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Abstract
Estimations of ecosystem metabolism have rarely been used to quantify productivity in structural reductionist approaches 
for the description of phytoplankton composition. However, estimations of ecosystem metabolism could contribute to a 
better understanding of the relationship between phytoplankton composition and ecosystem functioning. To examine this, 
we investigated the community structure of phytoplankton in a set of Mediterranean coastal lagoons (natural and artificial) 
during a hydrological cycle to identify the most important environmental variables determining phytoplankton species com-
position. The focus of the study was on the quantification of productivity-related variables using estimations of ecosystem 
metabolism, such as different proxies for the estimation of the production-to-biomass ratio and of the relative importance 
of K- and r-strategies, which are commonly used conceptually  but not quantified. Our results demonstrated differences 
in phytoplankton composition between seasons, due to the dominant hydrological pattern of flooding confinement in the 
salt marsh, and between lagoons that were caused by different levels of nutrient availability. Moreover, there was a notable 
decrease in the production/biomass ratio and a prevalence of K-strategists with seasonal succession, as predicted by Mar-
galef’s mandala. Thus, the results showed that estimations of ecosystem metabolism are useful for the higher frequency 
quantification of important ecological variables, and contribute to a better understanding of planktonic assemblages, and 
physical and chemical changes, in these fluctuating ecosystems.

Keywords  Coastal lagoons · Phytoplankton community · Margalef’s mandala · Metabolic rates · Production/biomass ratio · 
K-strategy · r-strategy

Introduction

In 1978, Ramon Margalef  (1978) published a conceptual 
two-dimensional model, ‘Margalef’s mandala’, to explain 
the influence of physical and nutritional forces on phyto-
plankton life-form succession. In that tentative plot (Fig. 1) 
a main distinction was made between the replacement of 
organisms able to grow in nutrient-rich, turbulent environ-
ments (termed r-strategists, e.g. diatoms) and those able to 
grow under low nutrient concentrations and low turbulence 
(K-strategists, e.g. dinoflagellates). Through this work, 
Margalef introduced the now familiar concept of functional 
groups and the use of trait-based models to predict phy-
toplankton community composition (Litchman and Klaus-
meier 2008). Margalef’s mandala has since been expanded 
and refined for different aquatic systems and organisms (Cul-
len et al. 2002, 2007; Balch 2004), including coastal lagoons 
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(Glibert 2016; Derolez et al. 2020), where phytoplankton 
constitutes an important biological indicator (Seoane et al. 
2011; Hemraj et al. 2017; Leruste et al. 2018). In fact, elu-
cidating the drivers that regulate the community assembly 
and dynamics of phytoplankton continues to be of great 
importance to understanding the ecology of coastal lagoons 
(Péquin et al. 2017; Pulina et al. 2018; Villamaña et al. 2019; 
Derolez et al. 2020).

Despite its associated uncertainties productivity is one 
of the most important factors in Margalef’s mandala, it has 
rarely been quantified in studies dealing with phytoplankton 
community structure, and has generally only been considered 
in a theoretical context. Furthermore, ecosystem metabolism 
has gained importance for the analysis of aquatic ecosystem 
functioning (Staehr et al. 2012; Hoellein et al. 2013), and 
has been estimated using a wide range of methods (Kemp 
and Testa 2011). One of the most popular methods relies on 
measuring diel free-water dissolved oxygen (DO) dynam-
ics (Odum 1956), which has become a generalized method 
because of its simplicity and use of reliable and affordable 
sensor technologies. Despite its associated uncertainties 
and being based on several assumptions, this diel free-water 
DO method  is considered an excellent monitoring tool for 
studying ecosystem functioning (Staehr et al. 2010, 2012). 
However, although widely used in holistic functional studies, 
estimations of ecosystem metabolism have rarely been used 
to quantify productivity in structural reductionist approaches 
for the description of phytoplankton composition [but see 
Duarte et al. (2006) and Zwart et al. (2015)]. Moreover, the 
modelling techniques used in metabolism estimations, such 
as those based on a Bayesian approach (Grace et al. 2015), 
decompose metabolic rates into several parameters obtained 
from photosynthesis-irradiance (P-I) curves, and provide 

some variables that, again under several assumptions, may 
be related to growth rate or carrying capacity, which are two 
parameters of great importance to evaluating the relative 
importance of r- or K-strategists in a phytoplankton com-
munity. Bearing all of this in mind, ecosystem metabolism 
measurements can potentially contribute to a better under-
standing of the relationship between phytoplankton compo-
sition and ecosystem functioning, through the quantification 
of ecologically meaningful variables that are also useful for 
the development of management and conservation strategies 
for aquatic systems.

Coastal lagoons are productive and highly dynamic tran-
sitional water bodies. Their ecosystem functioning and pro-
ductivity are influenced by strong fluctuations in biological, 
hydrological, physical and chemical characteristics (Kennish 
and Paerl 2010; Pérez-Ruzafa et al. 2019). Therefore, there is 
increasing interest in deepening our understanding of these 
characteristics due to the particular vulnerability of coastal 
lagoons to global change (Kennish and Paerl 2010; Brito 
et al. 2012; Saccà 2016) and how phytoplankton communi-
ties will adapt to these changes. Moreover, because of their 
high level of degradation, especially in the Mediterranean 
region, coastal lagoons are included in the Habitats Directive 
of the European Commission as priority habitats (Council 
Directive 92/43/EEC), and several restoration efforts have 
been developed to try to recover their ecological value and 
their ecosystem services (Quintana et al. 2018). In Medi-
terranean coastal lagoons metabolic variation and physical 
changes occur at high rates (Saccà 2016; Bas-Silvestre et al. 
2020), and some restoration efforts have shown that nutri-
ent availability differs between newly created and existing 
lagoons (Badosa et al. 2006; López-Flores et al. 2006a; 
Quintana et al. 2018). Strong variations in both metabolic 
rates and nutrient availabilities make these ecosystems 
especially suitable for the combined analysis of community 
structure and ecosystem functioning, as they exist under a 
wide range of conditions.

We analysed the phytoplankton community structure and 
measured environmental variables in a set of Mediterranean 
coastal lagoons to identify the most important variables 
determining the species composition of this community. We 
chose to examine the confined coastal lagoons located in La 
Pletera salt marsh, where a restoration program has been 
developed to recover the ecological functioning of the whole 
salt marsh, and where there are both natural and artificial 
lagoons that experience the same hydrological conditions. 
We simultaneously took measurements in the lagoons  to 
estimate metabolic rates to show the relationship between 
these and species composition and, in this regard, to empha-
size the quantification of productivity-related variables that  
are related to ecosystem metabolism and are of ecological 
significance. We expected the productivity-related vari-
ables associated with ecosystem metabolism to represent 

Fig. 1   Simplified scheme of Ramon Margalef’s  (1978) mandala, in 
which phytoplankton responses to turbulence and nutrients are shown 
in black. The expected relationship between production and biomass 
[production/biomass ratio (P/B RATIO)] with succession is repre-
sented in green) (color figure online)
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high-frequency estimators for the determination of species 
composition, as indicated by the main dimensions in Mar-
galef’s mandala.

Materials and methods

Study site

The study was undertaken in six permanent water bodies 
located in the protected salt marsh of La Pletera, in the Baix 
Ter wetlands (Estartit, Girona, Spain) (Fig. 2). These water 
bodies are defined as confined coastal brackish or hyperha-
line lagoons (Trobajo et al. 2002), with no continuous sur-
face freshwater or seawater inflow. Surface water exchange 
in  these water bodies generally occurs during unpredictable 
sea storms or intense rainfall events, after which groundwa-
ter flow, which accounts for 80% of their water exchange, 
increases (Menció et al. 2017; Quintana et al. 2018). During 

the summer months, the water level decreases and salinity 
increases. Thus, there is a dominant hydrological pattern 
of flooding-confinement, with strong fluctuations in water 
level and salinity, which drives the different dynamics of 
organic matter, nutrients, species composition and ecosys-
tem metabolism (Badosa et al. 2006; Quintana et al. 2018, 
2021; Cabrera et al. 2019; Bas-Silvestre et al. 2020). Despite 
the general hydrological features of the salt marsh, these 
lagoons differ in some characteristics (Table 1), which par-
tially depend on their different origins. In the 1980s, La 
Pletera salt marsh suffered partial urbanisation, with altera-
tions to the landscape, although two natural water bodies 
(FRA and BPI) remained. Some years later, new lagoons 
(G02, L01, L04 and M03), surrounded by the salt marsh 
vegetation, were created during two different LIFE Nature 
restoration projects   with the aim of  restoring the ecologi-
cal functioning of the area (Quintana et al. 2018). G02 was 
created in 2002 during the first (LIFE99 NAT/E/006386), 
and L01, L04 and M03 during the second LIFE Project 
(LIFE13 NAT/ES/001001) in 2016 (Fig. 2). More informa-
tion on these restoration actions can be found at www.​lifep​
letera.​com.

Sampling procedure and water analyses

The study was conducted during a complete hydrological 
cycle from July 2018 to August 2019 in the six confined 
lagoons of La Pletera salt marsh (Fig. 2; Table 1). Ten-litre 
integrated water samples were collected monthly from at 
least eight points in each lagoon at a depth between 5 and 
80 cm. The nutrient and plankton samples were obtained 
from this integrated volume. Water samples for inorganic 
nutrient analyses were filtered in the field through precom-
busted (450 °C for 4 h) Whatman GF/F filters (0.7-μm pore) 
and frozen until analysis. Ammonium ( NH+

4
 ), nitrite ( NO−

2
 ) 

and nitrate ( NO−

3
 ) were analysed following American Public 

Health Association (APHA) (2005), and phosphate ( PO3−

4
 ) 

was measured according to UNE-EN-ISO6878. Unfiltered 
water samples for the analysis of total nitrogen (TN), total 
phosphorus (TP) and total organic carbon (TOC) were also 
taken. TOC and TN were measured using a TOC analyser 
(TOC-V CSH SHIMADZU). The TP analyses were per-
formed as described by Grasshoff et al. (1999). Organic 
forms of nitrogen (Norg.) and phosphorus (Porg.) were cal-
culated as the difference between TN or TP and the sum of 
their inorganic forms. Dissolved inorganic nitrogen (DIN) 
was calculated as the sum of NH+

4
 , NO−

2
 , and NO−

3
 . pH and 

gilvin  (coloured, dissolved organic matter) levels were also 
recorded. Gilvin was measured from filtered water samples, 
according to Kirk (1994), as the absorbance at 440 nm, by 
using a spectrophotometer (Shimadzu UV-1800). Seagrass 
and macroalgae cover (Table 1) were calculated using geo-
graphic information systems (GIS) software together with 

Fig. 2   Location of the six Mediterranean confined coastal lagoons 
studied (in blue) in La Pletera salt marsh (Girona, northeastern Ibe-
rian Peninsula) (inset). Areas in green correspond to salt marsh veg-
etation, while those in brown indicate extensive agriculture. Red dots 
indicate the location of the high-frequency monitoring probes (color 
figure online)

http://www.lifepletera.com
http://www.lifepletera.com
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orthophotographs, from which digital maps were created. 
All cartographic information was managed using the ESRI 
ArcGIS Pro programme (Esri. 2020). Aerial photographs 
were taken seasonally during the study period (18 October, 
18 December, 19 May, and 19 August). As monthly data 
were not available, these data were only used for lagoon 
characterization.

High‑frequency monitoring and metabolism 
estimations

Continuous, high-frequency monitoring of different physi-
cal variables was needed for the metabolism calculations. 
Optical DO sensors (MiniDOT; PME, USA) and conduc-
tivity loggers (CTD-divers; VanEssen Instruments, the 
Netherlands) were deployed 30 cm from the surface at the 
deepest and most representative point of each lagoon to 
obtain DO, temperature and conductivity measurements 
every 10 min. The conversion of conductivity to salinity 
was performed according to APHA (2005). Wind speed 
and photosynthetically active radiation were measured at 
the same frequency in the salt marsh using a Kestrel-5000 
Environmental Meter (Kestrel Instruments, USA) and 

HOBO pendant (Onset, USA) data logger, respectively. 
All of the lagoons, with the exception of FRA (during 
winter), were usually well mixed, and Zmix was equal to the 
water level that was recorded in each lagoon using high-
frequency loggers (CERA-Diver; VanEssen Instruments). 
During the winter months, Zmix  in FRA was calculated 
every 10–15 days from density profiles, as described in 
Bas-Silvestre et al. (2020).

Gross primary production (GPP) and ecosystem res-
piration (ER) were estimated using a modified version of 
the BAyesian Single-station Estimation (BASE) program 
(Grace et al. 2015; Bas-Silvestre et al. 2020). To avoid 
temperature effects, metabolic rates were determined from 
ER standardized to 20 °C (ER20); GPP was also stand-
ardized, to maximum light conditions (GPPMAX) and to 
maximum light conditions at 20 °C (GPP20MAX). Thus, 
GPP20MAX was obtained to represent the capacity for pro-
duction, i.e. the maximum production of autotrophs at 
20 °C if light were unlimited. For more details on model 
functioning, day validation and the parameter calculation 
procedure, see Bas-Silvestre et al. (2020). As phytoplank-
ton samples were collected monthly, we calculated the 
monthly median value from the daily metabolic rates.

Table 1   Mean value and range (in parentheses) of physical and chemical variables measured in the surface waters of six lagoons in La Pletera 
during the study period (July 2018 to August 2019)

DIN Dissolved inorganic nitrogen, Norg. organic nitrogen, Porg. organic phosphorus, TN total nitrogen, TP total phosphorus, TOC total organic 
carbon
a Surface area values correspond to the mean level of the lagoons
b Values were recorded on 18 October, 18 December, 19 May, and 19 August, respectively

BPI FRA G02 L01 L04 M03

Water temperature 
(°C)

20.0 (2.3–34.6) 19.7 (1.8–35.4) 19.2 (1.1–35.3) 19.3 (1.6–33.8) 18.6 (1.9–33.3) 20.1 (2.4–35.8)

Salinity (‰) 53.3 (10.7–90.5) 45.3 (26.5–73.7) 25.6 (7.7–52.7) 15.4 (5.3–25.7) 23.5 (6.1–40.2) 48.0 (10.2–90.5)
pH 8.6 (8.2–9.0) 8.4 (7.9–8.8) 8.8 (8.2–9.8) 8.7 (8.0–9.6) 9.1 (8.4–9.8) 8.7 (8.0–9.7)
Chlorophyll a (µg 

L−1)
98.9 (2.5–310.2) 71.4 (1.9–250.4) 38.5 (1.1–236.6) 0.7 (0.0–1.9) 13.1 (0.7–45.4) 6.4 (0.0–29.6)

DIN (mg N L−1) 0.30 (0.02–1.36) 0.40 (0.10–2.33) 0.15 (0.04–0.60) 0.92 (0.05–6.29) 0.09 (0.02–0.19) 0.16 (0.04–0.45)
PO

3−

4
(mg P L−1) 0.05 (0.00–0.17) 0.04 (0.01–0.15) 0.04 (0.00–0.09) 0.01 (0.00–0.02) 0.02 (0.00–0.04) 0.04 (0.00–0.33)

Norg. (mg L−1) 12.24 (2.89–30.23) 5.64 (2.33–13.19) 4.12 (1.29–10.89) 1.89 (0.54–3.28) 2.45 (1.10–4.49) 4.28 (1.92–7.65)
Porg. (mg L−1) 0.32 (0.08–0.63) 0.24 (0.03–0.70) 0.15 (0.01–0.41) 0.02 (0.00–0.08) 0.07 (0.01–0.20) 0.10 (0.01–0.44)
TN (mg L−1) 12.54 (3.06–30.31) 6.03 (2.61–13.51) 4.27 (1.33–11.19) 2.81 (1.49–8.89) 2.54 (1.19–4.62) 4.44 (2.03–8.11)
TP (mg L−1) 0.32 (0.02–0.64) 0.27 (0.05–0.86) 0.18 (0.02–0.45) 0.03 (0.01–0.10) 0.09 (0.01–0.23) 0.13 (0.01–0.77)
TOC (mg L−1) 127.89 (29.9–

265.6)
45.48 (25.82–

104.5)
36.70 (14.81–

73.89)
16.98 (10.12–

35.03)
22.10 (11.00–

34.31)
30.62 (11.00–

68.51)
Depth (m) 0.7 (0.4–1.1) 1.6 (1.4–2.1) 0.9 (0.6–1.4) 0.5 (0.4–1.0) 0.7 (0.5–1.2) 0.6 (0.3–1.1)
Surface (m2)a 195 10326 2240 3345 5157 1905
Seagrass cover 

(%)b
0, 0, 0, 0 0, 0, 0, 0 0, 41, 27, 46 14, 10, 13, 85 66, 88, 30, 89 0, 0, 0, 0

Macroalgae cover 
(%)b

0, 0, 16, 5 4, 2, 27, 17 0, 0, 0, 5 0, 2, 0, 6 10, 0, 15, 8 80, 84, 65, 27
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Flow cytometry and high‑performance liquid 
chromatography analysis

Flow cytometry (FCM) was used to calculate the abundance 
and biovolume of nanoplankton (3–20 µm) and picoplankton 
(< 3 µm). We identified the different nano- and picoplank-
ton groups according to their position in the FCM plots, i.e. 
according to their body size and fluorescence signal; the main 
blooms were also verified by microscopy. Of note is that dif-
ferent species that did not differ substantially in body size and 
pigment content  were observed in the same FCM region. 
Thus, the different groups identified do not actually represent 
species, but ‘functional groups’, which we will refer to here 
‘phytoplankton groups’, based on the assumption that species 
with similar body sizes and similar pigment contents have a 
similar functional role in an aquatic ecosystem (Table 2). Sam-
ples  of lagoon water filtered through a 50-µm mesh were fixed 
by adding 0.5 mL of paraformaldehyde (1%)-glutaraldehyde 
(0.05%) to a total volume of 4.5 mL for FCM, following Gasol 
and Morán (2015). The entire procedure used is described in 
López-Flores et al. (2009). Beads were used as internal stand-
ards, and all parameters were normalized to these. Data were 
analysed using BD CellQuest Pro software. As side scatter in 
FCM is related not only to the internal structure of the organ-
isms but also to cell size [Gasol and Morán (2015) and refer-
ences therein], we estimated cell volumes from side scatter 
signals using a calibration curve. Different cultures of known 
phytoplankton species were run on the flow cytometer, and 
a linear regression was performed between the average side 
scatter value of the phytoplankton population, normalized to 
that of the beads, and the population mean volume obtained 
by inverted microscopy, similarly to López-Flores et al. (2009) 
and references therein.

To help identify dominant nano- and picoplankton spe-
cies forming blooms, an analysis of pigments was also con-
ducted. We used several diagnostic pigments to identify 
certain taxonomic groups, following Jeffrey et al. (1997); 
chlorophyll a was used to estimate primary producer bio-
mass. Samples were analysed using a high-performance liq-
uid chromatography (HPLC) method with a reverse-phase 
C8 column and pyridine-containing mobile phases (Zapata 
et al. 2000; López-Flores et al. 2006a). A Waters high-
performance liquid chromatography system with a Waters 
996 Photodiode Array Detector was used. Chlorophylls 
and carotenoids were detected by diode array spectroscopy 
(350–700 nm). The pigments detected when groups bloomed 
are listed in Table 2.

Phytoplankton and zooplankton counting using 
inverted microscopy

To estimate the abundance and biovolume of microphyto-
plankton (> 20 µm), which are poorly estimated by FCM 

or are even excluded from the FCM counting procedure 
(> 50 µm), we used a Zeiss Axio VertA1 inverted micro-
scope. A 125-mL volume of unfiltered sampled water was 
fixed with formaldehyde (10% final concentration) in an 
amber glass bottle. An inverted microscope was used to 
identify and measure the cells of a 30-mL subsample after 
sedimentation for at least 10 h, in accordance with Uter-
möhl (1958). At least 100 individuals were counted or 20 
fields at ×400 magnification (40x objective and 10x ocular 
lenses) were used for counting for abundance estimations; 
for rare, bigger specimens (> 50 µm) one-quarter, one-half 
or the whole sample was examined at ×100 magnifica-
tions (10x objective and 10x ocular lenses). Measurements 
of linear dimensions of the cells (25 individuals per group) 
were used to estimate the biovolume from geometric formu-
lae (Hillebrand et al. 1999). Although some organisms were 
identified to the genus or species level, for statistical analy-
ses, phytoplankton cells were classified into the major algal 
divisions or classes. Classifying the phytoplankton in this 
way enables the determination of homogeneous groups that 
are comparable to nano- and picoplankton groups counted 
by FCM. Where different species from the same group were 
identified by microscopy, we added ‘large’ to the group 
abbreviation (see Table 2). We added ‘high’ or ‘low’ to the 
group abbreviations to reflect the  FL3 signal. Microplank-
ton smaller than 20 µm, when identifiable, were counted by 
microscopy ensuring that they were not counted by FCM.

The abundance and biovolume of small ciliates (< 50 µm) 
was also estimated using the microphytoplankton counts 
described above and using the same    Hillebrand et al. 
(1999) formulae for biovolume estimations. Zooplankton 
(> 50 µm) samples were obtained by filtering a total volume 
of 5 L through a 50-µm mesh and fixed in situ in 4% for-
malin. Identification and counting of the different taxa were 
performed to the lowest taxonomic level without specimen 
manipulation under an inverted microscope. For each taxon 
found in the 50-µm counts, we measured 25 individuals to 
estimate the organisms’ body size and biomass (dry weight). 
See Cabrera et al. (2019) for more details on zooplankton 
processing and biomass estimations. We distinguished 
between detritivores or non-selective bacterivorous filter 
feeders (e.g. harpacticoid copepods or rotifers with a mal-
leate or ramate mastax) (Nogrady 1993) and selective filter-
feeding algivores or predators (e.g. rotifers with a virgate 
or incudate mastax or calanoid and cyclopoid copepods) 
(Einsle 1993).

Data analysis

Drivers of phytoplankton composition

Factors determining phytoplankton composition were evalu-
ated by redundancy analysis (RDA) where the significant 
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variables were selected using a forward selection procedure. 
Abundances of the different phytoplankton groups (biovol-
ume units) listed in Table 2 were used to build the RDA 
species matrix. Hellinger transformation was applied to the 
phytoplankton community data prior to analysis (Legendre 
and Gallagher 2001).

We based the analyses on the variables used by Glib-
ert (2016) in her revisit of Margalef’s mandala. Thus, as 
explanatory variables we used physical and chemical vari-
ables, nutrient and organic matter concentrations, top-down 

control ratios (such as the ratio between phytoplankton and 
zooplankton biomass and the ratio between algivorous and 
bacterivorous zooplankton) and some other properties of the 
phytoplankton community (detailed in Table 3). These lat-
ter phytoplankton properties, including toxicity, phagotro-
phy and motility, were calculated by assigning each to the 
different phytoplankton groups (see Table 2) based on the 
literature (Reynolds 2006; Flynn et al. 2013; Jakubowska 
and Szeląg-Wasielewska 2015; Stoecker et al. 2017). For 
the phytoplankton/zooplankton biomass ratio (Table 3), their 

Table 3   Summary of the 
different variables quantified in 
the present study and included 
in the redundancy analysis 
(RDA)

All variables and ratios listed in this table were log-transformed before statistical analysis to avoid spuri-
ous correlations (Pawlowsky-Glahn and Buccianti 2011). For more details on some of the calculations and 
analyses, see section "Materials and methods"
GPP Gross primary production, ER ecosystem respiration; for other abbbreviations, see Table 1
a Excluding nutrient contents
b A major distinction was made between the variables included in the RDA (group 1) and those included in 
the RDA only as supplementary variables (group 2). The inclusion of variables as supplementary was for 
collinearity- or community-related reasons (see section “Data analyses”)

Type of variable Variable Abbreviation Groupb

Physical and chemicala Temperature Temp 1
Salinity 1
pH 1
Depth 1
Gilvin 1
Daily variance in DO (%) DOsat_var 1

Nutrients and organic matter Porg/PO
3−

4
orgP_inorP 1

Norg/DIN orgN_inorN 1
NH

+

4
∕NO

−

3
redN_oxN 1

DIN∕PO
3−

4
N_P 2

TOC/TP TOC_TP 1
TOC/TN TOC_TN 1
DIN 2
PO

3−

4
2

Norg. 2
Porg. 2
TOC 2

Top-down control Algivorous/bacterivorous zooplankton alg_bact 1
Phytoplankton/zooplankton biomass phyto_zoo 2

Phytoplankton properties Cell size 2
Motility 2
Toxicity 2
Phagotrophy 2

Productivity-related variables Gross Primary Production GPP 2
Ecosystem Respiration ER 2
GPP standardized to 20 °C and maximum light GPP20MAX 2
ER standardized to 20 °C ER20 2
ER/TOC ER_TOC 2
GPP/chlorophyll a GPP_chla 2
GPPMAX (GPP standardized to maximum 

light)/A (primary production per quantum of 
light)

GPPMAX_A 2
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biomasses were transformed to carbon units in accordance 
with Gaedke (1992). Some of the explanatory variables were 
not included in the original RDA (group 2 in Table 3) for 
the following reasons: (1) to avoid collinearity with other 
selected variables, whereby variables with an inflation fac-
tor > 10 in a forward selection procedure were discarded; 
(2) to avoid circularity, whereby those phytoplankton data 
obtained from some combinations of the relative abundances 
(biovolume units) of the different phytoplankton groups 
that were already included in the RDA species matrix were 
discarded.

All discarded variables (group 2 in Table 3) were later 
added as supplementary variables, which had no influence 
on the RDA, but helped to enhance the interpretability of the 
results. We also used categorical variables such as lagoon 
and season for classification and visualization. Monthly 
samples were assigned to one of two different seasons: 
summer (May–September) and winter (October–April). 
All individual variables and ratios listed in Table 3 were 
log-transformed before statistical analysis to avoid spurious 
correlations (Pawlowsky-Glahn and Buccianti 2011). Spear-
man correlations were computed to analyse the relationships 
between the different variables included in the study. The 
level of significance for all analyses was p < 0.05, (95% con-
fidence interval). Statistical analyses and plots were achieved 
by using the vegan and ggplot2 packages in R software 
(Wickham 2016; R Core Team 2017; Oksanen et al. 2019).

Productivity‑related variables

To examine the relationships between metabolism and com-
munity structure, several variables related to metabolic rates 
and derived variables were only included in the RDA as 
supplementary variables (Group 2 in Table 3). As mentioned 
above, we did not include these variables as explanatory 
variables in the main RDA analysis to avoid forcing correla-
tions between them and other variables, since our aim was to 
examine if there were relationships between metabolism and 
the main factors determining community structure. Meta-
bolic rates were determined from measurements of GPP and 
ER, as well as the standardized rates of ER at 20 °C (ER20) 
and GPP at 20  °C with no light limitation (GPP20MAX) 
(Giling et al. 2017). The log-ratio between GPP and chlo-
rophyll a was used as a proxy for the production/biomass 
ratio. Finally, the log-ratio between the GPP standardized 
to maximum light (GPPMAX) and primary production per 
quantum of light (A) (GPPMAX/A ratio)) was used as a proxy 
for K- and r-strategies, for which a more detailed explana-
tion is provided below. The BASE model used in this study 
estimates GPP on a daily basis by means of regressions 
between GPP and solar irradiation arriving at the lagoon 
surface, measured by using a typical P-I curve (Grace et al. 
2015). The model outputs include not only daily GPP values 

but also ecophysiological parameters with relevant ecologi-
cal meaning. One of these parameters is A, which indicates 
primary production per unit light (i.e. photosynthetic effi-
ciency) and under a growth curve model can be considered 
proportional to the growth rate (r) (Cullen 1990; Zonneveld 
1998; Litchman and Klausmeier 2008). Moreover, GPPMAX, 
which is obtained from the standardization of GPP to maxi-
mum light, can be considered to represent the carrying 
capacity  (K) of a typical growth model. Thus, we propose 
that the log-ratio between these two parameters can be used 
as a proxy to quantify the K–r axis for the ecosystem studied.

Results

The two main axes of the RDA analysis accounted for 
26.62% of the variation in phytoplankton composition 
(Fig. 3). The dynamics of the physicochemical variables dur-
ing the study period support the differences between seasons 
as revealed by the RDA results (Figs. S2, S3). Thus, the 
first axis (RDA1) is related to seasonal physical changes 
and reflects the flooding-confinement pattern present in 
this type of salt marsh. Typical summer confinement condi-
tions appear as negative values on RDA1 (Figs. 3, S1), with 
higher values for salinity, temperature and gilvin, and lower 
values for pH and the ratio of top-down grazing by algivo-
rous and bacterivorous zooplankton (alg_bact; Table 3). 
Whereas winter flooding conditions were characterised by 
the opposite magnitude of these variables, and thus opposite 
coordinates in RDA1 (Figs. 3, S1). Lagoons BPI, FRA and 
M03  had the highest salinities and L01, L04 and G02 the 
lowest (Table 1; Fig. S2). During the hottest period of the 
study, which coincided  with fewer  days with rain and other 
sources of water input, the water levels decreased (Fig. S2). 
This descrease resulted in an increase in the concentrations 
of nutrients, organic matter (Fig. S3) and chlorophyll a.

Salinity, temperature and gilvin were the most signifi-
cant variables that were negatively related to RDA1, while 
a major proportion of the algivorous zooplankton observed 
during winter conditions had a significant positive relation-
ship with RDA1. Although these results were not statisti-
cally significant,  under confinement conditions, orgP_inorP, 
orgN_inorN and redN_oxN were higher and TOC/TP was 
lower (Figs. S1, S4). Moreover, during the dry period, there 
was greater  variability in DO (DOsat_var), which resulted 
in higher and greater variation in metabolic rates (Figs. S1, 
S5). Those values that indicated oversaturation were accom-
panied by  extended periods of anoxia, especially in BPI, 
FRA and M03.

The second axis (RDA2) ordered the samples accord-
ing to their origin, i.e. natural lagoons (positive values) 
and artificial lagoons (negative values). Depth and pH 
were significantly related to RDA2, indicating that depth 
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was  greater but the pH lower in natural lagoons (Figs. 3, 
S1). Lagoons FRA and G02 had the greatest mean depths, 
whereas L01 and M03 were the shallowest lagoons (Fig. 3; 
Table 1).

A total of 12 phytoplankton groups were identified for 
the six lagoons during the study period (Table 2). Tempo-
ral variations in the percentages of the different groups are 
shown in Fig. 4. Dinoflagellates and phototrophic bacteria 
dominated during confinement conditions (negative values, 
RDA1), with the latter only in natural lagoons (especially in 
FRA) and the former mainly in artificial lagoons (Figs. 3, 4). 
Haptophytes (Pavlova–like cells and Prymnesium–like cells) 
and Synechococcus dominated during flooding conditions 
(positive values, RDA1) in artificial lagoons (Figs. 3, 4). 
Picoeukaryotes were mainly dominant in the natural lagoons 
(positive values, RDA2) during the flooding period, while 
cryptophytes were more frequent in artificial ones (Figs. 3, 
4). The other phytoplankton groups appeared in a central 
position in the RDA plot. Overall, the phytoplankton com-
positions in the artificial lagoons were characterised by the 
presence of a higher number of motile and phagotrophic 
species that belong to groups including potentially harmful 
species, while the natural lagoons were dominated by small-
sized, strictly autotrophic picoeukaryotes (Figs. 3, 4 and S4).

Regarding metabolic rates,  higher GPP and ER were 
recorded during the summer, although both showed high 
variability during this season (Fig. S4). Thus, GPP and ER 
had low correlations with RDA1, and in opposite directions, 
with higher ER rates during confinement (Figs. 5, S1). Rates 
of GPP and ER standardized to temperature, and also to light 
for GPP, as well as ER_TOC and GPP_chla, were positively 
related to RDA1 (Fig. 5), so an increase in their values under 
flooding conditions, especially GPP20MAX and GPP_chla, indi-
cated a higher capacity for production and a higher productiv-
ity/biomass (P/B) ratio during these conditions. In contrast, 
the ratio used as a proxy of the K–r gradient (GPPMAX_A) 
was negatively correlated with RDA1 (Figs. 5 and S1), which 
suggested a higher dominance of K species under confinement 
conditions. Finally, the vector position of all these productiv-
ity-related variables indicated a low relationship with RDA2, 
indicating that metabolic processes did not particularly differ 
according to the origin of the lagoons (Figs. 5, S1).

Fig. 3   Results of redundancy analysis (RDA) showing the rela-
tionships between phytoplankton composition and the first group 
of variables (see group 1, Table 3) for the six lagoons in La Pletera 
salt marsh. Only significant variables determined by a forward 
selection procedure are represented (in dark green). Species groups 
are in black. Eigenvalues (proportion explained as a percentage) of 
the first two axes are shown in parentheses on the corresponding 
axes.  Monthly samples were assigned to one of two different sea-

sons: summer (May–September) and winter (October–April). EUGLE 
euglenophytes, DINO dinoflagellates, PHOTOB  phototrophic bacte-
ria,  HAPT haptophytes, SYNEC Synechococcus, PICOEUK picoeu-
karyotes,  CRYPTO cryptophytes, alg_bact algivorous/bacterivorous 
zooplankton, CYAN cyanobacteria, AUTO diatoms/prasinophytes, 
DIAT diatoms, PRASI prasinophytes, low low  FL3 signal, high 
high FL3 signal, large identified by microscopy (color figure online)
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Discussion

Phytoplankton composition in confined coastal 
lagoons

The main factor accounting for differences in phytoplank-
ton composition was season, as a result of the flooding-
confinement patterns in winter and summer, which has 
also been previously described for this type of salt marsh 

(Quintana and Moreno-Amich 2002; López-Flores et al. 
2006a, 2009). This seasonal pattern is characterised 
by changes in water inputs and salinity, with flooding 
events occurring mainly in the winter followed by a dra-
matic decrease in water level and increase in salinity due 
to evaporation during the summer (Badosa et al. 2006; 
López-Flores et al. 2006a; Menció et al. 2017). The phy-
toplankton composition of natural lagoons was discrimi-
nated from that of artificial ones by the RDA analysis. The 
natural lagoons BPI and FRA are characterized by higher 

Fig. 4   Temporal changes in the  biovolume (µm3/mL)  of phytoplank-
ton groups, expressed as percentages, for the natural (BPI and FRA) 
and artificial lagoons (G02, L01, L04, M03) of La Pletera salt marsh. 

The x-axis labels indicate the month [January–December (01–12)] 
and year [2018 (18) and 2019 (19)]. For abbreviations meanings, see 
Fig. 3; for details of the groups’ characteristics, see Table 2

Fig. 5   Results of RDA between 
phytoplankton composition and 
productivity-related variables 
included as supplementary vari-
ables (in red; group 2, Table 3) 
for the six lagoons in La Pletera 
salt marsh. Species groups are 
indicated in black. Eigenvalues 
(proportion explained as a per-
centage) of the first two axes are 
expressed in parentheses on the 
corresponding axes. Monthly 
samples were assigned to one of 
two different seasons: summer 
(May–September) and winter 
(October–April). GPP20MAX 
GPP standardized to 20 °C and 
maximum light, ER_TOC ER/
total organic carbon, GPP_chla 
GPP/chorophyll a; for other 
abbreviations, see Fig. 3; for 
details of the species groups’ 
characteristics, see Tables 2,  3 
(color figure online)
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concentrations of nutrients and organic matter than the 
artificial lagoons (Badosa et al. 2006; Cabrera et al. 2019), 
as a consequence of the progressive accumulation of these 
during successive flooding-confinement processes. Thus, 
differences in phytoplankton composition between the nat-
ural and artificial lagoons could be related to differences in 
nutrient availability. Moreover, higher variation in oxygen 
levels and metabolism have already been described for 
the two natural lagoons during summer, a period that was 
characterized by extended periods of anoxia that could last 
several days, in which percentage DO was lower than 5% 
(Bas-Silvestre et al. 2020). Overall, our results agree with 
those of previous studies on coastal lagoons that noted sea-
sonality (Cañavate et al. 2015; Coelho et al. 2015), as well 
as salinity, temperature, transparency and nutrients, as the 
most important factors determining changes in the phyto-
plankton community (López-Flores et al. 2014; Cañavate 
et al. 2015; Hemraj et al. 2017; Pulina et al. 2018). In the 
present study, physical changes, represented by the flood-
ing-confinement pattern, and the differences in nutrient 
availability between the natural and newly created lagoons, 
could be easily related to the two main axes of Margalef’s 
mandala (Margalef 1978).

The main, dominant phytoplankton groups in La Pletera 
can be explained by the adaption of  their component species 
to the specific ecological characteristics of these confined 
Mediterranean coastal lagoons. BPI and FRA have summer 
blooms of phototrophic bacteria as a consequence of oxy-
gen depletion even in surface waters. This type of situation 
has been described in coastal lagoons with extremely high 
organic matter concentrations (Madigan and Jung 2009; 
Fontes et al. 2011; Lamy et al. 2011). Dinoflagellates are 
abundant in BPI and FRA, and are known to be dominant 
under stable conditions of maximum confinement, when 
nutrients are mostly present in organic forms (López-Flo-
res et al. 2006b; Vandersea et al. 2018; Jiang et al. 2019). 
Smaller picoplankton, which abound during the winter 
(flooding period), are under high predatory pressure from 
calanoid grazers, which are dominant during this season 
(Cabrera et al. 2019), probably because of high growth rates 
(Witt et al. 1981; Bec et al. 2008 and references therein). 
The small size of the phytoplankton [picoeukaryotes, hap-
tophytes (Pavlova–like cells, Prymnesium–like cells)] and 
the scarcity of seagrasses in these two natural lagoons 
could indicate that the transfer of energy and carbon is less 
efficient  in them than in the artificial lagoons due to their 
more complex food webs (Pulina et al. 2018). In the arti-
ficial lagoons, nitrogen-fixing cyanobacteria and potential 
phagotrophic haptophytes (Pavlova–like cells and Prymne-
sium–like cells) were more abundant, probably as a result 
of the lower availability of  nutrients, and especially that 
of inorganic nitrogen forms. Phagotrophy or atmospheric 
nitrogen fixation are common nitrogen uptake mechanisms 

in Mediterranean confined salt marshes, where an imbalance 
in the N/P ratio, specifically the NO−

3
/PO

3−

4
 ratio, is the rule 

rather than the exception thanks to faster rates of denitrifi-
cation than of nitrification (Quintana et al. 1998; Quintana 
and Moreno-Amich 2002; López-Flores et al. 2014). Strictly 
autotrophic, non-N fixers and Nannochloris-like picoeukary-
otes mainly appear in natural lagoons, which are richer in 
organic matter, the decomposition of which might provide 
ammonium as a source of  inorganic nitrogen (Sunda and 
Hardison 2007; Glibert 2016; Schulien et al. 2017). Smaller 
picoplankton represent a high percentage of the phytoplank-
ton biomass. Although previously considered important 
groups in oligotrophic waters, they have been increasingly 
reported in brackish and eutrophic environments (Paoli et al. 
2007; Pulina et al. 2012, 2018). Other strictly autotrophic 
nano- and microphytoplankton, such as diatoms and chloro-
phytes, are generally rare in this type of salt marsh, as their 
growth is limited by the lack of inorganic nitrogen (Quintana 
and Moreno-Amich 2002).

Productivity‑related variables

Ecosystem metabolism estimations have rarely been applied 
in community composition studies (e.g. Murrell et al. 2018), 
yet DO sensors, as used in the present study, provide data for 
GPP and ER estimation that could be used in our multivari-
ate species composition analysis to better elucidate patterns 
in the species composition of  phytoplankton. Furthermore, 
terms such as ‘productivity’, although frequently used in the 
literature in studies on phytoplankton, are generally used 
conceptually and rarely refer to measured variables (López-
Flores et al. 2006a; Pulina et al. 2012, 2017). Metabolic 
rates can also be combined with other biomass approxima-
tions, such as the total amount of chlorophyll a, to obtain 
a quantifiable proxy for the P/B ratio, which is a term with 
important connotations for ecology, but again, is sometimes 
only used conceptually.

When the productivity-related variables were included in 
the RDA, they generally showed a positive correlation with 
the first RDA axis, which is related to seasonal changes in 
physical variables. This was not only seen for  metabolic 
rates but also for the standardized rates and GPP_chla ratio. 
These findings agree with the general ecological theory that 
the P/B ratio should  decrease with succession, or in the 
case of phytoplankton, with seasonal succession (Margalef 
1968, 1978; Odum and Barrett 1971), which suggests that 
these types of ratios can be helpful proxies for productiv-
ity. However, they should be used in this way with caution, 
since metabolic rates derived from diel DO changes not 
only relate to production from phytoplankton but also to 
that from all other primary producers of the ecosystem. Sea-
grasses, macroalgae, biofilms and periphyton also contribute 
to total lagoon GPP, thus high production in a water body 
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does not necessarily entirely correspond to phytoplankton 
metabolism. In any case, we found a significant relationship 
between phytoplankton GPP and DO even in our lagoons, 
which are shallow and where the relative importance of ben-
thic metabolism is potentially high (e.g. see MacIntyre et al. 
1996; McGlathery et al. 2001). Therefore, we can assume 
that the relationship between DO and GPP would be even 
stronger in exclusively planktonic open waters, where GPP 
is determined by that of phytoplankton.

The BASE model, which was used to calculate the meta-
bolic rates (Grace et al. 2015; Giling et al. 2017; Bas-Sil-
vestre et al. 2020)  in the present study gave an  interesting 
result. Some of the ecophysiological parameters derived 
from the ecosystem metabolism estimation methods can 
be effectively applied from a community structure perspec-
tive. One example of this is the GPPMAX_A ratio used here 
(see “Materials and methods”), which provides a proxy for 
the relative importance of the K- and r-strategies, concepts 
widely used in ecology but rarely quantified. In the present 
study, GPPMAX_A lined up with the first RDA axis, suggest-
ing a gradual change from a  K- to a r-strategy related to the 
physical flooding-confinement gradient, in agreement with 
a progressive increase in K-strategists during seasonal suc-
cession. Thus, automated oxygen sensors could provide a 
high-frequency, easy-to-obtain proxy for the relative impor-
tance of K- and r-strategies in the aquatic communities of 
the lagoons studied here. However, once again, some issues 
should be taken into consideration, some of which are related  
to the particularities of confined coastal lagoons because 
the flooding-confinement pattern represents the main sea-
sonal gradient and, therefore, the main gradient of stabil-
ity, although other, short-term, low-intensity disturbances 
(storm events of short duration, windy or rainy days) may 
also affect the proportions of r- and K-strategists. Moreover, 
high accumulation of  organic matter under maximum con-
finement may lead to anoxic conditions (Bas-Silvestre et al. 
2020), which are far from stable conditions. Other potential 
issues might have a theoretical basis because the relation-
ship between P-I curves and growth model parameters can 
only be assessed under certain assumptions: steady-state 
photosynthesis rates, photosynthesis rates adapted to growth 
irradiance, zero maintenance costs and fixed carbon:cell and 
chlorophyll:biomass ratios (Cullen 1990; Zonneveld 1998; 
Litchman and Klausmeier 2008). However, none of these 
assumptions are actually true under natural conditions.

In conclusion, estimations of metabolic rates  can provide 
measurable parameters of species composition when ecosys-
tem metabolism is combined with community structure stud-
ies,   We propose the use of the GPP_chla ratio as an estima-
tion of the P/B ratio, and the GPPMAX_A ratio as a proxy for 
the relative importance of K- and r-strategists. Using these 
ratios, a decrease in the P/B ratio and prevalence of K-strat-
egists with seasonal succession, as predicted by Margalef’s 

mandala, has been observed. A better understanding of 
ecosystem functioning could provide new insights into how 
aquatic ecosystems, and more specifically highly variable 
coastal lagoons, will respond to changes in their physical 
and chemical characteristics, and planktonic assemblages, 
with global change.
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