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Fisheries are often characterized by high heterogeneity in the spatial distribution of habitat quality, as well as fishing effort. However, in several
fisheries, the objective of achieving a sustainable yield is addressed by limiting Total Allowable Catch (TAC), set as a fraction of the overall
population, regardless of the population's spatial distribution and of fishing effort. Here, we use an integral projection model to investigate how
stock abundance and catch in the green abalone fishery in Isla Natividad, Mexico, are affected by the interaction of heterogeneity in habitat
quality and fishing effort, and whether these interactions change with Allee effects—reproductive failure in a low-density population. We found
that high-quality areas are underexploited when fishing pressure is homogeneous but habitat is heterogeneous. However, this leads to different
fishery outcomes depending on the stock’s exploitation status, namely: sub-optimal exploitation when the TAC is set to maximum sustainable
yield, and stability against collapses when the fishery is overexploited. Concentration of fishing effort in productive areas can compensate for
this effect, which, similarly, has opposite consequences in both scenarios: fishery performance increases if the TAC is sustainable but decreases

in overexploited fisheries. These results only hold when Allee effects are included.
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Introduction

Accounting for spatial heterogeneity in habitat quality and
in the distribution of target stocks is increasingly being rec-
ognized as an essential part of fisheries management (Caddy,
1975; Seijo et al., 2004; Castello et al., 2013; Kaplan et al.,
2014; Pérez-Jiménez and Mendez-Loeza, 2015; Voss et al.,
2018; Okamoto et al., 2019; Woodson et al., 2019). Patchy
distributions of fish stocks may arise from spatial variation
in habitat quality and productivity, and can also be driven by
complex hydrographic processes regulating dispersal and lo-
cal retention of fish larvae over convoluted coastlines, marine
shoals, banks and seamounts, as well as by adult movement
and spawning behaviour (Ciannelli et al., 2010; Skjeeraasen et
al.,2011; Huserbriten et al., 2018; Barth et al., 2019; Norder-
haug et al., 2021). In sedentary species, areas with low-quality
habitats are generally characterized by low recruitment, which
then influences spatial patterns in mature adults (Charton and
Ruzafa, 1999). Even highly mobile species can exhibit com-
plex spatial structures, with populations composed of multi-
ple sub-stocks using different spawning grounds or travelling
over long distances (Reich and DeAlteris, 2009; Kaplan ef al.,
2014).

Disregarding spatial heterogeneity in the dynamics of sub-
stocks within large areas increases the risk of local over-
exploitation, reduces yield (Voss et al., 2018) and can ob-
scure early warnings of population collapse (Charton and
Ruzafa, 1999; Reich and DeAlteris, 2009; Kaplan et al., 2014;
Okamoto et al.,2019). Unfortunately, gathering fine-scale spa-
tial information on habitat quality and sub-stock structure is
time-consuming and costly. As a consequence, many fisheries

have been traditionally managed over large areas without ac-
counting for the fine scale spatial distribution of sub-stocks
nor for heterogeneities in the quality of the fishing ground.
A common non-spatial management system used in fisheries
sets a Total Allowable Catch (TAC) for the entire stock. In
response to declining catches in the 1980s (Ye and Gutier-
rez, 2017), managers of open-access commercial fisheries lim-
ited catches by setting a yearly TAC for the management unit,
with the fishery closing once the quota is met (Plummer et
al. 2012; Morgan, 1997; Batstone and Sharp, 1999; Daw
and Gray, 2005; Ye and Gutierrez, 2017). Owing to their sim-
plicity, many fisheries have maintained their TAC regulations,
which have since also been implemented in other fisheries
across the world (Lokani et al., 1995; Hernandez and Kemp-
ton, 2003; Branch and Clark, 2006; Ryu et al., 2006; Matsuda
etal.,2010).

Many challenges are associated with TAC-regulated fish-
eries, however. Because the fishery closes when the quota is
reached, this system inherently puts fishers in competition
against each other for a share of the quota, resulting in an
“Olympic race to fish” (Hilborn, 2007). This race to fish can
also be caused by the steep price of some fishing licenses, lead-
ing to fishers having to put their personal assets at risk. In the
absence of more complex management systems based on indi-
vidual transferable quotas (ITQ) and territorial use rights for
fishing (TURF), the race to fish inevitably creates incentives
to boost harvesting effort by increasing the size and number
of fishing vessels, ultimately leading to over-capitalized fleets
and strong political pressure to further increase exploitation
rates (Branch et al., 2006; Beddington et al., 2007; Antica-
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mara et al.,2011; Rust e al., 2016). This pressure to maximize
short-term catch and the challenges of stock assessment often
result in TAC limits set higher than would be needed in or-
der to achieve the maximum sustainable yield (MSY) or other,
more conservative fishery targets (Daw and Gray, 20035; Vil-
lasante et al., 2011). However, even when the TAC is set at
conservative levels relative to MSY, fisheries can still experi-
ence a decline in stocks over time. This happens, for exam-
ple, when stocks are managed over broad management areas,
overriding the underlying spatial heterogeneity. Mismatches
between ecological and management spatial scales can lead
to overexploitation of sub-stocks and deplete the entire stock
over time, even for exploitation rates deemed sustainable at
the broader geographical scale (Rose and Kulka, 1999; Spies
et al., 2015; Voss et al., 2018; Okamoto et al., 2019). Species
subject to Allee effects, i.e. reproductive failure in a low den-
sity population, are especially sensitive to local overfishing, as
high exploitation rates increase the chance that the local pop-
ulation density drops below the threshold required for suc-
cessful reproduction (Frank and Brickman, 2000). These lo-
cal collapses might get ignored so long as the annual quota
in the larger management unit is achieved, but can progres-
sively erode the reproductive stock and, even when the fishery
is globally stable, they may affect other species in the ecosys-
tem and vulnerable communities that interact with the fishery
at local spatial scales (Okamoto et al., 2019).

Previous studies on spatial management typically explored
different assessment and enforcement strategies (eg. Spies et
al., 2015; Voss et al., 2018), but not the potential different
human responses to these strategies. However, spatial hetero-
geneity in fishing mortality must also be considered in order to
fully understand the impact of habitat heterogeneity, as fishers
respond to ecological cues in an effort to maximize net eco-
nomic gains (Hilborn and Ledbetter, 1979; Wilen et al., 2002;
Branch et al., 2006). In order to maximize benefits, fishers use
information about fish density from previous experiences or
available information on habitat quality to focus their fish-
ing effort in high-yield areas (Hilborn and Ledbetter, 1979;
Branch et al., 2005). This is most likely to happen for less mo-
bile species and for species that aggregate in spawning areas at
certain times of the year (Sadovy and Domeier, 2005; Erisman
etal.,2012).In addition, management strategies that create in-
centives for a race to fish and lead to over-capitalized fleets—
such as in TAC-regulated fisheries—can further encourage a
shift of fishing effort from less productive towards more pro-
ductive areas (Gorfine and Dixon, 2001). This behaviour pro-
vides the potential for a negative feedback loop, as fishing
mortality increases in more productive areas, thus reducing
the abundance of larger and disproportionally more reproduc-
tive individuals (De Leo and Micheli, 2015). This can some-
times be consistent with management goals by homogenizing
the population across space (Gorfine and Dixon, 2001), but
can also cause declines in the stock and reduce recovery po-
tential (De Leo and Micheli, 2015), especially for species that
reproduce at spawning aggregations (Sadovy and Domeier,
20035; Erisman et al., 2012). Finally, fishers may account for
distance from port when distributing their fishing effort, in or-
der to minimize fuel and labor costs (Sampson, 1992; Caddy
and Carocci, 1999).

The risk of habitat heterogeneity causing overfishing within
a TAC-regulated fishery is thus influenced by (1) the extent
to which fishing mortality is evenly distributed or aggregated
around high-quality habitat patches, and (2) how important
high-quality habitat patches are to supporting overall stock
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productivity. If good habitat is aggregated, and these areas
are important for maintaining overall stock productivity, then
fishing mortality concentrated in these few areas may lead to
an overfished stock (Hilborn et al., 2006). If, however, there is
uncertainty about the spatial distribution of fish and expected
catches, and fishing mortality is more evenly distributed across
a heterogeneous habitat, it is unclear what the overfishing
risks are to the fishery.

In this work, we investigate how the interaction between
heterogeneity in habitat quality and in the distribution of fish-
ing effort affects fishery performance in a TAC-regulated fish-
ery. Previous studies have examined the benefits of spatial
management (Kaplan et al., 2014; Voss et al., 2018; Okamoto
et al., 2019) and compared fisheries performance when fish-
ing is distributed evenly throughout the management area and
when fishing effort is proportional to fish abundance (Caddy,
1975; Seijo et al., 2004). Here, we use a spatially-explicit In-
tegral Projection Model (IPM) to study the effect of fishing
effort aggregation—allowing for a more flexible response of
fishers to spatial heterogeneity in habitat quality—on an over-
capitalized TAC-regulated fishery, and for a species with and
without the Allee effect. IPMs allow assessments to explic-
itly account for relevant non-linearities associated with the
well documented increase in per-capita survival, fecundity,
and fishing mortality with body size in many marine species
of commercial and conservation interest (De Leo and Micheli,
2015), and their compounded effect with reduced recruitment
caused by reproductive or settlement failure at low population
density (Aalto et al., 2019).

We build the analysis by using an existing demographic and
management [PM model of the green abalone fishery (Halio-
tis fulgens) in Isla Natividad, Baja California, Mexico (Ros-
setto et al., 2015; Aalto et al., 2019). The Haliotis genus in-
cludes more than 30 abalone species of high commercial or
conservation interest in all continents (except for Antarctica)
(Gordon and Cook, 2004). Haliotis fulgens is a good reference
model for other marine invertebrate species whose life cycle
is characterized by broadcast spawning, dispersal via a lar-
val stage, adults with limited mobility, natural mortality that
decreases and fecundity that increases with body size respec-
tively, and potential for reproductive failure at low population
density. We used the model to analyse the effect on fisheries’
performance—measured in terms of abundance and catch—
of alternative assumptions about (i) habitat heterogeneity, (ii)
fishing effort heterogeneity, (iii) presence of the Allee effect,
(iv) other spatial constraints to the distribution of fishing ef-
fort such as distance from port, and (v) level of exploitation.
Specifically, we asked how the impact of habitat heterogene-
ity on fishery performance varies with heterogeneity in fish-
ing effort and for species with and without Allee effects, com-
pared to a homogeneous fishery. While we parameterize the
model with respect to the abalone fishery in Baja California
to ground it in reality, our model does not consider certain en-
vironmental variables—such as sea surface temperature—that
affect abalone population dynamics. Our goal for this work
is thus to provide insights into the impact of habitat hetero-
geneity under different conditions, and the relative effect size
of these conditions, rather than provide direct management
advice for this fishery.

Methods

We adapted an existing integral projection model (IPM), de-
scribing the spatially explicit dynamics (see Spatial config-
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Figure 1. (a) Spatial configuration of the coastline. The circular coast is divided into blocks that are linked through larvae dispersal. (b) Top: carrying
capacity for a homogeneous habitat and a simplified heterogeneous habitat with two high-quality and two low-quality areas. Bottom: fishing effort for
three levels of fishing effort aggregation. (c) Carrying capacity across the coast for coefficients of spatial auto-correlation of 0.6, 0.9, and 0.95. The three
coastlines have the same overall carrying capacity 150-k (k being the mean carrying capacity in the homogeneous case, set to 107).

uration and habitat quality) of the abalone fishery of Isla
Natividad, Mexico (see Study system) (Aalto et al., 2019).
We use the same model parameterization as in Aalto et al.
(2019) for fecundity, dispersal, recruitment, growth and sur-
vival, and introduced different levels of heterogeneity in both
habitat quality (affecting recruitment rates) and fishing mor-
tality across space (see Model description and Model parame-
terization). We then assessed fishery performance for different
combinations of habitat and fishing effort heterogeneity (see
Analysis).

Study system

Green abalones (H. fulgens) are marine gastropods that can be
found in crevices and under rocks of coastal environments in
Southern California, USA, and along Baja California, Mexico
(NOAA, n.d.). They have two separate sexes and are broadcast
spawners, which can make them susceptible to reproductive
failure at low densities (Babcock and Keesing, 1999), a phe-
nomenom also known as the Allee effect (Allee et al., 1949).
Habitat quality and heterogeneity is determined by many fac-
tors, including wave energy, ocean currents, water tempera-
ture, and geology (Miller et al., 2019).

Abalone fisheries in Mexico are co-managed by the gov-
ernment and fishery cooperatives (McCay et al., 2014). The
Federal government established concession boundaries for co-
operatives and determines minimum size limits and annual
quotas per cooperative. Cooperatives can enforce regulations
more stringent than that of the Federal government, decide
when and where abalones are effectively fished, and estab-

lish no-take reserves within the concession. Isla Natividad is
a small island in Baja California, Mexico. While no-take re-
serves have been successfully implemented by the cooperative
of Isla Natividad (Rossetto et al., 2015), we do not consider
them in this work.

Spatial configuration and habitat quality

Following previous modelling effort of abalone dynamics in
Isla Natividad, population dynamics and fishery management
were simulated over a 15 km circular coastline divided in 150
blocks of 100 x 500 m each, alongshore and offshore, respec-
tively (Figure 1a). We numbered each block of this circular
coastline from 1 to 150, with block #1 and #150 being ad-
jacent to each other. We assumed that all boats left from one
port, located in block 75. Each block z =1, 2, ...,150, has un-
fished recruit carrying capacity K., which modulates recruit-
ment into that block. In all simulations, the mean carrying ca-
pacity over the entire coast is k. To simulate a homogeneous
habitat across the coastline, we set K, = k for any z (Figure
1b). Consistent with Aalto et al. (2019), we set the mean re-
cruit carrying capacity k to produce an unfished density of 0.2
ind/m?. To simulate habitat heterogeneity, we generated 150
values from an autoregressive model of order 1 and coefficient
¢, which can vary between 0 and 1:

Kep1 = ¢K, +wey, (1)

where w is a white noise (random, uncorrelated) sequence.
These values represent different carrying capacities associated
with blocks. We first standardized these carrying capacities by
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shifting the distribution to set the minimum K to 0.1 (to avoid
null values), and then rescaled them to ensure a constant mean
carrying capacity across the blocks for the different habitat
scenarios.

Model description

Abalone population density at time ¢ + 1 for each block z at
length [ is determined by the growth of individuals to size [
from time 7 to ¢ + 1, where 7 is in years. Following Ellner and
Rees (2006), we take the integral with respect to I’ of the den-
sity of surviving individuals growing from length I’ to length
I. This expression is dependent on the density for length I” at
time ¢ 1, ,(I'), the probability of growing from length I’ to [
G(I|I'), the probability of survival when growing from length
I'"'tol o(l, I'), and the fishing mortality at length [ in block
z H(z, I). Finally, we add to this expression the number of
recruits R, ; growing to size [.

Nz 41 (l) = G(Il|Lo)R:; (2)
FSo (L) (1 H (2 1) Gl ey (1) .

We assume that harvest occurs at the end of the year.

Fecundity

The number of eggs E, ; produced in each block z and at time
t depends on the biomass of mature females and the probabil-
ity of aggregation of both sexes (representing the Allee effect).
The biomass of mature females at length /is obtained by divid-
ing the population density 7, (/) by two, under the assump-
tion of 1:1 sex ratio, and multiplying this by the proportion
of mature individuals P40 (/) and their weight w(/). We in-
tegrate this expression with respect to I. We then multiply the
total biomass of mature females by the fecundity v, and the
fertilization success Allee, ;:

Ez,t = Alleez,t‘l/w S Dmature (l) w (l) nz;(l) dl. (3)

Abalone biomass w was assumed to scale allometrically
with length [ as follows:

w (1) = ay I, (4)

where b,, is the scaling exponent and a,, is the body mass when
I=1.

The proportion of mature individuals is defined as a func-
tion of the length /, a scaling parameter a,,,, and the length
L,,..+» at which half of the individuals are mature (Aalto et al.,
2019):

1
Lyw—1)
1+exp ( - )
Finally, fertilization success Allee, , is an increasing and sat-
urating function of the mean aggregation size Agg; ;, which is
itself determined by two parameters @,g, and b,g,, and the to-

tal density of mature individuals (see Aalto et al., 2019 for
details):

Dmature (l) = (5)

Allee,; = 1 —0.5488~1, (6)

Aggz,t = bagg + aaggf pmatm'e (l) Nyt (l) dl. (7)

Dispersal and recruitment

From each block, the fraction of larvae p dispersing 7 blocks
away is determined by a Gaussian distribution with mean
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dispersal distance d(#) that varies from year to year accord-
ing to a gamma distribution with shape d; and rate d,. The
number of settlers S, ; is defined as the sum of the number
of eggs E;; from each block j that dispersed to this block z,
and that survived with a probability of. This survival rate is
modified by a random variable 7(2) that follows a lognormal
distribution with a mean of 0 and a standard deviation of 0.7
on the log-scale, representing variations from environmental
fluctuations:

See=r(t)or Y Ejp(|j—2]). (8)
j

We finally calculated the number of recruits R, ; using a
Ricker function (Ricker, 1954) with settler survival rate o, and
settler carrying capacity K,:

-S
Rz,t = Oy Sz.texp ( KZ’Z) . (9)

z

Growth and survival

Following Bardos (2005), Rossetto et al. (2015), and Aalto
et al. (2019b), we used a probabilistic non-negative Gompertz
growth function to calculate the probability G(I|I’) of grow-
ing to length / from length /. A description of this function is
available in Supplementary Text S1.

We assumed that the natural mortality rate u scaled with
body mass w according to a power law with scaling parame-
ters @ > 0 and @ < 0, namely:

w(l)= exp (0 +aln(w(l))). (10)

We calculated annual survival by integrating from starting
length [y to ending length /1 (corresponding to / and I’ in Eq.

(2)):

A /
o (2 1o, 1) :lfe*“( )dl . (11)

Fishing effort and mortality

We assumed the fishery to be at over-capacity, and set the total
number of boats By, representing the maximum total fishing
effort in all blocks around Isla Natividad, to three times the
fishing effort (number of boats) needed to achieve the MSY
(see Analysis). While data are not available for Isla Nativi-
dad specifically, Garcia and Newton (Garcia et al., 1995) esti-
mated that global fishery capacity would need to be reduced
by 53% to reach maximum economic yield. This figure can
often be higher, especially in small-scale fisheries, which are
more complex and difficult to manage (Yap, 1997; Pomeroy,
2012).

Boats were allocated over the fishing ground based on stock
abundance and distance from the port. Specifically, we at-
tributed to each block z at time # a weight W, ;, which de-
creases with distance from the port and increases with the rel-
ative abundance of harvestable individuals in the block with
respect to the overall stock, namely

ARG e , (12)
where B is a fleet-aggregation parameter (the higher g, the
higher the aggregation of the fishing fleet in the blocks with
highest abalone abundance, Hilborn et al., 2006) and y is
a parameter proportional to the cost of navigation to dis-
tant fishing grounds (so, the higher y, the closer the fish-
ing fleet to the port). At each time step ¢, fishing boats were
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Table 1. Parameter values
Process Symbol Meaning Value Units
Spatial ¢ Auto-regressive coefficient 0-1
configuration k Mean carrying capacity 1.29 x 107 larvae
G Gompertz growth parameter 0.5635
L, Maximum length mean 150.39 mm
Growth of Maximum length variance 55.95
Bc Mean scaling 1.478
Y6 Variance scaling 1.719
Y Fecundity 3772 eggs g1
ay Weight scaling value 2.24 x 107 g mm™v
by, Weight exponent 3.36
Fecundity Lyar Length for 50% maturity 135.99 mm
Amat Maturity scaling value 30.2 mm
Aage Aggregation slope 11.6
Dagg Aggregation intercept 1
ds Dispersal distance gamma shape 3
d, Dispersal distance gamma rate 0.006
Dispersal and oF Egg survival 0.005704
recruitment os Recruit survival 0.02
0 Mortality intercept 0.635
o Mortality scaling -0.317
q Catchability 0.1
Fishing effort B Biomass scaling factor 0/100/200
and mortality y Distance scaling factor 0/2
Lin Minimum legal length 155 mm

then distributed over the fishing ground proportionally to the
normalized weights W, , :

Wei
> Wer

The potential catch P; at time ¢ is a function of the fishing
effort B, ; and catchability ¢ summed across all blocks:

P = Z;fo H,, (I)n:, (1) dl (14)

min

B:t = Biat (13)

= T (1—e ™) u, (1) dl,
2 !

min

where H, ; (I) = 1 — e 98 is the fishing mortality, i.e. the
fraction harvested at size [, in block z at time t, f,;, = ¢B;. ;
is the fishing mortality rate, ,,;, is the legal minimum length
at which abalones are exploited in the fishery, and #Z, is the
post-growth pre-fishing abalone density from Eq. (2).

If the catch that would have occurred without regulation
(P;) was lower than the TAC,, then the regulations had no
effect, and the actual catch A, was equal to P;. If P, exceeded
the TAC,, then the catch in each block z was reduced by a
factor s, = TAC,/P;, so that the actual catch A; was equal to
the TAC;, namely

Hy =5 (1—e %), (15)

where

1 if P, < TAG
= 16
" MS ifp > TAG o)
and
(1—Hz,t)n:t(l) if 1> L

/) = ' . 17
Nz t+1 ( ) { n:.t (l) lfl - lm,'n ( )

Therefore, s, can be seen as a parameter that is proportional
to the length of the fishing season: if P, exceeds the TAC,, then

fishing activities end as soon as the total allowable quota is
reached.

Model parameterization

Parameter values are reported in Table 1. Life history param-
eters, i.e. size-dependent natural mortality, fecundity, matura-
tion, and growth rate, and the parameters describing abalone
dispersal in the planktonic phase around Isla Natividad were
obtained from Aalto et al. (2019). We ran our model with and
without Allee effects. Unless stated otherwise, Allee effects are
included.

We generated three different heterogeneous habitats with
spatially auto-correlated carrying capacities that had coeffi-
cients ¢ equal to 0.6, 0.9, and 0.95 (Figure 1c) as well as a
homogeneous habitat. In the main text, we present our results
for one randomly generated coastline for each ¢ but we show
in Figure S1 that our results are general and do not depend on
a specific coastline. Unless stated otherwise, ¢ = 0.9.

The parameter B, proportional to the aggregation of fish-
ers in high-density blocks where the catch is expected to be
higher, was set to 0 (uniform distribution), 100 and 200 for
medium and high aggregation, respectively. The parameter y,
proportional to the aggregation near the harbour, was set to
y = 0 (no aggregation, distance of the fishing ground from
the harbour is irrelevant) or 2 (distant fishing ground is less
harvested than fishing ground near the harbour).

Analysis

First, we numerically calculated the fishing mortality Hysy re-
quired to achieve MSY for a homogeneous habitat with and
without Allee effects, using a recursive method with 1% in-
crements in fishing mortality and setting the total allowable
quota at each time step ¢ as follows:

TAC,msy = Y [ Husyn, (I)dl . (18)

g lmin
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Figure 2. Total biomass of mature adults along the coast for different levels of fishing effort aggregation, for (a) a TAC set at MSY and (b) above MSY.
Each colour line represents one of 20 replicates. The black line represents the collapse threshold for each block (10% of the unfished biomass).

We found that with the current model parameterization,
the fraction of the abalone stock to be harvested to achieve
MSY in the case of a homogeneous habitat is Hysy = 9%
of fish abundance above the minimum legal size with Allee ef-
fects, and 18 % of the fish abundance without Allee effects. We
then considered two exploitation levels, namely H = Hysy,
where the TAC is set to achieve MSY, and H = Hoygg, which
exceeds Hysy by 33%, i.e. 12 and 24% of fish population
with and without Allee effects, respectively. Fisheries some-
times set more conservative quotas, in order to better protect
populations against uncertainty in stock evaluation and im-
perfect enforcement. We found similar patterns when using
H = % Hpysy as when using H = Hysy (Supplementary Fig-
ure S2), and we only present the latter here.

As our goal here was to assess long-term performance, we
ran simulations for the combination of exploitation levels
(Humsy and Hovygr), heterogeneity of the fishing ground (¢ =
0.6, 0.9, and 0.95), scaling factors (8 = 0, 10,200 and y = 0,
2), and with or without Allee effect, for 250 years. This was
enough to reach long-term equilibrium in all cases considered.
For each simulation, we ran 20 replicates with all model pa-
rameters constant in time, except for stochastic dispersal and
recruitment strength in each block at time 7. We kept track of
the population density at each size [ in each block z through
time (the output of the simulation is a 3-D matrix with time,
fish length and fishing block number as its dimensions). We re-
set the random generator seed before each simulation in order
to have paired observations of alternative scenarios under the
same stochastic sequence for dispersal, recruitment strength,
and fishing mortality (for example, replicate 1 has exactly the
same parameters across all scenarios).

Long-term fishery performance was assessed as the 10-year
average catch and the total biomass of mature adults over the
coastline. For each replicate, we also calculated the proportion
of collapsed blocks, defined as blocks where the biomass of
mature adults at equilibrium is 10% or less of the unexploited
mature adult biomass. We then compared the distribution of
adult biomass between the heterogeneous and the homoge-
neous habitat scenarios (homogeneous fishing) using Cohen’s
d to evaluate the effect size. Effect size is typically considered
small, medium, and large for d = 0.2, 0.5, and 0.8 respectively
(Cohen, 1988). We then used a linear mixed-effects model to
assess the effect of fishing effort aggregation on adult biomass,
with random effects for replicates.

All simulations and analysis were run using R (version
3.6.1) (R Core Team, 2019).

Results

Effort aggregation in high-quality areas improves
fishery performance at sustainable exploitation
rates when Allee effects are included

There were no global collapses—defined as 10% or less re-
maining of the overall unexploited mature adult biomass
(Worm et al., 2006)—in a heterogeneous environment when
the TAC was set to achieve MSY (Figure 2a) in the case of
Allee effect and homogeneous distribution of fishing effort.
However, areas with lower carrying capacities (blocks 100-
125) had an adult population close to 0 in many replicates. As
low adult abundance in a block may be either a consequence
of overfishing or simply reflects a low natural carrying capac-
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Figure 3. Percent of extinct patches, adult biomass, and catch for stocks exploited at MSY (a, b, and ¢ respectively) and overexploited (d, e, and f
respectively). Each dot represents a replicate. White diamonds show means. All simulations in this figure were performed by assuming reproductive

failure at low population density (Allee effect).

ity (low habitat quality), we calculated the number of blocks
that collapsed, corresponding to a decrease below 10% of the
unfished adult biomass in each block (Worm et al., 2006). In
most of the replicates, 15-20% of blocks collapsed accord-
ing to this criterion (Figure 3a). In comparison, there were no
collapsed blocks in any of the replicates when fishing in a ho-
mogeneous environment. This difference was also reflected in
the adult biomass and the catch (Figure 3b and c), which both
decreased by 9.2 &+ 1.2% in the heterogeneous habitat with
homogeneous fishing (Cohen’s d, d > 1 for both biomass and
catch).

The proportion of collapsed patches decreased, and the
adult biomass and catch increased in the heterogeneous en-
vironment when fishers were able to target areas with higher
densities of abalone (Figures 2a and 3a—c, Table 2). The largest
marginal increase in fishery performance occurred for low ag-
gregation fishing, with only a small additional increase for
high aggregation fishing effort. In addition, increasing levels of
fishing aggregation reduced heterogeneity in abalone biomass
between different blocks as well as between replicates, as the
high-quality blocks were increasingly more exploited than the
low quality blocks (Figures 2a and 3a): areas with high densi-
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Table 2. Summary statistics for mixed-effects models with adult biomass as the response variable and aggregation level (A.L.) as the predictor variable.

Scenario

Adult biomass Fixed effects Estimate SE CI (95%) Cohen’s d
Hyisy Low A.L 10.6 0.57 9.46-11.8 1.18
Allee effect oW AL ’ ’ ’ ’ ’

AR =0.9 High A.L. 12.5 0.57 11.3-13.6 1.32
Figure 3b

Adult biomass Fixed effects Estimate SE CI (95%) Cohen’s d
Hysy Low AL —0.644 2 —0.769—(—0.52 —0.1
No Allee effect ow A.L. 0.6 0.06 0.769—(—0.520) 0.10
AR =0.9 High A.L. -1.298 0.062 —1.42~(~1.17) —0.21
Figure 4a

Adult biomass Fixed effects Estimate SE CI (95%) Cohen’s d
Hover Low A.L. —-0.791 0.065 —0.923-(—0.660) -0.13
No Allee effect

AR =0.9 High A.L. ~1.51 0.065 —1.64~(—1.38) —0.25
Figure 4b

Adult biomass Fixed effects Estimate SE CI (95%) Cohen’s d
Flusy Low A.L. 1.47 0.489 0.484-2.46 0.15
Allee effect

AR = 0.6 High A.L. 0.516 0.489 —0.474—(— 1.51) 0.05
Figure 5b

Adult biomass Fixed effects Estimate S.E. CI (95%) Cohen’s d
Hisy Low A.L. 4.79 0.575 3.63-5.96 0.56
Allee effect

AR =0.95 High A.L. 8.51 0.575 7.34-9.67 0.98
Figure 5b

ties of abalone decreased in density, whereas most areas with
low densities increased in density when fishing effort was ag-
gregated along the coastline.

Overexploited fisheries have an increased chance
of global collapse at high levels of fishing
aggregation when Allee effects are included

Unlike the scenarios in which harvesting was managed to
achieve MSY, fisheries in overexploited scenarios performed
consistently better in a heterogeneous habitat than in a homo-
geneous one (Figure 3d—f). Increasing the TAC by 30% above
MSY levels led to global collapses in nearly all replicates for
the homogeneous habitat (Figure 3d). Overexploited fisheries
with a heterogeneous habitat performed better than fisheries
with a homogeneous habitat, especially when fishing was dis-
tributed homogeneously across the coast. In the case of homo-
geneous fishing effort, all replicates had a higher proportion
of collapsed blocks than when managed for MSY, but none
of the replicates showed a global collapse. Low levels of fish-
ing aggregation led to global collapse in some replicates, while
decreasing the proportion of collapsed blocks in others. This
heterogeneity between replicates was even more pronounced
at high levels of fishing aggregation, and was also observed
for adult biomass and catch. The highest mean adult biomass
and catch were achieved with intermediate levels of aggrega-
tion, despite the global collapse of a few replicates. As for the
lower exploitation rate Hygy, increasing levels of aggregation
led to a decrease in heterogeneity in abalone biomass across
space (Figure 2b). However, differences between replicates in-
creased rather than decreased, with the standard deviation of
adult biomass increasing from 8 643 to 10 232 tonnes be-
tween homogeneous fishing and high fishing aggregation.

Allee effects drive most of the difference in adult
biomass between homogeneous and
heterogeneous systems

Since it can be hard to detect the presence of Allee effects in
wild populations and not all populations may experience Allee
effects, we also ran simulations without Allee effects to see
the impact of this assumption on our results. In the absence
of Allee effects, 18% of the abalone stock needed to be har-
vested to achieve MSY. Without the Allee effect, adult biomass
in the heterogeneous habitat was slightly lower than in homo-
geneous habitat (Figure 4a, difference: —1.21 £ 0.16%, Co-
hen’s d, d = 0.15). We observed a similar outcome for an over-
exploited fishery (Figure 4b), with a small decrease of 1.60
+ 0.20% between the homogeneous and heterogeneous habi-
tats (Cohen’s d,d = 0.17). Unlike the increase in adult biomass
observed when Allee effects are included, we found a small
decreasing trend in adult biomass as aggregation strength in-
creased (Figure 4a, Table 2). A similar outcome was detected
also when the fishery was overexploited (Figure 4b, Table 2).
When comparing cases with and without an Allee effect, both
catch and adult biomass were at their lowest when abalones
were sensitive to Allee effects and overexploited (Figure 4c).
Abalone that are not sensitive to Allee effects were less af-
fected, with overexploitation leading to small decreases in
adult biomass. Highest adult biomass was achieved for popu-
lations sensitive to Allee effects but exploited at MSY levels.

Differences between homogeneous and
heterogeneous habitats are small for habitats with
low spatial auto-correlation

We quantified different degrees of spatial heterogeneity by
generating auto-correlated sequences of carrying capacity
with coefficient ¢ equal to 0.6,0.9,and 0.95 (Figure 1c). These
coefficients are a measure of the similarity between neighbour-
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fishing mortalities (TAC at or above MSY) and different levels of fishing heterogeneity (including a homogeneous habitat for comparison).

ing blocks with larger values indicating higher similarity. All
results presented this far are for ¢ = 0.9.

For lower spatial correlation in habitat quality (auto-
correlation coefficient ¢ = 0.6), there were no collapsed blocks
for most replicates in a heterogeneous habitat managed for
MSY (Figure 5a). Relative to biomass in the homogeneous
habitat, adult biomass at MSY was 3.17 £ 0.10% lower in
the heterogeneous habitat (Figure 5b, Cohen’s d, d = 0.38),
compared to 9.2% in the case of high spatial correlation in
habitat quality (¢ = 0.9). For higher spatial correlations (¢ =
0.95), adult biomass at MSY showed a large decrease of 7.16
+ 1.40% (Cohen’s d, d = 0.76) and the number of collapsed
patches increased to 20% in the heterogeneous habitat com-
pared to the homogeneous one (assuming homogeneous fish-
ing effort). In the case of high spatial correlation in habitat
quality (¢ = 0.95) adult biomass and catch increased as fish-
ing effort aggregation increased. For ¢ = 0.6, adult biomass
increased slightly with low aggregation but did not show any
change at high aggregation (Table 2). When TAC was set
above TACysy, the standard deviation of the proportion of
collapsed blocks and adult biomass was lowest for the het-
erogeneous habitat fished homogeneously, and increased with

fishing aggregation, for all auto-correlation coefficients. How-
ever, habitats with a higher auto-correlation coefficient main-
tain a higher average adult biomass as fishing aggregation in-
creases (Figure 5b).

Minimizing distance travelled by fishers leads to
lower fishery performance

When accounting for the assumed decreased profits of fishing
in distant fishing grounds from the port (located in block 75),
a higher number of fishing blocks collapsed, especially close
to the port (Figure 6a and b). This resulted in lower total adult
biomass as well. Increasing the strength of fishing aggregation
decreased the proportion of collapsed patches and increased
adult biomass (Figure 6b and ¢). In addition, we observed an
increase in variation between replicates at low and high levels
of aggregation.

Discussion

Spatial heterogeneity within fishing grounds is common. Here
we analysed the performance of an overcapitalized TAC-
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regulated fishery when the total allowable quota is estimated
as a fraction of the overall fish stock, the fishing ground is
characterized by marked heterogeneity in habitat quality, and
fishing effort tends to aggregate over high-quality, highly pro-
ductive habitats. We found that, for a species characterized
by the Allee effect, i.e. reproductive failure at low population
density in a heterogeneous habitat, the aggregation of fishing
effort where abundance is highest can improve fishery perfor-
mance in comparison with a fishery in which fishing effort is
uniformly distributed along the coastline. However, this result
did not hold for overexploited fisheries, for which aggregation
in fishing effort increases the risk of global stock collapse. A
summary of our results can be found in Table 3. These results
suggest that not accounting for spatial heterogeneity in fish-
eries management may lead to inefficiencies or misestimations
of the risk of collapse.

When fishing effort is distributed evenly over the coast-
line regardless of habitat quality, local extinction may occur
in low quality patches as fishing pressure may drive popula-
tion density below the threshold at which reproductive failure
is likely to occur (Allee effect). Conversely, high-quality fish-
ing grounds may be under-harvested. As areas of the fishing
ground are systematically either over- or under-harvested, fish-
ery performance in a heterogeneous habitat, as measured via
catch and adult biomass, is lower than in the case of a homo-
geneous habitat. Therefore, computing the TAC by averaging
out spatial heterogeneity leads to lower fishery output even
when the overcapitalized fishery is not overexploited. This was

observed also in other studies (Voss et al., 2018; Okamoto et
al., 2019).

The same patterns of under/overexploited patches of high-
/low-quality habitat, respectively, apply to overexploited fish-
eries, but with a different outcome. When the TAC is com-
puted by setting the fishing effort 30% higher than that needed
to achieve MSY, a fishery with homogeneous habitat quality
and fishing effort evenly distributed along the coastline does
very poorly, with global collapses resulting in most replicates
as overexploitation drives the population density near or be-
low the critical Allee threshold across the coast. On the other
hand, a heterogeneous habitat leads to a reduced number of
local and global collapses and higher biomass, when fishing ef-
fort is distributed evenly along the coast. In this scenario, the
under-harvesting of high-quality patches reduces the chances
of collapse and therefore provides some stability to the fishery.

Fishing effort is rarely homogeneous because fishers tend
to target high-quality habitat, especially for sedentary species
(Gorfine and Dixon, 2001; Branch et al., 2006). This results in
an increase of the fishing effort in these areas and in a decrease
of the fishing effort in remaining areas. Effectively, this brings
fishing mortality in each block closer to the fishing mortality
corresponding to MSY, and the fishery performance closer to
the performance observed in homogeneous fisheries for both
sustainably exploited and overexploited fisheries.

In the case of fisheries exploited at MSY, our results show
that aggregation of fishing effort increased adult biomass and
decreased collapses, leading to high performance equivalent
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to that of a fishery with a homogeneous habitat. Fishers can
take advantage of the larger potential of high-quality patches,
which also provides some relief to the lower-quality patches.
On the other hand, heterogeneous fishing effort led to an in-
crease in variation between replicates in overexploited fish-
eries, with total fishery collapse in some replicates. The proba-
bility of total collapse increases with the level of fishing effort
aggregation in high-quality patches. In these scenarios, even
the high-quality patches are overfished to the point of col-
lapse, and the decrease in fishing effort in low-quality patches
is insufficient to maintain population density above the critical
Allee threshold.

Another source of spatial heterogeneity in fishing behaviour
emerges if fishers do not have equal access to all fishing
grounds (Branch et al., 2006). Here, we consider the sce-
nario where all fishing boats have to travel each day from a
single port on the island to reach the fishing grounds. Even
when the TAC is set to achieve MSY, fishery outcomes are
worse, compared to a homogeneous fishery and to a hetero-
geneous fishery where port access is not limiting. This occurs
because high-quality patches far away from the port are not
exploited to their full potential while low-quality patches close
to the port are over-harvested. In this case, fishery perfor-
mance increases when fishers focus their effort on the high-
quality patches, which decreases the fishing pressure on the

low-quality patches close to the port. This is consistent with
results from Spies et al. (2015) who modelled the impact of
different management practices on a fleet travelling from a
single port for Pacific Cod and northern rockfish fisheries.

Because we modelled a fishery targeting abalone, which are
characterized by larval, but not adult, dispersal, and possibly
Allee effects, both Allee effects and dispersal characteristics
were important when determining the effect of habitat and
fishing heterogeneity. We found that Allee effects were respon-
sible for the majority of observed model outcomes. Without
Allee effects, the difference in adult biomass between the het-
erogeneous and the homogeneous fisheries was smaller than
with Allee effects, but this difference increased as the aggrega-
tion in fishing effort increased. Reproductive failure at low
densities has been shown to affect abalones (Babcock and
Keesing, 1999). However, abalone behaviour and their envi-
ronment can affect abalone aggregation and either amplify or
decrease this effect (Catton and Rogers-Bennett, 2013). Our
results emphasize the importance of understanding the full life
cycle of target species, as presence or absence of reproductive
failure at low population density might have unexpected con-
sequences on the optimal distribution of fishing effort to max-
imize catch and minimize the risk of collapse.

The smaller difference we observed in our simulations be-
tween the homogeneous and heterogeneous habitats without
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Table 3. Summary of results.

Allee effect

Without Allee effects

With Allee effects

Hom. habitat

Het. habitat

Hom. habitat

Het. habitat

—No local collapses
—No global collapses

—No local collapses
—No global collapses

—No local collapses
—No global collapses

—Local collapses
—No global collapses

Hom. effort

TAC = MSY

—Lower biomass than hom. habitat

NA

—Lower biomass than hom. habitat

NA

—Fewer local collapses

Het. effort

—Similar biomass as hom. habitat

—Local collapses

—No local collapses

—No local collapses

—Global collapses

Hom. effort

—No global collapses

—No global collapses

—No global collapses

TAC > MSY

— Similar biomass as hom. habitat

-Higher biomass than hom. habitat

NA —Lower biomass than hom. habitat NA

—Global collapses

Het. effort

J. D. Pourtois et al.

Allee effects can be explained in part by the shape of the Ricker
function regulating the number of larvae that successfully
settle, which has a shallow slope around the maximum recruit-
ment (Supplementary Figure S3). More specifically, the num-
ber of recruits decreases by only 18 % when the number of po-
tential settlers is 50% of the carrying capacity. Large decreases
in adult density and eggs can thus be sustained with limited
consequences for recruitment, as long as reproductive failure
at low densities does not occur. These results suggest that mod-
elling choices regarding density-dependence are particularly
relevant when studying habitat heterogeneity and should be
studied further. In addition, Hysy does not change with the
absolute density of the population when Allee effects are not
included. A homogeneous distribution of fishing effort across
space is thus equivalent to applying Hyisy in each block, which
explains why fishery performance decreases when fishers ag-
gregate in certain blocks.

Finally, larval dispersal distance relative to the level of habi-
tat heterogeneity influenced the magnitude of the patterns we
observed. Habitats with low auto-correlation coefficients ex-
hibit high-frequency variations in carrying capacity (i.e. low-
quality patches are likely to be surrounded by high-quality
patches and vice versa), resulting in adult abalone biomass
being smoothed out through larval dispersal. This resulted in
much closer performance between the homogeneous and het-
erogeneous habitats. On the other hand, areas of high carry-
ing capacity clumped together as the auto-correlation coeffi-
cients increased, leading to larger differences between the ho-
mogeneous and heterogeneous habitats. When this happens,
larval dispersal only affects the dynamics of the patches close
to boundaries between high- and low-quality areas. We ex-
pect that including adult dispersal, in the case of species with
mobile adults, would further smooth out differences in fish
densities across a heterogeneous landscape.

Our representation of fishers” behaviour in this model was
phenomenological rather than mechanistic. While this ap-
proach allowed us to study the effect of fishing effort aggre-
gation using few assumptions, considering the factors that di-
rectly affect fishers” behaviour (e.g. fixed and variable costs,
profit, weather, and information sharing) could lead to more
realistic outcomes and specific solutions. To build on the find-
ings in this study, future research that investigates the perfor-
mance of other fisheries characterized by spatial heterogeneity
in habitat and fishing effort and susceptibility to Allee effects
could help to ground-truth the model simulations presented
here with observed data. This would involve partnering with
scientists and managers from fisheries to use real data about
the spatial heterogeneity of habitat quality and fishing effort,
and dispersal distances of abalone in other fisheries. Geoloca-
tions of fishing vessels recorded from Vessel Monitoring Sys-
tems could be used to measure the actual relationships be-
tween distance travelled to fishing grounds, fishing effort, and
amount of catch landed, all within the boundaries of manage-
ment zones of a real fishery. Data of this kind exists for some of
Australia (Mayfield et al., 2011; Jalali ez al., 2015) and Tasma-
nia’s abalone fisheries (Tattersall, 2011). In addition to habitat
quality and distance from port, there are other factors that in-
fluence where fishing occurs that could be considered, such as
seasonal weather and market demand for large versus small-
sized individuals. Once our modelling framework is grounded
with spatial data for a specific TAC-regulated fishery, an im-
portant next step could be to test alternative measures to TAC
to set sustainable levels of catch. For example, applying a man-
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agement strategy evaluation approach would allow us to test
the performance of setting spatially explicit catch quotas, as
well as explore the sensitivity of different minimum length lim-
its on overall fishery performance.

Conclusion

Using the Isla Natividad abalone fishery as a model sys-
tem, we showed that certain characteristics of sedentary ma-
rine invertebrates—Allee effects and larval dispersal—interact
with the level of fishery exploitation to shape the performance
of our simulated fishery in significant ways. The presence of
Allee effects, in particular, is a major driver of the effects of
habitat heterogeneity on biomass and catch. Moreover, the ef-
fects of habitat heterogeneity on fisheries performance vary
significantly with the level of fisheries exploitation. These re-
sults highlight the need to tailor the study of the impact of
heterogeneity in fisheries to the life history characteristics of
target species, to the level of heterogeneity of their habitat, and
to the exploitation status of the fishery.
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