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Abstract

Functional trait theory provides a mechanistic framework to understand change in commu-
nity composition and community assembly through time and space. Despite this, trait-based
approaches have seldom been used in ecological restoration. Succession theory predicts
that habitat complexity and resource availability will increase with restoration time, leading
to increased functional dissimilarity among coexisting species. However, in the case of tidal
marsh restoration, it is not clear whether reestablishing the harsh abiotic conditions typical
of estuaries will initiate successional trajectories. We investigated monotonic changes in the
functional structure of fish communities and shifts in assembly mechanisms, with tidal resto-
ration time. A five-level gradient of ‘intertidal habitat naturalness’ was constructed from a set
of artificialized (dyked), restored (with different ages) and natural intertidal sites, and used
as a surrogate for restoration progress. The fish ecophases were described using ten func-
tional traits related to food acquisition and swimming ability. The trends in six functional
dimensions (identity, richness, evenness, dispersion, originality and specialization) were
investigated along the naturalness gradient. Consistenly with succession theory, functional
specialization, dispersion and, less markedly, richness increased with intertidal naturalness
meaning that restored and natural intertidal habitats supplied fish with specific foraging and
dwelling conditions absent from dyked marshes. Community assembly patterns varied with
respect to traits and differed at both ends of the naturalness gradient. Dyked marshes were
more affected by trait convergence possibly due to limiting resources. Environmental filter-
ing was detected all along the naturalness gradient although the traits affected varied
depending on the naturalness level of habitats. Environmental filtering tended to decrease
in restored and natural intertidal habitats. Increased naturalness restored the attractivity of
benthic habitats as feeding or settling grounds, promoted shelter-seeking vs. free-swimming
strategists and favoured ecophases with carnivorous diets, feeding on microinvertebrates
and benthic low-mobility macroinvertebrates. Approaches based on functional trait diversity
have the potential to question and refine the theoretical frame of ecological restoration and
to assist managers in their efforts to restore tidal wetlands.
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Introduction

Functional traits determine the biological and ecological performance of an organism, i.e. its
ability to grow, survive and reproduce in a given set of biotic and abiotic conditions [1, 2]. The
distribution of functional traits’ values among individuals defines the functional structure of a
community [3, 4]. Because functional traits mediate the interaction between an organism and
its abiotic and biotic environment, their analysis provides a mechanistic framework from
which the ecological (i.e. niche-based) processes driving community composition and com-
munity assembly can be inferred. It is a great advantage over taxonomic approaches, which do
not readily reveal the processes underlying community changes through time and space (e.g.,
[5-8]). In recent years, trait-based approaches have been used to investigate changes in both
the functional structure of communities and patterns of community assembly along temporal
(e.g., [9, 10]) and environmental gradients (e.g., [11-13]).

Community assembly theory states that local communities assemble non randomly from a
regional pool of species as a result of environmental filtering and biotic interactions. Species
assemble following a two-step hierarchical model ([14, 15]; Fig 1). First, a tolerance filter
(environmental filtering’ sensu stricto; [16]) selects species according to their ability to estab-
lish and persist in the local abiotic conditions, in the absence of biotic interactions. Environ-
mental filtering primarily affects the occurrence (i.e. presence or absence) of the species on the
local scale [16]. Retained species tend to share similar values for traits associated with abiotic
tolerance, resulting in trait range narrowing. In a second step, species interact with each other
in the local environment. Trait-based fitness differences determine the outcome of those inter-
actions, i.e. the relative abundance of species in the community. Biotic interactions, especially
competition, can result in two constrasted patterns of functional traits’ distribution, i.e. diver-
gence or convergence [15, 17]. For a given range of functional trait values, divergence is
defined by higher dispersion of trait values compared to random expectation. Reciprocally,
convergence occurs where traits are less dispersed (i.e., more clustered) than expected at ran-
dom. Competitive interactions are stronger between species with high niche overlap, i.e. shar-
ing similar functional traits’ values. When resources and foraging opportunities are diverse,
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Fig 1. The two-step hierarchical model of community assembly and the effects of the ecological filters on
functional trait distribution [14, 15].

https://doi.org/10.1371/journal.pone.0209025.g001
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competition excludes species with high niche overlap resulting in limiting similarity (i.e., trait
divergence) among coexisting species. Conversely, trait convergence arises when overall fitness
is determined by a common limiting factor, e.g. a resource or a shared predator. In such cases,
high divergence from the local optimum traits values leads to weaker competitor exclusion
based on relative fitness differences [14-16, 18]. However, in contrast with this explanation of
trait convergence, the coexistence of functionally similar species was recently hypothesized to
be promoted by elevated resource opportunies (i.e. high resource diversity and/or availability;
[13]). Therefore, trait convergence must be interpreted with caution. In addition, the setting
of the regional and local scales is crucial when investigating for environmental filtering and
rules of species coexistence [19, 20]. Indeed, the probability to detect environmental filtering
increases with the extent of the geographic area from which the regional pool of species is
defined due to wider abiotic gradients and increased dispersal limitations [16, 19]. Conversely,
the effects of biotic interactions prevail at finer spatial scales [21].

In recent years, trait-based approaches have increasingly been used to document the
ecological shifts in the course of succession [9, 10, 22] or in response to disturbances such as
habitat degradation [5, 23], climate change [24] or invasion by exotic species [25, 26]. The
literature dedicated to the effects of anthropogenic disturbances on functional diversity has
reached two main conclusions. First, disturbance leads to biotic homogenization due to the
higher vulnerability of specialized species (i.e. with specialized traits) and the stronger resis-
tance of generalist (i.e. with common traits) species [5, 24, 26]. Second, disturbance decreases
functional redundancy, i.e. primarily causes the extinction of functionally similar species. Low
redundancy causes the loss of individuals or species to greatly affect the other dimensions (e.g.,
richness, evenness and divergence) of the functional structure and alters the stability of the
community [4, 27]. In comparison, the functional response of communities to restoration has
remained largely unexplored [7, 28]. Increasing functional diversity is not an automatic goal
for ecological restoration [7].

Fish are highly mobile organisms granting them the ability to evade adverse abiotic condi-
tions and biotic interactions when more suitable alternative habitats are available. As a result,
the relative importance of the processes governing fish assembly may vary over short time
scales [21]. Approaches based on the functional trait diversity of fish assemblages have been
carried out in varied types of aquatic ecosystems including streams [20, 21, 24], lakes, reser-
voirs, ponds [13, 26, 29], coastal lagoons [5, 30, 31], coral reefs [27], semi-enclosed sea [32]
and estuaries [33, 34]. Limiting similarity strongly structures fish assemblages in lakes and res-
ervoirs [26, 29]. In contrast, fish assemblages of streams are mainly assembled through envi-
ronmental filtering [20] although biotic interactions may occasionally offset the effects of
environmental filtering [21]. Likewise, fish community assembly is essentially an environmen-
tally-driven process in coastal lagoons [30, 31, 35] and marine ecosystems affected by strong
salinity gradients [32]. However, biotic interactions may be equally or more important than
environmental filtering in community assembly in marine ecosystems where environmental
conditions do not vary steeply over short spatial scales [32].

Estuaries are highly productive environments providing considerable amounts of food to a
wide range of consumers [36]. At the same time, estuaries are strongly shaped by several abi-
otic factors that fluctuate widely over short space and time scales, especially salinity [37]. This
explains why natural estuarine aquatic communities are simultaneously species-poor and
abundance-rich [38]. As a result of those concomitant attributes, it is often assumed that estua-
rine communities are weakly shaped, if at all, by interspecific competition, but potentially
affected by intraspecific competition [39]. Although trait-environment relationships have
been compared among fish communities within estuaries [33], assembly patterns (i.e. environ-
mental filtering and biotic interactions) have not yet been evaluated on that scale, to our
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knowledge. In addition, intra-estuarine studies on fish functional diversity have mainly
focused on the longitudinal gradient (i.e. salinity gradient) without considering the mosaic of
intertidal and marshland habitats [33].

In temperate estuaries, mudflats and marshes make up the most of intertidal areas and
serve as important refuge and feeding grounds for transient juvenile and resident adult fish
[40-42]. However, because of land claim, intertidal wetlands have greatly declined worldwide
since the 18th century in favour of impounded marshlands. Compared to intertidal marshes
and mudflats, the man-made creek networks of dyked marshes offer a lower surface of more
perennial (i.e. not completely drained when the tide recedes) aquatic habitats with reduced
estuarine connectivity [43]. Tidal restriction markedly alters the taxonomic composition of
fish communities and promotes freshwater and non-native species [44-47]. To counteract the
loss of intertidal wetlands, a growing number of restoration projects have been implemented
during the past decades, first on the Atlantic and Pacific Coasts of the US and later in Western
Europe [48, 49]. Fish communities of tidally restored marshes rapidly depart from dyked
marshes (strong and rapid shift in taxonomic composition; [50, 51]). However, little is known
concerning the functional structure of fish assemblages in dyked and tidally restored marshes.
This knowledge would help identify the main differences in ecological functioning among arti-
ficialized, restored and natural intertidal habitats.

Unassisted restoration is expected to initiate an ecological trajectory similar to that of suc-
cession and opposite to that of degradation. According to one line of reasoning, the functional
diversity of communities increases with restoration time, as a result of increased resource
availability, higher habitat complexity and higher proportion of specialist species, i.e. with
stress-tolerant and competitive strategies [10, 22]. Furthermore, the dominating processes of
community assembly are expected to shift from environmental filtering to biotic interactions
[52, 53]. However, in the case of tidal marsh restoration, opposing forces associated with the
peculiarities of estuarine environments may counteract the general expectations or lead to
contrasted patterns with respect to traits. Firstly, as the endpoint of tidal restoration is an
estuarine intertidal habitat (i.e. with harsh abiotic conditions), an overlaying signal of environ-
mental filtering is still expected to shape fish assemblages in restored and natural intertidal
habitats; however, the most influential abiotic factors controlling communities may differ
between dyked marshes and natural intertidal habitats. Secondly, due to the harsh abiotic con-
ditions and the changing food availability and foraging conditions in estuaries, the estuarine
biota is naturally comprised of generalist species in terms of physiological tolerance and feed-
ing strategies [39, 40]. Therefore, it is not clear whether tidal marsh restoration will increase
functional specialization within fish assemblages.

We studied the tidal restoration of formerly dyked marshes in a European macrotidal estu-
ary based on the functional structure of fish assemblages. The directional changes in the func-
tional structure and the assembly patterns of fish communities during tidal marsh restoration
were investigated using functional diversity indices and null models of community assembly.
We asked two main questions: 1) Does the functional structure of fish assemblages change
monotonically in the course of tidal marsh restoration? We anticipated an increase in func-
tional richness and specialization with increasing restoration time, reflecting higher niche
availability (food, habitat) and more specialized niches. 2) Which processes govern community
assembly in dyked, restored and intertidal habitats? Do assembly patterns change in the course
of tidal marsh restoration? We did not clearly anticipate the outcome of the antagonist pro-
cesses associated with ecosystem development (i.e. lower environmental filtering and stronger
biotic interactions) and return to a highly fluctuating abiotic environment (i.e. higher environ-
mental filtering and weaker biotic interactions). However, trait convergence associated with
limiting food resources was expected to decrease with increasing restoration time. In our
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study, restoration time was approximated based on the naturalness status of a range of artifi-
cialized, restored and natural intertidal sites. Fish species were subdivided into several eco-
phases to account for the major ecological shifts that occur during ontogeny [54, 55]. To our
knowledge, this is one of the first times that ontogenetic changes are accounted for on a
whole-community scale (but see [13, 56]).

Materials and methods
Study sites and fish sampling

The Gironde (France) is the largest estuary in Western Europe. The surface area of the subtidal
and natural intertidal zones of the estuary amounts to 635 km? (86% subtidal, 14% intertidal).
The dyked marshlands on the lateral zones and the islands occupy an additional area of about
400 km”. The share of mudflats and marshes in the natural intertidal zone amounts to 79%
and 21%, respectively [57]. The Gironde estuary is characterized by semi-diurnal macrotides.
Tidal range near the mouth varies from 2.5 m during neap tides to more than 5.5 m during
spring tides [58].

Teleost fish were sampled on a set of 13 fish sampling sites in the Gironde estuary between
2011 and 2012 (Fig 2 and S1 Table). The sampling sites included three sites (TRM1, TRM2a,
TRM2b) distributed between two storm-breached marshes, tidally restored one (TRM2) and
12 years ago (TRM1). The remainder of the sites consisted of six natural intertidal sites (five
tidal flats, IM1 to IM5, and one intertidal channel, ICH), three brackish dyked marshes
(BDM1 to BDM3) and one freshwater dyked marsh (FDM). The intertidal sites (natural and
restored) were spread along the longitudinal gradient (i.e. salinity gradient) of the Gironde
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l______} Dyked area (brackish)
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Fig 2. Location of the 13 fish sampling sites in the Gironde estuary. FDM, BDM1, BDM2 and BDM3 are dyked
sampling sites. IM1, IM2, IM3, IM4, IM5 and ICH are natural sampling sites. TRM1 is the sampling site of the
12-year-old tidally restored Mortagne marsh. TRM2a and TRM2b are located in the 1-year-old restored part of the
Nouvelle island.

https://doi.org/10.1371/journal.pone.0209025.9002
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estuary. The dyked marshes consisted of man-made creeks, the water level of which was man-
aged through one or several hydraulic structures. The brackish dyked marshes were managed
with regular exchanges with the adjoining estuary whereas the freshwater dyked marsh was
exclusively supplied with freshwater inputs from terrestrial streams.

Fish samplings were repeated five times (May 2011, Sep.-Nov. 2011, Feb.-Mar. 2012, May-
June 2012 and July 2012) using the same fishing protocol. Two types of double fyke nets were
used to collect fish, named hereafter ‘standard-fyke nets’ and ‘4 mm-fyke nets’. The two types
of fyke nets had the same dimensions but differed in mesh size. The standard-fyke nets had a
heterogeneous mesh size ranging from 17 mm at the entrance of the traps to 8 mm at the cod
end and were used to sample mainly medium- and larger-sized fish. The 4 mm-fyke nets had a
homogeneous mesh size of 4 mm and were designed to capture mainly smaller- and medium-
sized fish.

Two 4 mm- and one standard-fyke nets were deployed simultaneously on each site and for
each sampling time. Due to space limitation, only one 4 mm-fyke net was set for four of the
five stations on the Nouvelle island (BDM1, BDM2, BDM3 and TRM2b). The fyke nets were
set for 6 hours (from mid flow to mid ebb-tide) during daytime, on the mainland sites. Due to
access constraints, the five stations on the Nouvelle island were sampled for an approximate
duration of 24h.

For a given site and sampling time, the samples collected by each trap of a type of double
fyke net were considered as replicates (n = 2 for the standard-fyke nets and n = 2 — 4 for the 4
mm-fyke nets). Fish were identified, counted and weighed at the species level. Length was
measured on a subset of 50 individuals per species and sample. Smaller-sized fish (< 60 mm)
were subsampled and collected for laboratory taxonomic identification. The other individuals
were measured in the field and put back alive into the water. Fish species were subdivided a
posteriori into several ecophases based on individual length to account for ontogenic changes
in the functional niche of species. As several functional traits considered in this study were
directly derived from fish diet, the splitting of species into ecophases was based on significant
changes in diet with fish size (or age) reported in published studies (Section 1 in SI Appendix).
Ecophase numbers were estimated using the length-frequency distributions (LFDs) of the cor-
responding species.

Biomass per ecophase was estimated from the LFDs using specific species’ length-weight
relationships. Catches were expressed as mean number of individuals per hour per double fyke
net (CPUE, catches per unit effort) and mean wet weight per hour per double fyke net (BPUE,
biomass per unit effort). For each type of double fyke nets, CPUE and BPUE were averaged
across replicate samples at each site x sampling time. The cases where a type of double fyke
nets outperformed the other were counted for every ecophase based on the average CPUE val-
ues at each site x sampling time. For each ecophase, only the abundance (CPUE and BPUE) of
the overall best performing type of fyke net was retained to produce a unified fish ecophase
assemblage at each site x sampling time. Consequently, in total, 64 fish communities were then
described.

Functional structure of fish communities

A single-trait approach to functional structure was retained because opposing patterns in sin-
gle-trait distributions cannot be disentangled with multiple-trait indices [11, 14]. The func-
tional structure of communities is commonly described through up to eight dimensions [4]:
identity, richness, evenness, divergence, entropy, dispersion, specialization and originality.
Functional identity refers to the traits’ mean values among individuals within a community
[3]. Functional richness measures the range of trait values within a community and indicates
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the extent of resources used [59]. Unlike the other components of functional structure, func-
tional richness is inherently independent of the abundance distribution among individuals or
species. Functional evenness measures the propensity of dominant species to be functionally
similar [5]. More specifically, it measures the regularity of spacing between individuals in the
functional space occupied by a community. Functional divergence measures the tendency of
individuals to aggregate on the outer margin of the functional space occupied by a community,
regardless of its volume [59, 60]. Functional entropy [61, 62] and dispersion [63] are neighbour
concepts that relate to the average functional distance of individuals from the other members
of the community. As entropy and dispersion indices are tightly bound by a squaring factor
[64], the two dimensions are highly correlated and only functional dispersion was used in this
study. The functional specialization of a community measures the propensity of individuals in
the community to have extreme trait values when compared to a pool of species larger than the
community. Functional originality quantifies the average isolation level (in the functional
space) of indivuals from their nearest neighbours in the community. Functional originality is
the opposite concept of functional redundancy [27].

Functional identity was described by the community-weighted mean (CWM) of each func-
tional trait [3]. Trait range (Tr; [59]) and functional regularity index (FRO; [65]) were chosen
as indices of functional richness and evenness, respectively. The index of functional divergence
(FDvar; [66]) was previously shown to be correlated with Tr [67] and suffers from several
other limitations [67, 68]. Consequently, functional divergence was not used in this study. The
index quantifying functional dispersion (FDis) encompasses the richness and divergence com-
ponents of functional structure. The index of functional specialization, wFSpe, measured the
average abundance-weighted distance of the species (or ecophases) of a community from the
non-abundance-weighted barycenter of the species pool [5, 69]. In this study, the pool was
defined as the whole set of fish ecophases collected across sites and sampling times. Functional
originality was measured using the abundance-weighted mean nearest-neighbour distance

(wMNND; [69, 70]. The formulas of the functional structure indices are extensively supplied in
Table 1.

Table 1. The single-trait indices of functional structure.

Dimension
Functional identity

Functional richness

Functional evenness

Functional dispersion

Functional originality

Functional specialization

Index Formula References
Community-weighted mean (CWM) CWM = Zf:] P % t, [3]
Trait range (Tr) Tr = max(t;) — min(t;) [59]
Functional regularity index (FRO) FRO = Zf/:} mm(PEVVy,,»/H S%]) [65]
with:
_ EWy gy
PEW, 1 = Z‘;:l EWy 14y
and:
EW _ [ty —ty
1AL T
Functional dispersion (FDis) FDis = Z‘f:l p: X |t;, — CWM)| [63]
Abundance-weighted mean nearest-neighbour distance (WwMNND; S > 3) WMNND = p,_, X (t;_y — ti_,) [69, 70]
51 X
+Zﬂ:2P1’ x min(t, —t,_j, t, , —t;)
P X (s =t s1)
Abundance-weighted distance to the baryleft of the species pool (wFSpe) wESpe = > p; X |t; — - [5, 69]

S: total number of ecophases (or species) in the community. ¢;: value of functional trait  for ecophase i. p;: relative abundance of ecophase i in the community

(3%, p, = 1). i index of ecophases ranked by increasing trait values. tpoor: NON-abundance-weighted mean trait value of a pool of ecophases larger than the community.

https://doi.org/10.1371/journal.pone.0209025.t001
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Biomass data (BPUE) rather than counts (CPUE) were used for the computation of all
abundance-based functional structure indices. Biomass values were fourth-root transformed
to make sure that a small number of large fish did not have undue influence on the analyses
[71]. The strength and the significance of the correlation between the functional structure indi-
ces and the naturalness of intertidal habitats were assessed using Spearman correlation coeffi-
cient (p).

The gradient of intertidal habitat naturalness

The taxonomic response of nekton to salt marsh restoration was previously investigated using
gradients of tidal restriction [72]. Similarly, the 13 sampling sites of our study were grouped a
priori according to a gradient reflecting increasing intertidal habitat naturalness. Five ordered
classes were considered: (1), freshwater dyked marshes (FDYK; one site); (2), brackish dyked
marshes (BDYK; three sites); (3), low-aged tidally restored marshes (TRYO; two sites); (4),
middle age tidally restored marshes (TRMA; one site); (5), natural intertidal habitats (NINT;
six sites). This naturalness gradient relies on four hypotheses regarding the functional struc-
ture (and assembly patterns) of fish communities: (i) dyked marshes are more distant from an
entirely natural status than the current intertidal habitats of the Gironde estuary; (ii) freshwa-
ter dyked marshes (with no estuarine inputs) are more distant than the brackish dyked
marshes (with regular estuarine inputs) from the functional structure of intertidal habitats;
(iii) the functional structure is more similar between restored and natural intertidal habitats
than between dyked marshes and natural intertidal habitats; (iv) the naturalness of tidally
restored marshes increases with time.

The functional identity (CWAM:s) of the fish assemblages was ordinated in a reduced space
using non-metric multidimensional scaling (NMDS) for a post-hoc comparison with the natu-
ralness gradient of intertidal habitats. The grouping of assemblages with respect to their posi-
tion along the naturalness gradient was displayed using convex envelopes. The NMDS was
carried out from the dissimilarity matrix (1 — Sgower) Where Sgoyer is the Gower similarity
matrix [73] computed from the CWMs for each site x sampling session. Unlike other similarity
coefficients, Gower similarity can be used to measure the similarity between communities
based on heterogeneous variables (here, functional traits with different distributional proper-
ties) without transforming the variables (e.g., equalizing variance across variables). The NMDS
axes were rotated a posteriori so that the first axis best discriminated habitat type (i.e., position
along the naturalness gradient). The NMDS analysis was carried out using R software [74] and
the metaMDS function of the ‘vegan’ package.

Functional characterization of the fish ecophases

The food spectrum of the fish ecophases was characterized from a literature review encompass-
ing an extensive range of ecosystems and habitat types where the species occur [25]. The food
spectrum was described through the relative importance of eight food categories. Each food
category was treated as a three-level ordinal variable: P1, primary importance; P2, secondary
importance; Ab, incidental importance or absence from the diet. A principal coordinates
analysis (PCoA) was carried out from the ecophases’ food spectrum matrix to reduce the
dimensionality of the data set and to transform the ordinal variables into approximately con-
tinuous variables. The first three components of the PCoA (DietAxis1, DietAxis2, DietAxis3)
were retained and considered as functional traits (Section 2 in S1 Appendix). The PCoA was
carried out on R software [74] using the function pcoa of the ‘ape’ package.

The three diet-related functional traits were supplemented with seven ecomorphological
traits related to food acquisition, swimming capacity and behaviour. The ecomorphological
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SL
SL: Standard length PFVP: Vertical position of pectoral fin
BD: Body depth PFBD: Body depth at pectoral fin insertion
HL: Head length PFL: Pectoral fin length
HD: Head depth CFD: caudal fin depth
EVP: Eye vertical position CFS: Caudal fin surface

MOVP: Vertical position of mouth opening

Fig 3. The morphological measurements on the fish ecophases.

https://doi.org/10.1371/journal.pone.0209025.g003

traits were measured on a set of 283 individuals belonging to the 62 sampled ecophases.
Median number of measured individuals per ecophase was 4 (min = 1; max = 17). Most of the
fish were collected a posteriori from the Gironde estuary or from nearby marine or continental
hydrosystems. Morphological characteristics (Fig 3) were measured in the laboratory on fresh
individuals.

Two additional ecomorphological traits were initially measured but removed so that Spear-
man correlation coefficient (p) between any pair of functional traits did not exceed 0.60 (Sec-
tions 3 and 4 in S1 Appendix). The 10 retained functional traits covered two axes of the fish
functional niche, i.e. food acquisition (including diet) and swimming behaviour (Table 2). The
whole set of functional traits were dimensionless and treated as continuous variables. Trait val-
ues were neither centered nor scaled prior to the computation of the functional structure
indices.

Factoring out covarying abiotic factors

Our main aim was to assess the change in functional structure and patterns of community
assembly with increasing naturalness of intertidal habitats. Therefore, the covarying abiotic
variables that were not intrinsically linked with a change in naturalness were treated as confus-
ing factors. In our sampling strategy, all sites were evenly sampled at different periods of the
year, downplaying the potential bias of season. Water temperature and salinity were measured
at the beginning and the end of each sampling time and for each site. Water temperature did
not differ significantly between the five types of habitat spread along the naturalness gradient
(Kruskal-Wallis one-way analysis of variance; p = 0.12).

Contrastingly, significant differences in salinity values were observed among types of habi-
tat (Kruskal-Wallis one-way analysis of variance; p < 0.001). In addition, a strong monotonic
correlation was found between salinity and the naturalness gradient (p = 0.63; p < 0.001). Col-
linearity between salinity and intertidal naturalness was considered a bias resulting from our
sampling strategy. Consequently, we used semipartial correlation [83]. Computing the semi-
partial correlation of each functional index with intertidal naturalness given salinity measured
a pure effect of increasing naturalness on the functional structure of communities. The ‘ppcor’
package [83] in R software was used to compute Spearman semipartial coefficient (p,) and the
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Table 2. The 10 selected functional traits and their ecological interpretation.

Niche axis

Diet and food acquisition

Swimming capacity and
passive behaviour

Functional trait

Relative head length

Vertical position of mouth
opening

Axis 1 of food spectrum

Axis 2 of food spectrum

Axis 3 of food spectrum

Vertical position of the
eye

Relative length of the
pectoral fin

Vertical insertion of the
pectoral fin

Relative depth of the
caudal fin

Aspect ratio of the caudal
fin

Abbreviation | Computation | Ecological performance

HLpSL

MOVPpHD

DietAxisl

DietAxis2

DietAxis3

EVPpHD

PFLpSL
PFVPpPFBD
CFDpBD

sqCFDpCFS

HL
SL

MOVP
HD
PCoA, axis 1

PCoA, axis 2

PCoA, axis 3

EVP
HD

PFL
SL
PFVP
PFBD
CFD
‘BD
CFD?
CFS

Succion capacity (+)

Filtration capacity (+)

Maximum size of ingested animal prey (+)
Share of plants and detritus in the diet (-)

Vertical position of food in the water
column (+)

Micro-sized animal prey
(microinvertebrates) (+)

Medium- and larger-sized animal prey (-)
Vegetal and detrital food (-)

Soft-bodied animal prey (+)

Larger-sized mobile prey (+)
Low-mobility, medium-sized benthic prey
-)

Vertical position of the fish in the water
column (=)

Amount of swimming (mobile vs. sedentary
behaviour) (-)

Current velocity in the habitat (-)
Maneuvering capacity (+)

Turning capacity (+)
Energetic cost of sustained swimming (—)

Energetic cost of sustained swimming (-)
Acceleration capacity (-)
Maneuvering capacity (-)

An increase in the functional trait value affects positively (+) or negatively (-) a type of ecological performance.

https://doi.org/10.1371/journal.pone.0209025.t1002

References
[75-77]

[78,79]

This study (Section 2 in S1
Appendix)

This study (Section 2 in S1
Appendix)
This study (Section 2 in S1
Appendix)

[75]

[75]
[80] in [5]; [79]
[75]

[75,78, 81, 82]

corresponding p-value. The magnitude of the salinity effect was highlighted by substracting
the raw correlation coefficients (i.e. without partialling out salinity) to the semipartial correla-

tion coefficients.
The functional response of fish communities to increasing naturalness was displayed using
principal component analysis (PCA) from the semi-partial correlation matrix (p,,) of the func-
tional indices other than functional identity (i.e., functional richness, evenness, dispersion,
specialization and originality). Unsupervised classification was performed based on the same

psp Matrix using Euclidean distance and Ward’s method. Euclidean distance was chosen

because the original variables (i.e. the semi-partial correlation coefficients associated with the
different types of functional indices) were continuous variables with the same scale of mea-
surement. Data (p,) were neither centered nor scaled prior to the PCA nor the classification
analysis.

Community assembly patterns along the naturalness gradient

Three types of null models were used to identify the trait-based assembly processes operating
at different spatial scales. The first null model (NM1) was the trial swap null model [84]. The
NM1 randomly reallocated ecophases presence-absence within the community matrix while
keeping the marginal sums constant. This was equivalent to randomly draw, for each commu-
nity, a fixed number of ecophases (equal to the actually observed number) from the total pool
sampled across the 13 sites while controlling for the occurrence of the ecophases across
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communities. A common criticism to the NM1 is that drawing from an ‘extended pool’ gener-
ates overly diverse communities comprised of ecophases that are unlikely to co-occur in real
communities [19, 85]. Most obviously, pooling ecophases across communities in our data set
overrode the physiological and evolutionary boundaries between freshwater and saline
ecosystems.

To overcome the shortcomings of the NM1, we developed a second null model (NM2) that
allowed communities to be assembled from a ‘reduced pool’ of ecophases accounting for the
species’ tolerance to salinity. Fish species tolerance to salinity was described from an external
fish database used to assess the ecological status of french estuaries [86, 87]. Species tolerance
to salinity was characterized from the species’ frequency of occurrence (FO) among four pre-
defined salinity classes (see S2 Appendix for details). In the NM2, the ecophases of a commu-
nity were randomly replaced by an equal number of ecophases able to cope with the salinity
measured during the sampling event. In order to account for spatial mass effects [88], eco-
phases occurring at salinities remote from their putative preferenda were randomly replaced
by an equal number of ecophases sharing the same pattern of salinity tolerance. Although the
number of ecophases was kept constant between observed and simulated communities, the
NM2 (unlike NM1) did not control for the number of ecophases’ occurrences across simulated
communities. Compared with the NM1, the NM2 was intended to dampen the effects of dis-
persal limitations and strong abiotic gradients (salinity) and to focus on smaller-scale environ-
mental filtering [19]. Functional richness (T7) was computed from the communities simulated
under the NM1 and the NM2.

The null model 3 (NM3) randomly reallocated relative abundances among co-occurring
ecophases within observed communities [12, 29]. Functional dispersion (FDis) was computed
for each community simulated under the NM3.

For each null model, 9 999 communities were simulated. We computed the effect size (ES)
of an index as the proportion of the simulated values that were lower than the actual value
([14]; see S3 Appendix for exact calculation). ES values were scaled to vary between -1 and 1.
Values close to 0 matched the null expectation. The retained ES was preferred to the standard-
ized effect size (SES; [89]) because the latter is measured in units of standard deviation from
the mean and relies on a normal distribution of simulated values after centering and scaling,
an assumption that is not always met (e.g., [14]).

The effect size of Tr (TrES) under the NM1 and the NM2 transformed T into a pure mea-
sure of functional richness [90], controlling for the effect of ecophases’ richness [9]. Likewise,
the effect size of FDis (FDisES) under the NM3 turned FDis into a pure measure of functional
divergence [90]. Changes in patterns of community assembly along the naturalness gradient
were investigated based on the correlation strength and significance between naturalness levels
and the values of pure functional richness (T7ES) and divergence (FDisES). In addition, assem-
bly patterns were tested at three positions along the naturalness gradient, i.e. for dyked
marshes, tidally restored marshes and natural intertidal habitats. The five initial groups of sites
were reduced to three in order to limit site effects. At each position, two-tailed Wilcoxon
signed-rank tests were performed to detect a significant deviation of TrES and FDisES from
null expectations. Environmental filtering was evidenced where TrES was lower (i.e., trait
range was narrower) than expected under the NM1 or the NM2. Higher-than-expected FDisEs
(i.e., trait divergence) revealed limiting similarity processes whereas lower-than-expected
FDisES (i.e., trait convergence) was indicative of local optimum trait values.

In this study, biomasses (BPUE) rather than numbers (CPUE) were used for the weighting
of all abundance-based functional structure indices although [91] found that multiple-trait
indices performed equally good irrespective of the type of abundance (biomasses or numbers)
used for the weighting of the traits’ values.
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Results

In total, 200918 individuals were caught across all sites with the two types of double fyke nets,
corresponding to 62 ecophases and 34 fish species (Section 1 in S1 Appendix). In the dyked
marshes, the species Pseudorasbora parva and Gasterosteus aculeatus made up 51.1% and
41.8% of the total fish numbers, respectively. The biomass was dominated by Anguilla anguilla,
Gasterosteus aculeatus and Cyprinus carpio (36.3%, 17.6% and 17.6%, respectively). In the tid-
ally restored marshes, Pomatoschistus microps (72.9%), Liza ramada (12.6%) and Pomatoschis-
tus minutus (8.3%) were the most numerous species. L. ramada dominated biomass (76.9%),
followed by A. Anguilla (11.4%). In the natural intertidal habitats, P. microps was by the far the
most important contributor in terms of numbers (96.0%), whereas biomasses were more
evenly spread among seven species: P. microps (28.3%), A. anguilla (15.9%), L. ramada
(13.2%), Solea solea (12.2%), Platichthys flesus (11.4%), Dicentrarchus labrax (9.2%) and Argyr-
osomus regius (5.5%).

Functional identity along the gradient of intertidal habitat naturalness

Ordination of the functional identity of fish communities in a 2D-NMDS supported the a pri-
ori ordering of habitat types along the gradient of intertidal habitat naturalness (Fig 4).
Although the stress value was quite high (0.17), the 2D-ordination still provided a usable pic-
ture. A clear difference appeared along the first axis of the ordination between young (TRYO)
and older (TRMA) restored marshes (i.e., non-overlapping convex envelopes).

Change in functional structure with increasing naturalness

The functional identity (CWM) of six functional traits showed significant correlations with
the naturalness gradient (Table 3). Semipartial correlation was strong (|p,|> 0.60) for
sqCFDpCFS, moderate (0.40 < |p,| < 0.60) for EVPpHD, DietAxis2 and DietAxis3 and weak
(0.20 < |pyp| < 0.40) for PFVPpPFBD and DietAxis1. The significant correlations in the CWMs
of HLpSL and MOVPpHD were no longer detected after salinity was partialled out. Conversely,
the significant negative correlation for the CWM of DietAxis3 only appeared when the effect of
salinity was controlled for.

Indices related to functional richness (Tr), dispersion (FDis) and specialization (wFSpe)
showed a coordinated response to increasing naturalness (Table 3 and Fig 5). Likewise,
trends in evenness (FRO) and originality indices (wMNND) were negatively correlated with
naturalness. The first component axis of the PCA captured most of the total variance
(76.8%) and was mainly drawn by wFSpe and, to a lesser extent, by FDis and Tr. The second
component axis (17.7% of total inertia) discriminated functional traits according to the
response of FRO and wMNND to increasing naturalness. Compared with wFSpe and Tr,
the orthogonal response of FRO and wMNND indicated that the latter indices captured a
complementary dimension of the functional response of communities to increasing
naturalness.

Three groups of functional traits were identified from the clustering of the traits responses
(functional richness, evenness, dispersion, originality and specialization) to increasing
naturalness (Fig 6). Group 1 includes traits related to the vertical dimension of the habitat
(EV PpHD and MOV PpHD), the size and mobility of animal prey organisms (DietAxisl and
DietAxis3), the amount of swimming (EV PpHD, sqCFDpCFS) and the maneuvering capacity
(PFV PpPFBD). Traits clustered in group 2 describe the relative importance of vegetal and
detrital vs. animal components of the diet (HLpSL and DietAxis2). Group 3 relates to the
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Fig 4. Two-dimensional non-metric multidimensional scaling (2D-NMDS) of the fish community-weighted
means (CWMs) among five groups of habitats clustered with respect to their naturalness. The points on the plot
correspond to the communities at each site x sampling time. Abbreviations for habitat groups: FDYK, Freshwater
dyked marshes (one site); BDYK, Brackish dyked marshes (three sites); TRYO, Young tidally restored marsh (two
sites); TRMA, Middle age tidally restored marsh (one site); NINT, Natural intertidal habitats (six sites).

https://doi.org/10.1371/journal.pone.0209025.9004

swimming capacity (sustained swimming; CFDpBD) and the current velocity in the habitat
(PFLpSL).

For traits of group 1, positive correlations with naturalness were substantiated for func-
tional richness, dispersion and specialization. Functional specialization showed a moderate to
strong (0.41 < p,, < 0.69) significant positive correlation with naturalness; functional disper-
sion, a weak to strong positive correlation (0.17 < p,, < 0.60); and functional richness, a weak
to moderate positive correlation (0.04 < psp < 0.43).

In contrast, functional specialization (-0.29 < p, < 0.004), dispersion (-0.28 < p,, <
—0.03) and richness (-0.22 < p,, < 0.11) did not show significant positive correlations with
naturalness for traits belonging to groups 2 and 3. For traits of group 2, functional evenness
(-0.23 < p,, < -0.40) and originality (-0.26 < p, < —0.41) showed weak to moderate negative
correlations. For traits of group 3, evenness (0.15 < p,, < 0.25) and originality (0.03 < p,, <
0.22) showed weak, non-significant positive correlations.
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Table 3. Monotonic response of the functional structure of fish communities to increasing intertidal naturalness after factoring out salinity.

Index HLpSL
Functional identity CWM +0.09
(-0.22)
Functional richness Tr —-0.22
(-0.03)
Functional evenness FRO -0.23
(+0.14)
Functional dispersion FDis -0.17
(+0.21)
Functional originality wMNND | —0.41**
(+0.13)
Functional specialization | wFSpe -0.29*
(+0.23)

MOVPpHD |DietAxisl | DietAxis2 |DietAxis3 | CFDpBD |sqCFDpCFS |PFLpSL |PFVPpPFBD |EVPpHD
—0.24 +0.31 +0.50°** | —0.40"* | -0.09 —0.60*** | +0.03 +0.37% +0.537**
(+0.19) (+0.04) | (-0.11) (~0.33) (-0.08) | (+0.27) (-0.05) | (-0.03) (-0.27)
+0.28 +0.26* -0.18 +0.25 -0.11 +0.04 +0.11 +0.437%* +0.407*
(-0.18) (-0.02) (-0.011) | (-0.37) (0.13) | (~0.04) (-0.02) | (-0.27) (-0.23)
043+ | -022 —0.40** —0.24 +0.15 +0.03 +0.25 -0.08 -0.26*
(+0.12) (+029) | (+0.19) (+0.03) (+0.06) | (+0.06) (-0.08) | (+0.10) (+0.15)
+0.34** +0.60°** | —0.28* +0.27* -0.21 +0.17 -0.03 +0.427%* +0.31*
(-0.20) (-0.10) | (+0.17) (-0.32) (+0.23) | (+0.04) (+0.17) | (-0.23) (~0.28)
-0.11 —0.24 -0.26" -0.02 +0.03 -0.17 +0.22 +0.007 -0.20
(-0.008) | (+0.013) | (+0.08) (~0.08) (+0.07) | (+0.10) (-0.03) | (+0.009) (+0.003)
+0.447* | 40527 | —0.11 +0417* | -0.20 +0.46™* | +0.004 +0.697** +0.60%*
(-0.26) (-030) | (+0.19) (~0.24) (+022) | (-0.13) (+0.18) | (-0.18) (-0.21)

Values correspond to the Spearman semipartial correlation coefficient (ps,) computed between a single-trait functional index and the naturalness level of intertidal

habitats (pairs of values correspond to the fish communities at each sitexsampling time). The effect of salinity was partialled out. The types of functional indices are

displayed in rows and the functional traits are displayed in columns. Positive values indicate an increase with the naturalness gradient and negative values indicate a

decrease. Numbers in brackets are the arithmetic differences between Spearman semi-partial (ps,) and raw (p) correlation coefficients. Significance values associated

with pg,:

*,0.01 < p < 0.05;
**,0.001 < p <0.01;
% 5 < 0.001.

https://doi.org/10.1371/journal.pone.0209025.t003

Patterns of community assembly along the naturalness gradient

The effect sizes of Tr (TrES) under each of the NM1 and the NM2 showed significant correla-
tions with naturalness for seven functional traits (Table 4). Under the NM1, four traits exhib-
ited weak (0.20 < p < 0.40; MOV PpHD), moderate (0.40 < p < 0.60; EV PpHD, DietAxis3) or
strong (p > 0.60; PFV PpPFBD) positive correlations. Three traits (HLpSL, CFDpBD and Die-
tAxis2) showed moderate negative correlations (—0.60 < p < 0.40). Compared to the NM1, no
significant correlation was detected for DietAxis2 under the NM2 whereas a significant nega-
tive correlation was found for PFLpSL. In the subsequent analyses, we only considered the
results of the NM2, which accounted for finer processes of environmental filtering.

Significant correlations between FDisES and naturalness were detected for four functional
traits: three traits (DietAxis1, MOV PpHD and sqCFDpCFS) showed positive correlations,
reflecting increased divergence, or decreased convergence, with naturalness; and one trait
(CEDpBD) showed a negative correlation. Correlation strength was weak (MOV PpHD,
sqCFDpCES, CFDpBD) to moderate (DietAxis1). Regarding DietAxis2, no significant correla-
tion with naturalness was detected for T7ES nor for FDisES. Significant correlations for both
TrES and FDisES were found for MOV PpHD and CFDpBD.

Patterns of community assembly (environmental filtering, trait convergence, trait diver-
gence) at three positions along the naturalness gradient are summarized in Fig 7 (see also S1
Fig for the results with the NM1). Under the NM2, the number of traits for which environ-
mental filtering (i.e. lower-than-expected TrES) was detected decreased from six in dyked
marshes to four in natural intertidal habitats, with the minimum number (one trait) recorded
in tidally restored marshes. Environmental filtering was detected for MOV PpHD throughout
the naturalness gradient. With increasing naturalness, environmental filtering appeared for
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Fig 5. Principal component analysis (PCA) biplot of the response of functional structure indices (other than
functional identity) to increasing naturalness of intertidal habitats. The response of functional structure indices was
measured using Spearman semipartial correlation (py,). The top and right axes (grey color) show the loadings of the
variables. Ellipses correspond to the groups of functional traits identified from the clustering analysis (Fig 6). See

Table 2 for the abbreviations of functional traits. Codes of functional indices: T, functional richness; FRO, functional
evenness; FDis, functional dispersion; wMNND, functional originality; wFSpe, functional specialization.

https://doi.org/10.1371/journal.pone.0209025.9005

HLpSL and CFDpBD and disappeared for EV PpHD, DietAxis3 and PFV PpPFBD. Under the
NM1, environmental filtering was detected for a higher number of trait (three) in the tidally
restored marshes. Contrary to the NM2, environmental filtering appeared for DietAxis2 with
increasing naturalness and disappeared for MOV PpHD and DietAxisl.

Trait convergence (i.e. lower-than-expected FDisES) disappeared with increasing natural-
ness. In fact, the number of underdispersed traits dropped from three in dyked marshes
(MOV PpHD, DietAxisl, sgCFDpCFS) and in restored marshes (MOV PpHD, sqCFDpCFS,
PFV PpPFBD) to none in natural intertidal habitats.

Trait divergence (i.e. higher-than-expected FDisES) was evidenced all along the naturalness
gradient, with an equal number of three overdispersed traits in dyked and natural habitats and
a maximum number of five overdispersed traits in the tidally restored marshes. Trait diver-
gence appeared for PFLpSL, disappeared for CFDpBD and persisted throughout the natural-
ness gradient for HLpSL.
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Fig 6. Clustering of the functional traits according to the response (Spearman semipartial correlation, p,,) of their
functional structure indices (richness, evenness, dispersion, originality and specialization) to increasing
naturalness of intertidal habitats. The names of the functional traits were in Table 2.

https://doi.org/10.1371/journal.pone.0209025.g006

Discussion

In our study, we used a naturalness gradient encompassing artificialized, restored and natural
sites as a surrogate for restoration time to identify patterns in community change during resto-
ration. Significant changes in the functional structure and the patterns of fish community
assembly were identified with increasing naturalness of intertidal habitats.

Changes in functional structure

Significant correlations between functional indices and naturalness gradient highlighted that
changes in functional structure occurred along the naturalness gradient. Those changes were
mainly trait-dependent accrediting the single-trait approach recommended elsewhere [11].

Table 4. Effect sizes of functional richness (TrES) and dispersion (FDisES) along the gradient of intertidal habitat naturalness.

Index Null model |HLpSL MOVPpHD | DietAxisl | DietAxis2 |DietAxis3 |CFDpBD |sqCFDpCFS |PFLpSL |PFVPpPFBD |EVPpHD
TrES NM1 —0.41"** +0.32 +0.18 —0.41"** +0.55"** —0.49"** -0.10 -0.02 +0.66"** +0.44"**
TrES NM2 —0.55"** +0.28" +0.10 —-0.20 +0.42"** —0.55"** -0.03 —-0.32** +0.64"** +0.32*
FDisES | NM3 -0.17 +0.35"* +0.41*** —-0.04 +0.13 —-0.25* +0.30* +0.17 +0.10 -0.23

Values are Spearman correlation coefficients. Positive values indicate an increase along the naturalness gradient and negative values indicate a decrease. Null model 1

(NM1) was the traditional matrix swap null model. Null model 2 (NM2) reshuffled ecophase presence-absence with respect to the species’ tolerance to salinity. Null

model 3 (NM3) randomly reallocated abundances among ecophases within observed communities (see Material and methods for further details). Significance values:

*,0.01 < p < 0.05;
**,0.001 < p < 0.01;
. p < 0.001.

https://doi.org/10.1371/journal.pone.0209025.t004
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Fig 7. Patterns of fish community assembly and monotonic trends in community-weighted means (CWMs) along the
naturalness gradient of intertidal habitats. The X-axis represents the gradient of intertidal habitat naturalness (DYK, dyked
marshes; TRM, tidally restored marshes; NINT, natural intertidal habitats) and the Y-axis represents the CWM. The names of the
functional traits were in Table 2. Trends related to the CWMs were corrected for salinity using Spearman semipartial correlation.
Ascending and descending straight lines represent, respectively, significant positive and negative correlation between the CWMs and
intertidal naturalness. Horizontal straight lines indicate lack of significant correlation. Grey areas correspond to parts of the gradient
where environmental filtering (i.e., lower-than-expected trait range) was detected under the null model 2. Striped areas indicate
higher-than-expected trait range. Double arrows indicate either trait convergence (convergent arrows) or divergence (divergent
arrows). Grey arrows indicate both lower significavity (0.01 < p < 0.05) and lower effect sizes (-0.5 < medianES < 0.5). Adapted
from [14].

https://doi.org/10.1371/journal.pone.0209025.9007

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 17/27


https://doi.org/10.1371/journal.pone.0209025.g007
https://doi.org/10.1371/journal.pone.0209025

®PLOS | one

Change in fish functional diversity and assembly rules in the course of tidal marsh restoration

Functional identity, specialization and dispersion were the dimensions of the functional
structure that most responded to increasing naturalness. The functional identity of communi-
ties was previously shown to change along environmental gradients [11, 14] and ecological
trajectories such as habitat degradation [71] or habitat restoration [7]. In our study, the signifi-
cant trends in the community-weighted means (CWAMs) of most traits along the naturalness
gradient were associated with increasing functional specialization and, to a lesser extent, with
increasing functional dispersion. The changes in CWMs resulted more from the increasing
abundances of specialized ecophases within communities than from changes in trait range
(i.e., functional richness). Indeed, although functional specialization, dispersion and richness
showed a coordinated response to increasing naturalness, the responses of functional speciali-
zation and dispersion were of higher amplitude.

Six of the seven significant monotonic changes in functional specialization were increasing
trends, reflecting an overall increase in specialization along the naturalness gradient. For most
traits, the increase in functional specialization was driven by ecophases of gobies (Pomatoschis-
tus microps, P. minutus) and soles (Solea solea, S. senegalensis). The older ecophases of Dicen-
trarchus labrax and Argyrosomus regius were responsible for the increased specialization of the
trait related to prey mobility and vertical position. The three ecophases of Platichthys flesus
contributed to the increased specialization of traits related to the vertical use of the habitat.

Specialization increased for traits associated with various dimensions of the ecophases func-
tional niche (e.g., the vertical use of the habitat or the size and mobility of animal prey) mean-
ing that restored and natural intertidal habitats supplied fish with several specific foraging and
dwelling conditions absent from the dyked marshes. Consistently, tidal restriction was shown
to result in the biotic homogenization of marshlands as fish assemblages of dyked marshes
were mostly comprised of generalist species (i.e., with common trait values; [43]). On a larger
scale, the functional specialization in locomotion and food acquisition decreased in fish com-
munities following habitat degradation in a tropical estuary [5]. Conversely, we showed that
the share of fish with specialized food and habitat requirements raised with increasing inter-
tidal habitat naturalness. This finding is in contrast with the common statement that estuarine
communities are mostly comprised of generalist species [39]. This apparent contradiction pos-
sibly results from inconsistent references for the comparison. In fact, whereas estuarine fish
species may be described as generalists when compared to marine (non-estuarine) species,
intertidal species may still be more specialized than the ones dwelling in dyked marshes.

In our study, the four significant changes in functional richness along the naturalness
gradient were increasing trends further substantiating the broader availability of ecological
resources. Collectively, those results were consistent with our first hypothesis, i.e., that func-
tional richness and specialization increase in the course of tidal marsh restoration, although
the significant trends concerned a limited subset of the functional traits.

The few significant trends detected in functional evenness (three traits) and originality (two
traits) were decreasing trends, meaning that the dominating ecophases tended to be more sim-
ilar with increasing naturalness. Consistently, woody plant species of a subtropical forest
became more similar to each other with successional time [9]. High functional redundancy
(i.e. low functional originality) is considered a desirable property of ecosystems, granting them
higher stability or resiliency [25, 27, 33].

Patterns of community assembly

Comparing actual fish communities with communities assembled under null models revealed
ecological determinism in community assembly along the naturalness gradient of intertidal
habitats. In our study, the effect sizes of two functional diversity indices (i.e., Tr for functional
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richness and FDis for functional dispersion) were used to detect assembly patterns at three
positions along the naturalness gradient: (i) trait range narrowing (i.e. environmental filtering)
was evidenced by lower-than-expected Tr (i.e. significantly negative TrES); (ii) trait divergence
(i.e. limiting similarity), by higer-than-expected functional dispersion (i.e. significantly posi-
tive FDisES); and (iii) trait convergence, by lower-than-expected functional dispersion (i.e. sig-
nificantly negative FDisES). In addition, significant correlations between TrES or FDisES and
naturalness revealed monotonic changes in the strength of environmental filtering and in the
functional dispersion effect of biotic interactions, respectively.

Environmental filtering, trait divergence and trait convergence all shaped the functional
structure of fish communities at least at some points of the naturalness gradient. The rules gov-
erning functional structure were largely trait-dependent corroborating the assumption that
contrasted assembly processes may operate simultaneously along different niche axes. Cases
where trait divergence and trait convergence occurred simultaneously were found, as previ-
ously observed in terrestrial invertebrate communities [12].

Overall, environmental filtering had a moderately weaker effect on community assembly
with increasing naturalness. More importantly, we evidenced a strong shift in the traits
affected by environmental filtering between the two ends of the naturalness gradient. This
implies that the abiotic drivers of fish ecophases’ exclusion were not the same between dyked
and natural intertidal habitats. In dyked marshes, environmental filtering affected traits related
to food acquisition and swimming ability whereas in natural and restored intertidal habitats,
most of the traits affected were related to food acquisition.

Trait convergence (i.e. local optimum trait values) disappeared with increasing naturalness.
The decreasing importance of trait convergence with increasing naturalness most likely
resulted from an increased provision of suitable habitat and food resources (i.e., thoses
resources were no longer limiting). The absence of trait convergence was interpreted as a
relaxation of both biotic and abiotic constraints allowing the coexistence of a wider range of
functional strategies [14].

Trait divergence (i.e. limiting similarity) was evidenced all along the naturalness gradient,
with the maximum number of overdispersed traits in the tidally restored marshes. Conse-
quently, the assumption that trait divergence increases with naturalness (as in ecological suc-
cession) was not met. In tidally restored marshes, the high number of overdispersed traits was
possibly due to processes disrupting the trait-environment relationships such as habitat micro-
heterogeneity [92] and historical contingency [90, 93, 94]. Indeed, the intertwining between
the previous topographical and hydrographical features of the dyked marshlands and the
dynamic hydromorphological processes caused by the return of the tide (i.e. sediment deposi-
tion, incision of a tidal channel network and reestablishment of halophytic vegetation)
increases habitat heterogeneity in tidally restored sites [95]. In addition, incomplete drainage
in the early stages of tidal restoration favours certainly the temporary persistence of pre-resto-
ration fish species in the ponding areas, leading to historical contingency effects. Both histori-
cal contingency effects and habitat micro-heterogeneity may have promoted the (at least
temporary) coexistence of functionally dissimilar ecophases in tidally restored marshes.

Change in ecological functioning

Vertical use of the habitat. Environmental filtering disappeared and functional identity
(CWM) significantly changed for the traits related to the vertical position of the fish in the
water column and to the amount of low-mobility benthic prey in the diet, with increasing nat-
uralness. In addition, the decrease in the CWM of the trait associated with the vertical position
of food was only marginally non significant. Those combined results indicated that (1) dyked
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marshes were depleted in fish ecophases dwelling and feeding on or close to the bottom, and
(2) the use of the water column was progressively extended towards the bottom with increasing
naturalness. Several hypotheses potentially account for the avoidance of the bottom in dyked
marshes including unsuitable sediment texture, harsh abiotic conditions (e.g., due to oxygen
depletion) and low abundance of benthic prey [72]. In contrast, natural intertidal habitats
(marshes, mudflats) provide fish with high amounts of benthic prey [96-98].

Types of food resources used. The increase in the CWM of the main trait related to the
vegetal and detrital vs. animal components of the diet revealed a decreasing reliance on micro-
phytes and living or dead plant materials with increasing naturalness of intertidal habitats.
Two functional traits associated with animal prey size and mobility showed increased func-
tional specialization with increasing naturalness, indicating higher specialization in animal
food acquisition strategies. The increase in the CWM of a trait related to animal prey size
reflected a growing intake of microinvertebrates. In addition, trait convergence was evidenced
only in dyked marshes for this trait, meaning that microinvertebrates were potentially a limit-
ing food resource in those habitats. The CWM of another trait reflecting animal prey size
decreased with increasing naturalness indicating that the dominant ecophases fed more exten-
sively on benthic non-mobile prey such as annelids and shelled molluscs, and neglected non-
benthic mobile organisms (e.g., fish). This finding is in agreement with previous studies on the
macrozoobenthic communities of created marshes, substantiating that large-bodied molluscs
were more common within older systems and that the importance of polychaetes increased
after 15 years [99]. In addition, lower incidence of piscivorous predators with increasing natu-
ralness is consistent with the widely assumed nursery value of natural intertidal habitats [96,
100].

Swimming ability and behaviour. Three of the five morphological traits related to fish
swimming ability and behaviour showed monotonic trends in functional identity and increas-
ing trends in functional specialization. The inclusion of specialized morphologies and swim-
ming behaviours probably accounted for the shifts in CWMs in the increasingly natural
habitats. With increasing naturalness, fish assemblages were comprised of a growing propor-
tion of ecophases with sedentary lifestyles, living closer to the bottom or more adapted for
maneuvering and burst swimming than for sustained swimming. Environmental filtering
affected swimming traits in the dyked marshes, excluding ecophases with sedentary lifestyles
and high maneuvering capacity. Contrastingly, the restored and natural intertidal habitats did
not filter out fish based on their swimming behaviour. Overall, free-swimming strategists (i.e.
endurance/cruising specialists) tended to be increasingly accompanied by swimming general-
ists and shelter-seeking strategists with increasing naturalness of intertidal habitats.

Partialling out of salinity

As freshwater and marine fish species are subjected to different selective pressures and dis-
persal constraints [101] resulting in specific traits values and combinations [34, 102], partial-
ling out salinity is an important step when comparing the functional structure of fish
communities originating from freshwater, brackish and marine ecosystems. We found that
disentangling the effects of salinity and naturalness revealed, or discarded, significant trends in
the functional structure indices, depending on the trait under scrutiny. After controlling for
the effect of salinity, environmental filtering was no longer detected in natural intertidal habi-
tats for the trait related to the vegetal and detrital vs. animal components of the diet meaning
that the depletion in ecophases feeding on plants and detritus resulted from the lower share of
omnivorous and herbivorous species among the higher-salinity species” pool compared to the
lower-salinity species’ pool. This finding is consistent with previous studies showing the
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prevalence of macrocarnivorous and planktivorous diets among marine fish species and the
prevalence of omnivorous, herbivorous and detritivorous diets among freshwater and brackish
fish species [34]. Still, the increasing trend in the CWM of the trait related to the vegetal and
detrital vs. animal components of the diet remained significant after partialling out salinity
meaning that the increasing reliance on animal food was a pure effect of increasing natural-
ness. It is therefore crucial to take collinearity issues into account when investigating for
changes in functional structure and assembly patterns along environmental gradients.

Broader significance of the findings

Our findings illustrate that the functional structure of communities is a fertile conceptual
framework to address restoration issues. Currently, studies routinely evaluate the species com-
position and relative abundance of fish communities, but including functional traits would
add a very informative dimension to tidal wetland restoration studies. Monitoring the func-
tional structure of fish communities helped identify the factors driving community change
during tidal marsh restoration, especially through the shift of dominant trait values and the
identity of traits affected by environmental filtering. In addition, the increased specialization
of organisms and the broadening of ecological niches with restoration time were consistent
with succession theory.

The approaches based on functional trait diversity have the potential to assist managers in
their efforts to restore tidal wetland habitats. Those approaches allow to identify and manipu-
late the factors controlling community composition and, ultimately, to direct management
towards a desired state of ecological functioning. The attractivity of benthic habitats for fish,
both as feeding and living grounds, seemed to play a key role in tidal marsh restoration. In arti-
ficialized and restoring marshlands, wetland managers are thus challenged to improve benthic
habitats, meaning for instance preventing excessive accumulation of sediments and organic
matter. Considering a wide range of communities in future studies (e.g. fish, birds, plants and
invertebrates) will give a more comprehensive view of tidal wetland response to restoration.

Supporting information

S1 Table. Description of the 13 fish sampling sites.
(PDF)

S1 Fig. Patterns of fish community assembly and monotonic trends in community-
weighted means (CWMs) along the naturalness gradient of intertidal habitats. The X-axis
represents the gradient of intertidal habitat naturalness (DYK, dyked marshes; TRM, tidally
restored marshes; NINT, natural intertidal habitats) and the Y-axis represents the CWM. The
names of the functional traits were in Table 2. Trends related to the CWMs were corrected for
salinity using Spearman semipartial correlation. Ascending and descending straight lines rep-
resent, respectively, significant positive and negative correlation between the CWMs and inter-
tidal naturalness. Horizontal straight lines indicate lack of significant correlation. Grey areas
correspond to parts of the gradient where environmental filtering (i.e., lower-than-expected
trait range) was detected under the null model 1 (trial swap). Striped areas indicate higher-
than-expected trait range. Double arrows indicate either trait convergence (convergent
arrows) or divergence (divergent arrows). Grey arrows indicate both lower significance (0.01
< p <£0.05) and lower effect sizes (—0.5 < medianES < 0.5). Adapted from [14].

(TIFF)

S1 Appendix. Functional characterization of the fish ecophases.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 21/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209025.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209025.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209025.s003
https://doi.org/10.1371/journal.pone.0209025

®PLOS | one

Change in fish functional diversity and assembly rules in the course of tidal marsh restoration

S$2 Appendix. A null model to account for the species tolerance to salinity.
(PDF)

$3 Appendix. Computation of the effect size.
(PDF)

Acknowledgments

We are indebted to many colleagues of Irstea (Jérémy Don, Stéphane Bons, Romaric Le Barh,
Debora Heroin) involved in data collection. We would like to acknowledge the Ferme Marine
du Douhet (Dimitri Lassalle, Myléne Colleville) for providing juvenile fish. We also thank the
Freschco Team (Irstea Aix-en-Provence, UR RECOVER) for providing valuable fish pictures.

Author Contributions

Conceptualization: Alain Lechéne, Jérémy Lobry, Philippe Boét, Pascal Laffaille.
Data curation: Alain Lechéne.

Formal analysis: Alain Lechéne.

Funding acquisition: Jérémy Lobry.

Methodology: Alain Lechéne, Pascal Laffaille.

Software: Alain Lechéne.

Supervision: Jérémy Lobry, Philippe Boét, Pascal Laffaille.

Validation: Alain Lechéne, Pascal Laffaille.

Visualization: Alain Lechéne, Jérémy Lobry, Pascal Laffaille.

Writing - original draft: Alain Lechéne.

Writing - review & editing: Jérémy Lobry, Philippe Boét, Pascal Laffaille.

References

1.  McGill BJ, Enquist BJ, Weiher E, Westoby M. Rebuilding community ecology from functional traits.
Trends in Ecology & Evolution. 2006; 21(4):178-185. https://doi.org/10.1016/j.tree.2006.02.002

2. Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, Hummel |, et al. Let the concept of trait be func-
tional! Oikos. 2007; 116(5):882—-892. https://doi.org/10.1111/j.0030-1299.2007.15559.x

3. Garnier E, Navas ML. A trait-based approach to comparative functional plant ecology: concepts, meth-
ods and applications for agroecology. A review. Agronomy for Sustainable Development. 2012; 32
(2):365—399. https://doi.org/10.1007/s13593-011-0036-y

4. Mouillot D, Graham NAJ, Villéger S, Mason NWH, Bellwood DR. A functional approach reveals com-
munity responses to disturbances. Trends in Ecology & Evolution. 2013; 28(3):167—177. https://doi.
org/10.1016/j.tree.2012.10.004

5. Villéger S, Miranda JR, Hernandez DF, Mouillot D. Contrasting changes in taxonomic vs. functional
diversity of tropical fish communities after habitat degradation. Ecological Applications. 2010; 20
(6):1512—-1522. https://doi.org/10.1890/09-1310.1 PMID: 20945756

6. Cadotte MW, Carscadden K, Mirotchnick N. Beyond species: functional diversity and the maintenance
of ecological processes and services. Journal of Applied Ecology. 2011; 48(5):1079-1087. https://doi.
org/10.1111/j.1365-2664.2011.02048.x

7. Hedberg P, Saetre P, Sundberg S, Rydin H, Kotowski W. A functional trait approach to fen restoration
analysis. Applied Vegetation Science. 2013; 16(4):658—666. https://doi.org/10.1111/avsc.12042

8. Brancalion PHS, Holl KD. Functional composition trajectory: a resolution to the debate between Suga-
numa, Durigan, and Reid. Restoration Ecology. 2016; 24(1):1-3. https://doi.org/10.1111/rec.12312

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 22/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209025.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209025.s005
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1007/s13593-011-0036-y
https://doi.org/10.1016/j.tree.2012.10.004
https://doi.org/10.1016/j.tree.2012.10.004
https://doi.org/10.1890/09-1310.1
http://www.ncbi.nlm.nih.gov/pubmed/20945756
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1111/avsc.12042
https://doi.org/10.1111/rec.12312
https://doi.org/10.1371/journal.pone.0209025

®PLOS | one

Change in fish functional diversity and assembly rules in the course of tidal marsh restoration

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Bohnke M, Kréber W, Welk E, Wirth C, Bruelheide H. Maintenance of constant functional diversity dur-
ing secondary succession of a subtropical forest in China. Journal of Vegetation Science. 2014; 25
(3):897-911. https://doi.org/10.1111/jvs. 12114

Wilfahrt PA, Collins B, White PS. Shifts in functional traits among tree communities across succession
in eastern deciduous forests. Forest Ecology and Management. 2014; 324:179-185. https://doi.org/
10.1016/j.foreco.2014.01.018

Spasojevic MJ, Suding KN. Inferring community assembly mechanisms from functional diversity pat-
terns: the importance of multiple assembly processes. Journal of Ecology. 2012; 100(3):652—661.
https://doi.org/10.1111/j.1365-2745.2011.01945.x

Astor T, Strengbom J, Berg MP, Lenoir L, Marteinsdéttir B, Bengtsson J. Underdispersion and overdis-
persion of traits in terrestrial snail communities on islands. Ecology and Evolution. 2014; 4(11):2090—
2102. https://doi.org/10.1002/ece3.1084 PMID: 25360251

Comte L, Cucherousset J, Boulétreau S, Olden JD. Resource partitioning and functional diversity of
worldwide freshwater fish communities. Ecosphere. 2016; 7(6):n/a—n/a. https://doi.org/10.1002/ecs2.
1356

Bernard-Verdier M, Navas ML, Vellend M, Violle C, Fayolle A, Garnier E. Community assembly along
a soil depth gradient: contrasting patterns of plant trait convergence and divergence in a Mediterra-
nean rangeland. Journal of Ecology. 2012; 100(6):1422—1433. https://doi.org/10.1111/1365-2745.
12003

HilleRisLambers J, Adler PB, Harpole WS, Levine JM, Mayfield MM. Rethinking Community Assembly
through the Lens of Coexistence Theory. Annual Review of Ecology, Evolution, and Systematics.
2012; 43(1):227—-248. https://doi.org/10.1146/annurev-ecolsys-110411-160411

Kraft NJB, Adler PB, Godoy O, James EC, Fuller S, Levine JM. Community assembly, coexistence
and the environmental filtering metaphor. Functional Ecology. 2015; 29(5):592-599. https://doi.org/
10.1111/1365-2435.12345

Chesson P. Mechanisms of Maintenance of Species Diversity. Annual Review of Ecology and System-
atics. 2000; 31(1):343-366. https://doi.org/10.1146/annurev.ecolsys.31.1.343

Roscher C, Schumacher J, Gerighausen U, Schmid B. Different assembly processes drive shifts in
species and functional composition in experimental grasslands varying in sown diversity and commu-
nity history. PloS One. 2014; 9(7):e101928. https://doi.org/10.1371/journal.pone.0101928 PMID:
25029105

Chalmandrier L, Miinkemdiller T, Gallien L, Bello F, Mazel F, Lavergne S, et al. A family of null models
to distinguish between environmental filtering and biotic interactions in functional diversity patterns.
Journal of Vegetation Science. 2013; 24(5):853—-864. https://doi.org/10.1111/jvs.12031 PMID:
24791143

Troia MJ, Gido KB. Functional strategies drive community assembly of stream fishes along environ-
mental gradients and across spatial scales. Oecologia. 2015; 177(2):545-559. https://doi.org/10.
1007/s00442-014-3178-1 PMID: 25502608

Fitzgerald DB, Winemiller KO, Sabaj Pérez MH, Sousa LM. Seasonal changes in the assembly mech-
anisms structuring tropical fish communities. Ecology. 2017; 98(1):21-31. https://doi.org/10.1002/ecy.
1616 PMID: 27984648

Zhang H, Qi W, John R, Wang W, Song F, Zhou S. Using functional trait diversity to evaluate the con-
tribution of multiple ecological processes to community assembly during succession. Ecography.
2015; 38(12):1176—1186. https://doi.org/10.1111/ecog.01123

Clavel J, Julliard R, Devictor V. Worldwide decline of specialist species: toward a global functional
homogenization? Frontiers in Ecology and the Environment. 2011; 9(4):222—-228. https://doi.org/10.
1890/080216

Buisson L, Grenouillet G, Villéger S, Canal J, Laffaille P. Toward a loss of functional diversity in stream
fish assemblages under climate change. Global Change Biology. 2013; 19(2):387—400. https://doi.
org/10.1111/gcb.12056 PMID: 23504778

Funk JL, Cleland EE, Suding KN, Zavaleta ES. Restoration through reassembly: plant traits and inva-
sion resistance. Trends in Ecology & Evolution. 2008; 23(12):695-703. https://doi.org/10.1016/j.tree.
2008.07.013

Sagouis A, Jabot F, Argillier C. Taxonomic versus functional diversity metrics: how do fish communi-
ties respond to anthropogenic stressors in reservoirs? Ecology of Freshwater Fish. 2016; p. n/a—n/a.

Brandl SJ, Emslie MJ, Ceccarelli DM. Habitat degradation increases functional originality in highly
diverse coral reef fish assemblages. Ecosphere. 2016; 7(11):n/a—n/a. https://doi.org/10.1002/ecs2.
1557

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 23/27


https://doi.org/10.1111/jvs.12114
https://doi.org/10.1016/j.foreco.2014.01.018
https://doi.org/10.1016/j.foreco.2014.01.018
https://doi.org/10.1111/j.1365-2745.2011.01945.x
https://doi.org/10.1002/ece3.1084
http://www.ncbi.nlm.nih.gov/pubmed/25360251
https://doi.org/10.1002/ecs2.1356
https://doi.org/10.1002/ecs2.1356
https://doi.org/10.1111/1365-2745.12003
https://doi.org/10.1111/1365-2745.12003
https://doi.org/10.1146/annurev-ecolsys-110411-160411
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1371/journal.pone.0101928
http://www.ncbi.nlm.nih.gov/pubmed/25029105
https://doi.org/10.1111/jvs.12031
http://www.ncbi.nlm.nih.gov/pubmed/24791143
https://doi.org/10.1007/s00442-014-3178-1
https://doi.org/10.1007/s00442-014-3178-1
http://www.ncbi.nlm.nih.gov/pubmed/25502608
https://doi.org/10.1002/ecy.1616
https://doi.org/10.1002/ecy.1616
http://www.ncbi.nlm.nih.gov/pubmed/27984648
https://doi.org/10.1111/ecog.01123
https://doi.org/10.1890/080216
https://doi.org/10.1890/080216
https://doi.org/10.1111/gcb.12056
https://doi.org/10.1111/gcb.12056
http://www.ncbi.nlm.nih.gov/pubmed/23504778
https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1002/ecs2.1557
https://doi.org/10.1002/ecs2.1557
https://doi.org/10.1371/journal.pone.0209025

®PLOS | one

Change in fish functional diversity and assembly rules in the course of tidal marsh restoration

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Shaffer JA, Munsch S, Juanes F. Functional diversity responses of a nearshore fish community to res-
toration driven by large-scale dam removal. Estuarine, Coastal and Shelf Science. 2018; 213:245—
252. https://doi.org/10.1016/j.ecss.2018.08.030

Mason NWH, Lanoiselée C, Mouillot D, Wilson JB, Argillier C. Does niche overlap control relative
abundance in French lacustrine fish communities? A new method incorporating functional traits. Jour-
nal of Animal Ecology. 2008; 77(4):661-669. https://doi.org/10.1111/j.1365-2656.2008.01379.x
PMID: 18397248

Mouchet MA, Burns MDM, Garcia AM, Vieira JP, Mouillot D. Invariant scaling relationship between
functional dissimilarity and co-occurrence in fish assemblages of the Patos Lagoon estuary (Brazil):
environmental filtering consistently overshadows competitive exclusion. Oikos. 2013; 122(2):247—

257. https://doi.org/10.1111/j.1600-0706.2012.20411.x

Passos CVB, Fabré NN, Malhado ACM, Batista VS, Ladle RJ. Estuarization increases functional
diversity of demersal fish assemblages in tropical coastal ecosystems. Journal of Fish Biology. 2016;
89(1):847-862. https://doi.org/10.1111/jfb.13029 PMID: 27278251

Pecuchet L, Térnroos A, Lindegren M. Patterns and drivers of fish community assembly in a large
marine ecosystem. Marine Ecology Progress Series. 2016; 546:239-248. https://doi.org/10.3354/
meps11613

Dolbeth M, Vendel AL, Pessanha A, Patricio J. Functional diversity of fish communities in two tropical
estuaries subjected to anthropogenic disturbance. Marine Pollution Bulletin. 2016; 112(1):244—254.
https://doi.org/10.1016/j.marpolbul.2016.08.011 PMID: 27546734

Henriques S, Cardoso P, Cardoso |, Laborde M, Cabral HN, Vasconcelos RP. Processes underpin-
ning fish species composition patterns in estuarine ecosystems worldwide. Journal of Biogeography.
2017; 44(3):627—639. https://doi.org/10.1111/jbi. 12824

Mouillot D, Dumay O, Tomasini JA. Limiting similarity, niche filtering and functional diversity in coastal
lagoon fish communities. Estuarine, Coastal and Shelf Science. 2007; 71(3):443—-456. https://doi.org/
10.1016/j.ecss.2006.08.022

Wilson JG. Productivity, Fisheries and Aquaculture in Temperate Estuaries. Estuarine, Coastal and
Shelf Science. 2002; 55(6):953—-967. https://doi.org/10.1006/ecss.2002.1038

Telesh 1V, Khlebovich VV. Principal processes within the estuarine salinity gradient: A review. Marine
Pollution Bulletin. 2010; 61(4—6):149-155. https://doi.org/10.1016/j.marpolbul.2010.02.008 PMID:
20304437

Elliott M, Quintino V. The Estuarine Quality Paradox, Environmental Homeostasis and the difficulty of
detecting anthropogenic stress in naturally stressed areas. Marine Pollution Bulletin. 2007; 54(6):640—
645. https://doi.org/10.1016/j.marpolbul.2007.02.003 PMID: 17418874

Elliott M, Whitfield AK. Challenging paradigms in estuarine ecology and management. Estuarine,
Coastal and Shelf Science. 2011; 94(4):306—314. https://doi.org/10.1016/j.ecss.2011.06.016

Kneib RT. The role of tidal marshes in the ecology of estuarine nekton. Oceanography and Marine
Biology: an annual review. 1997; 35:163-220.

Cattrijsse A, Hampel H. European intertidal marshes: a review of their habitat functioning and value for
aquatic organisms. Marine Ecology Progress Series. 2006; 324:293-307. https://doi.org/10.3354/
meps324293

Munsch SH, Cordell JR, Toft JD. Fine-scale habitat use and behavior of a nearshore fish community:
nursery functions, predation avoidance, and spatiotemporal habitat partitioning. Marine Ecology Prog-
ress Series. 2016; 557:1-15. https://doi.org/10.3354/meps11862

Moreno-Valcarcel R, Oliva-Paterna FJ, Bevilacqua S, Terlizzi A, Fernandez-Delgado C. Long-term
effects of tidal restriction on fish assemblages in east Atlantic coastal marshlands. Marine Ecology
Progress Series. 2016; 543:209-222. hitps://doi.org/10.3354/meps11578

Harrington RW, Harrington ES. Effects on Fishes and their Forage Organisms of Impounding a Florida
Salt Marsh to Prevent Breeding by Salt Marsh Mosquitoes. Bulletin of Marine Science. 1982; 32:523—
531.

Feunteun E, Rigaud C, Elie P, Lefeuvre JC. Le marais doux endigué de Bourgneuf-Machecoul (Pays
de Loire) Premier éléments de connaissance du peuplement piscicole. Relation ichtyofaune-habitat et
problémes majeurs de gestion (Maroc). Revue des sciences de 'eau. 1992; 5(4):509-528. https://doi.
org/10.7202/705144ar

Moreno-Valcarcel R, Oliva-Paterna FJ, Arribas C, Fernandez-Delgado C. Fish composition and
assemblage in the anthropogenic-modified tidally-restricted Dofiana (Spain) marshlands. Estuarine,
Coastal and Shelf Science. 2013; 119:54-63. https://doi.org/10.1016/j.ecss.2012.12.012

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 24/27


https://doi.org/10.1016/j.ecss.2018.08.030
https://doi.org/10.1111/j.1365-2656.2008.01379.x
http://www.ncbi.nlm.nih.gov/pubmed/18397248
https://doi.org/10.1111/j.1600-0706.2012.20411.x
https://doi.org/10.1111/jfb.13029
http://www.ncbi.nlm.nih.gov/pubmed/27278251
https://doi.org/10.3354/meps11613
https://doi.org/10.3354/meps11613
https://doi.org/10.1016/j.marpolbul.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27546734
https://doi.org/10.1111/jbi.12824
https://doi.org/10.1016/j.ecss.2006.08.022
https://doi.org/10.1016/j.ecss.2006.08.022
https://doi.org/10.1006/ecss.2002.1038
https://doi.org/10.1016/j.marpolbul.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20304437
https://doi.org/10.1016/j.marpolbul.2007.02.003
http://www.ncbi.nlm.nih.gov/pubmed/17418874
https://doi.org/10.1016/j.ecss.2011.06.016
https://doi.org/10.3354/meps324293
https://doi.org/10.3354/meps324293
https://doi.org/10.3354/meps11862
https://doi.org/10.3354/meps11578
https://doi.org/10.7202/705144ar
https://doi.org/10.7202/705144ar
https://doi.org/10.1016/j.ecss.2012.12.012
https://doi.org/10.1371/journal.pone.0209025

®PLOS | one

Change in fish functional diversity and assembly rules in the course of tidal marsh restoration

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lechéne A, Boét P, Laffaille P, Lobry J. Nekton communities of tidally restored marshes: A whole-estu-
ary approach. Estuarine, Coastal and Shelf Science. 2018; 207:368-382. https://doi.org/10.1016/].
ecss.2017.08.038

Wolters M, Garbutt A, Bakker JP. Salt-marsh restoration: evaluating the success of de-embankments
in north-west Europe. Biological Conservation. 2005; 123(2):249-268. https://doi.org/10.1016/j.
biocon.2004.11.013

Goeldner-Gianella L. Dépoldériser en Europe occidentale. Annales de Géographie. 2007; 656
(4):339-360. https://doi.org/10.3917/ag.656.0339

Dionne M, Short FT, Burdick DM. Fish utilization of restored, created, and reference salt-marsh habitat
in the Gulf of Maine. In: American Fisheries Society Symposium. vol. 22. Hartford, Connecticut, USA;
1999. p. 384-404.

Warren RS, Fell PE, Rozsa R, Brawley AH, Orsted AC, Olson ET, et al. Salt Marsh Restoration in Con-
necticut: 20 Years of Science and Management. Restoration Ecology. 2002; 10(3):497-513. https://
doi.org/10.1046/j.1526-100X.2002.01031.x

Purschke O, Schmid BC, Sykes MT, Poschlod P, Michalski SG, Durka W, et al. Contrasting changes
in taxonomic, phylogenetic and functional diversity during a long-term succession: insights into assem-
bly processes. Journal of Ecology. 2013; 101(4):857-866. https://doi.org/10.1111/1365-2745.12098

Chang C, HilleRisLambers J. Integrating succession and community assembly perspectives.
F1000Research. 2016; 5. https://doi.org/10.12688/f1000research.8973.1 PMID: 27785355

Persson L, Crowder LB. Fish-Habitat Interactions Mediated via Ontogenetic Niche Shifts. In: Jeppesen
E, Sendergaard M, Sgndergaard M, Christoffersen K, editors. The Structuring Role of Submerged
Macrophytes in Lakes. No. 131 in Ecological Studies. Springer New York; 1998. p. 3-23. Available
from: http:/link.springer.com/chapter/10.1007/978-1-4612-0695-8_1.

Russo T, Costa C, Cataudella S. Correspondence between shape and feeding habit changes through-
out ontogeny of gilthead sea bream Sparus aurata L., 1758. Journal of Fish Biology. 2007; 71(3):629—
656. https://doi.org/10.1111/j.1095-8649.2007.01528.x

Zhao T, Villéger S, Lek S, Cucherousset J. High intraspecific variability in the functional niche of a
predator is associated with ontogenetic shift and individual specialization. Ecology and Evolution.
2014; 4(24):4649. https://doi.org/10.1002/ece3.1260 PMID: 25558359

Lobry J. Quel référentiel de fonctionnement pour les écosystémes estuariens? Le cas des cortéges de
poissons fréquentant I'estuaire de la Gironde [Thése de 3éme cycle]. Université Bordeaux |, Ecole
Doctorale Siences du Vivant, Géosciences, Sciences de 'Environnement. Bordeaux; 2004.

Kapsimalis V, Massé L, Tastet JP. Tidal impact on modern sedimentary facies in the Gironde Estuary,
southwestern France. Journal of Coastal Research. 2004; p. 1-11.

Mason NWH, Mouillot D, Lee WG, Wilson JB. Functional richness, functional evenness and functional
divergence: the primary components of functional diversity. Oikos. 2005; 111(1):112—118. https://doi.
org/10.1111/j.0030-1299.2005.13886.x

Villéger S, Mason NWH, Mouillot D. New Multidimensional Functional Diversity Indices for a Multiface-
ted Framework in Functional Ecology. Ecology. 2008; 89(8):2290—2301. https://doi.org/10.1890/07-
1206.1 PMID: 18724739

Rao CR. Diversity and dissimilarity coefficients: A unified approach. Theoretical Population Biology.
1982; 21(1):24—43. https://doi.org/10.1016/0040-5809(82)90004-1

de Bello F, Carmona CP, Lep$ J, Szava-Kovats R, Péartel M. Functional diversity through the mean
trait dissimilarity: resolving shortcomings with existing paradigms and algorithms. Oecologia. 2016;
180(4):933-940. https://doi.org/10.1007/s00442-016-3546-0 PMID: 26796409

Laliberté E, Legendre P. A distance-based framework for measuring functional diversity from multiple
traits. Ecology. 2010; 91(1):299-305. https://doi.org/10.1890/08-2244.1 PMID: 20380219

Pavoine S, Bonsall MB. Measuring biodiversity to explain community assembly: a unified approach.
Biological Reviews. 2011; 86(4):792-812. https://doi.org/10.1111/j.1469-185X.2010.00171.x PMID:
21155964

Mouillot D, Mason WHN, Dumay O, Wilson JB. Functional regularity: a neglected aspect of functional
diversity. Oecologia. 2005; 142(3):353-359. https://doi.org/10.1007/s00442-004-1744-7 PMID:
15655690

Mason NWH, MacGillivray K, Steel JB, Wilson JB. An index of functional diversity. Journal of Vegeta-
tion Science. 2003; 14(4):571-578. https://doi.org/10.1111/j.1654-1103.2003.tb02184.x

Mason NWH, Mouillot D. Functional Diversity Measures. In: Encyclopedia of biodiversity, second edi-
tion. academic press ed. Levin S.A.; 2013. p. 597-608. Available from: https://www.mysciencework.
com/publication/show/700e81847adc03ffe5¢c70220bb468f9f.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 25/27


https://doi.org/10.1016/j.ecss.2017.08.038
https://doi.org/10.1016/j.ecss.2017.08.038
https://doi.org/10.1016/j.biocon.2004.11.013
https://doi.org/10.1016/j.biocon.2004.11.013
https://doi.org/10.3917/ag.656.0339
https://doi.org/10.1046/j.1526-100X.2002.01031.x
https://doi.org/10.1046/j.1526-100X.2002.01031.x
https://doi.org/10.1111/1365-2745.12098
https://doi.org/10.12688/f1000research.8973.1
http://www.ncbi.nlm.nih.gov/pubmed/27785355
http://link.springer.com/chapter/10.1007/978-1-4612-0695-8_1
https://doi.org/10.1111/j.1095-8649.2007.01528.x
https://doi.org/10.1002/ece3.1260
http://www.ncbi.nlm.nih.gov/pubmed/25558359
https://doi.org/10.1111/j.0030-1299.2005.13886.x
https://doi.org/10.1111/j.0030-1299.2005.13886.x
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
http://www.ncbi.nlm.nih.gov/pubmed/18724739
https://doi.org/10.1016/0040-5809(82)90004-1
https://doi.org/10.1007/s00442-016-3546-0
http://www.ncbi.nlm.nih.gov/pubmed/26796409
https://doi.org/10.1890/08-2244.1
http://www.ncbi.nlm.nih.gov/pubmed/20380219
https://doi.org/10.1111/j.1469-185X.2010.00171.x
http://www.ncbi.nlm.nih.gov/pubmed/21155964
https://doi.org/10.1007/s00442-004-1744-7
http://www.ncbi.nlm.nih.gov/pubmed/15655690
https://doi.org/10.1111/j.1654-1103.2003.tb02184.x
https://www.mysciencework.com/publication/show/700e81847adc03ffe5c70220bb468f9f
https://www.mysciencework.com/publication/show/700e81847adc03ffe5c70220bb468f9f
https://doi.org/10.1371/journal.pone.0209025

®PLOS | one

Change in fish functional diversity and assembly rules in the course of tidal marsh restoration

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Leps$ J, de Bello F, Lavorel S, Berman S. Quantifying and interpreting functional diversity of natural
communities: Practical considerations matter. Preslia. 2006; 78(4):481-501.

Leitdo RP, Zuanon J, Villéger S, Williams SE, Baraloto C, Fortunel C, et al. Rare species contribute
disproportionately to the functional structure of species assemblages. Proc R Soc B. 2016; 283
(1828):20160084. https://doi.org/10.1098/rspb.2016.0084 PMID: 27053754

Aiba M, Katabuchi M, Takafumi H, Matsuzaki SiS, Sasaki T, Hiura T. Robustness of trait distribution
metrics for community assembly studies under the uncertainties of assembly processes. Ecology.
2013; 94(12):2873—-2885. https://doi.org/10.1890/13-0269.1 PMID: 24597232

van der Linden P, Marchini A, Dolbeth M, Patricio J, Verissimo H, Marques JC. The performance of
trait-based indices in an estuarine environment. Ecological Indicators. 2016; 61, Part 2:378-389.
https://doi.org/10.1016/j.ecolind.2015.09.039

Raposa KB, Roman CT. Using gradients in tidal restriction to evaluate nekton community responses
to salt marsh restoration. Estuaries and Coasts. 2003; 26(1):98—105. https://doi.org/10.1007/
BF02691697

Gower JC. A general coefficient of similarity and some of its properties. Biometrics. 1971; p. 857-871.
https://doi.org/10.2307/2528823

Team RC. R: A Language and Environment for Statistical Computing; 2017.

Gatz AJ. Community organization in fishes as indicated by morphological features. Ecology. 1979;
60(4):711-718. hitps://doi.org/10.2307/1936608

Piet GJ. Ecomorphology of a size-structured tropical freshwater fish community. Environmental Biol-
ogy of Fishes. 1998; 51(1):67-86. https://doi.org/10.1023/A:1007338532482

Sibbing FA, Nagelkerke LAJ. Resource partitioning by Lake Tana barbs predicted from fish morpho-
metrics and prey characteristics. Reviews in Fish Biology and Fisheries. 2001; 10(4):393—-437. https://
doi.org/10.1023/A:1012270422092

Villéger S. Dynamique de la diversité fonctionnelle des communautés de poissons (lagune de Termi-
nos, Mexique) [Thése de 3eme cycle]. Montpellier SupAgro. Montpellier; 2008. Available from: http:/
archimer.ifremer.fr/doc/00000/6178/.

Schleuter D, Daufresne M, Veslot J, Mason NWH, Lanoiselée C, Brosse S, et al. Geographic isolation
and climate govern the functional diversity of native fish communities in European drainage basins.
Global Ecology and Biogeography. 2012; 21(11):1083-1095. https://doi.org/10.1111/j.1466-8238.
2012.00763.x

Dumay O, Tari PS, Tomasini JA, Mouillot D. Functional groups of lagoon fish species in Languedoc
Roussillon, southern France. Journal of Fish Biology. 2004; 64(4):970-983. https://doi.org/10.1111/j.
1095-8649.2004.00365.x

Keast A, Webb D. Mouth and body form relative to feeding ecology in the fish fauna of a small lake,
Lake Opinicon, Ontario. Journal of the Fisheries Board of Canada. 1966; 23(12):1845—-1874. https://
doi.org/10.1139/f66-175

Mahon R. Divergent structure in fish taxocenes of north temperate streams. Canadian Journal of Fish-
eries and Aquatic Sciences. 1984; 41(2):330-350. hitps://doi.org/10.1139/f84-037

Kim S. ppcor: An R Package for a Fast Calculation to Semi-partial Correlation Coefficients. Communi-
cations for statistical applications and methods. 2015; 22(6):665-674. https://doi.org/10.5351/CSAM.
2015.22.6.665 PMID: 26688802

Gotelli NJ, Entsminger GL. Swap and fill algorithms in null model analysis: rethinking the knight’s tour.
Oecologia. 2001; 129(2):281-291. https://doi.org/10.1007/s004420100717 PMID: 28547607

de Bello F. The quest for trait convergence and divergence in community assembly: are null-models
the magic wand? Global Ecology and Biogeography. 2012; 21(3):312-317. https://doi.org/10.1111/j.
1466-8238.2011.00682.x

Delpech C, Courrat A, Pasquaud S, Lobry J, Le Pape O, Nicolas D, et al. Development of a fish-based
index to assess the ecological quality of transitional waters: The case of French estuaries. Marine Pol-
lution Bulletin. 2010; 60(6):908-918. https://doi.org/10.1016/j.marpolbul.2010.01.001 PMID:
20097384

Teichert N, Pasquaud S, Borja A, Chust G, Uriarte A, Lepage M. Living under stressful conditions:
Fish life history strategies across environmental gradients in estuaries. Estuarine, Coastal and Shelf
Science. 2017; 188:18-26. https://doi.org/10.1016/j.ecss.2017.02.006

Mason NWH, Irz P, Lanoiselée C, Mouillot D, Argillier C. Evidence that niche specialization explains
species—energy relationships in lake fish communities. Journal of Animal Ecology. 2008; 77(2):285—
296. https://doi.org/10.1111/j.1365-2656.2007.01350.x PMID: 18179548

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 26/27


https://doi.org/10.1098/rspb.2016.0084
http://www.ncbi.nlm.nih.gov/pubmed/27053754
https://doi.org/10.1890/13-0269.1
http://www.ncbi.nlm.nih.gov/pubmed/24597232
https://doi.org/10.1016/j.ecolind.2015.09.039
https://doi.org/10.1007/BF02691697
https://doi.org/10.1007/BF02691697
https://doi.org/10.2307/2528823
https://doi.org/10.2307/1936608
https://doi.org/10.1023/A:1007338532482
https://doi.org/10.1023/A:1012270422092
https://doi.org/10.1023/A:1012270422092
http://archimer.ifremer.fr/doc/00000/6178/
http://archimer.ifremer.fr/doc/00000/6178/
https://doi.org/10.1111/j.1466-8238.2012.00763.x
https://doi.org/10.1111/j.1466-8238.2012.00763.x
https://doi.org/10.1111/j.1095-8649.2004.00365.x
https://doi.org/10.1111/j.1095-8649.2004.00365.x
https://doi.org/10.1139/f66-175
https://doi.org/10.1139/f66-175
https://doi.org/10.1139/f84-037
https://doi.org/10.5351/CSAM.2015.22.6.665
https://doi.org/10.5351/CSAM.2015.22.6.665
http://www.ncbi.nlm.nih.gov/pubmed/26688802
https://doi.org/10.1007/s004420100717
http://www.ncbi.nlm.nih.gov/pubmed/28547607
https://doi.org/10.1111/j.1466-8238.2011.00682.x
https://doi.org/10.1111/j.1466-8238.2011.00682.x
https://doi.org/10.1016/j.marpolbul.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20097384
https://doi.org/10.1016/j.ecss.2017.02.006
https://doi.org/10.1111/j.1365-2656.2007.01350.x
http://www.ncbi.nlm.nih.gov/pubmed/18179548
https://doi.org/10.1371/journal.pone.0209025

®PLOS | one

Change in fish functional diversity and assembly rules in the course of tidal marsh restoration

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

Gotelli NJ, McCabe DJ. Species Co-Occurrence: A Meta-Analysis of J. M. Diamond’s Assembly Rules
Model. Ecology. 2002; 83(8):2091-2096. https://doi.org/10.1890/0012-9658(2002)083%5B2091:
SCOAMA%5D2.0.CO;2

Mason NWH, de Bello F, Mouillot D, Pavoine S, Dray S. A guide for using functional diversity indices
to reveal changes in assembly processes along ecological gradients. Journal of Vegetation Science.
2013; 24(5):794-806. https://doi.org/10.1111/jvs.12013

Gagic V, Bartomeus |, Jonsson T, Taylor A, Winqvist C, Fischer C, et al. Functional identity and diver-
sity of animals predict ecosystem functioning better than species-based indices. Proceedings of the
Royal Society of London B: Biological Sciences. 2015; 282(1801):20142620. https://doi.org/10.1098/
rspb.2014.2620

Raevel V, Violle C, Munoz F. Mechanisms of ecological succession: insights from plant functional
strategies. Oikos. 2012; 121(11):1761-1770. https://doi.org/10.1111/j.1600-0706.2012.20261.x

White PS, Jentsch A. The Search for Generality in Studies of Disturbance and Ecosystem Dynamics.
In: Progress in Botany. Progress in Botany. Springer, Berlin, Heidelberg; 2001. p. 399-450. Available
from: https://link.springer.com/chapter/10.1007/978-3-642-56849-7_17.

Hobbs RJ, Jentsch A, Temperton V. Restoration as a Process of Assembly and Succession Mediated
by Disturbance. In: Linking Restoration and Ecological Succession. springer ed. Springer Series On
Environmental Management. New York: Walker L.R., Walker J., Hobbs R.J.; 2008. p. 150-167.

Lafon V, Kervella S, Lechéne A, Sottolichio A, Rimond F, Fourcade S, et al. Restauration écologique
d’un marais intertidal: exemple de la renaturation par dépoldérisation de I'lle Nouvelle (estuaire de la
Gironde, Aquitaine, France). In: Xlllémes Journées Nationales Génie Cotier - Génie Civil. Dunkerque:
Editions Paralia; 2014. p. 809—-816. Available from: http://www.paralia.fr/jngcgc/13_89_lafon.pdf.

Salgado J, Costa MJ, Cabral H, Deegan L. Comparison of the fish assemblages in tidal salt marsh
creeks and in adjoining mudflat areas in the Tejo estuary (Portugal). Cahiers de Biologie Marine. 2004;
45(3):213-224.

Salgado JP, Cabral HN, Costa MJ. Spatial and temporal distribution patterns of the macrozoobenthos
assemblage in the salt marshes of Tejo estuary (Portugal). Hydrobiologia. 2007; 587(1):225-239.
https://doi.org/10.1007/s10750-007-0685-7

Green BC, Smith DJ, Earley SE, Hepburn LJ, Underwood GJC. Seasonal changes in community com-
position and trophic structure of fish populations of five salt marshes along the Essex coastline, United
Kingdom. Estuarine, Coastal and Shelf Science. 2009; 85(2):247-256. https://doi.org/10.1016/j.ecss.
2009.08.008

Levin LA, Talley TS. Influences of Vegetation and Abiotic Environmental Factors on Salt Marsh Inver-
tebrates. In: Concepts and Controversies in Tidal Marsh Ecology. Springer Netherlands; 2000. p.
661-707. Available from: https://link.springer.com/chapter/10.1007/0-306-47534-0_30.

Mathieson S, Cattrijsse A, Costa MJ, Drake P, Elliott M, Gardner J, et al. Fish assemblages of Euro-
pean tidal marshes: A comparison based on species, families and functional guilds. Marine Ecology
Progress Series. 2000; 204:225-242. https://doi.org/10.3354/meps204225

Griffiths D. Pattern and process in the ecological biogeography of European freshwater fish. Journal of
Animal Ecology. 2006; 75(3):734—751. https://doi.org/10.1111/}.1365-2656.2006.01094.x PMID:
16689956

Flynn DFB, Mirotchnick N, Jain M, Palmer MI, Naeem S. Functional and phylogenetic diversity as pre-
dictors of biodiversity—ecosystem-function relationships. Ecology. 2011; 92(8):1573-1581. https://doi.
org/10.1890/10-1245.1 PMID: 21905424

PLOS ONE | https://doi.org/10.1371/journal.pone.0209025 December 19, 2018 27/27


https://doi.org/10.1890/0012-9658(2002)083%5B2091:SCOAMA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2091:SCOAMA%5D2.0.CO;2
https://doi.org/10.1111/jvs.12013
https://doi.org/10.1098/rspb.2014.2620
https://doi.org/10.1098/rspb.2014.2620
https://doi.org/10.1111/j.1600-0706.2012.20261.x
https://link.springer.com/chapter/10.1007/978-3-642-56849-7_17
http://www.paralia.fr/jngcgc/13_89_lafon.pdf
https://doi.org/10.1007/s10750-007-0685-7
https://doi.org/10.1016/j.ecss.2009.08.008
https://doi.org/10.1016/j.ecss.2009.08.008
https://link.springer.com/chapter/10.1007/0-306-47534-0_30
https://doi.org/10.3354/meps204225
https://doi.org/10.1111/j.1365-2656.2006.01094.x
http://www.ncbi.nlm.nih.gov/pubmed/16689956
https://doi.org/10.1890/10-1245.1
https://doi.org/10.1890/10-1245.1
http://www.ncbi.nlm.nih.gov/pubmed/21905424
https://doi.org/10.1371/journal.pone.0209025

