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Highlights

The effects of nursery habitat restoration were assessed for four species of main fisheries of interest

in the Eastern English Channel.

* Potential restoration gains in terms of biomass and catches were substantial, up to more than 50%

of spawning biomass at maximal sustainable yield for the most shallow nursery-dependent species.

* Species with higher concentrations in shallow nurseries were the most sensitive to habitat

restoration.

* Contrasts in life history traits lead to species-specific responses: a lower resilience to fishing

pressure induces a stronger response to habitat restoration.

Abstract

Coastal and estuarine (CE) areas are essential fish habitats; they act as nurseries for a large proportion
of species of fisheries interest but face high levels of cumulative anthropogenic pressures. A
comprehensive analysis of the impacts of CE nursery habitat degradation at the population scale for

exploited fish species is still lacking. Our study aims to assess the effects of CE nursery habitat
1



restoration for four species of main fisheries of interest in the Eastern English Channel (EEC): sole
(Solea solea), plaice (Pleuronectes platessa), whiting (Merlangius merlangus) and seabass
(Dicentrarchus labrax). A generic age- and stage-based population model representing the dynamics
of exploited populations and integrating the dependence of recruitment on juvenile habitats was used.
This model allowed us to evaluate the combined effect of nursery degradation and fishing pressure
on stock dynamics. The model was parameterized for each of the four species based on stock
assessment outputs in the EEC and literature and then used to simulate equilibrium states under
different habitat restoration scenarios. These scenarios were built using previous estimates of both
surface area loss and decrease in marine juvenile fish density in CE habitats facing anthropogenic
pressures in the EEC. Surface area and quality restoration enhanced both biomass and sustainable
catch levels for the four species in the EEC. The species with higher concentrations in shallow nursery
areas were the most sensitive to habitat restoration. The response also depended on life history traits,
i.e., species with lower resilience to fishing pressure (i.e., steepness) exhibited a stronger response to

habitat quality scenarios.

Keywords: Coastal degradation; Nursery; Population dynamics; Maximum Sustainable Yield;

Eastern English Channel.
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1. Introduction

Coastal and estuarine (CE) areas are essential habitats for many fish species (Seitz et al., 2014). CE
ecosystems act as nurseries for a large proportion of fish resources (Miller et al., 1984; Minello, 1999;
Beck et al., 2001) and play a major role in the renewal of nursery-dependent species (Rijnsdorp et al.,
1992; Gibson, 1994); thus, they are of great importance to fisheries. For instance, two-thirds of
commercial landings in the North—East Atlantic come from species using CE systems as nursery
habitats (Brown et al., 2018).

However, the concentration of juveniles in CE areas renders them particularly vulnerable to human
activities (Lotze et al., 2006; Airoldi and Beck, 2007). These pressures can impact both the surface
extent and suitability of these nursery habitats (Johnson et al., 1998; Peterson et al., 2000). Surface
area losses in the CE zone led to a dramatic decrease in nursery habitat capacity (Rochette et al.,
2010). The toxic effects of exposure to pollutants at the juvenile stage impact growth and survival
(Davoodi and Claireaux, 2007; Foekema et al., 2008; Wessel et al., 2010) as well as future
reproductive success (Fonds et al., 1995; Daouk et al., 2011; Horri et al., 2018). Ninety-two percent
of species that use coastal habitats are impacted by human pressures, which can be related to
pollutants, eutrophication, anoxia, invasive species and physical development of the coastline (Brown
etal., 2018).

Although the impacts of local anthropogenic disturbance on juveniles of nearshore nursery-dependent
species are well documented (Brown et al., 2018), their consequences for population renewal remain
poorly quantified (Lotze et al., 2006; Sundblad and Bergstrom, 2014; Vasconcelos et al., 2014) and
even largely unknown (Rose et al., 2003; Hamilton et al., 2016; Boyd et al., 2018). Few studies have
quantified the impact of nursery habitat degradation at the population scale with age- and stage-based
models (Rose et al., 2018; Ono et al., 2019; Camp et al., 2020; Champagnat et al., 2021). These
models are very case-specific, especially regarding the large amount of data and knowledge needed

for parameterization (Lipcius et al., 2019). Consequently, their application to numerous other case
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studies is difficult or not realistic, although such approaches are needed for management purposes
(Hayes et al., 2009; Kraufvelin et al., 2018).

In this work, we used a generic age- and stage-structured population model for nursery-dependent
exploited species (Champagnat et al., in rev.) to quantify the importance of nursery restoration to
population dynamics and productivity. This model describes density-dependent survival in nursery
areas (hereafter called the stock-recruitment relationship) with a Beverton and Holt (1957)
relationship parameterized in terms of steepness (Mace and Doonan, 1988; Punt and Dorn, 2014) and
carrying capacity. Parameterization of a specific stock-recruitment relationship between the spawning
biomass and the number of recruits is spurious (Myers et al., 1999; Rose et al., 2001; Zhou, 2007).
Steepness is a dimensionless proxy of the resilience of a stock to fishing pressure (Myers et al., 1999;
Mangel et al., 2013; Munyandorero, 2020). Hierarchical meta-analyses have been conducted to
identify relationships between steepness and life history traits that can be used to provide reliable
estimates of steepness for a wide range of species (Myers and Mertz, 1998; Myers et al., 1999;
Hilborn, 2003; Thorson, 2019). Formulating our model in terms of steepness thus provides a sensible
way to parametrize stock-recruitment relationships for different species of fisheries interest. In
addition, following Champagnat et al. (in rev.), the steepness-based parameterization of the stock-
recruitment relationship is extended, directly depends upon the habitat quality and surface area of
nursery habitats, and allows for simulating juvenile habitat restoration scenarios.

The model was applied to nursery-dependent species of fisheries of interest on a fishery management
unit in the Eastern English Channel (EEC). The EEC (ICES division 7.d; Figure 1) is a fishery unit
of main interest (Ulrich et al., 2002). CE areas of the EEC face high levels of anthropogenic pressures
(Le Pape et al.,, 2007). They have experienced important morphological changes from land
reclamation, channel dredging, and the building of dikes and harbours (Ducrotoy and Dauvin, 2008,
Stamp et al., 2022), resulting in a substantial reduction in the extent of suitable nursery areas
(Rochette et al., 2010, Champagnat et al., 2021). In addition, land—sea interfaces have faced high

levels of chemical contamination for decades in the EEC (Meybeck et al., 2007; Tappin and Millward,

2
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2015; Barjhoux et al., 2018), causing reductions in habitat quality for marine juvenile fish (Gilliers et
al., 2006; Amara et al., 2007; Courrat et al., 2009).

Four species of high fisheries interest were considered in this analysis: sole (Solea solea), plaice
(Pleuronectes platessa), whiting (Merlangius merlangus) and seabass (Dicentrarchus labrax). These
species have similar life cycles, with juveniles concentrated in CE habitats while adults show a wider
distribution (Riou et al., 2001; Leakey et al., 2008; Day et al., 2021).

The study aims to quantify the effects of human disturbance on nurseries in the EEC and assess their
consequences on the four populations of interest. We first parameterized the generic stage-based
population model of Champagnat et al. (in rev.) for the four populations of interest. Then, the model
was used to simulate the response of populations to nursery habitat restoration scenarios. For this
purpose, the loss of nursery habitat area extent in the EEC since 1870 was quantified, and the effects
of quality degradation on marine juvenile density were also estimated. Then, the potential effects of
the restoration of both the surface area and quality of these habitats on population dynamics and

fishery productivity were assessed and compared between the species.
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Bay of Veys

Seine

Somme-Canche

France

Figure 1. Location of the Eastern English Channel (Fishery management unit, ICES division 7.d),
highlighted in grey. The Bay of Veys, Seine and Somme-Canche estuaries are three major CE

nursery areas. Inset in the lower right corner: general location in Western Europe.
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2. Materials and Methods

A diagram of the framework summarizing the articulation of modelling steps, parameterization, and

construction of habitat scenarios is shown in Figure 2.
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1. Population model parameters

Calibration of carrying capacity (K)

@ (s +  Stock assessments outputs
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» SSB & Catches
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Figure 2. Diagram of the framework summarizing the articulation of the modelling steps: parameterization

Catches

-

Fishing mortality -

of the population model, construction of habitat scenarios, and simulation. 1. Recruitment age (arec),
maximum age (amax), natural mortality (M) and maturity (mat) were extracted from stock assessments,
whereas steepness (h, e.g., resilience to fishing pressure), larval mortality (Miarvae) and fecundity (fec; except
for plaice, extracted from stock assessment) were collected from the literature. Carrying capacity (K) was
calibrated by minimizing the difference between the spawning stock biomass (SSB) and catch (C) simulated
by our model with those of the stock assessment outputs. 2. The surface area scenario was based on an
estimation of area loss since 1870 in three coastal sectors of the French EEC coastline. Surface scenario was
only applied to the proportion of juveniles present in habitats above 5 m (Prop). Quality scenarios relied on
Courrat et al. (2009), with restoration applied to all juveniles (Quality all) or only to juveniles located above
5 m bathymetry (Quality band). 3. Finally, the gains in SSB and C at maximum sustainable yield (MSY)

are estimated for each habitat restoration scenarios.
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2.1. Population dynamics model

The impact of the degradation of nursery areas on stock productivity was simulated with a
deterministic life cycle model structured by stage and age (Champagnat et al., in rev.). This model
considers a single closed population and a unique nursery and homogeneous area. After recruitment

age (arec), fish undergo both natural and fishing mortality. Population abundance (N, ,, ) at age a for
year y is described by classical population dynamics (Equation 1):

(1) Na+1,y+1 = Na,y X e_(Ma’y+Fa’y)

where M and F are the natural and fishing mortality rates, respectively.

For the last age group a,, 4, the population abundance is described as (Equation 2):

2 N, N

AmaxyY

X e_(MamaxJ""Famax'y) + Na 1y X e_(Mamax—1:y+Famax—1:y)
ma )

maxy+l =

Recruitment, defined as the number of juveniles produced in nurseries, accounts for habitat-mediated
mortalities during the juvenile stage and is the critical component of this model.
The recruitment N, __,, is computed from egg numbers produced in a year, w, (Equation 3):

Amax
(3) wy, = 3 Ny, XMat, X pf, X Fec,

a=0arec
where Mat,, is the probability of being mature at age a, pf, is the proportion of females at age a, and
Fec, is the fecundity at age a, all considered constant in time.
The mortality from eggs to recruited juveniles follows a compensatory density-dependent mortality
process resulting from intra-cohort competition for trophic resources and/or space (Beverton and

Holt, 1957). Recruitment (N,,,_,) is modelled by a Beverton-Holt relationship parameterized in

terms of its asymptote, K, interpreted as the carrying capacity of the nursery, and steepness (h)

(Equation 4):
AXAX W —
4 Napy ==
WX(l—h)+T
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where h is the steepness, defined as the proportion of unfished equilibrium recruitment produced
when the spawning stock biomass is reduced to 20% of its unfished level (Mace and Doonan, 1988).
It characterizes the drop-off in recruitment when the reproductive potential is reduced. It varies in
theory from 0.2 for a linear stock-recruitment relationship to 1 for a constant recruitment above 20%
of pristine biomass (Myers et al., 1999; Mangel et al., 2013; Rindorf et al., 2022). K is the carrying
capacity (Daily and Ehrlich, 1992), defined as the maximal number of juveniles that a nursery area
(here considered unique for the population) can produce. W is the average number of eggs produced
by a recruit during its lifetime in the absence of fishing (equation in Appendix A).

Once parameterized for each species (see next section), this simulation model is used to simulate
equilibrium states under a range of fishing mortality rates (F, from 0 to 1) to empirically construct
equilibrium curves for catch (C) and spawning stock biomass (SSB), enabling the estimation of

management reference points such as SSBwmsy, Cusy and Fmsy (MSY, Maximum Sustainable Yield).

Equations for computation C and SSB are available in Appendix A. Fj;sy and the 55:;% ratio will be
0

used as indicators to be compared with stock assessment outputs and with the empirical results of

Froese et al. (2016), respectively.

2.2. Parameterization of the case studies

For each of the four case studies, all stock-specific parameters were extracted from both stock
assessment outputs and the literature (Table 1), except for the carrying capacity (K), which was

calibrated.

Parameters from stock assessments and literature

Recruitment age, maximum age, weights at ages, maturity ogive and natural mortality were taken
from the assessment reports for the four studied stocks (ICES, 2021ab). Fecundity equations, larval

mortality, and lengths at ages were collated from the literature (Appendix B).
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The FishLife package (Thorson, 2019) was used to parameterize steepness for the baseline scenarios.
This package analysed stock-recruitment series from the RAM database (Myers et al., 1995) in
relation to life-history data extracted from FishBase (Froese and Pauly, 2022) using a multivariate
hierarchical Bayesian model with taxonomic structure. Steepness values were extracted at the

taxonomic level of order to obtain a robust estimate (Thorson, 2019).

Calibration of carrying capacity for the baseline habitat scenario

Only the parameter K, the carrying capacity of the nursery area (considered a unique entity), which
ultimately determines the population size, requires calibration. For each of the four case studies, the
carrying capacity K representative of the current state (baseline habitat scenario) was estimated by
minimizing the difference between the SSB and catches simulated by our model with those of the

stock assessment outputs (i.e., by minimizing the objective function in Equation 5):

Ymax

(5) Z (log(SSBpred,y) - log(SSBICES,y))Z + (log(cpred,y) - log(CICES,y))Z
Y=Ymin

Where yp,in and yp,q, are the first and last year of the stock assessments, respectively, SSB,,.. is the
model predictions of SSB, SSB-gs IS the SSB provided by the stock-specific assessment (ICES
2021ab), Cpreq is the model predictions of catches and Cj¢gg is the catches (ICES, 2021ab).

For sole and plaice, SSB and catches were taken directly from stock assessments (ICES, 2021a). For
whiting (ICES, 2021a) and seabass (ICES, 2021b), SSB and catches were derived from stock
assessments covering a wider area. They were scaled to the EEC proportionally to the average

proportion of landings in division 7.d with respect to total landings (Appendix C).
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Table 1. Species-specific model parameterization for the baseline habitat scenario.

Recruitment Maximum  Steepness (h) Natural Larval Carrying
age (arec) age (amax) (Thorson,2019) mortality rate survival rate  capacity
(M) (e_MlarvanAl) (K)
(Le Pape and  (calibrated)
Bonhommeau,
2015)
11
Sole . (ICES, 0.771 o 1073 4.0 x 107
(ICES, 2021a) (ICES, 2021a)
2021a)
Age 1: 0.3531;
7 Age 2: 0.3132;
1 Age 3: 0.292;
Plaice (ICES, 0.771 Age 4: 0.2749; 10-3 7.1 x 107
(ICES, 2021a) Age 5: 0.2594;
2021a) Age 6: 0.2474;
Age 7: 0.2329
(ICES, 2021a)
Age 0: 2.0057;
Age 1:1.1510;
Age 2: 0.6560;
0 8 Age 3: 0.5107;
Whiting ICES 0.626 /e 4: 0.4690; 103 5.3 X 10°
(ICES, 2021a) ( Age 5: 0.4477,
2021a) Age 6: 0.3387;
Age 7: 0.2797;
Age 8: 0.2610
(ICES, 2021a)
16
Seabass 0 (ICES, 0.736 0.24 10-3 1.1 x 107
(ICES, 2021b) (ICES, 2021b)
2021b)

2.3. Parameterization of scenarios for CE nursery habitat

Habitat restoration scenarios were parameterized by modifying both the surface area and the quality
of nursery habitat (Champagnat et al., in rev.), which will impact the two key parameters h and K in
the stock-recruitment relationship in Equation (4).

Modelling scenarios of surface area modification are straightforward. The carrying capacity K

depends directly on the surface area S of the nursery habitats (Equation 6). Writing the carrying
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capacity K as the product of a carrying capacity per unit of surface area K* and the surface area

Spasetine, W€ parameterized surface area scenarios using a multiplier (Ag,,face area) 8S:

_ * Sbaseline
(6) K= Kbaseline X

Asurface_area
0 that Agy,face area = 1 cOrresponds to the baseline situation and a value of Asyrrace area <1
denotes an increase in surface area.
To model scenarios of habitat quality alteration/restoration, we relied on Champagnat et al. (in rev.),
with a parameterization of the stock-recruitment relationship (Equation 4) in terms of instantaneous
density-independent (M%") and density-dependent (M24) mortality rates between larvae and juveniles
(Quinn and Deriso, 1999). Relationships between classical (h, K) and new (M%, M4%) parameters

can be written as (Equations 7 & 8; see Champagnat et al. in rev. and Appendix A for more details):

di —
e—M Ixarec xe " Migrvae*A1xWw

() h =

4+e-MAxarecxoe~Migrvae AL x W

di
@ K=2-x——0xS

mad eMlearec—l

where e MiarvaeXA1 s the resulting survival from density-independent mortality occurring during
larval drift of duration A; and S is the surface area of the nursery. Hence, looking at Equation (6), the

carrying capacity per unit of surface area is written as a function of M% and M4 (K* =

Ml 1 )
mad eMdixarec—l '

This alternative formulation allows us to parameterize the restoration (resp. alteration) of the quality
of juvenile habitats in terms of a decrease (resp. increase) in both density-independent and density-
dependent mortality rates, M4 and M?? (Champagnat et al., in rev). A common multiplier (A4 q1ity)
is applied to M4 and M%, which in turn modifies the values of h and K*.

Finally, the combination of scenarios of surface area alteration/restoration (varying Asy,rrace area)
and quality alteration/restoration (varying 4,4::t,) modifies stock-recruitment parameters (h, K) as

(Equations 9 &10):

10
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_ i -
e “Aquality XM Xarec  ,~Mgrypae 7

(9) h()lquality) = A

_ . di —
e tquality*MTXarec . ~Mgryae iy

Mt 1 Shaseline
(10) K(/lqualityi Asurface_area) = Mmad X 2 X

. di
e qualltyXM Xarec_l Asurface_area

2.3.1. Parameterization of surface area losses

The habitat surface area scenarios were based on estimation of surface area losses since 1870, derived
from bathymetry data in three coastal sectors of the French EEC coastline in 1870 (Bay of Veys,
Seine Estuary, Somme and Canche) available on the EMODnet website. The maps from 1870 were
compared with the 2020 bathymetry map (Appendix D). The loss of habitats above a bathymetry of
5 m, including the intertidal area, was estimated in each sector. This limit was chosen because it
integrates almost all surface area loss in CE nursery areas (Rochette et al., 2010; Stamp et al., 2022).
The proportion of habitat loss (S;,s5) Was estimated as the surface areas lost in each French sector
between 1870 and 2020 for the total habitats above 5 m of the EEC French coast: S;,.c = 26.9%
(Appendix D).

In the scenarios, S;,s; Was considered a proxy of the surface area loss at the EEC scale. Indeed, (i)
these sectors represent major nursery areas for the four studied species (Riou et al., 2001; Carpentier
et al., 2009); (ii) to the best of our knowledge, no similar data were available for the English coast.
However, English intertidal habitats have lost surface area during the same period with similar levels

of loss (Stamp et al., 2022). Thus, a global surface area restoration multiplier (Asyrrace_areajgiobat)

was calculated as (Equation 11):

1
(11) Asurface_areawl()bal = 1-S;
0SS

2.3.2. Species-specific bathymetric distribution of juveniles

The juveniles of the four studied species have different bathymetric distributions (Riou et al., 2001;

Carpentier et al., 2009; Ellis et al., 2012) and hence different concentrations in shallow areas (<5 m).
11
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These different concentrations determine the proportion of juveniles impacted by surface area loss in
these shallow areas. The species-specific proportion of juveniles present in habitats above 5 m
(PT0pspecies) Was estimated from both bathymetric and nursery maps (Appendix E; Propspecies =
49.7,16.7,4.1 and 80.2 for sole, plaice, whiting and seabass, respectively).

The nursery surface area loss factor was only applied to the proportion of juveniles present in this
shallow area. Consequently, a species-specific surface area restoration factor (Asyrrace areajspecies)
was calculated to simulate the restoration of the nursery area extent to the 1870 level (Equation 12;

Table 2):

1

12 2 =
surjace_area|species
face_ Isp 1"‘(P7'0pspecies>< Asurface_area|global)_Proz’species

2.3.3. Parameterization of quality effects

We relied on Courrat et al. (2009), who quantified the impact of the chemical quality of French
estuaries on the density of marine juvenile fish, to estimate the ecological status of estuarine waters
for the European water framework directive (Delpech et al., 2010). Courrat et al. (2009) found that
estuaries with a medium ecological status had densities of juveniles 20% lower than estuaries of good
quality. We assumed that this loss of density directly reflected a loss in carrying capacity per unit of
surface area (K™) due to degradation of habitat quality only (without loss of surface area). We denote
K enario @S the new carrying capacity under the habitat restoration scenario.

Based on Equation (10) (but see also details in Appendix F), we back-calculated the habitat quality
multiplier Aquality to be applied to M4 and M%¢ that corresponds to the change from the baseline
carrying capacity K* t0 K .n.ario (EQuation 13):

Mdi
dd
(13) Aquality = Sc;;zlicilrw

+1)

12
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The quality scenarios have been constructed by considering a homogeneous quality status of the
nursery areas for all the nursery sectors (i.e., a single parameter A4, for the whole EEC). Then,
an additional assumption of the ecological status of CE areas in the EEC was made: on average, all
estuaries were considered of average quality, and our scenarios simulated the restoration of these
estuaries to a good ecological status (Courrat et al., 2009; Delpech et al., 2010).

The sensitivity of juveniles to changes in habitat quality likely depends upon their concentration in
shallow habitats (<5 m), which varies greatly among species (Table 2; parameter Prop). Logically,
the higher the concentration of juveniles in shallow areas, the higher their sensitivity to changes in
habitat quality. To assess the sensitivity of the response to habitat quality to the concentration in
shallow areas, we tested two different scenarios for habitat quality restoration.

- The first scenario (quality all) considers the restoration applied to all juveniles. This restoration
scenario was based on a new carrying capacity (K;..nario o) Calculated to simulate a restoration of
the 20% loss (Equation 14):

(14)  Kicenarioan = K* X 1.25

- The second scenario (quality band) considers the restoration applied only to the proportion of
juveniles located above the 5 m bathymetry (Prop). This assumption was made to differentiate
juveniles present in very shallow coastal areas, sensitive to high levels of contamination, from those

located in deeper waters, considered not impacted (K, ; Equation 15)

cenario band:

2.3.4. Summary of scenarios

The estimates of surface area losses and quality effects (Table 2) were used to simulate four species-
specific scenarios: (i) surface area restoration, (ii) quality restoration applied to all juveniles (quality
all), (iii) quality restoration applied to the most coastal juveniles (quality band) and finally (iv) a

scenario that combines surface area and “quality band” restoration.
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Table 2. Percentage of juveniles present in habitats above 5 m and associated restoration factors.
|
| Sole Plaice Whiting Seabass

Percentage of juveniles in
shallow nurseries 49.71 16.72 4.10 80.23
(Propspecies)

Surface area restoration
factor 0.8446 0.9417 0.9850 0.7711

(Asurface_area|species)

Quality restoration factor

Quality all 0.9453 0.9330 0.8574 0.9367
(Aquality)
Quality restoration factor
Quality band 0.9712 0.9877 0.9932 0.9481
(Aquality)

In the first step, the results will be illustrated only with the second quality scenario (impact on inshore

juveniles, quality band). Then, a sensitivity analysis will compare the two quality scenarios.

3. Results

A detailed interpretation of both the calibration and results of the habitat scenarios is presented for

seabass before interspecific comparisons.

3.1. Seabass case study

The results are expressed as a percentage of seabass SSB or catch reallocated to fishery unit 7.d

(Figure 1; Appendix C) and not in relation to the actual management unit (ICES, 2021b).

Calibration of the carrying capacity to stock assessment outputs

K is estimated at 1.1 x 107 juveniles. The results highlight discrepancies between model predictions
and catches and SSB reported by ICES (Appendix G). However, the average SSB values estimated

by ICES and the average SSB values predicted by our model are quite similar (5.8 x 10° and

5.6 X 10° kg, respectively). The same conclusion holds for catches (average ICES values at
14
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267

268
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270

271

1.4 x 10 kg and model predictions at 1.2 x 10°, Appendix H). Model behaviour at equilibrium is

realistic: an Fmsy of 0.15 without habitat restoration scenario (Figure 3), while the Fmsy from ICES

SSBMsy
SSBg

(2021b) was 0.17, and a of 0.28.

Scenarios — Scenarios

— Reference — Reference
Surface area Surface area

= Quality = Quality

= Combined = Combined

2000 A

1500 1500

1000 1000

Catch (in T)
Catch (in T)

500 500

0 10000 20000 30000 0.00 0.25 0.50 0.75 1.00
SSB (inT) Fishing mortality (F)

Figure 3. Production curves according to habitat scenarios as function of SSB (A) or fishing mortality
(B) for seabass in ICES division 7.d. Quality and combined effect based on the quality band
hypothesis.

Equilibrium production curves under habitat restoration scenarios

Restoring the surface area of juvenile habitat only impacts K (Equation 10) and hence the scale of the
productivity curve, with increased catches and increased levels of biomass at MSY (Figure 3A), while
Fmsy remains unchanged (Figure 3B). In contrast, restoring habitat quality (quality band scenario)
affects both the K and h parameters (Equations 9 and 10), hence increasing catches, SSBmsy and

Fmsy (Figure 3B).
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3.2.  Comparison between species
Population model fit

For all four species, as shown for seabass, the calibration of the model led to predictions of catches
and SSB that did not match perfectly with annual ICES data (Appendix G). However, the average

SSB and catches estimated by ICES and predicted by our model were similar. Overall, the model

outputs at equilibrium, Fmsy and SS;—”;” ratio fit within the expected range (0.2 to 0.34; Horbowy and
0

Hommik, 2022) (Appendix H).

Maximum sustainable yield indicators under habitat restoration scenarios

The impacts of habitat restoration scenarios were compared across species by estimating relative
gains in SSB and catches at MSY equilibrium states (Figure 4). The surface area scenario has the
largest impact on SSB, with gains ranging from 1.5% for whiting to 29.6% for seabass (Figure 4A).
This interspecific pattern also concerned the gains linked to the restoration of quality, with an increase
in SSB ranging from 0.4% for plaice to 17.1% for seabass. When combining the surface area and
quality restoration scenarios, the effects are multiplicative (i.e., greater than the sum of both effects),
and two groups of species emerge: whiting and plaice, for which the combined restoration has the
lowest effect, with gains of 2.9% and 6.6%, respectively, whereas sole and seabass had gains of 27.4%
and 51.8% in SSB, respectively. The catch increase at MSY almost followed that of SSB (Figure 4B).
In volume, the restoration of both habitat surface area and quality represents an increase in catches of

327,957, 1990 and 810 tons for whiting, plaice, sole and seabass, respectively.
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Scenarios

Figure 4. Effects of habitat scenarios on SSB (A) and Catch (B) gain at MSY by species.
The quality and combined scenarios are based on the quality band hypothesis.
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292  Sensitivity to the quality scenario hypothesis

293  Large differences emerged between the two scenarios for quality restoration (quality band = impacts
294  only the juveniles located in shallow (<5 m) habitat; quality all = impacts all juveniles). The
295  restoration of quality for all juveniles in the EEC leads to a greater homogeneity in the gains than
296  when the restoration is carried out according to the bathymetric distribution of juveniles (Figure 5).
297  Under the quality all scenario, interspecific patterns depended on demographic parameters only,
298  especially steepness and fecundity, which differed between species. The results show that the
299  sensitivity to quality restoration is higher for species with lower steepness (whiting; Figure 5).

300 Moreover, all species have greater catch gains in this “global” restoration scenario due to a larger

17



301 quantity of juveniles impacted by the restoration (an increase of 32%, 26%, 15% and 7%, compared

302 to the “partial” scenario, for whiting, plaice, sole and seabass, respectively; Figure 5).

303
40- Species
B Whiting
B Plaice

s Sole

X M Seabass

30

>

2

=

©

o 20-

0

©

[}

3]

£

5 10-

©

@)

-
Quality band Quality all
Scenarios
Figure 5. Difference in catch gains per species according to the assumption made for quality
scenarios. Quality band is the restoration scenario applied only to the juveniles in shallow
habitats (<5 m) and quality all is the restoration scenario applied to all the juveniles.
304

305 4. Discussion

306 4.1 Main findings

307  We assessed the consequences of CE nursery restoration through a generic age- and stage-structured
308  model with a stock-recruitment relationship that directly depends upon the quality and surface area
309  of the nursery habitat (Champagnat et al., in rev). The model was applied to four nursery-dependent
310  species, i.e., sole, plaice, whiting and seabass, characterized by different life history traits and various
311  degrees of concentration in EC nursery habitats in the EEC. For the four species, models were

312  parameterized from the literature and stock assessment outputs (ICES, 2021a,b), except for the
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carrying capacity, which was calibrated to stock assessment outputs to achieve realistic population
sizes.

The model was used to simulate equilibrium catch curves obtained under different scenarios of
nursery quality and surface area restoration for the four species. Surface area restoration increased
the catches and biomass at MSY'. The restoration of quality led to an increase in catches and biomass
at MSY but also in fishing mortality at MSY. Overall, the species with higher levels of concentration
in shallow nursery areas were the most sensitive to the habitat restoration scenarios. Thus, seabass
was the species for which habitat restoration had the greatest positive impact, while whiting was the
least affected species. However, the response also depended upon species-specific life history traits:

lower steepness led to a stronger response to habitat quality scenarios.

4.2 Limitations in model assumptions and scenarios
Generic model to simulate population dynamics without stochastic recruitment variability

In this generic model, only one parameter, the carrying capacity (K), needed to be calibrated to stock
assessment outputs. This makes it easy to apply for several case studies, i.e., four stocks herein, as
needed parameters and data were available from the literature and stock assessments. Indeed, the
model used requires age-based stock assessment outputs to be implemented, and this is the main
limitation to its use. However, the calibration of K implies two ecological assumptions, the first being
that the carrying capacity of the nursery habitat limits recruitment (Beverton and lles, 1992; Le Pape
and Bonhommeau, 2015). The second is that this carrying capacity does not vary over time, which is
a strong assumption. Indeed, fluctuations were previously evidenced (Luo et al., 2001; Le Pape et al.,
2003), for instance, as a response to the supply of nutrients and organic matter that support food
provisioning (Kostecki et al., 2010; Day et al., 2021).

Considering a deterministic population dynamic is another limitation of the model. Indeed,
environmental variability dramatically impacts population dynamics, especially regarding the

recruitment process (Pfister and Stevens, 2003). This has led to poor predictions of annual variations
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in SSB and catches. However, the objective was not to reproduce these annual fluctuations but to
simulate realistic average population dynamics. The calibration led to an average estimate of SSB

and catches close to the average estimate of the ICES over the same period for the four studied

species. In addition, population indicators (Fmsy and —SSSIZ’;SY
0

ratio) confirmed the realism of the
dynamics.
Finally, the model structure does not take into account the ecosystem relationships between different

life stages within a species or among species (Day et al., 2021). Such interactions may also impact

the carrying capacity, thus SSB and catches.

Model without spatial population structure

The model considered juvenile habitat as a single homogeneous block, whereas CE areas are
composed of a multitude of habitats with high heterogeneity that can vary over time (“shifting habitat
mosaic”, Peterson, 2003; Wimberly, 2006; Nagelkerken et al., 2015). Considering the nursery areas
as a single block is limiting, especially for the construction of quality restoration scenarios. However,
considering spatial heterogeneity would require parameterizing specific Beverton-Holt relationships
for each nursery area (Rochette et al., 2013), which is inaccessible. Moreover, considering different
nursery sectors in the EEC would greatly complicate our model and the elaboration of restoration
scenarios by raising questions about steepness estimation for the different nursery sectors (White,
2010) and population connectivity (Archambault et al., 2016).

Diffusion of the outcomes of local nursery restoration at a metapopulation scale highly depends on
the level of connectivity at different stages of the life cycle (Archambault et al., 2018; Randon et al.,
2021; Ma et al., 2022). The results therefore provide global estimates at the stock scale, with caution
regarding the interpretations of both internal and external spatial structures, especially when based on

estimates at MSY (Ying et al., 2011).
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Realistic but simplified scenarios

The estimation of surface area losses was based on historical data available on three CE nursery areas
on the French side of the EEC in 1870. Accounting for surface area losses in these three CE areas
was an innovative step forward, as previous studies in the EEC have focused on the single Seine
Estuary (Rochette et al., 2010, Archambault et al., 2018; Champagnat et al., 2021). However, no
similar data were available for the English coasts, where nurseries have experienced surface area
losses over the same period (Stamp et al., 2022). This proxy of French surface area loss was
considered the best available knowledge for the EEC.

To fit with available information on CE surface area loss, the concentration of juveniles in the shallow
nursery habitat was considered dependent on depth only. Depth is a main driver of juvenile fish
distribution for the studied species in the EEC (Riou et al., 2001; Carpentier et al., 2009; Ellis et al.,
2012), but defining an ecological niche by a single variable is a very simplifying assumption
(Grinnell, 1917; Hutchinson, 1957). CE nursery areas can be defined by other parameters, e.g.,
salinity and hydrodynamics (Kennedy and Fitzmaurice, 1972; Kelley, 1988; Le Pape et al., 2003),
sediment structure (Riou et al., 2001; Rochette et al., 2010), and coastal shelter (Trimoreau et al.,
2013). The estimation of species-specific surface area losses was therefore oversimplified. Moreover,
the proportion of juveniles above 5 m was calculated on maps representing present habitats. When
shallow habitats were of larger surface extent, as in 1870, the proportion of juveniles present in this
shallow fringe was likely greater, which could have led to underestimation of species-specific
consequences of surface area loss.

The scenarios of quality degradation were based on a global estimate of juvenile density drop in
nursery areas (Courrat et al., 2009). This proxy was used due to the lack of knowledge on the species-
specific impact of nursery habitat quality degradation on the demographic parameters of juvenile fish.
Indeed, despite the well-documented impacts of local anthropogenic disturbances on juveniles of CE

nursery-dependent species (Brown et al., 2018), the consequences of these impacts on demographic
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rates are still poorly understood and need to be quantified to infer impacts at the population scale
(Vasconcelos et al., 2014; Lipcius et al., 2019; Schneeweiss et al., 2022).

Given this lack of knowledge, two strong hypotheses were put forward. First, the parameterization of
the quality scenario assumed a common multiplier on density-dependent and density-independent
mortality rates. This is a strong assumption, as different processes are associated with these mortality
rates (Jonhson, 2007; Juanes, 2007). Density-dependent mortality refers to interactions among
juveniles of the same cohort, mostly competition for food or space (Gibson, 1994; Craig et al., 2007,
Le Pape and Bonhommeau, 2015). Density-independent mortality involves other mortality processes
linked to a large panel of stressors (e.g., pollutants, Rose et al., 2003; oxygen, Gibson, 1994) and/or
predation (Gibson, 1994; Hilborn and Walters, 2021). Second, the simulation results were very
sensitive to the two assumptions made on which fraction of the nursery habitat is affected by quality
restoration/degradation (i.e., the whole nursery area or the <5 m band only). The lack of knowledge
on the gradient of land—sea impacts on marine juvenile fish in CE nurseries prevents selecting
between scenarios or developing more accurate scenarios.

Because survival rates are very low at young stages, the sensitivity of population dynamics to minor
changes in the mortality rate is high (Levin and Stunz, 2005; Hilborn and Walters, 2021) and would

require attention in future studies to design more accurate scenarios.

4.3 Effects of nursery restoration and comparison between species

To the best of our knowledge, our study is the first to assess the effect of restoration of CE nursery
areas for a group of species at the scale of a management unit.

Surface area restoration, which leads to an increase in the carrying capacity of the nursery, enhances
the catches and biomass at MSY. The restoration of quality increases both the carrying capacity and
the steepness, thus increasing catches, biomass and fishing mortality at MSY (Champagnat et al., in
rev.). For a combined restoration, the effects are multiplicative, i.e., higher than the simple sum of

the marginal restoration effects.
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The difference in gains between species due to surface area restoration is mainly due to a different
degree of concentration of juveniles in the shallow nursery habitat. The differences in quality
restoration are also highly sensitive to assumptions regarding the proportion of juveniles impacted by
restoration. However, the impacts of quality restoration are also related to species-specific
demographic parameters (Champagnat et al., in rev.). Thus, an interesting result of this study is that
life history traits, especially steepness, not only drive the sensitivity of marine fish to fishing pressure
(Froese et al., 2016; Miller and Brooks, 2021; Horbowy and Hommik, 2022) but also their response
to essential fish habitat degradation.

Previous studies focusing on sole examined the effect of surface area and/or habitat quality scenarios
in the EEC with more complex and species-specific life cycle models. Archambault et al. (2018) and
Champagnat et al. (2021) demonstrated the effects of quality degradation and surface area loss in CE
nursery areas in the EEC, considering the restoration of the surface area and the quality of the Seine
estuary only. The present model provided outputs consistent with these species-specific approaches,
but the main focus was its generic formulation, allowing us to consider four species. This generic
steepness-based approach requires limited tuning (i.e., only of the carrying capacity parameter) to
parametrize the stock-specific population dynamics as long as an age-structured stock assessment is
available. Such a tool to infer the consequences of habitat degradation at the population and fisheries
scale is highly needed (Rabalais, 2015; Lipcius et al., 2019; Schneeweiss et al., 2022), and this model
could easily be applied for other study areas and fish species in the future.

However, the accuracy of the scenarios relies on the existing knowledge on both the fraction of
juveniles concentrated in impacted CE nurseries and the level of impact (surface area loss and drop
in demographic rates or density in response to lower quality). The sensitivity to these uncertain levels
of change (Levin and Stunz, 2005; Hilborn and Walters, 2021; Zimmerman et al., 2021) could be
high. However, both the use of simulation at equilibrium states and the lack of data allowing model
predictions to be directly compared to habitat scenarios related to field records on a long-term (i.e.,

since 1870 for surface area loss) temporal basis prevent further validation.
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4.4 Management implications

The present approach shows that the gains from fisheries management could be greatly increased if
nursery areas were restored in the EEC. This restoration could lead to annual catch gains of 2.9%,
11.6%, 35.3% and 65.2% for whiting, plaice, sole and seabass, respectively, representing gains of
327, 957, 1990 and 810 tons, respectively. In addition to catch gains, the spawning stock biomass
would also be enhanced, which could have beneficial consequences for the whole ecosystem (Froese
et al., 2008; Froese et al., 2016). However, the lack of time series to compare model predictions and
habitat status prevents us from validating the simulation outputs. Nevertheless, ongoing management
measures to restore the surface area (in the Seine estuary, Ducrotoy and Dauvin, 2008) and quality of
CE habitats (decreases in pollutant levels; Meybeck et al., 2007; Tappin and Millward, 2015) in the
EEC should therefore be continued to enhance fish and fisheries production (Katara et al., 2021).

This study supports the need to consider essential fish habitat in the management of fishing resources
(Brown et al., 2018; Kraufvelin et al., 2018; Brown et al., 2019). The high level of surface area loss
and anthropogenic disturbances to the remaining CE ecosystems (Halpern et al., 2008) impact their
nursery function (Jokinen et al., 2015) worldwide (Barbier et al., 2011). Substantial recovery of the
function of habitats essential to marine life could be achieved (Duarte et al., 2020). Restoring coastal
nurseries (Buelow et al., 2022; Troast et al., 2022) may be even more beneficial than regulating

fishing pressure (Levin and Stunz, 2005; van de Wolfshaar et al., 2011).
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Highlights “Potential impacts of the restoration of coastal and

estuarine nurseries on the stock dynamics of fisheries species”

Gernez M., Champagnat J.1, Rivot E.}, Le Pape O.!

* The effects of nursery habitat restoration were assessed for four species of main fisheries of

interest in the Eastern English Channel.

* Potential restoration gains in terms of biomass and catches were substantial, up to more than
50% of spawning biomass at maximal sustainable yield for the most shallow nursery-

dependent species.

* Species with higher concentrations in shallow nurseries were the most sensitive to habitat

restoration.

* Contrasts in life history traits lead to species-specific responses: a lower resilience to fishing

pressure induces a stronger response to habitat restoration.
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