that includes 5.000 ha of saltmarsh and mud flats, 2.000 ha of sand banks and 147 

1.000 ha of saltpans and aquaculture ponds (Newton et al., 2003). This coastal lagoon is 148 

separated from the Atlantic Ocean by several barrier islands and two peninsulas, and 149 
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water exchange with oceanic waters is achieved through several inlets. At each tide, 150 

there is a 50-75% exchange of water (Loureiro et al., 2006). Tidal range varies from 1.3 151 

m to 2.8 m at neap and spring tides, respectively. Salinity ranges from 13 to 36.5, and 152 

temperature from 12 to 27ºC (Loureiro et al., 2006; Ferreira et al., 2003). The lagoon is 153 

located in an urbanised area surrounded by agricultural land and is, therefore, 154 

vulnerable to anthropogenic eutrophication. Only one small freshwater input is 155 

permanent throughout the year. All the other freshwater inputs are torrential streams 156 

which only flow into the lagoon during episodic precipitation events. As the salinity 157 

gradient is insufficient to be considered transitional water, Ria Formosa is categorised 158 

as a coastal water (Goela et al., 2009). The lagoon is an important resource in the local 159 

region because of the intensive fishing, aquaculture, salt extraction and seasonal tourism 160 

activities (Loureiro et al., 2006 and Tett et al., 2003). 161 

 Lesina and Varano lagoons (Fig. 1c), located on the Southern Adriatic coast of 162 

Italy (Puglia region), are non-tidal transitional water body characterised by shallow 163 

waters (0.7-1.5 and 2-5 m, respectively) with an area of 51 and 65 km
2
, respectively. 164 

They are both connected to the sea through two inlets. Lesina lagoon shows a 165 

hydrological heterogeneity strongly influenced by meteorological conditions, 166 

continental inputs and low tidal exchange (Roselli et al., 2009). Numerous watercourses 167 

flow into the basin, mainly along its Southern edge, carrying wastewater discharges 168 

from aquaculture plants and three municipalities with a total of 30,000 inhabitants, as 169 

well as agricultural runoff from 21,000 ha of arable land. The lagoon has potentially 170 

low vulnerability to human activities even though eutrophication events have been 171 

recorded (Roselli et al., 2009, Vignes et al., 2009). Varano lagoon shows temporal 172 

variation and spatial heterogeneity in hydro-chemical parameters probably determined 173 

by seasonal pattern and sea-exchange (Roselli, 2008). The catchment area is about  350 174 

km2. Main watercourses, located along the South-eastern edge of the basin, flowing 175 

wastewater discharges from municipalities with 22,000 inhabitants, as well as 176 

agricultural runoff, mostly covered by olive and citrus grove. The economic relevance 177 

of Varano lagoon is mostly related to fishing and aquaculture activity. Also, there are 178 

underground freshwaters mostly on the Southern edge. 179 

 The Llobregat’s river deltaic plain was in its origins a vast wetland formed by 180 

the deposition of alluvial material swept along by the Llobregat’s river (Cabello and 181 

Ramos, 2007). Most of the natural-formed lagoons were born under the influence of the 182 
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river, and had no direct connection with the sea (Planas, 1984). Nowadays, the area is 183 

profoundly transformed by human action: the water has been dried-out for construction 184 

purposes, the aquifer has been over-exploited, the river has been canalized, and some of 185 

these lagoons have disappeared, while some new ones have been created. We focused 186 

the study in three coastal lagoons: Ricarda, Cal’Arana and Cal Tet (Fig. 1). Most of the 187 

lagoons’ incoming water fluxes are human-regulated nowadays, since its connection 188 

with the river has been lost and sea-lagoon exchange is restricted, being often reduced 189 

to groundwater percolation (Cañedo et al., in press). The human regulation of these 190 

water fluxes derived in sporadic large freshwater releases in the Ricarda and Ca l’Arana 191 

lagoon, causing a significant salinity decrease and having significant effects over the 192 

aquatic communities (Cañedo-Argüelles and Rieradevall, 2010). Ricarda is a naturally 193 

formed lagoon, subjected to artificial freshwater inputs and agricultural runoff. It is 194 

shallow (max. depth ¼ 2 m), covering an area of 8.42 ha and it is intermittently 195 

connected to the sea through its mouth. The actual lagoon of Ca l’Arana is placed where 196 

once there was a natural lagoon. This old lagoon disappeared and was replaced by a 197 

quarry basin of 7mof maximum depth and an area of 1 Ha, which is now completely 198 

filled with water coming from the superficial aquifer and has important artificial 199 

freshwater inputs (Cañedo-Argüelles and Rieradevall, 2010).The most recent created 200 

lagoon is Cal Tet, as a compensation measure for the loss of natural habitats in the delta 201 

as a consequence of the airport’s and port’s expansion. The lagoon is shallow 202 

(maximum depth 1.5 m), comprising an area of 16 ha and is exclusively fed by ground 203 

waters coming from the superficial aquifer. The water renewal is therefore very poor, 204 

and the evaporation is progressively drying the lagoon driving to the apparition of 205 

eutrophication symptoms (Cañedo-Argüelles et al., 2011).  206 

2.2.Sampling design  207 

Ria Formosa - Two sampling stations (Ramalhete and Ponte) were sampled at the east 208 

region of the Ria Formosa lagoon between April 2006 and November 2007 at high and 209 

low water conditions. In both stations samples were collected each fifteen days during 210 

the sampling period. Ponte station, with a sandy-muddy substrate, can suffer influence 211 

from effluents coming from nearby golf courses, agricultural runoff, tourism activities 212 

and bivalve culture, while Ramalhete, with a muddy substrate and where water 213 

exchanges are slower than in Ponte site (Newton and Mudge, 2003), receives effluents 214 

of a Urban Waste Water Treatment Plant, and is close to a international airport 215 
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(Loureiro et al., 2006). At each station, surface water was collected for chla  suspended 216 

particulate matter, Dissolved Oxygen (DO) and was measured the surface sea 217 

temperature and salinity with a probe (WTW conductivity meter ProfiLine Cond 197i). 218 

Lesina and Varano – Lesina and Varano lagoons were sampled monthly during one 219 

year sampling from September 2006 to August 2007. In Lesina lagoon three stations 220 

were selected along a trophic and salinity gradient from the western to the eastern part 221 

of the basin (Fig. 1c). In Varano lagoon three stations were selected (Fig. 1c). Station 1 222 

is near the sea-exchange canal, Station 2 is located in the middle of the basin which is 223 

the maximum depth point (5 m water depth), Station 3 is located along the south-eastern 224 

edge where main freshwater inputs flowing into the basin. The stations in both lagoons 225 

were selected following the experience acquired during several previous studies 226 

(Caroppo, 2000; Manini et al., 2003, Fabbrocini et al., 2005; Roselli et al. 2009). At 227 

each station, water temperature, salinity and oxygen saturation were measured with a 228 

multiparametric probe (YSI 556 MPS). Replicate water samples were collected for chla 229 

and nutrient analyses using a Ruttner bottle.  230 

Llobregat lagoons - Ricarda, Cal’Arana and Cal Tet were sampled monthly from June 231 

2004to July 2005. One station located in the middle of each water body was 232 

monitored.Water temperature, salinity and oxygen saturation were measured with a 233 

multiparametric sensor (WTW, multiparameter model 197i). A surface water sample 234 

(1.5 L) was collected in each lagoon and preserved at 4 °C for laboratory analysis of 235 

nutrients. 236 

2.3.Quantifying anthropogenic pressures 237 

Based upon expert judgment, pressures were quantified for each location and sampling 238 

station on a discrete scale (0: absent; 1: low, 2: medium, 3: high and 4: very high); they 239 

were then described in Table 2 as partial pressure, total pressure and combined pressure 240 

index, following Aubry and Elliott (2006). The total pressure is the sum of the partial 241 

pressures, and the pressure index was calculated as the average of the pressure scores. 242 

This approach is similar to that of Borja et al. (2011) and Lugoli et al. (2012). 243 

2.4.Methodological procedures for nutrient and chlorophyll a 244 

concentration. 245 

Surface water was collected in order to determine chlorophyll a and nutrient 246 

concentrations (ammonium-NH4
+
, nitrite-NO2

-
, nitrate-NO3

-
, soluble reactive 247 

phosphorus-SRP and soluble reactive silicate-SRSi). For the analyses of dissolved 248 
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nutrients and silicate water was filtered throughWhatman0.7 µm GF/F filters. All the 249 

analyses were performed following standard methods (Grasshoff et al., 1983; Greenberg 250 

et al., 1999).Dissolved inorganic nitrogen concentration was expressed as the sum of the 251 

nitrogen forms (DIN = NH4
+
+ NO2

-
 + NO3

-
). The water samples were filtered using 252 

filters of porosity 0.45 µm and chlorophyll a pigment extraction took place in acetone. 253 

Chlorophyll a concentration was estimated by spectrophotometry following Jeffrey and 254 

Humphrey (1975). DO for Ria Formosa was estimated by a standard Winkler titration 255 

(Grasshoff et al., 1999). 256 

2.5 Statistical analyses 257 

The statistical analyses were aimed to identify the differences in the physico-chemical 258 

characteristics of the 3 lagoon types proposed by Kjerfve (1986) basing on the degree of 259 

water exchange with the adjacent coastal ocean: choked, restricted and leaky. All the 260 

statistical analyses were performed using R (http://www.r-project.org/), which is a free 261 

software environment for statistical computing and graphics.  262 

First the significance of the established lagoon types in terms of physico-chemical 263 

properties was tested through a partitioning clustering (pam function, CLUSTER 264 

package) of the data into k clusters “around medoids”, where k = 3 (number of lagoon 265 

types). The pam-algorithm is based on the search for k representative medoids 266 

(representative objects whose average dissimilarity to all the objects in the cluster is 267 

minimal) among the observations of the dataset (Reynolds et al., 1992). These 268 

observations should represent the structure of the data. After finding a set of k medoids, 269 

k clusters are constructed by assigning each observation to the nearest medoid. The goal 270 

is to find k representative objects, which minimize the sum of the dissimilarities of the 271 

observations to their closest representative object. The number of cluster was set to 3 to 272 

test if each lagoon type was assigned to a different cluster (i.e. physiographical 273 

differences driving to differences in the physic-chemical properties). Classical 274 

multidimensional scaling (cmdscale function, STATS package), also known as principal 275 

coordinates analysis (Gower, 1966), was used to plot the differences between groups. 276 

Multidimensional scaling takes a set of dissimilarities and returns a set of points such 277 

that the distances between the points are approximately equal to the dissimilarities 278 

(Mardia, 1978). Euclidean distance was used for building the dissimilarity matrix. 279 

The differences between lagoon types for each physico-chemical variable were further 280 

explored using beanplot analysis (beanplot function, BEANPLOT package). A beanplot 281 

is an alternative to the boxplot for visual comparison of univariate data between groups 282 

http://www.r-project.org/
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(Kampstra, 2008). In a beanplot, the individual observations are shown as small lines in 283 

a one-dimensional scatter plot. Next to that, the estimated density of the distributions is 284 

visible and the average is shown. 285 

 286 

3. Results 287 

The cluster analysis (Figure 2) grouped the samples as follows:  288 

 Group 1: 27 samples (44% of the samples contained in that group) of the lagoon 289 

type 1 (chocked) and 34 samples (56% of the samples contained in that group) 290 

of the lagoon type 2 (restricted). 291 

 Group 2: 15 samples (29% of the samples contained in that group) of the lagoon 292 

type 1 (chocked), 35 samples (69% of the samples contained in that group) of 293 

the lagoon type 2 (restricted) and 1 sample (2% of the samples contained in that 294 

group) of the lagoon type 3 (leaky). 295 

 Group 3:3 samples (9% of the samples contained in that group) of the lagoon 296 

type 2 (restricted) and 29 sample (91% of the samples contained in that group) 297 

of the lagoon type 3 (leaky). 298 

The classification of the samples according to water temperature (warm/ cold months = 299 

those in which water temperature was higher/ lower than the annual mean of 18.82ºC 300 

respectively) allowed for a clear separation between the cluster groups 1 and 2: 301 

 Group 1: 55 samples (90% of the samples contained in that group) 302 

corresponding to warm months and 6 samples (10% of the samples contained in 303 

that group) corresponding to cold months. 304 

 Group 2: 8 samples (16% of the samples contained in that group) corresponding 305 

to the warm months and 43 samples (84% of the samples contained in that 306 

group) corresponding to the cold months. 307 

 308 

The first axis of the multidimensional scaling explained a 36.34 % of the total 309 

variance in the dissimilarity matrix and was mainly related to lagoon the degree of 310 

water exchange with the ocean , distinguishing between the leaky (negative values of 311 

axis 1) and the chocked and the restricted (positive values of axis 1) lagoon types. The 312 

second axis explained a 25.73 % of the total variance in the dissimilarity matrix and was 313 

mainly related to season, distinguishing between the cold (negative values of axis 2) and 314 

the warm (positive values of axis 2) months.  315 
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Physico-chemical characteristics for each lagoon type are presented in Figure 3. 316 

Annual variations in water temperature were highest in the chocked type (min. = 317 

5.80ºC; max. = 30.5ºC) and lowest in the leaky type (min. = 14ºC; max. = 28.10ºC). 318 

Conductivity steadily increased from type 1 (mean annual conductivity = 6.27 mS cm
-1

) 319 

to type 3 (mean annual conductivity = 36.74 mS cm
-1

).  On the opposite side 320 

chlorophyll a concentrations were highest in the type 1 (mean annual value = 26.32 μg l
-

321 

1
) and lowest in the type 3 (mean annual value = 2.00 μg l

-1
). Soluble reactive silicate 322 

registered a strong seasonal pattern in chocked lagoons (min. = 2.30 mol l
-1

, max. = 323 

147.36 mol l
-1

) that was smoothed out while the connection with the sea increased 324 

(leaky type: min. = 2.69 mol l
-1

, max. = 16.11 mol l
-1

). Dissolved oxygen registered 325 

higher concentrations and lower annual variation in the chocked (mean annual DO = 326 

104.88%) and the restricted (mean annual DO = 109.47%) types than in the leaky type 327 

(mean annual DO = 65.99%). Nutrients concentration were clearly highest in the 328 

chocked type (mean annual value: NO3
-
 = 23.65 mol l

-1
, NH4

+
= 3.64 mol l

-1
and SRP = 329 

4.53 mol l
-1

), intermediate in the restricted type (mean annual value: NO3
-
 = 11.44 mol l

-
330 

1
, NH4

+
= 2.59 mol l

-1
 and SRP = 0.10 mol l

-1
) and lowest in the leaky type (mean annual 331 

value: NO3
-
 = 2.30 mol l

-1
, NH4

+
= 1.47 mol l

-1
 and SRP = 0.73 mol l

-1
). The nitrogen/ 332 

phosphorous ratios (Figure 4) were highest in the restricted type, intermediate in the 333 

chocked type and lowest in the leaky type. 334 

 335 

 4. Discussion 336 

 The findings indicate that physiographical and hydrological characteristics of 337 

coastal lagoons affect their physico-chemical properties and their buffer capacity 338 

against nutrient enrichment. The higher exchange of water with sea in the leaky lagoon 339 

of Ria Formosa (type 3) reduced the seasonal differences in the physico-chemical 340 

variables and increased the buffer capacity against nutrient enrichment when compared 341 

to the restricted (type 2) and chocked (type 1) lagoon types. 342 

 Any particular pressure level, in particular nutrient input will have varying 343 

effects in different ecosystems due to varying levels of susceptibility to the nutrient 344 

inputs (Bricker et al., 1999). This concept based on water body‘s dilution and flushing 345 

potentials, assumes that a larger portion of the water column is potentially available to 346 

dilute nutrient loads in a vertically homogenous water body than in a vertically stratified 347 

system. According to Bricker et al., (1999) in stratified systems, nutrients are most often 348 

retained in the upper freshwater portion of the water column. For water body which are 349 
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generally vertically homogenous, nutrients are assumed to be diluted throughout the 350 

entire water column. Moreover, it is assumed that a greater capacity to flush nutrient 351 

loads exists for ecosystems that have large tide and freshwater influences. In spite of 352 

registering the highest values for the pressure indices (Table 2), Ria Formosa registered 353 

the lowest nutrient concentrations. Concordantly, Newton and Mudge (2005) found that 354 

Ria Formosa hasa low susceptibility to eutrophication, because of the dominance of 355 

tidal flushing which flushes the water and nutrients quickly from the basin Type 2 356 

(Lesina and Varano) has also a low sensitivity to development of eutrophic conditions, 357 

even with human related nutrient inputs, because freshwater inflow into the basin is 358 

generally low and drains from watersheds with relatively low anthropogenic 359 

pressure(Roselli et al., 2009). In our case type 1 lagoons, which were smaller, deeper 360 

and with low water renewal (Llobregat Delta lagoons),are subjected to vertical 361 

stratification (Cañedo-Argüelles and Rieradevall, 2010) and receive highly nutrient-rich 362 

waters (Lucena et al., 2002; Cañedo-Argüelles and Rieradevall, 2009), sitting in for a 363 

long time sufficient for nutrients to be taken up by algae. Therefore, they could be 364 

considered more susceptible to developing eutrophic symptoms. 365 

 Our results confirm the importance of water renewal and sea-exchange in the 366 

prevention of eutrophication symptoms, as it had been previously reported for several 367 

lagoons (Tett et al., 2003; Newton and Mudge, 2005; Mudge et al., 2007). The relative 368 

contribution of hydrological factors to hydrodynamic depends on physiographical 369 

characteristics of coastal lagoon systems. For example, in macrotidal systems, tides 370 

control surface water retention time, while in microtidal systems, tides also play an 371 

important role, mainly affecting the dynamics of salinity, suspended particulate matter 372 

and nutrients (Zaldivar et al., 2008). In this study (see Figure 2) we registered two levels 373 

of organization ruled by two different factors: morphology, differentiating the leak type 374 

of lagoons with high water renewal, currents and tidal influence versus the restricted 375 

and chocked types, where seasonality was a key factor driving to strong physic-376 

chemical differences that could be related to water stratification, which is an important 377 

phenomenon in lagoons with restricted water exchange. Therefore,water renewal and 378 

sea-exchange do not seem to be factors with a local influence, but key factors 379 

determining the vulnerability of coastal lagoons to eutrophication, although other 380 

factors, as i.e. the wind (Canu et al., 2003), P storage in sediments (Gikas et al., 2006) 381 

and the presence of macrophybenthos (Medina-Gomez and Herrera-Silveira, 2006) have 382 

been identified as a key players in the levels of phytoplankton biomass. The lagoon 383 
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types also registered important differences regarding nutrient limitation. Inorganic 384 

nutrient concentrations in coastal waters reflect the integrated contribution of 385 

atmospheric, freshwater and seawater inputs, biological, biochemical and mechanical 386 

processes (Fisher et al., 1992) and nutrient concentration ratios is used as index of the 387 

relative importance of N, P as factors limiting primary production (Conley, 1999). 388 

Chocked and restricted lagoons were phosphorus limited in accordance with findings 389 

from previous studies (Cañedo et al., in press) in which P-limited seems to arise from 390 

the combination of different factors. Freshwater inputs that can be richer in nitrogen 391 

than in phosphorous (Downing and McCauley, 1992) and low tidal exchange, typical of 392 

these Mediterranean lagoons, could favour nitrogen excess and phosphorous depletion 393 

because phosphate is promptly used by phytoplankton and/or stored in the sediments. 394 

Larger surface area, inlets width and tidal regime may have led to lowest nutrient and 395 

chlorophyll a concentrations for type 3. In fact, the Ria Formosa lagoon is larger than 396 

the other systems in the study and it is the only mesotidal lagoon.Ria Formosa is 397 

considered to be a well-mixed coastal lagoon, with permanent connection with the sea 398 

through several inlets, high hydrodynamics and little influence of freshwater inputs. 399 

Therefore, the lagoon benefits from effective exchanges between the system and the 400 

ocean, due to the higher water renewal (Newton et al., 2003; Newton and Mudge, 2005) 401 

that probably could lead to the N- limited system (Loureiro et al., 2005; Newton and 402 

Mudge, 2005).  403 

 At the present, WFD requires ‘physicochemical quality elements nutrient 404 

concentrations, oxygen concentration and transparency(as well as biological quality 405 

elements) in order to assess the ecological status of coastal water bodies using salinity 406 

and morphology as the criteria for defining water category. However, as already 407 

discussed by McLusky and Elliott (2007), there are some unclear situations, such as the 408 

Baltic Sea, which has brackish waters and still is considered within the coastal waters 409 

typology and some coastal lagoons as Ria Formosa, which are clearly not open coastal 410 

waters but at the same time not measurably influenced by freshwater inputs and still are 411 

considered within the coastal waters typology. The distinction between the different 412 

categories should be ecologically relevant (Brito et al., 2010). We suggest that 413 

management and policy actions affecting coastal lagoons should integrate the 414 

morphology of the ecosystem as a key factor determining the lagoons’ buffer capacity 415 

against nutrient enrichment and shaping the the biotic environment(Guelorget and 416 

Perthuisot, 1992; Barnes, 1994; Frénod and Goubert, 2007). Management and 417 
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environmental protection of water bodies are based on the typology of the water system 418 

(European Commission, 2000) for the European Water Framework Directive (WFD) 419 

and on “susceptibility” concept for the National Estuarine Eutrophication Assessment of 420 

the US coastal waters(Bricker et al., 1999). Therefore understanding the effects of 421 

lagoons morphological variability on their physico-chemical properties and integrating 422 

it into ecological assessment tools and management policies is one of the major actual 423 

challenges for the managers and the scientists (Basset and Abbiati, 2004; Basset et al., 424 

2006;  Gaertner-Mazouni and De Wit, in press).425 
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Table and Figure captions 

 

Table 1. Main geomorphological characteristics and human pressures in the watershed 

of the seven considered coastal lagoons. Salinity: oligohaline (0.5–5 psu); mesohaline 

(5–18 psu); polyhaline (18–30 psu); euhaline (>30 psu). 

 

Table 2. Pressures at each location and sampling station (see Fig. 1), and pressure index, 

calculated as average of individual pressure scores (Aubry and Elliott, 2006). Scores: 0 

– absent; 1 – low pressure; 2 – moderate pressure; 3 – high pressure; 4 – very high 

pressure. 

 

Figure 1: Aerial photographs of the study sites. From left to right: Ria Formosa, 

Ricarda, Cal Tet, Cal'Arana, Lesina and Varano lagoons.Sampling points are marked 

with a white dot. 

 

Figure 2. Multidimensional scaling of the samples using Euclidean distance. The groups 

resulting from the partitioning clustering (k = 3) are marked with different colors (group 

1 = red, group 2 = green, group 3 = blue). The results from the classification of the 

samples into lagoon types (type 1 = chocked, type 2 = restricted, type 3 = leaky) and  

according to water temperature (warm/ cold months = those in which water temperature 

was higher/ lower than the annual mean of 18.82ºC respectively) are shown. N = 

number of samples. % = percentage of samples from the total of samples assigned to 

that group. 

 

Figure 3. Bean plots of the different physic-chemical variables for each lagoon type 

(type 1 = chocked, type 2 = restricted, type 3 = leaky). SR = soluble reactive. 

 

Figure 4. Bean plot of the nitrogen (measured as dissolved inorganic nitrogen)/ 

phosphorous (measured as soluble reactive phosphorous) for each lagoon type (type 1 = 

chocked, type 2 = restricted, type 3 = leaky). 

 

 

 

 



 

15 
 

ACKNOWLEDGEMENTS 

L. Roselli and M. Cañedo-Argüelles have equally worked on this paper. We would like 

to thank RoserFarrés for helping in the field and laboratory analysis of the Llobregat 

Delta samples. The Llobregat Delta lagoons were sampled within the frame of a project 

financed by the Generalitat de Catalunya. Lesina and Varano 

lagoonssamplingwassupported by Regione Puglia, Assessorato alle Risorse 

Agroalimentari, settore caccia e pesca (P.O.R. 2000/06). The collaboration between the 

authors was in part possible thanks to the ERASMUS Programme and Short Term 

Mobility Programme by CNR, which financed respectively, the stay of M. Cañedo-

Argüelles and L. Roselli at Algarve University. The authors thank Prof. Alice Newton 

for giving the chance to work together and Prof. Gian Carlo Carrada for his 

encouragement and useful comments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

16 
 

 

 

REFERENCES 

 

2002. SIGMAPLOT 8.0, 8.0 ed. SPSS Inc. 

Alonghi, D.M., 1998. Coastal Ecosystem Processes. CRC Press, Boca Raton, USA. 419 

pp. 

Ault, T., Velzeboer, R., Zammit, R., 2000. Influence of nutrient availability on 

phytoplankton growth and community structure in the Port Adelaide River, Australia: 

[2pt] bioassay assessment of potential nutrient limitation. Hydrobiologia 429, 89-103. 

Barnes, R.S.K., 1994. A critical appraisal of the application of Guélorget and 

Perthuisot's concepts of the paralic ecosystem and confinement to macrotidal Europe. 

Estuarine, Coastal and Shelf Science 38, 41-48. 

Basset, A., Abbiati, M., 2004. Challenges to transitional water monitoring: ecological 

descriptors and scales. Aquatic Conservation: Marine and Freshwater Ecosystems 14, 1-

3. 

Basset, A., Sabetta, L., Carrada, G.C., 2006. Conservation of transitional water 

ecosystems in the Mediterranean area: bridging basic ecological research and theories 

with requirements of application. Aquatic Conservation: Marine and Freshwater 

Ecosystems 16, 439-440. 

Belzunce, M.J., Solaun, O., Valencia, V., Pérez, V., 2004. Chapter 9 Contaminants in 

estuarine and coastal waters, in: Borja, A., Collins, M. (Eds.), Elsevier Oceanography 

Series. Elsevier, pp. 233-251. 

Bell, P.R.F., 1991. Status of eutrophication in the Great Barrier Reef lagoon. Marine 

Pollution Bulletin 23, 89-93. 

Bird, E., 1994. Physical setting and geomorphology of coastal lagoons, in: Kjerfve, B. 

(Ed.), Coastal Lagoon Processes. Elsevier, Amsterdam, pp. 9-40. 

Bock, M.T., Miller, B.S., Bowman, A.W., 1999. Assessment of Eutrophication in the 

Firth of Clyde: Analysis of Coastal Water Data from 1982 to 1996. Marine Pollution 

Bulletin 38, 222-231. 

Bricker, S.B., Clement, C.G., Pirhalla, D.E., Orlando, S.P., Farrow, D.R.G., 1999. 

National Estuarine Eutrophication Assessment: Effects of Nutrient Enrichment in the 

Nation’s Estuaries. NOAA, National Ocean Service, Special Projects Office and the 

National Centers for Coastal Ocean Science, Silver Spring, MD. 71 pp. 

Bricker, S.B., Ferreira, J.G., Simas, T., 2003. An integrated methodology for assessment 

of estuarine trophic status. Ecological Modelling 169, 39-60. 

Brito, A., Newton, A., Tett, P., Fernandes, T.F., 2010. Sediment and water nutrients and 

microalgae in a coastal shallow lagoon, Ria Formosa (Portugal): Implications for the 

Water Framework Directive. Journal of Environmental Monitoring 12, 318-328. 

Canu, D.M., Solidoro, C., Umgiesser, G., 2003. Modelling the responses of the Lagoon 

of Venice ecosystem to variations in physical forcings. Ecological Modelling 170, 265-

289. 

Cañedo-Argüelles, M., Rieradevall, M., 2009. Quantification of environment-driven 

changes in epiphytic macroinvertebrate communities associated to Phragmites australis. 

Journal of Limnology 68, 229-241. 

Cañedo-Argüelles, M., Rieradevall, M., 2010. Disturbance caused by freshwater 

releases of different magnitude on the aquatic macroinvertebrate communities of two 

coastal lagoons. Estuarine, Coastal and Shelf Science 88, 190-198. 



 

17 
 

Cañedo-Argüelles, M., Rieradevall, M., 2011 Early succession of the macroinvertebrate 

community in a shallow lake: Response to changes in the habitat condition. 

Limnologica, 41 (4), 363-370. 

Cañedo-Argüelles, M., Rieradevall, M., Farres-Corell, R., Newton, A. 2011.  

Annual characterisation of four Mediterranean coastal lagoons subjected to intense 

human activity. Estuarine, Coastal and Shelf Science, 

http://dx.doi.org/10.1016/j.ecss.2011.07.017 

Carlson, R.E., 1977. A trophic state index for lakes. Limnology and Oceanography 22, 

361-369. 

Cloern, J.E., 2001. Our evolving conceptual model of the coastal eutrophication 

problem. Marine Ecology Progress Series 210, 223-253. 

Conley, D.J., 1999. Biogeochemical nutrient cycles and nutrient management strategies. 

Hydrobiologia 410, 87-96. 

Conley, D.J., Schelske, C.L., Stoermer, E.F., 1993. Modification of the biogeochemical 

cycle of silica with eutrophication. Marine Ecology Progress Series 101, 179-192. 

Dettmann, E., 2001. Effect of water residence time on annual export and denitrification 

of nitrogen in estuaries: A model analysis. Estuaries and Coasts 24, 481-490. 

Downing, J.A., McCauley, E., 1992. The nitrogen:phosphorus relationship in lakes. 

Limnology and Oceanography 37, 936–945. 

Edwards, V., Icely, J., Newton, A., Webster, R., 2005. The yield of chlorophyll from 

nitrogen: a comparison between the shallow Ria Formosa lagoon and the deep oceanic 

conditions at Sagres along the southern coast of Portugal. Estuarine, Coastal and Shelf 

Science 62, 391-403. 

European Commission, 1991. Directive 91/271/EEC concerning urban waste water 

treatment. Official Journal of the European Communities, 40-52. 

European Commission, 2000. Directive 2000/60/EC of the European Parliament and of 

the Council of 23 October 2000 establishing a framework for Community action in the 

field of water policy. Official Journal of the European Communities 43, 1-72. 

Ferreira, J.G., Simas, T., Nobre, A., Silva, M.C., Schifferegger, K., & Lencart-Silva, J., 

2003. Identification of Sensitive Areas and Vulnerable Zones In Transitional and 

Coastal Portuguese Systems. Application of the United States National Estuarine 

Eutrophication Assessment to the Minho, Lima, Douro, Ria de Aveiro, Mondego, 

Tagus, Sado, Mira, Ria Formosa and Guadiana systems. INAG/IMAR, 2003. 

Fisher, T.R., Peele, E.R., Ammerman, J.W., Harding, L.W., 1992. Nutrient limitation of 

phytoplankton in Chesapeake Bay. Marine Ecology Progress Series 82. 

Frénod, E., Goubert, E., 2007. A first step towards modelling confinement of paralic 

ecosystems. Ecological Modelling 200, 139-148. 

Gaertner-Mazouni, N. and De Wit, R., 2011. Exploring new issues for coastal lagoons 

monitoring and management. Estuarine, Coastal and Shelf Science, 

http://dx.doi.org/10.1016/j.ecss.2012.07.008. 

Gikas, G., Yiannakopoulou, T., Tsihrintzis, V., 2006. Water Quality Trends in a Coastal 

Lagoon Impacted by Non-point Source Pollution after Implementation of Protective 

Measures. Hydrobiologia 563, 385-406. 

Goela, P.C., Newton, A., Cristina, S.C.V., Fragoso, B., 2009. Water Framework 

Directive implementation: Intercalibration Exercise for Biological Quality Elements – a 

case study for the south coast of Portugal. Journal of Coastal Research 56, 1214–1218. 

Gönenç, I., Wolfin, J., 2005. Coastal lagoons : ecosystem processes and modeling for 

sustainable use and development. CRC Press, Boca Raton, USA. 500 pp. 

http://www.sciencedirect.com/science/journal/02727714
http://www.sciencedirect.com/science/journal/02727714
http://dx.doi.org/10.1016/j.ecss.2012.07.008


 

18 
 

Gowen, R.J., Tett, P., Jones, K.J., 1992. Predicting marine eutrophication: the yield of 

chlorophyll from nitrogen in Scottish coastal waters. Marine Ecology Progress Series 

85, 153–161. 

Grasshoff, K., Ehrhardt, M., Kremling, K., 1983. Methods of Seawater Analysis. Verlag 

Chemie, Weinheim/Deerfield Beach, Florida. 419 pp. 

Grasshoff, K., Kremling K., Ehrhardt, M., 1999. Methods of Seawater Analysis – Third, 

Completely REvised and Extended Edition. Wiley-VCH. 

Greenberg, A.E., Clesceri, L.S., Eaton, A.D., 1999. Standard methods for the 

examination of water and wastewater, 20 ed. American Public Health Association, 

Maryland, USA. 1220 pp. 

Guelorget, O., Perthuisot, J.P., 1992. Paralic ecosystems. Biological organization and 

functioning. Vie et Milieu 42, 215-251. 

Howarth, R.W., Marino, R., 2006. Nitrogen as the limiting nutrient for eutrophication in 

coastal marine ecosystems: Evolving views over three decades. Limnology and 

Oceanography 51, 364-376. 

Hoyer, M.V., Frazer, T.K., Notestein, S.K., Canfield, D.E., 2002. Nutrient, chlorophyll, 

and water clarity relationships in Florida's nearshore coastal waters with comparisons to 

freshwater lakes. Canadian Journal of Fisheries and Aquatic Sciences 59, 1024-1031. 

Jeffrey, S.W., Humphrey, G.F., 1975. New spectrophotometric equations for 

determining chlorophylls a, b, c1 and c2 in higher plants, algae and natural 

phytoplankton. Biochemistry and Physiology 167, 191–194. 

Jones, A.B., O'Donohue, M.J., Udy, J., Dennison, W.C., 2001. Assessing Ecological 

Impacts of Shrimp and Sewage Effluent: Biological Indicators with Standard Water 

Quality Analyses. Estuarine, Coastal and Shelf Science 52, 91-109. 

Justic, D., Rabalais, N.N., Turner, R.E., Dortch, Q., 1995. Changes in nutrient structure 

of river-dominated coastal waters: stoichiometric nutrient balance and its consequences. 

Estuarine, Coastal and Shelf Science 40, 339-356. 

Kjerfve, B., 1994. Coastal lagoons, in: Kjerfve, B. (Ed.), Coastal Lagoon Processes. 

Elsevier, Amsterdam, pp. 1-7. 

Lee, J.H.W., Arega, F., 1999. Eutrophication Dynamics of Tolo Harbour, Hong Kong. 

Marine Pollution Bulletin 39, 187-192. 

Lepš, J., Šmilauer, P., 2003. Multivariate Analysis of Ecological Data Using CANOCO. 

Cambridge University Press, Cambridge. 269 pp. 

Loureiro, S., Newton, A., Icely, J., 2005. Effects of nutrient enrichments on primary 

production in the Ria Formosa coastal lagoon (Southern Portugal). Hydrobiologia 550, 

29-45. 

Loureiro, S.; Newton, A. and Icely, J. 2006.Boundary conditions for the European 

Water Framework Directive in the Ria Formosa lagoon, Portugal (physico-chemical 

and phytoplankton quality elements).Estuarine, Coastal and Shelf Science 382-398. 

Lucena, J.R., Hurtado, J., Comín, F., 2002. Nutrients related to the hydrologic regime in 

the coastal lagoons of Viladecans (NE Spain). Hydrobiologia 475-476, 413-422. 

McCune, B., Mefford, J., 1999. PCORD: Multivariate Analysis of Ecological Data, 4.20 

ed. MjM software, Oregon. 

McLusky, D.S., Elliott, M., 2007. Transitional waters: A new approach, semantics or 

just muddying the waters? Estuarine, Coastal and Shelf Science 71, 359-363. 

Medina-Gomez, I., Herrera-Silveira, J.A., 2006. Primary production dynamics in a 

pristine groundwater influenced coastal lagoon of the Yucatan Peninsula. Continental 

Shelf Research 26, 971–986. 

Mudge, S.M., Icely, J.D., Newton, A., 2007. Oxygen depletion in relation to water 

residence times. Journal of Environmental Monitoring 9, 1194-1198. 



 

19 
 

National Oceanic and Atmospheric Administration, 1998. Pacific Coast Region, 

NOAA’s Estuarine Eutrophication Survey. National Oceanic and Atmospheric 

Administration, National Ocean Service, Office of Ocean Resources Conservation and 

Assessment, Silver Spring, MD. 

Newton, A., Icely, J., 2006. Oceanographic applications to eutrophication in coast 

lagoons, the Ria Formosa. Journal of Coastal Research 39, 1346-1350. 

Newton, A., Icely, J.D., Falcao, M., Nobre, A., Nunes, J.P., Ferreira, J.G., Vale, C., 

2003. Evaluation of eutrophication in the Ria Formosa coastal lagoon, Portugal. 

Continental Shelf Research 23, 1945-1961. 

Newton, A., Mudge, S.M., 2003. Temperature and salinity regimes in a shallow, 

mesotidal lagoon, the Ria Formosa, Portugal. Estuarine, Coastal and Shelf Science 57, 

73-85. 

Newton, A., Mudge, S.M., 2005. Lagoon-sea exchanges, nutrient dynamics and water 

quality management of the Ria Formosa (Portugal). Estuarine, Coastal and Shelf 

Science 62, 405-414. 

Nixon, S.W., 1995. Coastal marine eutrophication: a definition, social causes and future 

concerns. Ophelia 41, 199-219. 

Pennock, J.R., Sharp, J.H., 1986. Phytoplankton production in the Delaware Estuary: 

temporal and spatial variability. Marine Ecology Progress Series 34, 143–155. 

Roselli, L., Fabbrocini, A., Manzo, C., D'Adamo, R., 2009. Hydrological heterogeneity, 

nutrient dynamics and water quality of a non-tidal lentic ecosystem (Lesina Lagoon, 

Italy). Estuarine, Coastal and Shelf Science 84, 539-552. 

Smith, N., 1994. Water, salt and heat balances of coastal lagoons, in: Kjerfve, B. (Ed.), 

Coastal Lagoon Processes. Elsevier, Amsterdam, pp. 69-102. 

Souchu, P., Bec, B., Smith, V.H., Laugier, T., Fiandrino, A., Benau, L., Orsoni, V., 

Collos, Y., Vaquer, A., 2010. Patterns in nutrient limitation and chlorophyll a along an 

anthropogenic eutrophication gradient in French Mediterranean coastal lagoons. 

Canadian Journal of Fisheries and Aquatic Sciences 67, 743-753. 

Souza, M.F.L., Kjerfve, B., Knoppers, B., Landim de Souza, W.F., Damasceno, R.N., 

2003. Nutrient budgets and trophic state in a hypersaline coastal lagoon: Lagoa de 

Araruama, Brazil. Estuarine, Coastal and Shelf Science 57, 843-858. 

Strain, P.M., Yeats, P.A., 1999. The Relationships between Chemical Measures and 

Potential Predictors of the Eutrophication Status of Inlets. Marine Pollution Bulletin 38, 

1163-1170. 

Taylor, D., Nixon, S., Granger, S., Buckley, B., 1995. Nutrient limitation and 

eutrophication of coastal lagoons. Marine Ecology Progress Series 127, 235-244. 

ter Braak, C., Šmilauer, P., 2002. CANOCO 4.5. Biometrics - Plant Reserach 

International, Wageningen, The Netherlands. 

Tett, P., Gilpin, L., Svendsen, H., Erlandsson, C.P., Larsson, U., Kratzer, S., Fouilland, 

E., Janzen, C., Lee, J.-Y., Grenz, C., Newton, A., Ferreira, J.G., Fernandes, T., Scory, 

S., 2003. Eutrophication and some European waters of restricted exchange. Continental 

Shelf Research 23, 1635-1671. 

Viaroli, P., Mistri, M., Troussellier, M., Guerzoni, S., Cardoso, A., 2005. Preface. 

Hydrobiologia 550, vii-ix. 

Vollenweider, R.A., Giovanardi, F., Montanari, G., Rinaldi, A., 1998. Characterization 

of the trophic conditions of marine coastal waters with special reference to the NW 

Adriatic Sea: proposal for a trophic scale, turbidity and a generalized water quality 

index. Environmetrics 9, 329-357. 

Warwick, R.M., Clarke, K.R., 2006. PRIMER 6, 6.1.5 ed. PRIMER-E Ltd, Plymouth. 



 

20 
 

White, D.L., Porter, D.E., Lewitus, A.J., Keesee, J., 2008. Spatial Gradient Analyses of 

Nutrients and Chlorophyll a Biomass in an Urbanized Lagoonal Estuary: A Comparison 

between Wet and Dry Periods. Journal of Coastal Research, 649-659. 

Zaldívar, J.-M., Cardoso, A.C., Viaroli, P., Newton, A., de Wit, R., Ibañez, C., 

Reizopoulou, S., Somma, F., Razinkovas, A., Basset, A., Holmer, M., Murray, N., 2008. 

Eutrophication in transitional waters: an overview. Transitional Waters Monographs 1, 

11-78. 

 

 

  



 

21 
 

Lagoon 

 

Country 

 

Latitude N 

 

Longitude 

 

Surface 

area(km
2
) 

Mean 

depth (m) 

Maximun 

width (km) 

Maximum 

depth (m) 

Total inlets 

width (m) 

Tidal 

regime 

Salinity 

 

Connection to the sea 

Ria Formosa 

(RF) Portugal 36°58′ to 37°03’               8°02′ to 7°32′W  160 1,5 6 6       4220 mesotidal euhaline Permanent (6 inlets) 

Varano 

(VA) Italy 41°53’ to 41°54’  15°40’ to 15°48’  65 3,5 7 5 55 non-tidal polyhaline Permanent (2 inlets) 

Lesina 

(LE) Italy 41°53’ to 41°55’  15°19’to15°34’  55 0,7 3,5 2 33 non-tidal mesohaline Permanent (2inlets) 

Cal Tet 

(CT) Spain 41°18’  2°7’E  0,16 1,41 0,15 1,6 0 confined oligohaline No inlets 

Ricarda 

(RI) Spain 41º17’  2°7’E  0,08 2,34 0,19 2,8 6,73 non-tidal oligohaline 

  

Intern  (sandy barrier) 

Ca L'Arana 

(CA) Spain 41º18  2°7’E  0,01 7,06 0,09 7,5 0 confined oligohaline Groundwater 
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Newton et al., 2003; Loureiro et al., 2006; 

Tett et al., 2003; Goela et al., 2009
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Roselli 2008; Lugoli et al., 2012 
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Figure 1. 
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Figure 3. 
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Figure 4.

 


