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Abstract :
Soft sediments in coastal shallow waters constitute nursery habitats for juveniles of several flatfishes.
The quality of a nursery is defined by its capacity to optimize the growth and the survival of juvenile fish.
The influence of biotic factors, such as food availability, is poorly studied at the scale of a nursery
ground. Whether food availability limits juvenile survival is still uncertain. A spatial approach is used to
understand the influence of food availability on the distribution of juvenile fish of various benthic and
demersal species in the Bay of Vilaine (France), a productive nursery ground. We quantified the spatial
overlap between benthic macro-invertebrates and their predators (juvenile fish) to assess if the latter
were spatially covering the most productive areas of the Bay. Three scenarios describing the shapes of
the predator–prey spatial relationship were tested to quantify the strength of the relationship and
consequently the importance of food availability in determining fish distribution. Our results underline
that both food availability and fish densities vary greatly over the nursery ground. When considering
small organisational levels (e.g., a single fish species), the predator–prey spatial relationship was not
clear, likely because of additional environmental effects not identified here; but at larger organisational
level (the whole juvenile fish community), a strong overlap between the fish predators and their prey
was identified. The evidence that fish concentrate in sectors with high food availability suggests that
either food is the limiting factor in that nursery or/and fish display behavioural responses by optimising
their energetic expenditures associated with foraging. Further investigations are needed to test the two
hypotheses and to assess the impact of benthic and demersal juvenile fish in the food web of coastal
nurseries.
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publisher-authenticated version is available on the publisher Web site.

2

Graphical abstract

Highlights
► This study provides an evaluation of the influence of the food availability on the spatial distribution of
juvenile fish within a coastal nursery; ► It compares the spatial match between the distribution of the
predators and their prey at different organisational levels (species, morphological group, and
community); ► Juvenile fish density was associated to the prey spatial distribution and would apply a
strong predation pressure at the scale of the Bay; ► The fish community is apparently the most relevant
organisational level for addressing nurseries food availability issues.
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1. INTRODUCTION
Soft substrates in coastal shallow waters constitute nursery habitats for juveniles of several flatfishes

T

of commercial interest (e.g., Solea solea, Pleuronectes platessa) and also of other demersal species
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(e.g., Trisopterus luscus, Merlangius merlangus) (Gibson, 1994; Elliott and Hemingway, 2002; Able,
2005; Franco et al., 2006). For most of those fishes, the juvenile phase is characterised by high growth
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and mortality rates, followed by a migration toward deeper zones at sexual maturity (Dorel et al., 1991;
Le Pape et al., 2003). Thus, the juvenile phase represents a bottleneck with regard to recruitment,
making a large proportion of commercial species highly dependent on coastal habitats to complete

NU

their life cycle (Seitz et al., 2014).

MA

The total number of juvenile fish produced yearly by all nursery habitats related to a fish stock shows
large temporal variability (e.g., Rijnsdorp et al., 1992). These variations are notably influenced not only
by the surface area but also the quality of the nursery grounds (Rijnsdorp et al., 1992; Rochette et al.,

D

2010) and by environmental fluctuations such as those in temperature (van der Veer et al., 2000),
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salinity (Pasquaud et al., 2012), and river discharge (Le Pape et al., 2003; Kostecki et al., 2010).
Within a nursery area, high spatial and interannual variations of juvenile density are also observed
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(e.g., Dorel et al., 1991; Rogers, 1992; Kopp et al., 2013). The variations are directly related to the
complexity and spatial heterogeneity in the physico-chemical properties of these coastal habitats; a
main reason is that physico-chemical properties can exceed the physiological tolerance of certain

AC

juvenile fishes (e.g., hypoxic stress, salinity or temperature tolerance). Predation and food availability,
although less often studied (Johnson et al., 2013), are two main biotic factors impacting the growth,
survival, and spatial distribution of juveniles within nursery grounds (Gibson, 1994).
Competition for food is expected to regulate growth and survival rates of juveniles but the impact level
of food availability is still widely controversial (Le Pape and Bonhommeau, 2015). Some authors argue
that food limits the carrying capacity of nurseries (e.g., Gibson, 1994; Nash and Geffen, 2000; van der
Veer et al., 2010), whereas others strongly argue that there is enough food for all the species in
nurseries (e.g., van der Veer and Witte, 1993; Hampel et al., 2005; Vinagre and Cabral, 2008). These
competing viewpoints lead to two different expectations regarding the distribution of juvenile fish. (1) In
the case of food limitation, juvenile fish are expected to be more concentrated in sectors where prey
4
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are abundant; indeed, the mobility of benthic invertebrates being negligible in comparison to benthic
and demersal juvenile fish, starved juvenile fish should migrate towards nursery sectors with higher
food availability (the order of magnitude of potential daily distances travelled by juvenile flatfish is

T

about 1 km: Berghahn, 1987; Burrows et al., 1994, 2004; Gibson et al., 1998; Morrison et al., 2002,
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Vinagre et al., 2006; Le Pape and Cognez, 2015). Therefore, juvenile fish distribution should follow the
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feeding potentials of a nursery habitat. (2) Where food is not limiting, we expect a weak (or no) spatial
relationship between fish and their prey. Indeed, because food is in excess, the influence of food
quantity on fish distribution should be minimal. Juvenile fish should be more responsive to food quality

NU

and select a nursery sector more for the composition of its prey community than for the total food
availability. In this case, food factor may be less determining than local variations of abiotic factors

MA

such as temperature or granulometry.

Liebig’s law of the minimum states that ecological processes, such as the growth of juveniles, may be

D

influenced by a multitude of factors, but are only controlled by the scarcest resource (Cade et al.,
1999; Hiddink and Kaiser, 2005); e.g., oxygen concentration or food availability (Gibson, 1994). The

TE

factors are thus not additive but multiplicative; indeed, only one unfavourable factor among all is
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enough to penalise the response. This concept can be broadened to give a general framework within
which to discuss the food limitation hypothesis (Johnson et al., 2012) in nurseries, by characterizing
the spatial relationships between the fish and their prey. Three scenarios are thus expected (Fig. 1).

AC

(1) In the first scenario, the relationship between predators and prey is highly predictive; high food
densities involve necessarily high juvenile fish densities. If the other influencing factors are
independent from predator and prey distributions, food availability will likely drive the behaviour of
juveniles, either because of a food limitation effect, or because these predators optimise their
energetic expenditures associated with foraging (Rose and Leggett, 1990). It is also possible that
unmeasured abiotic factors define both predators and prey distributions; therefore, this first scenario
must be considered along with available information on abiotic factors influencing benthic communities
within the nursery. (2) In the second scenario, there is no predictive relationship between the fish and
their prey. The juveniles are found in high densities even in sectors where prey abundance is relatively
low. This suggests that food seems to be in excess and consequently is not a limiting factor. (3) In the
third scenario, high densities of juveniles are restricted to areas of high prey densities, suggesting
5

ACCEPTED MANUSCRIPT

Resubmission to Journal of Sea Research (August 2015)

either food limitation or a behavioural response of the predator optimising its probability of catching a
prey. But, unlike the first scenario, low densities of juveniles in sectors with high prey abundance
indicate that other unmeasured factors are potentially limiting (Johnson et al., 2012). This scenario

T

also suggests that the factor(s) determining fish density vary from one sector to another.

IP

The present study aims to assess the influence of benthic prey availability on the spatial distribution of
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benthic and demersal juvenile fish in a nursery ground, the Bay of Vilaine (France). It was conducted
in two steps. We first explored the influence of the organisational level of predators (species level,
morphological group level, and community level) on the predator-prey relationship. Considering

NU

several benthic and demersal juvenile fishes together to study the predator-prey relationship is
relevant because they display similar prey spectra (Piet et al., 1998). We secondly tested the three

MA

aforementioned scenarios by quantifying the spatial correspondence between the abundances of
juveniles and their prey, in order to infer the regulation potential of food availability on juvenile fish

D

distribution in the studied nursery.

TE

2. MATERIALS AND METHODS
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2.1. Study site

The Bay of Vilaine (Fig. 2) is a soft-bottom ground used as a nursery by several benthic and demersal
fishes of commercial interest (Desaunay et al., 1981; Dorel et al., 1991). It has been studied for more
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than 30 years, producing valuable knowledge on its fish (Marchand,1991; Le Pape et al., 2003;
Nicolas et al., 2007; Kopp et al., 2013) and benthic invertebrate communities (Le Bris and Glemarec,
1995; Brind’Amour et al., 2009, 2014). Given such data and knowledge-rich context, the Bay
constitutes a relevant framework to analyse predator-prey relationships. The studied area covers the
subtidal zone located from 5-30 m depth and is mostly composed of fine soft sediments, from muds to
sandy muds (Le Bris and Glemarec, 1995). All samples obtained in the current study were collected
on these types of sediment (Fig. 2).

2.2. Biological data
The Bay of Vilaine was sampled in late summer of 2008 with two devices: a beam trawl targeting the
benthic and demersal fish community, and a grab targeting their prey, i.e., the benthic macro6
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invertebrate community. The beam trawl was 2.9 m wide and 0.5 m high, with a 20 mm stretchedmesh net in the cod-end. Each haul was performed with the beam trawl towed at approximately 3
knots for 15 min on stations displaying homogeneous sediment and water depth, covering a mean

T

surface of 4000–4500 m². Total catch in each haul was weighed and fish were identified, counted, and
2
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weighed by species. The device used to sample the macro-invertebrate community was a 0.1 m van
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Veen (1933) grab. Once aboard, grab samples were immediately rinsed on a 1 mm-mesh sieve on the
boat deck and the retained fraction (i.e., material ≥ 1 mm) collected in zipper bags and fixed with
buffered formalin solution to a final concentration of 7 %. In the laboratory, samples were rinsed with

NU

water and then fractionated using a column of 5 successive sieves of different mesh sizes from 1 mm
to 16 mm square mesh, according a geometric progression. The benthic invertebrates sorted from

MA

each mesh size were stored in a 70 % ethanol solution, identified to the lowest taxonomic level
possible, and weighed using an analytical balance sensitive to 1 mg (Model Scout Pro SPU123,

D

Ohaus Corporation, Pine Brook, NJ USA).

The locations of grab and trawl stations did not perfectly match each other, spatially. Therefore, the

TE

present study only focuses on the sector of the Bay of Vilaine in which both fish and benthic macro-
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invertebrates were sampled; this sector was delimited by the polygon on Fig. 2.
2.2.1. Fish selection

Forty two hauls targeting the fish community were performed inside the study zone (Fig. 2). Thirty one

AC

fish species were identified and corresponded to a total catch of 216 kg. Most catches corresponded
to benthic and demersal juvenile fishes belonging to the age groups 0 and 1 (G0 and G1). Based on
the literature regarding feeding habits, and upon gut contents analyses (Tableau et al., 2015), we
selected for additional analysis the fish species that fed mainly on benthic macro-invertebrates. These
fish species represented 71 % of the catches: three flatfishes (Solea solea, Dicologlossa cuneata and
Pleuronectes platessa) and four roundfishes (Callionymus lyra, Trisopterus luscus, Merlangius
merlangus, Mullus surmuletus). Eight other main species corresponding to 28 % of the catches were
excluded from the study because benthic macro-invertebrates were not the main part of their diet. We
also excluded the 16 other fish species from our analyses as their total abundance contributed to only
1 % of the total catches.

7

ACCEPTED MANUSCRIPT

Resubmission to Journal of Sea Research (August 2015)

Within the seven selected species, we focused especially upon individuals of sizes that can feed on
macro-invertebrates (Table 1). Indeed, given the fast growth of these juvenile fishes, their feeding
abilities evolve with their size and diet shifts can be observed (Juanes and Conover, 1994). For most

T

G0 juveniles, a shift from meiofauna to small macrofauna is observed shortly after the metamorphosis

IP

(Marchand, 1991; Rogers, 1994; Amara et al., 2001; Darnaude et al., 2001). According to 750 gut
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content analyses on P. platessa, T. luscus, C. lyra, S. solea, and D. cuneata (sampled in 2008 in the
Bay of Vilaine), we selected the juveniles that fed mainly on macro-invertebrates. For the three former,
we defined this as a size of 7 cm and greater, for which meiofauna represented less than 40 % of prey

NU

items (arbitrary threshold). For S. solea and D. cuneata, no individual below 7 cm was collected and
gut analyses concluded that all individuals always fed mainly on benthic macrofauna, a result

MA

consistent with the other fishes. In the absence of gut analysis for the two remaining roundfishes, M.
merlangus and M. surmuletus, we also used the 7 cm threshold of T. luscus and C. lyra for them.
During their growth, the diet of the studied juvenile fishes may also shift from macrofauna to

D

ichtyofauna. For instance, Hamerlynck and Hostens (1993) found a shift from macrofauna to

TE

ichtyofauna at 10 cm for T. luscus and M. merlangus. In the Bay of Vilaine, ichtyofauna was observed
in 7 out of 272 gut contents of T. luscus (5-15 cm-length) analysed. Therefore, by conservative
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standard, the chosen threshold for this shift was set at 15 cm. Such a shift was not observed for the
other species considered in this study. The threshold and ceiling sizes are displayed in Table 1.

AC

Unlike the dominant roundfishes considered in this study (T. luscus and M. merlangius, respectively 64
and 23 % of all roundfish by weight), juvenile flatfish (dominated by S. solea; 69 % of all flatfish by
weight) fed exclusively on benthic macro-invertebrates (e.g., Desmarchelier, 1986; Hamerlynck and
Hostens, 1993; Amara et al., 2001, 2004). If fish were distributed in correspondence with their prey
availability, we would expect flatfish to have a stronger relationship with the macro-invertebrate
distribution than roundfish. To test this hypothesis, predators were considered at three different
organisational levels: a single species, considering only S. solea; a morphological group that
considered the entire sampled flatfish community; and the largest bentho-demersal community
composed of species feeding on macro-invertebrates, considering all of the selected fishes.

8
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2.2.2. Benthic macro-invertebrate community
Thirty four stations were sampled in soft sediments inside the study zone; three replicate grabs were
taken at each station. A total of 160 taxa were identified (Tableau et al., 2015). The density of benthic

T

macro-invertebrates was estimated by pooling the replicates (Gallardo, 1965; Eleftheriou and
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McIntyre, 2005).
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Among the 160 taxa collected, 95 were considered to be prey for the selected fish community
(Tableau et al., 2015). They represented 96 % of the collected benthos by weight. Although biomass is
commonly used to describe the distribution of benthic invertebrates (e.g., Collie, 1987; Hansson et al.,

NU

1996; Vinagre and Cabral, 2008), such a metric is a biased proxy of the energy available for predators
(Brey et al., 2010; Tableau et al., 2015). Unlike fish species, the energy density can be very different

MA

from one benthic invertebrate species to another because of the presence of a shell for some of them.
For instance, for a given weight, the energy of 1 g of the bivalve Abra alba (energy density: 1.1 kJ/g) is

D

5 times less than the energy estimated for 1g of the polychaete Owenia fusiformis (energy density: 5.2

TE

kJ/g).

We thus converted biomass values into energy values using Brey’s database gathering energy density
-1

CE
P

values (kJ.g ) (Brey, 2001). Moreover, a prey is more or less accessible to a predator depending on
its ability to hide or escape. It is thus relevant to account for this aspect by weighting the prey energy
by its accessibility. Accessibility coefficients that were designed for this objective in Tableau et al.
-2

AC

(2015) were therefore used in here. Accordingly, we used available energy data (kJ.m ) for the
-2

invertebrates, and biomass data (mg.m ) for their predators to characterise the spatial predator-prey
interactions.

2.3. Spatial analyses
2.3.1. Collocation of predators and prey
Spatial indices are relevant tools to summarise spatial data and detect patterns of predator and prey
distributions (Bez et al., 1997). The global index of collocation (GIC) quantifies the geographical match
between two spatial distributions (Woillez et al., 2007). That index was used in this study to compare
the fish and the benthic macro-invertebrate spatial distributions. The GIC ranges between 0 and 1,
wherein 1 means that the spatial overlap is high. Specifically, it compares the squared distance
9
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between the distributions’ centres of gravity (ΔCG²), wherein a centre of gravity (CG) is the mean
location of a spatial distribution, and the squared mean distance between two individuals taken at
random and independently from each spatial distribution (ΔCG²+I1+I2; I1 and I2 are the respective

(1)
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inertias of each spatial distribution; i.e., spatial standard deviation):

The inertia can be decomposed into its two main axes, corresponding to the standard deviation of the
projection of the location of the distribution along the principal directions of dispersion (Woillez et al.,

NU

2007). The GIC can be represented graphically using the two main axes of inertia, wherein the
intersection of the two axes corresponds to the distribution’s centre of gravity (Fig. 2). The sampling

MA

design being spatially split into two sectors (because of unsampled rocky habitat; Fig. 2), inertia and
centres of gravity of the predators and prey distributions would be driven more by this design than by

D

the data. To overcome this problem, we computed two GICs, one for each sectors (north and south),

TE

and estimated the mean GIC. We used the mean GIC index to select the most appropriate
organisational level of fish (species, morphological group, or community level) to quantify the spatial
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match between fish and their prey. Though GIC provides insight on the spatial relationship between
predator and prey, it does not prove the statistical significance of that relationship.

AC

2.3.2. Ordinary kriging

The spatial mismatch between the samplings of the fish (trawls) and their prey (grabs) led us to use
interpolation methods. The first step consisted of fitting a variogram model (Matheron, 1971) to each
dataset. Exponential, spherical, and linear models were considered with a nugget effect reflecting the
variability in the data; the model with the best fit was chosen. Then, we kriged each dataset using
Ordinary Kriging (Petitgas, 1996) to estimate biomass of predators (Z*fish) and available energy of prey
(Z*prey) at the scale of the Bay:

(2)

where

is the weight given by some decreasing function of the distance between the data to be

estimated and the sampling data

. We chose a moving neighbourhood for which i) the weight of the
10
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estimated mean of the map corresponded to a minimum in the estimation of the kriged points and ii)
the average error ratio (i.e., the kriging mean over the samples mean) tended toward 1 (Petitgas,

(3)

where

SC
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1996). The estimation error was defined as:

is the covariance between two continuous estimated points,

sampling point α,

is the kriging weight for the

is the covariance between the sampling point α and the kriged point, and µ is the

NU

Lagrange parameter.

The kriging grid was delimited on the intersection of the two dataset distributions (fish and macro-

MA

invertebrates); this intersection was defined as a polygon displayed on the Fig. 2. By using this
polygon, the weight of the mean in the kriging was lower than the value of ½, a value meaning that the
estimation of kriged data was mainly driven by the sampled data. The mesh of the interpolation grid

D

was set to 1 km, as that value fell within the range of the distances between adjacent stations. The

TE

geostatistical analyses were performed using the RGeostats library (Renard et al., 2014) under the R
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environment (R Core Team, 2012).

2.3.3. Testing the limiting factor hypothesis
Using the kriged maps of both the predator and prey densities, we tested the food limitation hypothesis

AC

using quantile regressions. Quantile regression is consistent with the ecological concept of limiting
factor (Cade et al., 1999; Hiddink and Kaiser, 2005) and is therefore suitable for testing our three
scenarios on the food limiting influence on the fish distribution (Fig. 1). We tested the significance of
th

th

th

th

th

th

the upper (85 , 90 , and 95 ) and lower (5 , 10 , and 15 ) quantiles and matched the results to one
of the scenarios. If both quantiles were significant, then the data fit the first limiting-factor scenario (i.e.,
as described in the Introduction); if both quantile coefficients were not significant, then the data most
likely fit the second scenario; if the upper quantile was significant but the lower quantile was not, then
the data most likely corresponded to the third scenario.
Common methods for testing the significance of regression coefficients were not suitable here as we
deliberately used the spatial structure of the data to interpolate values of predator biomass and prey
available energy: the hypothesis of the independence of the data was obviously violated (Legendre
11
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and Legendre, 2012). Although a wide range of statistical adjustments was developed to counteract
autocorrelation (Fortin and Payette 2002), they cannot be used with quantile regression as the
theoretical distribution of the coefficient under the null hypothesis was unknown (Planque and Buffaz,

T

2008). One way to solve that problem was to use permutation tests where an empirical distribution of

IP

regression coefficients was constructed under a null hypothesis (H0). Comparison between the
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observed regression coefficient and the empirical distribution under H 0 was thus used to test the
significance of the regression coefficient. The null hypothesis here was that “the observed relationship
between the prey and predator distributions does not differ from the relationship between the prey and

NU

a randomly generated spatial distribution for the predators having the same properties as its observed
distribution (i.e., the same number of observations, identical variogram structure, identical

MA

neighbourhood, and identical statistical distribution)”. To build the empirical distribution of the
regression coefficients under H0, geostatistical simulations were used to randomly generate many
spatial distributions for the predators. These simulations were based on the variogram models derived

D

from the three predator datasets and were non-conditional to the data points. These simulations were

TE

based on a normality assumption that needed to be checked beforehand in our datasets. The
normality was observed on quantile-quantile plots and confirmed by a Kolmogorov-Smirnov test (the

CE
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normality hypothesis was not rejected: p-value > 0.05) for the three predator datasets. We thus
applied the procedure previously detailed to test the significance of upper and lower quantile
coefficients and associated each response to one of the scenarios. Regression models were fit using

AC

the R package quantreg (Koenker, 2013). Empirical distributions were computed using 10 000
simulations performed with the RGeostats library (Renard et al., 2014).

3. RESULTS
3.1. Influence of the organisational level of fish predators
The mean GIC between the prey distribution and the predator distributions were estimated for the
three organisational levels (species, morphological group, and overall community; Table 2). The
indices varied between 0.68 and 0.99, with the highest values being associated with the community
level. The estimated values were expected to be quite high because the samples were collected from
a well-known nursery for fish species feeding on benthic invertebrates. The results underline that the
12
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larger the organisational level of predators, the higher the mean GIC value. If predators were actually
distributed following the food availability, these results suggest that predators should be considered at
the community level. However, as the difference between the GIC values of the community level and

T

the two other organisational levels remained weak, it was meaningful to analyse the influence of the
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3.2. Mapping predators and prey distributions

IP

organisational level on the predator-prey relationship, considering the three levels.

The variogram models for the three organisational levels of predators and for the prey were fitted to a

NU

maximum distance of 14 km (Appendix A). These four models were each fitted with i) a nugget effect;
and ii) the best model from among the exponential, spherical, and linear type (Table 3). The
interpolated maps (Fig. 3) were built by combining these variogram models to a moving

MA

neighbourhood with an influence radius of 4 km; this value was selected to meet the criterion
introduced in Materials and Methods. The kriging means and associated errors are given in Table 3.

D

Error maps are provided in Appendix B.

TE

The large range of values observed on all interpolated maps underlines the heterogeneity of the
spatial distributions over the study area for both the prey and the predators. A visual comparison of the
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prey map with the S. Solea and flatfish maps suggests a good overlap in the south, in contrast to a
poorer overlap in the north (Fig. 3). Predators considered at the community level display a better
match with prey distributions, with notably a less productive sector (north-western area) contrasting

AC

with two relatively highly-productive sectors (mid-eastern and south-eastern areas). There are,
however, small discrepancies between the two distribution maps, notably at the mouth of the estuary
where the predators, whatever the organisational level, displayed medium values of biomass whereas
the prey showed relatively low densities.

3.3. Strength of the predator-prey relationship
th

Quantitative comparison of the kriged distributions using upper quantile (90 ) regressions clearly
showed a positive relationship between predator and prey (Fig. 4), with points of high prey production
corresponding to hotspots of predators. Positive slopes were observed for all predator organisational
th

th

levels for the 90 quantile. However, lower quantile (10 ) regressions differed according to the
organisational level; lower quantile slopes for S. solea and flatfish were close to 0 whereas the slope
13
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of the juvenile community was clearly positive. These relationships were confirmed statistically while
th

accounting for the spatial autocorrelation of our data. The 90 quantile regression coefficients were
significantly positive for flatfish and community, but not for S. solea, though there was apparently a

T

trend (p-value < 0.1) (Table 3). Other upper quantiles were tested and also found to be significant for

IP

flatfish and for community (Table 3), suggesting a strong predator-prey relationship at those two
th

SC
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levels. The coefficients of lower quantiles were only significant at the community level. The 5 quantile
for the community level was not significant and can be partly explained by the sensitivity of this
quantile to outliers (Fig. 4).

th

NU

When accounting for spatial autocorrelation, the test of the 50 quantile corresponding to the centre of
the distribution was significant for the community (Table 3); this was consistent with results of the
th

MA

upper and lower quantiles for this organisational level. Conversely, the 50 quantile regression
coefficient was not significant for the flatfish level though the upper quantile coefficient was significant.

D

Regression analyses based only on the median effects was thus not an approach relevant to detect

TE

such a subtle trend (the limiting effects).
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We also compared the p-values of the 50 quantile regression that accounts for the spatial
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autocorrelation and usual ordinary least squares (OLS) regression that does not account for
autocorrelation (i.e., linear model) for the three organisational levels. When the spatial structure was
not taken into account, results were always highly significant: p-values < 0.0001 (Table 3); otherwise,

AC

only the community level displayed significant results. This confirmed the importance of accounting for
spatial dependency in statistical tests.
Taken together, these results supported the third scenario (i.e., positive correlation between food and
juvenile fish densities, but only for the upper quantiles) (Fig. 1) for S. solea and flatfish levels, and the
first scenario (i.e., positive correlation between food and juvenile fish densities) for the community
level.

4. DISCUSSION
Wouters and Cabral (2009) suggested that coastal nursery grounds for benthic and demersal juvenile
fish are richer in benthic invertebrate prey in comparison to other surrounding grounds. Since juveniles
of many benthic and demersal fishes are distributed within those spatially limited habitats (Peterson et
14
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al., 2000; Beck et al., 2001; Fulford et al., 2011), their conclusion leads to an important question about
the existence of a food limitation effect in nurseries. Interestingly, food availability is still rarely taken
into account in explaining the distribution of benthic and demersal fishes (Johnson et al., 2013),

T

although it seems to be a significant driver of fish spatial distribution (e.g., Selleslagh et al., 2012),

IP

especially for juvenile fishes (Vinagre et al., 2006; Le Pape et al., 2007). Most of the studies including

SC
R

prey as variables have been either conducted in the lab (e.g., Lindholm et al., 1999) or assessed at
2

2

fine spatial scales (e.g., Sims et al., 2001), i.e. on the order of magnitude from cm to m (Johnson et
2

al., 2013). The present study was undertaken at a broad geographic scale of over 200km and

NU

quantified the spatial relationship between the densities of prey and predators considering different
organisational levels (species, morphological groups, and community of predators). It provided two

MA

main results likely enhancing the knowledge on the functioning of soft-sediment coastal nursery
habitats. First, juvenile fish generally followed the spatial distribution of their prey, and maybe exerted
a strong predation pressure at the scale of the Bay. Second, the spatial predator-prey relationship was

D

clearer and stronger by considering predators at the community level rather than at smaller

TE

organisational levels (S. solea and flatfish community levels). The following discussion attempts to
interpret these results in the light of the knowledge existing on nursery ecosystem functioning. It also

CE
P

suggests hypotheses on the role of food availability on the spatial organisation of nursery habitats.
Finally, we debate the contribution of these results to the food limitation hypothesis within coastal

AC

nursery habitats.

4.1. Food availability and other factors affecting fish spatial distribution
The spatial distribution of fish and their prey were more heterogeneous than expected over the Bay
given the relative homogeneity of the environmental conditions (fine muddy sediments in 5-30 m
depth: Burd et al., 2012). The prey energy density and the fish density, respectively, varied ten times
and eight times across the Bay, with fish concentrating in the south-western and eastern sectors and
largely absent in the north-western sector (see Fig. 3). Spatial distribution of fish species is commonly
explained by both abiotic and biotic variables (Vinagre et al., 2006; Le Pape et al., 2007), while the
relative contribution of those variables is possibly scale-dependent (see Johnson et al. (2013) for a
review). Studies attempting to explain the distribution of juvenile fish using simple abiotic factors have
underlined that a majority of the spatial variability (> 60 %) remains unexplained (Abookire and
15
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Norcross, 1998; Le Pape et al., 2003; Trimoreau et al., 2013). For instance, Trimoreau et al. (2013)
showed that salinity, depth, sediment type, and swell exposure explained together 14 %, 24 %, and 5
% of the spatial distribution of S. solea, P. platessa, and D. cuneata in six nurseries of the Bay of

T

Biscay, including the one examined in the present study. We also tried to model fish density using a

IP

set of available abiotic variables (depth, sediment granulometry, temperature, salinity), but no

SC
R

relationship was observed whatever the organisational level considered (unpublished results).
Whether the set (or the scale) of environmental variables included in the model was unsuitable or that
fish distribution is globally poorly predicted using abiotic variables at the scale of a nursery is difficult to

NU

assess. One certainty remains, the spatial organisation of juvenile fish in the Bay of Vilaine was well
correlated with food availability given the current abiotic conditions.

MA

4.2. Predator-prey spatial relationships revealed at large organisational levels
Predator-prey relationship is often studied between a single predator species and its associated prey

D

(Collie, 1987; Hansson et al., 1996; Larsen and Guillemette, 2000; Hinz et al., 2005; Vinagre and

TE

Cabral, 2008; Johnson et al., 2012). However, interspecific food competition is especially strong
among juvenile fish as their small mouths strongly limit their prey spectrum (Piet et al., 1998; Johnson

CE
P

et al., 2012). Several studies have shown that the feeding niche of benthic and demersal juvenile
fishes, constituted of benthic macro-invertebrates, is often shared among the community of juveniles
(e.g., Hamerlynck and Hostens, 1993; Darnaude et al., 2001; Vinagre and Cabral, 2008). Our results

AC

are in line with these studies as they showed that, when analysed at small organisational levels (the
single flatfish species S. solea, and the flatfish group pooling three species), some sectors with high
food availability seemed to be underutilised by flatfishes (i.e., significant upper quantiles). Conversely,
pooling together flatfishes and roundfishes (community level) resulted in a higher collocation index,
positive covariance for all the target quantiles, and a better spatial match between the predators and
their prey. The feeding sectors poorly occupied by flatfishes (e.g., mid-eastern area) were then
exploited by roundfishes. A sector with high feeding potential in the Bay seemed to have variable
attractiveness to different fish species, but was always strongly exploited by a part of the fish
community. We therefore hypothesise that food availability is a structuring factor in the distribution of
the juvenile fish community in the Bay of Vilaine.
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The spatial occupancy of the community of predators suggests that the predation pressure on the
macro-invertebrate community is possibly strong in the studied coastal nursery. This conclusion differs
from the one of Collie (1987), and Vinagre and Cabral (2008), who stressed weak predation pressure

T

of fish on benthic macro-invertebrates. Although these authors assessed differently the predation

IP

pressure, they acknowledged that considering only a part of the predators feeding on the same prey

SC
R

may have led to an underestimation of the predation pressure. Interestingly, the few studies that have
accounted for most of epibenthic predators have concluded that strong predation pressure may exist
(Evans, 1984; Pihl, 1985).

NU

Food availability is suspected to have a major role in the distribution of juvenile fish in coastal
nurseries (e.g., Gibson, 1994; Wouters and Cabral, 2009). However, the strength of that relationship

MA

has rarely been demonstrated. Using simulations, we attempted to understand why predator-prey
relationships were clearer at the community level than at the species level (Appendix C). The

D

simulation framework was based on the three assumptions: (1) each fish species has its own (abiotic)
environmental niche (Hutchinson, 1953); (2) responses to food availability (biotic factor) are the same

TE

as the fishes share the same prey species, and; (3) the effects of abiotic and biotic factors are

CE
P

multiplicative because if one of them is degraded (e.g., hypoxic condition) in a sector, the fish will
avoid that sector. Based on those assumptions we first simulated the spatial distribution of two fishes
separately and then, the combined distribution (i.e. community). Visual comparison of the simulated

AC

maps and scatterplots corroborated the patterns observed in our study (Appendix C). At small
organisational level (single fish species), only the upper limit in the fish-prey relationship was
significant whereas the upper and lower limits were significant at large organisational level (combined
distribution). Simulations suggest that the environmental effect might prevent from properly revealing
the predator-prey relationship at the species level. The environment influence is drastically reduced
when predator and prey are analysed at large organisational levels, as multiple species may tolerate a
wider spectrum of (abiotic) environmental conditions. The nature of the predator-prey relationship can
therefore be revealed without accounting for the specific effects of abiotic factors on individual species,
and the strength of the relationship will likely be enhanced.
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4.3. Why are juvenile fish concentrated on rich-food sectors?
Rose and Leggett (1990) pointed out that spatial correlation between Atlantic cod (Gadus morhua)

T

and its main prey, capelin (Mallotus villosus), was negative at small scales (2-3 km) but became

IP

positive at larger scales (> 4-10 km). This shift was explained by two behaviours: prey escape at small
scale and food search by predators at larger scales. Such negative correlation was not observed in the

SC
R

present study despite similar sampling scales. Indeed, benthic invertebrate movements can be
considered negligible relative to those of juvenile fish. Indeed, unlike benthic macro-invertebrates,
benthic and demersal juvenile fish can move up to 1km daily and 10km over several months (Riley,

NU

1973; Gibson et al., 1998; Burrows et al., 2004; Vinagre et al., 2006; Le Pape and Cognez, 2015);
thus, they can adjust their position according to their swimming ability. The positive spatial correlation

MA

observed with food in the current study can be explained either by the movement of fish towards
sectors of high prey availability or to an indirect outcome in which a common abiotic environmental

D

variable acted simultaneously on both the macro-invertebrate and fish communities. As mentioned

TE

earlier, no significant relationship was observed between fish density and a set of environmental
variables (depth, sediment granulometry, temperature, salinity). We thus hypothesize that the positive

CE
P

correlation between fish and prey density corresponded to a causal relationship in which juvenile fish
preferentially occupied the rich-food sectors of the nursery habitat.
Why would fish move towards rich-food sectors? Fish may optimise their energetic spending for

AC

foraging (Rose and Leggett, 1990) and/or food may be a limiting factor affecting fish survival. At first
glance, some observations would lead us to conclude that simple fish behaviour is the primary
structuring process, independent of food limitation: abundant fish was observed at the mouth of the
Vilaine estuary where food availability was low. However, that subtidal sector is close to intertidal flats
that are known to be rich in benthic invertebrates and to which juveniles migrate with the tide flow in
order to feed (van der Veer et al., 1991; Rochette, 2011). That spatial discrepancy at the mouth of the
estuary may be due to our sampling design, which precluded any sampling on intertidal flats. Hence,
we cannot reject the possibility of food limitation to explain our predator-prey relationship in the Bay of
Vilaine.
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5. CONCLUSION
The aim of this study was to assess the influence of benthic prey availability on the spatial distribution

T

of benthic and demersal juvenile fish in a nursery ground. We showed that juveniles generally followed

IP

the spatial distribution of their prey and that this spatial predator-prey relationship was clearer and
stronger by considering predators at the community level rather than at smaller organisational levels.

SC
R

Whether food is limiting fish survival in the nursery under study is far beyond the scope of our results.
For instance, our results could be partly explained by behavioural responses to optimise energetic
expenditures associated with foraging. However, the strong spatial relationships that our analyses

NU

have shown between the fish distribution and food availability, established at a large organisational

MA

level, provides an original way of analysing predator-prey relationships in a food limitation context.
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FIGURES

Fig. 1: Graphical description of the three scenarios used to infer the strength of the food limitation
hypothesis in explaining juvenile fish distribution within nursery habitat (simulated data). (a) Prey

D

density is the main factor influencing the spatial distribution of the predators. Natural variability

TE

constitutes the noise (variability) in the signal. (b) Prey density is independent of the predator density;
in this scenario, food is not limiting. (c) Prey density partially regulates the predator spatial distribution,

AC

CE
P

but other unmeasured factors seem also to be locally-limiting.
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Fig. 2: The Bay of Vilaine and the sampling area delimited by a spatial polygon (the c-shape is due to
a non-sampled rocky shelf that occupies the East of the Bay). Dark and light grey circles are

D

proportional to fish predator and prey densities respectively. Dark and light grey crosses indicate the

TE

centres of gravity and the axes of inertia in each sector (north and south), of the predators and their

CE
P

prey, respectively (see Methods for details). The dark line in the right-hand panel indicates the
boundary between the north and south sectors, which are separated because of the c-shape of the

AC

sampling zone.
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Fig. 3: Distribution maps of the accessible prey energy (top box) and the predator biomass following

AC

roundfish).

CE
P

different levels of organisation ranging from species (Solea solea) to community (flatfish and
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Fig.4: Scatterplots of predator biomass as a function of prey energy, for each of three levels of

MA

predator organisation (i.e., single-species, flatfish, and community). Upper and lower dashed lines

AC

CE
P

TE

D

correspond respectively to the quantile regressions 0.1 and 0.9.
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TABLES
Table 1: Observed and selected size range for G0 and G1 juveniles. *: species for which the selected

T

size differs from the observed size

max size

(in cm)

(in cm)

Dicologlossa cuneata

11

22

Pleuronectes platessa

6

11

Solea solea

7

Callionymus lyra

4

Merlangius merlangus

5

Mullus surmuletus

5

Trisopterus luscus

3

ceiling size
(in cm)

11

22

7*

11

21

7

21

15

7*

15

23

7*

15*

11

7*

11

35

7*

15*

MA

(in cm)

AC
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P
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threshold size

SC
R

min size

NU

species

selected size range

IP

observed size range
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Table 2: Global index of collocation (GIC) between the accessible prey energy and the predator
biomass following different organisational levels.

Average GIC value
over the northern
and southern
sectors

morphological group

community

T

species
0.79

Pleuronectes platessa:

0.68

flatfish: 0.97

Solea solea:

0.96

Callionymus lyra:

0.73

Merlangius merlangus:

0.91

Mullus surmuletus:

0.95

Trisopterus luscus:

0.94

IP

Dicologlossa cuneata:

SC
R

Organisational level

community:
0.99

MA

0.85

0.98

0.99

AC

CE
P

TE

D

GIC mean

NU

roundfish: 0.98
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Table 3: Parameter values of the kriged maps (parts 1 and 2), the p-values of the different correlation
tests between the different organisational levels of predators and prey (parts 3 and 4); *: p-value <
0.05.
benthic
invertebrate
(prey)

Solea solea

flatfish

nugget effect

202

1013

4462

13799

selected model and parameters
for variogram

exponential:
sill=3539 &
range=6

exponential:
sill=3029 &
range=7

linear:
slope=552

spherical:
sill=100800 &
range=9

kriging mean

80 kJ/m

error (variation coefficient)

8.8 %

p-value for 0.85, 0.90, 0.95
quantile regression
accounting for spatial
autocorrelation

/

2

IP

75 mg/m

2

110 mg/m

2

flatfish +
roundfish

625 mg/m

10.3 %

4.5 %

0.069
0.078
0.044 *

0.048 *
0.023 *
0.016 *

0.014 *
0.016 *
0.028 *

/

0.498
0.545
0.595

0.577
0.620
0.625

0.026 *
0.046 *
0.093

p-value for 0.50 quantile
regression accounting for spatial
autocorrelation

/

0.305

0.363

0.032 *

p-value for OLS regression
without accounting for spatial
autocorrelation (linear model)

/

< 0.001 *

< 0.001 *

< 0.001 *

D
TE

2

AC

CE
P

p-value for 0.15, 0.10, 0.05
quantile regression
accounting for spatial
autocorrelation

MA

9.7 %

3

4

SC
R

2

NU

1

T

variable
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Appendix A : Fitted variograms of the predators and the prey

Figure A1: Fitted experimental variograms for prey (top box) and fish predator following different

AC

organisational levels (respectively Solea solea, flatfish, flatfish and roundfish). The size of the circles is
proportional to the number of pairs of data points involved in the computation of the corresponding
distance lag (between 50 and 220 pairs for each point except for the first one).
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Appendix B : Error distribution maps for the predators and the prey

Figure B1: Error distribution maps of the accessible prey energy (top box) and the predator biomass

roundfish).

AC

following different organisational levels, from species (Solea solea) to community (flatfish and
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Appendix C : Simulations of food availability and abiotic factors in
species spatial distribution

T

A simulation framework was develop to assess the relative contribution of abiotic (e.g., salinity) and

IP

biotic (food availability) variables in different organisational levels (Figure C1). The simulations used

SC
R

the methodology that follows A) We first simulated two maps corresponding to an environmental
gradient (e.g., salinity) and a distribution of a pool of prey shared by two fishes. B) We defined the fish
response to each factor (environment and food) with a two first assumptions: each fish had its own

NU

(abiotic) environmental niche, and whatever the fish species, where more food was available, fish
density was greatest. C) A third assumption was that the probability of fish being present at any point

MA

on the map was the product of the two factor effects (i.e., abiotic and biotic). D) The spatial
distributions of each fish and the higher organisational group, pooling those two fishes, were simulated
directly from the equation accounting from the two factors ; E) from a data sampling on the surface

D

area, the fish population densities were displayed as functions of prey density. From this analysis, we

TE

observed that the nature of the fish response to the food availability was clearly identified by
considering them at the largest organisational group (fish 1 + fish 2); the reason for this is that,

CE
P

whatever the environment conditions at a given location, one or another of fish species considered is

AC

able to occupy the associated sectors.
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Figure C1: Simulation schemes (inputs) and results (outputs) highlighting that at small organisational
level (fish species), only the upper limit in the fish-prey relationship is significant, whereas the upper
and lower limits are significant at large organisational level (fish 1 + fish 2). The simulations suggest

T

that the variability induced by the environment appears as noise when the predator-prey relationship is

IP

analysed at the species level. That noise is drastically reduced when predator and prey are analysed

AC

CE
P

TE

D

MA

NU

environmental conditions than either individual species.

SC
R

at a larger organisational level, as multiple species may tolerate a wider spectrum of (abiotic)
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