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ABSTRACT: Since the mid-20th century, Mediterranean lagoons have been affected by eutrophi-
cation, leading to significant changes in primary producers. In the early 2000s, management
actions have been implemented to reduce nutrient inputs with the aim to achieve a good ecological
status as requested by the EU water framework directive. As a result of these actions, a sharp de-
cline in nutrient loads has been recorded in several lagoons leading to an oligotrophication of the
water column. The analyses of a long-term data set (1998-2015) of 21 polyhaline and euhaline la-
goons with contrasting trophic status allowed us to infer a general scheme for the changes in
macrophyte assemblages during the oligotrophication process. Placing hypertrophic and oligotro-
phic conditions end to end, we inferred that the general pattern for the re-oligotrophication trajec-
tory in Mediterranean coastal lagoons is described by the following sequence, with regime shifts
between each state: (1) bare non-vegetated sediments, phytoplankton-dominated state; (2) oppor-
tunistic macroalgae; (3) seagrass and perennial macroalgae dominated state. However, we did not
observe the latter regime shift for the most eutrophicated lagoons, which, so far, remained stuck in
the opportunistic macroalgae state. So far, the shift from dominance of opportunistic macroalgae to
a system dominated by seagrasses was only observed in a single lagoon where seagrasses had
never completely disappeared, which possibly relates to resilience. More generally, the conditions
favoring regime shifts from opportunistic macroalgae to seagrasses are still poorly understood. In
conclusion, we describe a generic pattern for re-oligotrophication of Mediterranean coastal
lagoons, although a full recovery from highly eutrophied to oligotrophic conditions may require
more than a decade and may include conditions that remain so far poorly recognized.

KEY WORDS: Submerged aquatic vegetation - Recovery - Nutrient reduction - Restoration -
Long-term data series - Resilience - Regime shift - Coastal lagoon

1. INTRODUCTION

Marine benthic macrophyte communities, includ-
ing seagrasses and macroalgae, play a major struc-
tural and functional role in shallow coastal ecosys-
tems such as estuaries and coastal lagoons. Marine
macrophytes are among the most productive habitats

*Corresponding author: ines.le.fur@gmail.com

on earth (Mann 1973) and play an important role in
the ocean carbon budget (Duarte 1995, Duarte &
Cebridan 1996) and in other biogeochemical pro-
cesses, e.g. nutrient cycles (Rysgaard et al. 1996,
Flindt et al. 1999, Human et al. 2015). Furthermore,
by reducing wave energy and water flow, sub-
merged aquatic vegetation, particularly seagrasses,
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increases the deposition of suspended matter and
improves sediment stability (van der Heide et al.
2007 and references therein). Hence, submerged
aquatic vegetation contributes to increase water
transparency. Moreover, the uptake of nutrients, and
the production of oxygen and its release into the
water column (Romero et al. 2006), may reduce po-
tential anoxic events. Macrophytes also represent an
important food source and provide nurseries and for-
aging habitats for many species (e.g. invertebrates,
fish, and birds). Hence, macrophytes create complex
habitats and influence the physical, chemical and
biological parameters of coastal environments by
acting as ecological engineers and providing many
ecosystem services (Costanza et al. 1997, Orth et al.
2006, Barbier et al. 2011).

Since the mid-20" century, human population
growth, urbanization, agricultural and industrial ex-
pansion has led to significant nutrient over-enrichment
of coastal ecosystems worldwide (Cloern 2001, de
Jonge et al. 2002). This excess of nutrient loading has
led to eutrophication, which has become a wide-
spread phenomenon impacting water quality and
ecological processes of marine coastal ecosystems
(Nixon 1995). The major impacts of eutrophication
include changes in the structure and functioning of
marine ecosystems, reduction of biodiversity, as well
as changes in the composition and size structure of
phytoplankton communities (Bec et al. 2011) and
sessile organisms such as benthic fauna (Lloret &
Marin 2011) and macrophytes. Concerning the latter
point, the change of submerged aquatic vegetation
along eutrophication gradients and its consequences
on ecosystem functioning is well known (Harlin 1995,
Valiela et al. 1997, Schramm 1999, Viaroli et al. 2008,
Le Fur et al. 2018). During the eutrophication pro-
cess, ephemeral epiphytic macroalgae and fast
growing opportunistic macroalgae (e.g. Ulva, Chaeto-
morpha, Cladophora) gradually replace seagrasses
and perennial macroalgae. Finally, under hyper-
trophic conditions, phytoplankton becomes the main
primary producer, drastically reducing the avail-
able light for benthic photosynthesis (Duarte 1995,
Schramm 1999, Viaroli et al. 2008). Phytoplankton
and macroalgal blooms not only affect natural coastal
communities and ecosystem functions (Duarte 1995),
but have also high economic consequences for recre-
ational and commercial uses (Charlier & Lonhienne
1996, Dion & Bozec 1996, Lyons et al. 2014).

Due to the widespread degradation of aquatic eco-
systems, a number of policies have been imple-
mented to mitigate the ecological and economic
effects of eutrophication and to restore aquatic eco-

systems by reducing anthropogenic nutrient inputs.
In Europe, several directives have been adopted in
order to reduce eutrophication and other anthro-
pogenic pressures: the nitrate directive (91/676/EEC,
in 1991); the urban wastewater treatment directive
(91/271/EEC, in 1991); the water framework direc-
tive (WFD, 2000/60/EC, in 2000); and the marine
strategy framework directive (MSFD, 2008/56/EC, in
2008). The aim of the WFD is to achieve a good eco-
logical status of groundwater and surface waters
(rivers, lakes, transitional and coastal waters; the
latter 2 include the coastal lagoons) by 2021.
Management actions have been implemented to
reduce nutrient loadings into coastal ecosystems in
order to induce a re-oligotrophication trajectory and
eventually restore the coastal ecosystems. The oligo-
trophication process, which is considered as the
inverse of the eutrophication process, is defined as
the response of the ecosystem to a reduction of nutri-
ent loadings. The term ‘re-oligotrophication trajec-
tory' is coined here for describing the trajectory of an
ecosystem during the oligotrophication process fol-
lowing a previous eutrophication phase. During the
last decades, the recovery of coastal ecosystems after
nutrient reduction has received a growing interest in
scientific studies (e.g. Tsiamis et al. 2013, Riemann et
al. 2016, Leruste et al. 2016, Pasqualini et al. 2017,
Lefcheck et al. 2018). Nevertheless, our understand-
ing of re-oligotrophication trajectories remains lim-
ited. In addition, to quote the review of estuarine and
coastal systems by Duarte et al. (2015, p. 1210):

... partial recovery prevails, degradation and recovery
typically follow different pathways as buffers act to maintain
the degraded state, and recovery trajectories can depend on
the nature of the pressure as well as the connectivity of eco-
systems and can differ among ecosystems components and
among ecosystems ...

According to McCrackin et al. (2017), lakes and
coastal marine areas only achieved 34 % and 24 % of
baseline conditions decades after cessation or partial
reduction of nutrients, respectively. In some cases no
changes or worsened conditions were observed, sug-
gesting that achieving baseline conditions may not
be possible in all cases. Moreover, recovery times
after cessation of nutrient inputs can vary from less
than a year to nearly a century (Borja et al. 2010,
McCrackin et al. 2017).

Due to their location between land and sea, their
shallow depth and their relatively weak exchange
with the open sea, coastal lagoons are particularly
vulnerable to eutrophication (Barnes 1980, Kjerfve
1994, Kennish & Paerl 2010). Ecological restoration of
coastal lagoons following the reduction of nutrient
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loading is recent and studies of this process are still
scarce (Facca et al. 2014, Leruste et al. 2016,
Pasqualini et al. 2017). Due to the high variability and
dynamics of these systems, restoration trajectories
are expected to be variable and complex. During the
oligotrophication process in Mediterranean lagoons,
a decline in phytoplankton biomass is observed,
accompanied by a shift in community structure
and composition (Leruste et al. 2016). In non-
eutrophicated conditions, shallow lagoons tend to be
dominated by benthic primary producers, such as
seagrasses, macroalgae and benthic microalgae
rather than phytoplankton (Lloret & Marin 2009, Le
Fur et al. 2018).

Studying the dynamics of changes in submerged
aquatic vegetation requires large spatial scale and
long-term observations that allow the description of
trajectories in the ecosystem state space (Tett et al.
2013). In Southern France, nutrient reduction has
been pursued in lagoon watersheds as part of public
policy for the past 10 to 15 yr. We hypothesize that
the reduction of nutrient availability causes a decrease
in the phytoplankton biomass followed by a dynamic
macrophyte succession pattern. This study, based on

environmental and macrophyte data, aims (1) to
determine the general patterns of the relationships
between environmental conditions and macrophyte
assemblages in Mediterranean lagoons, and (2) to
study how the assemblages changed over time to-
gether with the environmental conditions, in order to
gain a better understanding of the ecosystem state
trajectories for the aquatic vegetation.

2. MATERIALS AND METHODS
2.1. Study sites

Our study covered 21 French Mediterranean
coastal lagoons with salinities ranging from polyha-
line to euhaline (Venice System, 1958). Most of these
lagoons are located in the Gulf of Lion (NW Mediter-
ranean Sea) and 3 of them are located along the east
coast of Corsica (Tyrrhenian Sea) (Fig. 1). The stud-
ied lagoons are shallow water bodies; only 4 lagoons
have a mean depth >2 m: Leucate (the southern
part), Thau, Diana, and Urbino (see Souchu et al.
2010, Bec et al. 2011 and Le Fur et al. 2018 for a

Montpellier

Gruissan
Gulf of Lion
.%( Ayrolle
Bages-Sigean
La Palme

ve]

Leucate

. Mediterranean Sea
Perpignan

0 10 20 km
S —

Tyrrhenian
Sea
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Fig. 1. Overview of the study area, showing the 21 polyhaline

and euhaline lagoons of the French Mediterranean coast.

Lagoons used to illustrate our study are underlined (Bages in green, Ayrolle in blue, Méjean in red and Grec in orange)
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more detailed overview of the catchment area char-
acteristics of these lagoons). Some of these lagoons
(i.e. Leucate, Bages, Thau, Prévost, Méjean, Or) were
divided into hydrodynamically homogeneous sectors
corresponding to sub-basins empirically defined on
the basis of their bathymetry (Souchu et al. 2010).
Hence, a total of 27 homogeneous sectors were
defined within these 21 coastal lagoons. Over time,
the 27 lagoon sectors experienced different trophic
statuses ranging from oligotrophic to hypertrophic
(Souchu et al. 2010, Le Fur et al. 2018).

Based on the analyses of the results, a set of
lagoons was selected to study re-oligotrophication
trajectories in more detail. The criteria for this se-
lection of lagoons were the following: (1) lagoons
showing clear re-oligotrophication trends when their
starting conditions were hypertrophic to eutrophic;
(2) lagoons where specific management has been
implemented for the reduction of nutrient loading, or
oligotrophic lagoons that had been minimally im-
pacted by anthropogenic nutrient loading; (3) lagoons
collectively representing a set of conditions ranging
from hypertrophic to oligotrophic. The objective was
to describe a generic trajectory from hypertrophy to
oligotrophy during re-oligotrophication.

2.2. Sampling methods
2.2.1. Water column

Sampling methodology and analyses of the water
column variables were consistent throughout the
entire monitoring period 1998-2015. We considered
7 variables from the database: the turbidity
(TURB), the concentrations of chlorophyll a (chl a),
total nitrogen (TN), total phosphorus (TP), and the
concentrations of ammonium (NH,), sum of nitrate
plus nitrite (NO3+NO,) and phosphate (PO,). TN
and TP include dissolved organic and inorganic
nitrogen and phosphorus, respectively, plus their
particulate forms. Sampling was carried out 3
times (i.e. once per month from June to August)
every year at 1 station per lagoon sector (see Table
S1 in Le Fur et al. 2018). On each date, water was
collected with 2-1 polypropylene bottles. Turbidity
was measured in the laboratory with an optic tur-
bidimeter (2100N IS turbidimeter ISO 7027). Chl a
concentration, used as a proxy for phytoplankton
biomass, was measured by spectrofluorimetry (Ne-
veux & Lantoine 1993). Filtration, conservation and
analysis of chl a concentrations were performed
following the methods described in Bec et al.

(2011), and nutrients concentrations were measured
following the analytical protocols described in
Souchu et al. (2010).

2.2.2. Sediment

Sediment cores were taken by scuba diving (in late
spring or early summer) at each benthic station with
a frequency of once every 5 or 6 yr from 1999 to 2012.
The first centimeters (0-5 cm) of the sediment were
collected with a sediment core and then sifted
through a 2 mm sieve (Ifremer et al. 2000). Organic
matter content (OM, expressed as % of dry sediment
weight) was calculated as the loss of weight on igni-
tion of 20 ml of dry sediment placed into a muffle fur-
nace at 450°C for 12 h. Total nitrogen in the sediment
(TNsed) was analyzed with a Thermoquest CN 2100.
Total phosphorus in the sediment (TPsed) was meas-
ured through colorimetry as phosphate (Souchu et
al. 2010) after dissolution and hydrolysis. For this,
sediment samples were mixed with a solution of
nitric, hydrofluoric and perchloric acids. The solution
obtained was then evaporated and dissolved in
hydrochloric acid. TNsed and TPsed concentrations
were expressed in g kg™! and mg kg~! dry sediment,
respectively, with a precision of 5 %.

2.2.3. Benthic vegetation

All 27 lagoon sectors were monitored for benthic
vegetation from 1998 to 2015 using a sampling fre-
quency of once every 3 or 4 yr. For further details
about the monitoring surveys, see the supplementary
material in Le Fur et al. (2018).The macrophyte sam-
plings were performed at benthic stations; the num-
ber of benthic stations and sampling frequency for
each lagoon is available in Le Fur et al. (2018),
Table S1 of the supplementary material. Macrophyte
sampling campaigns were carried out in late spring
or early summer during the maximal growth and
production rates. The benthic stations were located
following a regular systematic grid with 1 station for
every 100 ha for large lagoons (surface area exceed-
ing 1000 ha) and 1 station for every 50 ha for smaller
lagoons. The benthic stations of the deepest lagoons
were sampled by scuba diving, and those of the shal-
lowest lagoons were sampled by snorkeling. Total
vegetation cover was estimated visually by the diver
at each benthic station. The method to estimate the
proportional abundance of the different species in
the assemblages changed during the monitoring pro-
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gram. Thus, from 1998 to 2006, the biomasses of the
different species were measured in the laboratory as
dry weight. From 2007 onwards, the species cover
was visually estimated directly in the field by divers
(see Le Fur et al. 2018 for more details of the method-
ology). These different methods were intercalibrated
in the first year after the change. The comparison of
the results made it possible to show an equivalence
of the lists of species recorded by both methods.
More details of the methodology are provided in Le
Fur et al. (2018).

At each benthic station, macrophyte samples were
collected and identified in the laboratory. Macro-
phytes were sorted and identified using a binocular
microscope and a light microscope. The taxonomic
resolution of macrophyte determinations was at spe-
cies level when possible. Taxonomic nomenclature
followed AlgaeBase (Guiry & Guiry 2016) and World
Register of Marine Species (WoRMS Editorial Board
2016).

2.3. Statistical analysis
2.3.1. Data format

The data used in this study were extracted from the
French database ‘Quadrige’ (Ifremer, http://quadrige.
eaufrance.fr/). Data concerning the water column are
available via the open data file: www.seanoe.org/
data/00361/47248/.

Presence—absence data for each species were used
for the macrophytes, due to the heterogeneity of
the sampling methods. In addition, a supplementary
variable labelled as 'bare sediment’ was introduced
to characterize sediment without macrophytes. The
relative frequencies for the different species (and
bare sediment) were calculated by dividing the num-
ber of occurrences by the total number of benthic
stations in each lagoon sector for each sampling year.

The water column samples were not collected
exactly at the same period as the macrophyte sam-
ples, and thus it would not have been correct to
directly associate the macrophyte data with the en-
vironmental variables. We assumed that the pres-
ence—absence of a given species in a sector is not
exclusively explained by the environmental condi-
tion of the sampling year 'k’, but also by the condi-
tions prevailing during the previous 2 yr (particularly
for perennial species). Therefore, the macrophyte
samplings of the year 'k’ were associated with the
mean summer values of each environmental variable
integrated over a period of 3 yr (k, k- 1, k - 2).

2.3.2. Multivariate STATICO analysis and other tests

The objective of the present study was to establish
a statistically meaningful link between environmen-
tal conditions and the presence of macrophyte spe-
cies and their variations over time. The structure of
the data comprised a series of paired data tables (see
Fig. 2), i.e. one table with the presence-absence of
species, and another table with the environmental
conditions. These can be analyzed pairwise through
different techniques including canonical correspon-
dence analysis (CCA), redundancy analysis (RDA) or
the multitable analysis method STATICO (Simier
et al. 1999, Thioulouse et al. 2004). Among these, we
chose STATICO as it represented the following
advantages. Firstly, STATICO does not require an a
priori model describing the relationship between the
occurence of the different species and environmental
conditions, which is assumed to be unimodal in CCA
and linear in RDA. Secondly, STATICO maximizes
the covariance instead of calculating a correlation.
Thus, the information of the sampling data is explic-
itly maintained in the analyses. Thirdly, STATICO is
capable of giving different weights to pairs of tables
and is thus able to weight down tables with minor
contributions to the main patterns. These advantages
are related to the mathematical optimality theorems
of STATICO (Thioulouse et al. 2004). STATICO thus
calculates a species—environment relation for each
sampling occasion and is, therefore, very well suited
for describing long-term changes in the species envi-
ronment relationships (Mendes et al. 2012).

To implement the STATICO analysis we created
for each sampling year (k ranging from 1 to 16, from
1998 to 2015; K = total number of years equal to 16),
a pair of 2 tables, i.e. a table (Y) with columns for the
7 environmental variables and another table (X) with
columns for the 105 species and the additional vari-
able ‘bare sediment'. Both environment and species
tables have 27 rows, which correspond to the number
of lagoon sectors (Fig. 2). STATICO analysis was per-
formed on the set of K = 16 pairs of tables (X and Y).
The STATICO method involves 3 steps (Fig. 2):
(1) each table is first analyzed using a principal com-
ponent analysis (PCA) for the environmental tables
and a correspondence analysis (CA) for the species
tables; (2) each pair of tables is linked by a co-inertia
analysis (Dolédec & Chessel 1994) which provides an
image of the common structure (resulting in species—
variables cross table Z) for each year; (3) partial tri-
adic analysis (PTA) is used to analyze the series of K
cross tables. The PTA itself is a 3-step procedure: (i)
the interstructure; (ii) the compromise factor map;



18 Mar Ecol Prog Ser 608: 13-32, 2019

q species
Year k
Year 3 CA
YZ:?rlz p environmental variables
k
&2
o
S Partial
b Co-inertia analysis for each o triadic
€ pair of tables > 3|z X »>Results
o analysis
p environmental variables
Year k
Year 3
Year 2
Year 1 PCA
4
ol v
[S]
[J)
w
c
2 K-tables Results
Interstructure Compromise Trajectories
Year 1 Environment Macrophytes Environment Macrophytes
Year 3 . Species 5 Year k
Var 1 Species1 Species 2 Yearl o

Year k Var 3

Year 2

Var 2 Species 4

0\ Year k /
Year 2 Year 1
N 7? Q_ ___
\‘{ \ Yéar 3
Year 3

Species 3 Year 2

p =3 in this example

g =5 in this example

Lagoon sector i

Fig. 2. STATICO diagram, the data structure is a sequence of k pairs of ecological tables. The X and Y are the tables of the spe-
cies and environmental variables, respectively. Z indicates the cross tables, n the number of lagoon sectors, g the number of
species, p the number of environmental variables. Lagoon sector i is one sector out of n. Figure modified from Kidé et al. (2015)

and (iii) the trajectories analysis. The interstructure
step summarizes the global structure and the rela-
tionship between the K cross tables and computes
coefficients characterizing the importance of each
table. The next step computes a weighted mean of
the K cross tables (using the coefficients computed at
the interstructure step) and gives an image of their
common structure. This is presented as the STATICO
compromise factor map, an n-dimensional space.
This compromise factor map can thus be considered
as a factorial representation of the ecosystem state
space for the collection of coastal lagoon sectors
included in the analysis. Species assemblages and
environmental variables corresponding to the differ-
ent samplings can then be plotted in the compromise
factor map, allowing an analysis of trajectories for the

different lagoon sectors. Hence, the temporal dyna-
mics of the species-environment co-structure (trajec-
tories) can be interpreted in terms of changes of the
ecosystem state. Sediment data were not included
in the STATICO analysis due to a lower sampling
frequency.

The trajectories of the selected lagoons (see criteria
for selection in ‘Study site') are depicted together in
the compromise factor map. The 7 water column
parameters of the selected lagoon sectors were com-
pared before and after implementation of the main
management actions using the non-parametric Wil-
coxon test. For the sediment, Kruskal-Wallis and
pairwise Wilcoxon tests were used to identify signifi-
cant differences of OM, TNsed, and TPsed between
lagoon sectors and between periods, respectively.
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2.3.3. Software

All analyses were performed using R software (ver-
sion 3.1.1; R Core Team 2018). Calculations and
graphs shown for the STATICO analyses were done
using the ade4 package (Dray & Dufour 2007).

3. RESULTS

3.1. Relationships between environment and
macrophyte assemblages and their change over time

The 17 most frequently occurring species (occur-
rence >5% in the grand ensemble of all samples)
are presented in Table 1 and comprised 10 species
of Chlorophyta (3 species of Ulva, 2 species of Clado-
phora, 2 species of Chaetomorpha, and 3 others), 4
species of Rhodophyta (among these 3 Gracilaria
species), and 3 Tracheophyta. The latter are rooted
angiosperms and included the 2 seagrasses Zostera
noltei and Z. marina, and the spiral ditch grass Rup-
pia cirrhosa.

The interstructure step of the STATICO analyses
showed that the first 2 axes of the interstructure
represented 29.6% and 17.0% of the total variabil-
ity, respectively (see Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m608p013_supp.pdf).
The 16 tables were positively correlated, i.e. all the
years were on the same side along the first axis. The
construction of the compromise factor map was thus
justified. Among the 16 years, 2002, 2004, 2006 and

2013 were the most important (highest cos? and
weights; Fig. S1) for defining the compromise factor
map. This means that the relationship between en-
vironmental variables and assemblages of macro-
phyte species were strongest during those years
(see Fig. S1 for further details).

The findings of the interstructure step thus allowed
us to calculate a weighted mean of the relationship
between species and environmental conditions among
dates, i.e. the compromise factor map of the STA-
TICO analysis shown in Fig. 3. The scree plot indica-
ting the eigenvalues for the different factors is shown
in Fig. 3¢, which shows that the first axis was clearly
dominant, explaining 88.5% of the total variability,
the second axis still explained 9.5 % of the total vari-
ability, while the following axes could be neglected
(i.e. less than 2% of the total variability explained).
Hence, hereafter, we will only use the first 2 axes and
represent the STATICO space as a plane.

The projection of the environmental variables and
the macrophyte species in the assemblage are shown
in Fig. 3a and 3b, respectively. TN, TP, chl a and turbid-
ity variability are shown along the first axis of the
analysis (see Fig. 3a), with high values located on the
left side and low values on the right side of this axis.
This first axis represents, therefore, a trophic gradient
with hypertrophic conditions on the left and oligo-
trophic conditions on the right. Dissolved inorganic nu-
trient variability is shown on the second axis, with
higher concentrations towards the bottom of the graph.

The projection of the species in the compromise
factor map (Fig. 3b) shows that macrophyte species

Table 1. Species and their abbreviations used in the multivariate analysis (STATICO)

Phylum Genus Species Abbreviation Taxonomist
Chlorophyta  Acetabularia Acetabularia acetabulum A. acetabulum (Linnaeus) P. C. Silva, 1952
Chaetomorpha Chaetomorpha aerea C. aerea (Dillwyn) Kiitzing, 1849
Chaetomorpha linum C. linum (O. F. Miiller) Kiitzing, 1845
Cladophora Cladophora glomerata C. glomerata (Linnaeus) Kiitzing, 1843
Cladophora vagabunda C. vagabunda (Linnaeus) van den Hoek, 1963
Ulva Ulva clathrata U. clathrata (Roth) C. Agardh, 1811
Ulva intestinalis U. intestinalis Linnaeus, 1753
Ulva rigida U. rigida C. Agardh, 1823
Ulvaria Ulvaria obscura U. obscura (Ktitzing) P. Gayral ex C. Bliding, 1969
Valonia Valonia aegagropila V. aegagropila C. Agardh, 1823
Rhodophyta Chondria Chondria capillaris C. capillaris (Hudson) M. J. Wynne, 1991
Gracilaria Gracilaria bursa-pastoris G. pastoris (S. G. Gmelin) P. C. Silva, 1952
Gracilaria dura G. dura (C. Agardh) J. Agardh, 1842
Gracilaria gracilis G. gracilis (Stackhouse) M. Steentoft,
L. M. Irvine & F. Farnham, 1995
Tracheophyta Ruppia Ruppia cirrhosa R. cirrhosa (Petagna) Grande, 1918
Zostera Zostera marina Z. marina Linnaeus, 1753
Zostera noltei Z. noltei Horneman, 1832
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been enlarged in order to give a better view of the species

were distributed along a trophic gradient. The green
algae Ulva intestinalis, U. rigida, Chaetomorpha
aerea, and the red algae Gracilaria gracilis were pro-
jected on the graph's left side, corresponding to high
TN, TP, chl a concentrations and a high turbidity

level, whereas species such as the macroalgae
Acetabularia acetabulum, Valonia aegagropila, and
the seagrasses Z. marina and Z. noltei were projected
on the right side, corresponding to lagoon sectors
with low nutrient and chl a concentrations as well as
low turbidities (Fig. 3b). The position of U. rigida
(lower left) corresponded to eutrophic environments
with high levels of dissolved inorganic nutrient con-
centrations. The position of the variable 'bare sedi-
ment' on the far-left of axis 1 indicates the absence of
macrophytes and corresponded to hypertrophic con-
ditions characterized by the highest levels of TN and
TP, chl a and turbidity (Fig. 3a,b).

3.2. Trajectories of lagoons

The projection of the trajectories over time in the
compromise factor map, both for the environmental
conditions and the species compositions of the macro-
phyte assemblages, are shown for all studied lagoon
sectors in the Supplement (Fig. S2). We classified
these trajectories into 5 different categories (Table 2).
seven lagoons showed clear trajectories while other
lagoons showed few dynamics. A stable trophic status
has been attributed to the latter set of lagoons. Hence,
we found a stable oligotrophic status for 7 lagoons, a
mesotrophic status for 4 lagoons and an eutrophic sta-
tus for 1 lagoon. In 2015, none of the lagoons showed
a hypertrophic status. Seven lagoons showed well-
defined dynamics: 6 lagoons (Méjean, Grec, the
northern basin of Bages [BGN], Ingril, Arnel and Po-
nant) showed a trajectory from left to right, a re-olig-
otrophication trajectory, and only 1 lagoon (Pierre-
Blanche) from right to left, a eutrophication trajectory.
Among these lagoons with well-defined dynamics, 2
(Méjean and Grec) showed hypertrophic conditions
in the early 2000s and showed improvement, without
achieving oligotrophic status in 2015.

3.3. Re-oligotrophication trajectories of selected
lagoons plotted in the compromise factor map

Based on criteria, 3 lagoons (Méjean, Grec and
Bages) were selected to illustrate re-oligotrophication
trajectories. The oligotrophic Ayrolle lagoon (AYR),
little exposed to anthropogenic pressure, was se-
lected as a reference lagoon. These 4 lagoons were
plotted together in the compromise factor map
(Fig. 3). The context of the selected lagoons was de-
scribed (Table 3), and average values and 2-way
comparisons for water column variables before and
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after the implementation of the management actions
targeting nutrient reduction were provided (Table 4).
Before their implementation, the western part of
Mgéjean lagoon (MEW) and Grec lagoon (GRC) were
among the most heavily degraded lagoons on the
French Mediterranean coast and classified as hyper-
trophic (Souchu et al. 2010). The northern sector of
the Bages lagoon (BGN) is hydrodynamically con-
fined (Fiandrino et al. 2017) and used to be exposed
to high nutrient loading from wastewater discharges
and was classified as eutrophic (Ifremer 2007). Since
the end of 2005 both Méjean and Grec lagoons have
benefitted from the improvement of the waste water
treatment plant (WWTP) of the Montpellier urban
area and the diversion of its effluents through an off-
shore outfall (Leruste et al. 2016). Moreover, stop-
ping the discharge from the WWTP of the village of
Palavas (a smaller facility) into Grec lagoon in 2009,
led to an additional improvement for this lagoon. For

Méjean and Grec lagoons together, the estimated
reductions of nitrogen and phosphorus loadings were
92% and 95%, respectively. In Bages lagoon im-
provement has progressed since 2003, resulting in a
reduction of nitrogen (85 %) and phosphorus (90 %)
loadings between 2002 and 2009 (Table 4).

Fig. 4 shows hypertrophic conditions for Grec
(GRC) and Méjean West (MEW), and eutrophic con-
ditions for Bages North (BGN) at the beginning of the
observation period, and re-oligotrophication since
the implementation of management actions. During
the entire monitoring period, Ayrolle lagoon (AYR)
showed the lowest values for all variables (TN, TP,
chl a, NO3+NO,, NH,, PO,, Turbidity), confirming
that this lagoon can be used as an oligotrophic
reference state.

The possibility of combining the different re-olig-
otrophication trajectories to deduce a generic pattern
will be discussed in the 'Discussion’ section. Here-

Table 2. Classification of lagoon sector trajectories according to the STATICO analysis. Note that Diana (DIA) was excluded
from the table because of incoherent trajectory between environmental conditions and species

Category Sector(s)

Re-oligotrophication trajectory
(GRC), Ponant (PON)
Eutrophication trajectory Pierre-blanche (PBL)

Oligotrophic status

Bages Northern basin (BGN), Ingril (INN, INS), Arnel (ARN), Méjean (MEW, MEE), Grec

Ayrolle (AYR), La Palme (LAP), Bages Southern basin (BGM, BGS), Leucate (LEN, LES),
Thau (TW, TE), Mouettes (MOU), Urbino (URB)

Mesotrophic status
Eutrophic status

Gruissan (GRU), Vic (VIC), Prévost (PRW, PRE), Palo (PAL)
Or (ORW, ORE)

Table 3. Characteristics of the 4 lagoons used to illustrate our study. The trophic status at the beginning of the study period is

specified from Souchu et al. 2010. *: In Bages lagoon, nutrients (N, P) from a waste water treatment plant (WWTP) were esti-

mated in 2002 and 2009 by the Parc Naturel Régional de la Narbonnaise (PNR 2011); in MEW and GRC nutrients from a WWTP
were estimated from French Water Agency in 2003 (Cépralmar et al. 2006) and 2010 (Meinesz et al. 2013)

Lagoon sector

Méjean West Grec Bages North Ayrolle
Code MEW GRC BGN AYR
Initial trophic status (before management actions) Hypertrophic Hypertrophic Eutrophic Oligotrophic
Watershed area (km?) 661.9 661.9 466.8 34.7
Lagoon area (km?) 7.2 1.2 37.7 13.4
Volume (10° m?®) 4.1 0.7 48.2 9.9
Mean depth (m) 0.7 0.5 1.5 0.7
Connection to the sea Indirect Indirect Direct: Direct: natural
permanent inlet permanent inlet
Main freshwater sources Canal River, canal Intermittent Temporary
streams, canals resurgence, wetland
Major management actions 2005 2005 2003
Minor management actions 2009 2005, 2009
Estimation of domestic nutrient inputs*:
N (t N x yr!) before and (after) management actions 1436 (118) 291 (43) 0
P (t P x yr'!) before and (after) management actions 123 (6.6) 47 (4.5) 0
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Table 4. Statistics of water column variables during the study period
(1999-2015) for 4 representative lagoon sectors (Ayrolle [AYR], Bages North
[BGN], Grec [GRC], and Méjean West [MEW]). The values before (B) and after
(A1, A2) management actions were tested with a Wilcoxon-Mann-Whitney
test between 2 groups. In GRC, to compare the differences between the 3
management action periods, a Kruskal-Wallis test followed by a pairwise
Wilcoxon test was used. Letters in the p-value column indicate between which
periods a significant difference was observed. TN: total nitrogen (uM); TP:
total phosphorus (1M); chl a: chlorophyll a; NH;: ammonium (uM); NO3+NO,:
nitrate + nitrite (uM); PO,: phosphate (uM); TURB: turbidity (NTU). *p < 0.05

Variable and  Period before/ Mean SD N P

lagoon sector after MA

TN

AYR 319 111 49

BGN 1999-2003 B 544 150 12 <0.001*
2004-2015 A1l 38.7 8.07 36

GRC 1999-2005 B 216 809 19 <0.001*

2006-2009 A1 142 120 11 B-A1l, B-A2, A1-A2
2010-2014 A2 556 216 15

MEW 2000-2005 B 334 110 16 <0.001*
2006-2015 A1 104 69.2 30

TP

AYR 0.69 0.26 49

BGN 1999-2003 B 3.22 193 12 <0.001*
2004-2015 A1 1.34 060 36

GRC 1999-2005 B 12.0 6.58 19 <0.001*
2006-2009 A1 6.21 6.49 11 B-A1, B-A2
2010-2014 A2 347 217 15

MEW 2000-2005 B 19.2 158 16 <0.001*
2006-2015 A1 7.87 541 30

Chl a

AYR 1.07 0.83 49

BGN 1999-2003 B 7.16 556 12 0.004*
2004-2015 A1 3.58 3.42 36

GRC 1999-2005 B 128 853 19 <0.001*
2006-2009 A1 523 106 11 B-A1, B-A2
2010-2014 A2 7.08 6.63 15

MEW 2000-2005 B 185 131 16 <0.001*
2006-2015 A1 19.8 28.1 30

NH,

AYR 0.49 0.29 49

BGN 1999-2003 B 0.85 0.99 12 0.125
2004-2015 A1 0.61 0.84 36

GRC 1999-2005 B 20.7 241 19 0.002*
2006-2009 A1 36.0 427 11 B-A2, A1-A2
2010-2014 A2 1.12 153 15

MEW 2000-2005 B 1.90 340 16 0.230
2006-2015 A1 1.68 323 30

NO;+NO,

AYR 0.14 0.12 49

BGN 1999-2003 B 0.45 076 12 0.453
2004-2015 A1 0.38 0.45 36

GRC 1999-2005 B 468 506 19 <0.001*
2006-2009 A1 520 542 11 B-A2, A1-A2
2010-2014 A2 0.22 0.19 15

MEW 2000-2005 B 0.41 1.58 16 0.390
2006-2015 A1 0.28 0.32 30

PO,

AYR 0.10 0.15 49

BGN 1999-2003 B 147 161 12 0.005*
2004-2015 A1 0.29 049 36

GRC 1999-2005 B 225 506 19 0.007*
2006-2009 A1 0.63 1.21 11 Al1-A2
2010-2014 A2 1.17 123 15

MEW 2000-2005 B 1.59 6.36 16 0.090
2006-2015 A1 241 1.69 30

TURB

AYR 1.53 1.26 49

BGN 1999-2003 B 2.74 1.41 12 0.088
2004-2015 A1 3.52 1.80 36

GRC 1999-2005 B 224 122 19 0.003*
2006-2009 A1 233 323 11 B-A2
2010-2014 A2 8.26 549 15

MEW 2000-2005 B 27.1 12.8 16 0.001*

2006-2015 A1 150 116 30

after, the trajectories of the 4 lagoons
(GRC, MEW, BGN, AYR) will be assessed
in more detail, illustrating them by time-
series of their water column variables, veg-
etation cover and biomasses (Figs. 5 & 6).
The position of the oligotrophic AYR in the
compromise factor map was systematically
in the upper right part, with positive coor-
dinates for axes 1 and 2 (Fig. 4), with low
mean concentrations of nutrients, low
turbidity, and low chl a concentrations
(Fig. 5, Table 4). Among the years, the
positions of the environmental variables
and species compositions of the sub-
merged macrophyte communities at AYR
showed minor movements in the compro-
mise factor map, suggesting stable envi-
ronmental variables and species assem-
blages with only small fluctuations over
the study period (1999-2015). Such minor
fluctuations were indeed confirmed by
very low standard deviations (SD) of water
column variables (Table 4). The species
composition was constant, dominated by Z.
noltei and A. acetabulum, although total
vegetation cover showed significant fluctu-
ations (Fig. 6a). A minimum vegetation
cover of 41 % was observed in 2005, corre-
sponding to a biomass (mean + SD) of Z.
noltei of 62.2 + 76.7 g m™2, compared to a
biomass of Z. noltei of 767 + 492 g m™2 ob-
served in 1999. Furthermore, Z. marina
presence strongly fluctuated: it was ob-
served at 86 % (12 out of 14) of the benthic
stations in 2002 and was only observed at 2
stations in 2005 and 1 station in 2007 (out
of 14 stations). In the following study years
(2010 and 2013), the total vegetation cover
(see Fig. 6a for total cover before and after
2005) and the frequency of occurrence of
Z. marina returned to values observed
before 2005.

Before 2003, BGN was qualified as eu-
trophic (see Tables 3 & 4). In the compro-
mise factor map, this lagoon sector moved
from slightly eutrophic conditions towards
oligotrophic conditions close to those ob-
served in AYR. Before 2003, nutrient con-
centrations in BGN were low compared to
those observed in MEW and GRC. Since
the implementation of management
actions for sewage treatment in 2003 on
the Bages watershed, levels of TN, TP, and
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Fig. 4. Trajectories of the STATICO analysis showing the temporal
dynamics of (a.i) the environmental parameters and (b.i) macrophyte
species in the sectors of Ayrolle (AYR, blue dots), Bages North (BGN,
green triangles), Grec (GRC, orange squares) and Méjean West (MEW,
red crosses) in the compromise factor map. For each sector, the
sampling dates are linked by arrows indicating the direction of the
trajectory over time. The inserts (a.ii) and (b.ii) show enlargements
focusing on the trajectories close to the origin of the compromise
factor map

PO, in BGN decreased significantly (Wil-
coxon test, p < 0.05), by 29 %, 58 % and 80 %,
respectively. Simultaneously, chl a decreased
significantly by 50 % (Wilcoxon test, p < 0.05)
(Fig. 5, Table 4). In contrast, dissolved inor-
ganic nitrogen and turbidity showed no sig-
nificant differences before and after the
implementation of management actions. Con-
comitant with the changes in the water col-
umn, we observed a change in the macro-
phyte community composition over the study
period. From 1999 to 2005, the vegetation of
BGN was dominated by the species U. rigida,
G. gracilis, G. bursa-pastoris and C. vaga-
bunda. The mean (+SD) total vegetation
cover decreased from 89.1 + 13.6 % in 2002 to
68.5 + 34.8% in 2005 (Fig. 6b). In 2005, G.
gracilis represented the highest average bio-
mass of the sector (117 + 154 g m~2) compared
with C. vagabunda (6.1 + 5.1 g m™%) and Z.
noltei (4.8 + 15.1 g m™?). In the same year,
the seagrass Z. noltei declined strongly and
Z. marina disappeared. In addition, a lack of
vegetation was observed in some benthic
stations. In 2007, a recovery of Z. marina was
observed in 2 stations and the occurrence of
Zostera spp. started to increase and finally, in
2013, this genus was found at all the benthic
stations. In 2013 and 2015, the mean total
vegetation cover reached more than 70%
(Fig. 6b). Furthermore, the species richness
increased from 4 to 12 species between 2005
and 2015.

Before 2005, MEW and GRC were clearly
qualified as hypertrophic. The first sampling
years of MEW and GRC were projected to the
left-most side of the compromise factor map
both for environment and species composi-
tion (Fig. 4). Nevertheless, a strong differ-
ence was observed between MEW and GRC.
This difference was related to the absence of
submerged aquatic vegetation (i.e. bare sed-
iments), to higher concentration of chl a in
MEW before 2006, and to particularly high
values of dissolved inorganic nitrogen in
GRC (Figs. 3 & 5). Both MEW and GRC tra-
jectories for environment parameters moved
toward the center of the compromise factor
map (Fig. 4). After 2005, in both sectors, TN,
TP, and chl a dropped significantly (Wilcoxon
test, p < 0.05) by more than 55%, ~60% and
>79%, respectively (Table 4). The turbidity
levels also showed a significant change after
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Fig. 5. Time courses of (a) total nitrogen (TN), (b) total phosphorus (TP), (c) chlorophyll a (chl a), (d) ammonium (NH,), (e)

nitrate plus nitrite (NO3+NO,) and (f) phosphate (PO,), between the summers of 1999 and 2015 for Ayrolle (AYR, blue dots),

Bages North (BGN, green triangle), Grec (GRC, orange squares), and Méjean West (MEW, red crosses). For each graph, the
LOESS regression line for each lagoon sector is shown



Le Fur et al.: Re-oligotrophication trajectories of macrophytes 25

a AYR
100-
< EE%H
Q 75-
o
(@]
C
il
w 50-
o} O
(0]
>
= 25-
i) —
1
1999 2002 2005 2007 2010 2013
C GRC
100- ) .
S
B | . .
z ® []
© &
S | o
£ 50-
@
(@]
(0]
>
IS 25-
AS)
0_ :
1999 2001 2004 2006 2009 2012

b BGN
100- 1 —
75-
i Lo
O
50-
25- —’* T s
) A
1999 2002 2005 2007 2010 2013 2015
d MEW
100- - |
75-
© o
50- L
257 T T
0 == == =
2001 2004 2006 2009 2012 2015

Fig. 6. Time course of the mean total vegetation cover in (a) Ayrolle (AYR), (b) Bages North (BGN), (c¢) Grec (GRC) and (d)

Méjean West (MEW). Box and whiskers plots from spring data in all benthic stations. The whiskers represent the 5th and the

95th percentiles, the outer edges of the boxes represent the 25th and 75th percentiles, and the horizontal line within the boxes
represents the median. The diamond symbols represent the means

2005 with a decline from 22.4 NTU and 27.1 NTU, in
GRC and MEW, respectively, to ~15 NTU (Wilcoxon
test, p < 0.05).

In MEW the trajectory of species (Fig. 4b) showed
a change from non-vegetated (bare sediment) to
a macroalgal community comprising algae of the
genera Ulva, Gracilaria and Chaetomorpha (Fig. 7a).
No submerged vegetation was observed in 2001
and 2006, only some thalli of U. clathrata and G.
gracilis were present in 1 station in 2004 (Fig. 7a).
In 2009, an emergence of species was observed
with a mean total vegetation cover higher than
60 % (Fig. 6d). U. rigida was the dominant species
followed by G. gracilis (Fig. 7a). From 2009 to 2015,
the mean cover of U. rigida declined by more than
90%. In 2012 and 2015, Gracilaria spp. and C.
aerea became the dominant species. The red algae
C. capillaris and Solieria chordalis (C. Agardh) J.
Agardh also emerged in 2015. In 2015, macroalgae
species were present at all benthic stations.

Between 2009 and 2015, the species richness in-
creased from 5 to 9 species.

For the GRC sector, the trajectory of species also
moved toward the center of the compromise factor
map. Submerged aquatic vegetation was present
during the entire monitoring period. From 1999 to
2009, the green algae U. rigida and U. clathrata were
the only species observed in GRC (Fig. 7b). During
this period, important fluctuations of the mean vege-
tation cover Ulva spp. (Figs. 6¢c & 7b) and biomass
were observed. In 1999, the mean vegetal cover of U.
rigida was 95.0 + 8.7 % for all benthic stations associ-
ated with a high average biomass (141 + 118 g m™?).
Afterwards, the mean total dropped in 2009 to reach
20.4 £ 27.1 % (Fig. 7b). Important reductions of nutri-
ent loads were realized in 2 steps, i.e. in 2005 and in
2009. An important change of the macrophytes com-
munity was observed in 2012 with the decline of U.
rigida (mean cover: 3.2 + 6.3% in 2012) and the
appearance of 3 new species: the red algae G. bursa-
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Fig. 7. Change in the mean cover (%) of macrophyte species
over time in (a) Méjean West (MEW) and (b) Grec (GRC)

pastoris, G. gracilis and the green algae C. aerea
(Fig. 7b). In 2012, G. gracilis and C. aerea were dom-
inant with a mean cover of 36.2 + 22.6 % and 12.2 +
6.3 %, respectively.

3.4. Variation of organic matter and N and
P contents in sediments

Averaged over the entire period OM content (mean
+ SD) was lowest in AYR and highest in GRC, 3.0 £
1.6% and 11.0 = 2.0 %, respectively (Kruskal-Wallis
test, p < 0.05). TNsed and TPsed were lowest in AYR,
0.81 + 0.53 g kg™! and 268 + 79.5 mg kg~!, respec-
tively, and highest in MEW, 3.9 + 0.89 g kg~! and 869
+ 99.6 mg kg~!, respectively (Kruskal-Wallis test, p <
0.05). Between 1999 and 2010, we observed a
25-30% TPsed decrease in AYR and BGN from 314 +
78.2 mg kg™! to 221 + 79.3 mg kg~!, and from 519 =
111 mg kg™ to 385 + 86.3 mg kg™!, respectively
(Wilcoxon tests, p < 0.05). During the entire study

period, OM content and TNsed did not vary signifi-
cantly in the 4 studied lagoons and TPsed showed no
significant variation in MEW and GRC.

4. DISCUSSION

In this study, we aimed to describe a general pat-
tern for re-oligotrophication trajectories for the
macrophyte communities all the way from hypertro-
phy to oligotrophy. Such a complete trajectory that
was not observed for a single lagoon in our database,
can be inferred by combining trajectories observed
in the compromise factor map for different lagoons
(Fig. 4). Hence, after nutrient reduction, the trajecto-
ries of the 2 hypertrophic lagoons (Méjean and Grec)
and the eutrophic lagoon (North Bages) were all
directed towards the oligotrophic conditions as
observed in Ayrolle lagoon (Fig. 4). Placed hyper-
trophic and oligotrophic conditions end to end, we
postulate that the general pattern for re-oligotrophi-
cation trajectories in Mediterranean coastal lagoons
is described by the following sequence, each punctu-
ated by a regime shift: (1) bare non-vegetated sedi-
ments, phytoplankton-dominated state; (2) oppor-
tunistic macroalgae; (3) seagrass and perennial
macroalgae dominated state (Fig. 8). However, we
did not observe the second regime shift for Méjean
and Grec lagoons, which remained in the macroalgal
dominated state. The studied 10-yr re-oligotrophica-
tion trajectory was probably not long enough for
these lagoons, which had been very strongly impacted
by nutrient over-enrichment for multiple decades.

4.1. Relationships between water column variables
and macrophyte assemblages

Under oligotrophic conditions, Mediterranean la-
goons are characterized by high species richness
and dominated by perennial macrophytes such as the
macroalgae A. acetabulum and V. aegagropila and
the seagrasses Z. marina and/or Z. noltei. Thanks to
their ability to absorb nutrients in the sediment with
their root system, seagrasses are particularly adapted
to low nutrient levels in the water column (Romero et
al. 2006). Under more eutrophic and in nearly hy-
pertrophic conditions, these lagoons are dominated
by free-floating macroalgae such as Ulva spp.,
Gracilaria spp. and C. area. Worldwide, these species
bloom in response to increased anthropogenic nutri-
ent inputs to coastal waters worldwide (Schramm &
Nienhuis 1996, Kennish & Paerl 2010, Le Fur et al.
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between basins of attraction following changes in nutrient concentration.
The sequence during re-oligotrophication is characterized by (a, black
arrow) a shift from phytoplankton to opportunistic macroalgae; (b, dashed
grey arrow) a shift from opportunistic macroalgae to perennial macro-
phytes. The second regime shift was not observed in our study. Inspired by
Tett et al. (2013). Symbols courtesy of the Integration and Application Net-
work, University of Maryland Center for Environmental Science (ian.umces.
edu/symbols/)

2018). Nevertheless, intense eutrophica-
tion is not always associated with macro-
algal decline (De Vries et al. 1996,
Cebrian et al. 2014). For example, in
more shallow lagoons, the effect of shad-
ing by phytoplankton is reduced and
high flushing in lagoons with short resi-
dence times may restrict the accumula-
tion of phytoplankton biomass. The for-
mer appears to be the case for the
shallow Grec lagoon, where hyper-
trophic conditions co-occur with a pre-
dominance of macroalgae.

4.2. Linking re-oligotrophication
trajectories of macrophytes with
ecosystem theory

Ecosystem theory predicts that differ-
ent ecosystem states are the result of
attraction basins that result from feed-
back loops between the biocenosis and
the environmental conditions, when
these include both positive and negative
feedbacks (Walker et al. 2004). The shifts
from one attraction basin to another,
which is induced by forcing above a
threshold level, are known as regime
shifts in ecosystem theory. Thus, we rec-
ognize 3 major states for the lagoon eco-
system, each as attraction basins charac-
terized by different assemblages of
primary producers that can be plotted in
the ecosystem state space. The re-oligo-
trophication trajectories can thus be de-
scribed as regime shifts between these

2018). The high affinity of Ulva spp. for nitrate and
ammonium and their high growth rates give them a
competitive advantage compared with more slowly
growing species such as seagrasses (Pedersen &
Borum 1997). Under hypertrophic conditions with
continuously high nutrient inputs, phytoplankton is
often the main primary producer, preventing macro-
algal growth due to shading (Sand-Jensen & Borum
1991, Duarte 1995). This was clearly the case for the
Mgéjean lagoon before 2006. Hence, this is also con-
sistent with the schematic model of Schramm
(Schramm & Nienhuis 1996, Schramm 1999) and
in situ observations made by several authors in
lagoons, and more generally in coastal ecosystems
(Sand-Jensen & Borum 1991, Duarte 1995, Burk-
holder et al. 2007, Viaroli et al. 2008, Le Fur et al.

states, which are explained hereafter. The conditions
in the hypertrophic Méjean lagoon before the reduc-
tion of the nutrient loading, were characterized by
bare non-vegetated sediments and high phytoplank-
ton densities reflected by high chl @, TN and TP con-
centrations and high turbidity. This corresponds
clearly to an attraction basin (Fig. 8), as it has been
described for hypertrophic lakes by Scheffer et al.
(1993), where high turbidity in the water column re-
sults in insufficient light for benthic macrophytes. On
the oligotrophic side, an attraction basin based on
rooted angiosperms (seagrasses) and perennial
macroalgae such as A. acetabulum and V. aegagro-
pila (Fig. 8) is exemplified by Ayrolle lagoon (AYR).
This lagoon exhibited small fluctuations both for
water column variables and macrophyte composi-
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tion. Stronger fluctuations occurred for vegetation
cover, particularly for Zostera spp., showing a decline
of the coverage between 2002 and 2005 followed by
a rapid recovery (Fig. 6). These variations show that
the concept of an attraction basin describes the eco-
system state better for these oligotrophic conditions
than stable equilibrium. The variations may be
linked to natural changes (e.g. climatic variability) or
to occasional and short-term pressure on this lagoon.
Shortly after the reduction of the nutrient loadings, a
regime shift was observed for the hypertrophic
Méjean lagoon from the bare non-vegetated sedi-
ments, phytoplankton-dominated state to a domi-
nance of opportunistic macroalgae. The decrease of
chl a concentration by 1 order of magnitude we ob-
served (Table 4) may have been concomitant to
changes of phytoplankton composition from picoeu-
karyotic diatoms towards green algae dominance
(e.g. small Chlorella-like algae) and dinophytes,
which have been described by Leruste et al. (2016).
The first species to proliferate after this regime shift
was U. rigida succeeded later by other species such
as Gracilaria spp., Chaetomorpha spp., Chondria capil-
laris and S. chordalis (Fig. 7). In the shallow hyper-
trophic Grec lagoon, U. rigida was present, albeit at
fluctuating densities, throughout the entire 14-yr
period (Fig. 7). Hence, a third basin of attraction in
these coastal lagoons corresponds to a dominance of
opportunistic macroalgae. However, the factors driv-
ing macroalgal species blooms are still unclear. Thus,
it is uncertain whether or not different secondary
attraction basins exist within the macroalgal attrac-
tion basin. Studies on nitrogen nutrition and growth
of Ulva and Gracilaria species, however, indicate dif-
ferences between these genera. Ulva species have
higher photosynthetic and growth rates and take up
nitrogen more rapidly than Gracilaria (Fujita 1985,
Anderson et al. 1996). Ulva has a limited capacity to
store nitrogen and depends on a constant high ambi-
ent concentration to sustain high growth rates. Con-
versely, Gracilaria maintains a high growth rate even
when ambient nitrogen levels are low: it can store
nitrogen for longer periods and can persist when
nitrogen levels are low or only sporadically high. But,
its maximal growth rate under optimal conditions is
lower than that of Ulva (Ryther et al. 1981, Bird et
al. 1982, Rosenberg & Ramus 1982, Anderson et al.
1996). Futhermore, the increasing PO, availability
could also favour Gracilaria as it may increase its
photosynthetic rate (Garcia Sdnchez et al. 1996).
Thus, with its ability to take up lower levels of nitro-
gen and to store it for long periods, Gracilaria may
have a competitive advantage over Ulva when the

nitrogen concentrations are frequently depleted and,
thus, become a limiting factor for Ulva.

During our study period, we did not observe a
regime shift in Méjean and Grec lagoons towards
oligotrophic angiosperms. In 2015, these lagoons re-
mained in the macroalgae-dominated state. The stud-
ied 10-yrre-oligotrophication trajectory was probably
not long enough for these lagoons, which had been
very strongly impacted by nutrient over-enrichment
for multiple decades, with the sediment acting as an
internal source of nutrients. Furthermore, the absence
of seagrasses during the very long period of eutrophi-
cation could have resulted in a lack of propagules to
facilitate recovery. In contrast, in the north sector of
the Bages lagoon (BGN), we observed a shift from an
opportunistic macroalgae assemblage (e.g. Gracilaria
spp., Ulva spp.) before 2005 to a system dominated by
Zostera species. In this sector, Z. noltei had never
completely disappeared and, therefore, one could ar-
gue that this is indicative of the resilience of the sea-
grass dominated state than a regime shift.

When a system is resilient, it tends to stay in its
attraction basin if the threshold of forcing or distur-
bance is not exceeded. An ecosystem can be resilient
both in its degraded and non-degraded states. In this
study, we observed a case of resilience of the
angiosperm-dominated state for 2 lagoons (AYR
and BGN). The rapid recovery of seagrass in these
lagoons was probably due to the persistence of sea-
grasses, their dispersal characteristics as well as the
protected nature of these lagoons. Similar examples
of resilience have been observed in Thau lagoon
(Plus et al. 2003) and Biguglia lagoon (Pasqualini et
al. 2017), where the aquatic angiosperms naturally
recovered within 1 yr after a dystrophic crisis (so-
called ‘malaigue’ in the Mediterranean lagoons), and
relatively shortly (4-5 yr) after improvements in
sewage treatment and hydrological management,
respectively. Moreover, after previous declines sea-
grasses have shown rapid recovery in a number of
cases, as long as propagules (seeds) are available.

On the other hand, the macroalgal-dominated state
also appears to be very resilient both with respect
to shifts towards the phytoplankton-dominated state
and the angiosperm-dominated state, forced by
eutrophication and oligotrophication, respectively.

4.3. Recovery process, factors causing delay, and
difficulties for achieving ecological quality targets

The definition of ‘recovery’ has been well defined
for management purposes as a return towards undis-
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turbed system state once the pressure has been
reduced or eliminated (Tett et al. 2013). Recovery is

... the process of an ecosystem regaining its composition,
structure and function relative to the levels identified for
the reference ecosystem

(McDonald et al. 2016, p. 20). As noted by Lotze et al.
(2011, p. 596),

... the aim might be to recover a population or an ecosys-
tem to pre-disturbance conditions or its ‘natural’ state
before human disturbance

However, in many studies, including the present
one, the historical baseline is not known owing to a
lack of historical data. In our study, we thus assumed
that we could use the oligotrophic Ayrolle lagoon as
areference site as a recovery target. Therefore, man-
agement is currently aimed at pursuing re-olig-
otrophication trajectories. However, we have to be
careful with the choice of this recovery target
because, since according to the trophic classification
of Nixon (1995), some coastal lagoons fall within the
range of eutrophic, mesotrophic or oligotrophic con-
ditions based on their natural conditions of nutrient
inputs and residence times. Therefore, some lagoons
will probably never reach oligotrophic conditions.
Nonetheless, for those lagoons where a return to oli-
gotrophic conditions is possible, the recovery of
perennial macrophytes will probably be a long pro-
cess. Hence, long-term monitoring is still needed to
see if the system is able to recover by itself after
reduction of nutrient loading, without additional
measures (De Wit et al. 2017). However, several
authors have suggested that most ecosystems have
shown partial recovery and that time lag or hystere-
sis can delay the recovery response even after the
reduction or suppression of the environmental pres-
sure (see Duarte et al. 2015).

Nutrient reduction plans have often failed to return
coastal ecosystems to the pre-disturbance state due
to hysteresis and shifting baselines (Duarte et al.
2015). As our results show, high internal nutrient
loads have accumulated in the sediment during the
previous eutrophication periods. However, we only
observed a reduction of TP, but not of TN in the sed-
iment over the study period. The continuing nutrient
fluxes from the sediment represent an internal load
that may support phytoplankton growth (Richardson
& Jorgensen 1996) or macroalgal growth during re-
oligotrophication trajectories, thus delaying the
recovery process. However, following the reduction
of external nutrient loading, the decrease of phyto-
plankton biomass increases the light availability for
benthic primary producers. Therefore, macrophytes

become important once again and can accelerate the
recovery process by re-oxygenating the sediment,
intercepting the sediment-water column nutrient
flux and temporarily retaining nutrients in plant bio-
mass (McGlathery et al. 2007).

According to Duarte et al. (2015), recovery is be-
lieved to be dependent also on the connectivity
between the degraded recovering and adjacent
healthy ecosystems. Connectivity would allow the
supply of propagules and colonizers (Pratt 1994) and
will also impact other functional aspects through its
influence on the resilience of ecosystems (Elliott et
al. 2007).

In addition to internal loading and the lack of con-
nectivity with healthy ecosystems, other factors can
also limit the recovery, such as nutrient inputs from
diffuse sources (e.g. agriculture), for which it is still
difficult to assess the importance and which are diffi-
cult to manage effectively to achieve reduction.
Hence, these diffuse nutrient sources may still con-
tribute to maintain eutrophic conditions in several
Mediterranean lagoons. In addition, Grec and Méjean
lagoons are not directly connected to the sea but
receive nutrient-rich waters from a canal (‘Rhone to
Sete' canal), which will hinder the quick recovery of
these lagoons. Furthermore, coastal lagoons can be
strongly affected by chemical contaminants (Muna-
ron et al. 2012) and some of these compounds can
impact the photosynthesis and the growth of macro-
phytes (Haynes et al. 2000, Chesworth et al. 2004).
Physical factors such as sediment resuspension can
also limit the recovery, by maintaining low water
transparency and limiting light availability for ma-
crophytes. Dense seagrass meadows stabilize the
sediment by dissipating wave energy and promoting
particle trapping, and hence improve water clarity
(Widdows et al. 2008, Carr et al. 2010, Maxwell et al.
2017). But in the absence of vegetation, the sedi-
ment resuspension and consecutive high turbidity
will limit the reestablishment of these rooted angio-
sperms. In addition, the historical states of the Méjean
and Grec lagoons are not known. We do not know if
rooted macrophytes were initially present at all sta-
tions in these lagoons. A recent study tested the
potential presence of Z. noltei in the Méjean lagoon,
by simulating oligotrophic conditions of the water
column. This study showed that several areas of this
lagoon were not able to harbor this species due to
wind conditions and bottom shear stress (Ouisse et
al. 2014). This highlights that, when the historical
state of an ecosystem is unknown, the desired state
may not be reached due to natural conditions even
when pressures have been removed.
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