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Abstract

Fish populations with spatial structure inherently violate the assumption of a single well-mixed
stock, necessitating the use of spatially-structured population dynamics models. Accounting for
spatial structure accurately and easily is a major goal for the next generation of stock assessment
software development. Reference points (e.g., limit or target harvest rates and their
associated biomass) are inherent to stock assessments and are often calculated under
equilibrium conditions. However, the calculation process can be challenging for spatially-
structured population dynamics models. We outline how to calculate equilibrium quantities
within spatially-structured models where density-dependence in recruitment is local. We
compare those values to equivalent situations when density-dependence in recruitment is global,
thereby extending the set of population dynamics models on which spatially-structured stock
assessments could be based. Results suggest that our method for calculating reference points
under the assumption of local density-dependence can be performed using a
straightforward optimization routine, and provide clearer understanding of the effects of
fishing on a spatially-structured population. Finally, we address areas of research and
development needed to integrate spatially-structured population dynamics models within existing
management systems.
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1. Introduction

Fisheries scientists have long recognized the need to appropriately account for spatial
heterogeneity in stock assessments (e.g., Beverton and Holt, 1957; Schaefer, 1968). The
interaction of biological and environmental processes, and spatial exploitation patterns, can lead
demographic rates (i.e., growth, death, immigration, and emigration) to vary across space,
resulting in observable spatial patterns in fish populations and yields. Ignoring spatial structure in
assessments can lead to bias in estimated management quantities (Booth, 2000; Fay et al., 2011;
Punt, 2019a; see Online Supplementary Material for a discussion of the definition of “spatial
structure”). Accounting for spatial structure can provide a greater degree of biological realism
by 1) allowing for spatial variation in demographic parameters, 2) reducing the variance of fixed
effect parameter estimates, and 3) more accurately reflecting the spatial dynamics of the fishing
fleet(s), which may differ from those of fish population dynamics (Punt, 2019a). Spatially-
structured assessments can inform rules for setting catch limits that respond to local dynamics
(Bosley et al., 2019; McGarvey et al., 2017). They also can evaluate other types of spatial control
mechanisms for fisheries management such as spatial closures within management zones,
protected areas, and Territorial Use Rights for Fishing reserves (e.g., Kapur and Franklin, 2016;
McGilliard et al., 2015; Field et al., 2006).

Problems for sustainable management can arise from a mismatch between management
regions, which are often political, and the spatial extent of demographic population units, or
stocks!. A stock can be defined by both its demography and the spatial area it inhabits. For
example, Atlantic bluefin tuna (Thunnus thynnus) are comprised of two demographically distinct
stocks inhabiting different areas with connectivity between them (National Research Council,
1994). Ignoring spatial structure in the assessment and management processes for such species
may lead to local depletion (Benson et al., 2015; Goethel and Berger, 2016). For example, Morse
et al., (2020) found that applying single-area models separately to each of two connected stocks
in a simulation framework (i.e., ignoring spatial mixing) resulted in biased estimates of
recruitment and spawning biomass for both stocks. Similarly, Ying et al., (2011) found that
assessing and managing three mixed stocks of small yellow croaker (Larimichthys polyactis) off
the coast of China as independent populations led to a high probability of overexploitation. As a
corollary, assessing yellow croaker as a single stock, with the assumption of global recruitment,
led to a high probability of local depletion. This echoes the findings from the previously
mentioned simulation studies, and suggests that assumptions regarding the timing and locality of
density dependence (recruitment) can influence the degree to which an assessment model
diverges from the spatially-structured reality (Cadrin et al., 2019).

However, limited research has been undertaken to identify sustainable harvest rates
that account for spatial structure and dynamics in a manner that matches spatial
assessment assumptions. Reference points, which can be used to determine whether a stock
is above or below a desired threshold either in terms of biomass or the degree of
exploitation (which is ideally below a limit), bridge the assessment-management interface
and the associated models used to calculate them can be adapted to account for spatial
dynamics.

A salient feature of the next generation of stock assessment models will be accommodation
of spatial heterogeneity in mathematical representations of fished populations and the fleets
that exploit them (spatially-structured assessments; Punt et al., 2020). The process of

' We use the term “stock” to refer to a demographically unique or independent sub-population.
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performing a stock assessment can involve data collection, processing, model selection, and
the input of managers. Here, we are concerned with the functionality of stock assessment
modeling packages. This distinction means that assessment scientists are able to design and
run stock assessment model configurations that include various assumptions regarding the
spatial structure of recruitment; whether and how these configurations are incorporated
into the management process for a given stock is a decision left to the fishery management
system in question.

Reference points are the bridge between the population model-fitting exercise and
management implementation for many fisheries management agencies, including sovereign
governments and international Regional Fishery Management Organizations (RFMOs).
Reference points are quantities (most of which are based on the assumption that the population is
in equilibrium, i.e., time-invariant selectivity, growth and fishing mortality) derived from
population dynamics models. Common biomass reference points include unfished biomass, Bo,
and the biomass at which maximum sustainable yield (MSY) is attained (Busy). Fishing mortality
reference points include the fishing mortality rate at which MSY is attained (Fumsy), and the
fishing mortality rate that maximizes the average yield from each recruit for a given size at first
capture (Fmax). Spawning biomass per recruit, SPR, can also be used as the basis for reference
points. Typical SPR-based reference points include Fx«, the fishing mortality corresponding to a
X% reduction in SPR from unfished conditions and SPRuysy the ratio of SPR when the population
is fished at Fusy to the SPR of the unfished population (Caddy and Mahon, 1995; Mangel et al.,
2013).

Several of the generic stock assessment packages used worldwide include features to specify
spatial population structure, and compute reference points (Table 1). However, in most cases,
equilibrium yield-based reference points are defined by the assumption of spatially-aggregated
recruitment (Francis and McKenzie, 2015). Some stock assessment packages provide reference
points separately for each modelled area. For example, CASAL/Casal2 (Table 1, Bull et al.
2012, Doonan et al., 2016) can account for natal homing and connectivity between different
areas; both can provide estimates of unfished biomass (Bo), while CASAL provides yield
estimates (MSY, Bmsy). In both cases, biomass can be calculated separately for the
specified areas (Francis and McKenzie, 2015, T. A’mar, pers. comm), or as population-wide
totals which are then allocated by area-specific fractions.

Previous work has outlined the assumptions and decisions considered in spatial assessments
(Berger et al., 2017; Cadrin et al., 2020; Punt, 2019a), and highlighted the modeling challenges
posed by populations with varying demographics — or multiple stocks — inhabiting a managed
region (Cadrin et al., 2019; Punt et al., 2017). A spatial management approach does not
require spatially explicit assessment or simulation models. Spatially structured modeling
frameworks, including models that incorporate space both implicitly and explicitly, can be
used directly to estimate reference points in a spatially explicit manner. They may also be
used as operating models in a management strategy evaluation framework to find reference
points that are not spatially defined, but are robust to uncertainty in spatial population
structure and/or dynamics (Fig. 1). Non-spatially structured models can only provide
reference point estimates that apply to the whole population, but those reference points
may still be used in spatial management though the implementation of protected areas or
spatial closures, or through the allocation of allowable catch in a spatially explicit manner.
Thus, there are many paths to spatial management and tools need not be explicitly spatial
to be useful in a spatial context.
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Spatially-structured assessments need to provide estimates of the reference points specific to
a region or the prevailing fisheries management paradigm. Current methods are unable to do so
accurately for certain spatial scenarios, specifically local productivity dynamics, which presents
a barrier when designing and implementing next-generation assessment software. One software
package which approaches this issue is PRO-2BOX (Porch, 2018), which calculates MSY
by finding the F-vector that maximizes the combined long-term yield from the two
recruitment sources, which is subtly different from the combined long-term yield of each
stock. A chief limitation of that approach is that it does not allow fish to change their stock
affiliation (and thus movement characteristics) upon migration to another area. In the
present simulation study, we demonstrate how the assumption of changed affiliation
requires the use of an iterative optimization, and the implications of such an assumption on
equilibrium reference points.

Calculation of Fmsy (and hence Bwmsy and MSY) 2 involves (numerically) solving the
equation:

8C(F)
SF |F=FMSY

=0 (1)

where C(F) is the equilibrium yield when fully-selected fishing mortality is F. Equation 1 can
be solved by simulation, which involves running the model to equilibrium (e.g., Goethel and
Berger, 2016). Although simulation can be used to compute MSY -based reference points, this is
computationally intensive and not easily integrated into software that analytically computes the
uncertainty associated with reference points. It can be shown (see Section 2.1) that the
calculation of C(F) is analytical when recruitment is a function of the total spawning biomass
(over all areas) and the proportion of the total recruitment that recruits to each area is
independent of fishing mortality (and hence independent of the spawning biomass in each area).
This “global” density-dependence assumption is the most common way recruitment is
represented in stock assessment models used for tactical management (Table 1). However,
another plausible way to represent the recruitment process is to assume that the recruitment to an
area is functionally related to the biomass in that area (“local recruitment) (Cadrin et al., 2019;
Porch, 2018). The need for next-generation stock assessment methods to include “local” density
dependence in recruitment was highlighted by Punt (2019b) and Punt et al. (2020). We anticipate
that an approach that considers area-specific productivity will be more sensitive to depletion in
any linked area, and enable the identification of local depletion, which is a known problem with
models that assume global recruitment (Okamoto et al., 2018).

We show how MSY-based reference points can be calculated for populations that exhibit
local density-dependent recruitment. The intention is to mathematically reconcile changes in
the biomass in one area caused by the exploitation of fish within that area and other area(s)
and by movement of biomass. It is important to understand whether there are inherent
properties of local recruitment that would lead to different (from previous) values for system
wide MSY. We therefore develop a set of scenarios to compare the values for reference points
given “global” and “local” recruitment. Our goal is to illustrate the functionality and tradeoffs
associated with different assumptions about recruitment density dependence in spatial models, as
local recruitment is being considered for implementation in future versions of Stock Synthesis
(R. Methot, NOAA Fisheries, pers. comm). Finally, we describe the limitations posed by

2 The focus here is on Fusy, MSY and Busy because the other reference points outlined above are byproducts of
their calculation.



167
168

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

194
195
196
197

198

199
200

201

202

203

existing management systems (both in the US and internationally) (Privitera-Johnson and Punt,
2020), and provide examples of how spatial reference points are implemented in management.

2. Methods

In this section, we derive and describe the calculation of MSY (and related reference
points) under the common assumption that density dependence is global, and then
introduce the relevant changes to this calculation when that assumption is violated, i.e.,
when density dependence is instead local to each area. This analysis compares the
conventional (“global”) assumption for calculating reference points such as Fmsy and Bmsy with
an assumption that allows for local recruitment. In both cases, equilibrium recruitment is solved
for as part of an optimization routine. We then develop a simulation model to compare MSY
estimates using the global and local assumption. We present a simple single-sex, age-
structured model with fishing throughout the year and two spatial areas (areas 1 and 2) to
illustrate how spatially-articulated reference points differ depending upon the recruitment
assumption used (Sections 2.1 and 2.2). In Equations 2-10, we use the letters @ and B to
represent two theoretical spatial areas, noting that these could be extended to include more than
two areas. The stock-recruitment relationship has the Beverton-Holt form, and fish are exploited
by two fleets, each targeting a single area (sensu Sampson and Scott, 2011). A survival equation
links age classes. Referring to the terminology introduced above, the analysis is comprised of
two stocks for the local density dependence case — though some demographic parameters may be
identical among areas, density-dependence can operate globally or locally within each area,
resulting in two demographic units. Several sensitivity tests are presented for the two MSY
approaches by introducing systematic changes into the simulation model, such as in the
demographic parameters (stock-recruitment steepness, natural mortality, weight-at-age),
movement and fishery selectivity. The performance metrics used to compare the results
among the two assumptions include: area-specific Fmsy, total yield, total Bmsy and area-
specific depletion, the ratio of the biomass obtained at Fysy to the unfished biomass
(Bmsy/Bo).

2.1 MSY and its definition in age-structured models with global density-dependence in
recruitment

For the case in which the population dynamics model is spatial and the stock-recruitment
relationship operates globally?, C (F) is calculated as:

C(F) = R(F)C(F) (2)

where C(F) is system-wide yield-per-recruit as a function of F, and R(F) is global equilibrium
recruitment when fully-selected fishing mortality is F. These quantities are defined as:

~ SEF® = _z
C(F) = Zw Za Wq 7 Ng (1-e Za) (3a)
B @R(F ifa=0
cf = {~ _z® wa’( : ww g ,-z2 . ; (3b)
N& je7%a-1(1 = Y 4uq O + awa pors N je7%a-1  otherwise
79 = M +SEF® (3¢)

3A single-area model is a special case of this model.
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Ry (4hS(F)—(1-h) 5(0))
(5h—1)S(F)

R(F) = (3d)

S(F) =YuXafaNE (3¢)

where N2 is the numbers-per-recruit in area w of age a, ZZ is the total mortality on animals of
age a in area w, SZ is selectivity of animals of age a in area w, F® is the fully-selected fishing
mortality enacted in area w, w, is the weight of an animal of age a, M is an age- and time-
invariant rate of natural mortality, S is the spawning biomass-per-recruit by area, ¢>"“" is the
probability of animals of age a in area @ moving to area w’ (after mortality), y® is the time-
invariant proportion of global recruitment to area w, f, is the fecundity of animals of age a, h is
steepness of the stock-recruitment relationship (the expected proportion of unfished recruitment
at 20% of unfished spawning biomass), and R, is unfished recruitment. Equation 3d arises from
the following reparameterization of the Beverton-Holt stock-recruitment relationship:
4hRyR(F)S(F)

R(F) = Gres+ sh-nR@SE)

“)

Equations 3a-c can be generalized in several ways including 1) allowance for multiple fleets in
each area, 2) weight-at-age that varies spatially, 3) different stock-recruitment relationships, 4)
different time of movement vs mortality, etc. Nevertheless, all of these formulations lead to yield
being an analytical function of fully-selected fishing mortality*. To find Fygy and associated
quantities given global density-dependence, the values of the elements of the vector F® are
found that maximize the system-wide yield (sum of yields in each area, MSY, Eqn. 1). This
requires specification of the putative proportion of total recruitment that recruits to each area
(i.e., y for each area(), which always sum to 1, and Beverton-Holt steepness 4.

2.2 MSY and its definition in age-structured models with local density-dependence in recruitment
The presence of local density-dependence (e.g., stock-recruitment curves that operate
independently in each area) involves modifying Eqns 2, 3a and 3b to explicitly track the area-
specific yield which results from a single recruit in each spawning area. This adjustment
enables the yield curve to be defined, and thus the responsiveness of the yield-per-recruit
for an areas to the net effect of fishing mortality and movement within and outside of that
area.

C(F) =X RP(F) X, CP (F) (5)
CB(F) = Tqwe - NZ (1 — e7%0) (©)
1 ifa=0andw =B
NE@ = 0 ifa=0andw #B (7)
NEPe~ZE-1(1 = 3 e DZ4P") + Xipreco DL Nf;“l”e-zé’—'l otherwise

where CB“ (F) is yield in area w based on a single recruit to area B as a function of F, RE(F) is
equilibrium recruitment to area B when fully-selected fishing mortality is F, Nf *“ is the numbers

4 Solution of Equation 1 requires a numerical solution of a non-linear equation.
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in area w of age a that were produced by one recruit that settled (at age 0) in area B, d)f SR B

the probability of animals that originally settled to area B and currently in area w moving to area
w’ at age a (after mortality). w’ is any area different from w, thus this syntax enables the
inclusion of migration among two or more areas; the simulation study presented here only
considers two areas. Importantly, fish that migrate into a given area are assumed to be
completely assimilated into the population they migrate into, which other models have attempted
to approximate by tracking the fraction of global recruitment that remains in or leaves their natal
area (e.g., PRO-2BOX, Porch, 2018). This simulation study does not explicitly consider the
growth of individual fish through time, which would require the assignment of specific growth
patterns to settled recruits; the identity of a fish’s growth pattern would shift depending on the
area in which the fish is at age a. Given the assumption of area-specific density dependence and
a Beverton-Holt stock recruitment relationship, the stock-recruitment relationship for each area
(here w) is given by:

4h® xRy Y5 SB“(F)RB(F)

w —
RE(F) = (1-h®) Y g SB9(0)xBRo+(5h°-1) X5 B (F)RB(F)

®)

where y® is the proportion of the total (global) recruitment (which was set without loss of
generality to 1), to area w in an unfished state, and

SB'w(F) = Zafa]vtf'w ©

Equation 8 is non-linear in RE(F); which reflects the key difference between global and local
recruitment. Equation 8 can be solved iteratively by reorganizing it as:

4h®y“R, z SB@(F)RB(F) =
B

[ —h®)ZpS$7°(0)x®Ro + (5h” — 1) Xp S (F)RP (MR (F) = Y (10)
which is solved for R(F) using the R (R Core Team, 2020) function optim().

The process for calculating Fmsy in the case of local recruitment involves specifying the weight-
at-age (perhaps by area), selectivity-at-age by fleet, natural mortality, steepness by area, R, and
x®, and then:

1. Using Equations 5-6, calculate the spawning biomass-per-recruit by area given no fishing
in either area (F= 0; i.e. §5°(0)).

2. Given a value for F, calculate spawning biomass- and yield-per-recruit by area (Equations
9 and 5) and hence find the values for recruitment by area that satisfy Equation 10.
Equation 1 can then be applied to calculate equilibrium catch given that F.

3. Repeat step 2 with different values for F until equation 1 is optimized.

2.3 Scenarios & Performance Metrics

Base Model

The reference points will differ depending on how recruitment is modelled (“global” vs “local”),
with the effect depending on assumptions about growth, movement, fishery selectivity, natural
mortality, and stock-recruitment steepness. Values for MSY-related quantities are therefore
computed for “global” and “local” recruitment for a range of scenarios (Table 2). The unfished
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biomass is the same for all scenarios and the remaining assumptions are the same for the two
recruitment assumptions (where possible).

In the base-case scenario, recruitment is divided evenly between areas; we conduct an
exploration of sensitivity to the proportion of recruitment to area 1 from 0.5 to 0.9. The
probability of moving from area 2 to area 1 is a piecewise linear function of age (0 at age 0
increasing to a pre-specified movement rate at age 9 and constant thereafter; Fig. 2A). The base-
case scenario assumes that area 1 is a sink area. The model specifies weight-at-age for each area.
Ages are modelled from O (recruits) to 100 yr°. Fish length is specified by the von Bertalanffy
growth curve, with an asymptotic length of 50 cm, an annual growth rate of 0.15 yr! and an age
at length zero of 1, though results are insensitive asymptotic length. Weight is an allometric
function of length following wgge = aLde, where a = 0.63 and b = 1.81; we conduct a
sensitivity to area-specific weights-at-age by increasing the age at length zero in area 1.
Selectivity is an increasing logistic function of age, specified by ages at 50%- and 95%-
selectivity, and can vary among areas. Fecundity-at-age is proportional to weight-at-age, with the
ages at 50%- and 95%-maturity specified by area (although they are the same in our
simulations). The probability of moving is zero for age-0 fish, increases linearly to a maximum
at age 9, after which all ages have the same movement rate. These movement rates vary between
areas and among scenarios. Fishing is assumed to occur on an annual basis before movement.

The simplicity of this example is to illustrate the differences between the global and local
density dependence. Therefore, the resulting differences in reference points can be attributed to
the assumption about density-dependence and its interaction with the spatial transience created
by movement between and differential exploitation among areas. Code to reproduce the
analyses from this manuscript can be found at www.github.com/mkapur/sptIRP.

Alternative Scenarios (Sensitivity Runs)

Sensitivity is explored to no movement (the areas are completely independent, Fig. 2B), to
varying degrees of exchange among areas (Figs. 2C-2E), to symmetric movement (Fig. 2F) and
to several source-sink configurations (Figs. 2G-2J). Most of the scenarios are based on
M=0.15yr"! but sensitivity is explored to M=0.13yr" and M=0.17yr! (“low M” and “high M”,
respectively). Weight-at-age is the same in both areas for the base-case scenario (Fig. 2K), with
sensitivity explored to higher weight-at-age in area 1 (Fig. 3A, “No movement, Higher WAA in
area 2”). Selectivity is the same in the two areas for the base-case scenario (ages-at-50% and -
95% selectivity of 9 and 13 years; Fig. 2L), with sensitivity explored to two alternative
selectivity patterns (Figs 3B and 3C; “lower/higher age-at-50% selectivity in A1”). Stock-
recruitment steepness is assumed to be 0.7 for both areas (0.7 for entire population for global
density-dependence), with sensitivity explored to different (area-independent) values for
steepness (0.6 and 0.8, “low/high #”) as well to area-specific combinations thereof. While not
exhaustive, we selected these sensitivities to illustrate how commonly modeled processes
with predictable impacts on single-area reference points influence equilibrium quantities
when recruitment is assumed to be local.

Performance metrics

Analyses are conducted for a base-case scenario and a range of sensitivity scenarios. Each
scenario involved computing the two-dimensional yield curve surface with x- and y-axes defined
by the fishing mortality by area and identifying the combination of area-specific fishing

SA sufficiently large number of years that the numbers at age 101+ are negligible even in an unfished state.
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mortalities at which total yield is maximized (i.e., Fmsy). The results are articulated as system-
wide totals, which is in keeping with many management systems, in which a single reference
point will be calculated from a model comprised of more than one linked area.

4. Results

Each scenario (row) in Tables 2 and 3 took under one minute to optimize on a standard
laptop computer, with the maximum iterations set to 1,000 and the vector of step sizes for
the finite-difference approximation set to le-4 (the default is 1e-3). A finer step size is
recommended as coarser (i.e., greater than le-2) search grids may cause the optimizer to
overlook intermediate combinations of Fnsy. We specified the starting values for the two
parameters at 0.47 after visualizing the yield surface (e.g., Fig. 4). The initial parameter
estimate returned by optim() was then fed back into the same optimizer until the estimates
did not change, for a maximum of five iterations. Scenarios with the base case movement
parameterization required less than 100 function calls to find the local minimum, and
fewer than 50 for the global case.

3.1 Base-case scenario

Fig. 4 shows the numbers-per-recruit in each region for the base-case scenario that includes area
1 as a sink. The numbers-per-recruit-at-age when summed over source area are identical between
recruitment assumptions. The numbers-per-recruit in the area in which the animals did not settle
is initially zero (as settlement is to a single area by construction) and increases given movement
but declines to zero under mortality. The third row of Fig. 5 shows total yield as a function of
fishing mortality by area for the case of global and local recruitment for the base-case scenario.
The local recruitment assumption leads to a total MSY that is 15% higher than the global
assumption, with a much higher Fmsy in the sink area, from which there is no movement of
individuals back into the source area (Table 2).

3.2 Sensitivity analyses

The values for the reference points and area-specific depletion at Fysy (Busy/Bo) are
independent of movement rate if the two areas are identical (e.g., selectivity, weight-at-age and
steepness h are the same) and movement is symmetric (Figs 4A-D, Table 3). This is true
regardless of the proportion of recruitment that goes to each area (Table 3) because the local
assumption estimates y to be the same as the input proportion. Reference points scale up or down
yet remain identical between assumptions if steepness or natural mortality increase or decrease
by the same amount in each area (cases “No movement, low 4”, “No movement, high 4", “No
movement, low M, “No movement, high M”’). However, the values of the reference points differ
spatially when the areas differ in selectivity- or weight-at-age, or steepness. Higher weight-at-age
in one area results in a higher Fmsy for that area if there is no movement between areas (case
“No movement; Higher WAA in area 2”). Reducing the ages at 50%- and 95%-selectivity in one
area also induces differences in Fwmsy spatially, with a lower Fumsy in the area where fish are
exploited at a younger age (case “No movement, low area 1 age-at-selectivity). The values for
the reference points for combinations of steepness values among unlinked areas are identical to
the values obtained for any scenario using that area-specific steepness value, e.g., a scenario with
steepness of 0.6 in area 1 and 0.8 in area 2 produces the same reference point for area 1 as a
scenario with a steepness of 0.6 in both areas in the absence of movement (cases “No movement,
Combo £ I” and “No movement, Combo £ II”).
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3.3 Comparison of MSY-based reference points and depletion between local and global
assumptions

Any degree of exchange (movement) among areas results in differences in reference points both
among assumptions and between areas, with the local assumption consistently leading to a higher
total MSY, with a lower corresponding total Bmsy, than the global assumption. In our simulation,
out-migration from one area at levels of 30% or greater result in the global and local assumptions
(cases “Area 2 as Sink I” and “Area 2 as Sink II”’) to estimate Fmsy at zero for the source area.
The local assumption is less sensitive to increased movement, such that Fusy remained zero in
the source area when out-migration was 30% or 40% for ages 9 and older (cases “Exchange
among Areas I” and “Exchange among Areas II”’), whereas the global assumption estimated
Fwusy in the source area to be 0.13yr! at 40% unidirectional movement (case “Exchange among
Areas II”’). Under a true source-sink dynamic (“Base Case” and cases “Area 2 as Sink 1-IV”), the
local assumption again leads to higher values of Fmsy for the sink area than the global
assumption.

Reference points are the same between density-dependence assumptions when movement
rates are the same between areas 1 and 2 and 2 and 1 (cases “No movement” and case
“Symmetrical Movement”). The local assumption generally estimates Fmsy to be higher in the
sink area than the source area and higher than the Fimsy defined for the sink area under the global
assumption (cases “Area 2 as Sink [-IV”). The base-case scenario, which is characterized by a
true source-sink dynamic (with area 1 as the sink), exhibits this same response (Table 3; Fig 3E-
F). Reducing the age at which fish in area 1 are selected by the fishery in the base-case
assumptions results in a decrease in Fmsy for area 1 and an increase in Fumsy for area 2 under
both density-dependence assumptions, though this effect is much more pronounced for the global
assumption (case ‘“Base Case + low area 1 age-at-selectivity”’). This is an expected outcome
given the different assumptions’ notions of equilibrium recruitment across the system.

MSY-based reference points for the local assumption are sensitive to area-specific
exploitation and are generally less exploitative than the global approach of an area that is more
vulnerable due to movement or demographics. In general, scenarios that include true source-sink
dynamics and/or variation in steepness lead to the largest differences in reference points between
the two density-dependence assumptions. In such scenarios, depletion corresponding to MSY
was uniformly higher (less depleted) in the sink area, which was the same result found in
Goethel and Berger (2017). The local assumption also resulted in lower depletion levels
corresponding to MSY than the global assumption for both areas. The largest difference
was found for a source-sink scenario with 40% of area 1 adults migrating to area 2, for which the
global assumption produced a Bmsy that was 88% higher and MSY that was 20% lower than the
local assumption (case “Area 2 as Sink I”). In a source-sink scenario with low movement from
area 1 to area 2 (10%) these quantities were 18% greater and 8% lower, respectively (case “A2
as Sink IV”). Bmsy for scenarios with movement rates of 0.6 or higher did not vary more than 9%
between density-dependence assumptions, while the corresponding MSY was only at most 2%
higher for the local assumption (case “Exchange among Areas I-III”’). When steepness varies
among areas, the local assumption estimates area-specific Fmsy values that scale inversely with
area-specific steepness, whereas Fusy from the global assumption (which uses mean steepness)
is equivalent.

Under a “pessimistic” version of the base-case scenario, where survivorship is low (high
natural mortality) and steepness is reduced (case “Base Case + low & high M”), both density-
dependence assumptions suggest an Fmsy of zero for the source area (area 2), while the Fwmsy for
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the sink area is nearly double for the local assumption (0.6yr! vs 0.28yr"). Conversely, under an
“optimistic” version of the base-case scenario (low M and increased steepness; case “Base Case
+ high h low M”) both density-dependence assumptions result in higher Fusy for each area,
though the total MSY of the global assumption is 90% of the local assumption.

The results in Table 4, which are subject to some numerical variation, seem to suggest that
total Fmsy under the local assumption is conserved across scenarios with movement among
areas. This can be illustrated more clearly by allowing movement to mimic selectivity (so
movement within a source area appears like an additional fishery):

N1, = Nle Me=SaFig=SaQ

N2,, = N2e Meg=Sifz 4 Nlg~Me=SaFi(] — ¢=SaQ) (H
where Q is related to the proportion of individuals leaving area 1 for area 2 (area 2 is assumed to
be a sink area). In this formulation, fishing occurs before movement. Table 4 shows that in a
source-sink situation, with movement specified as in Equation 11, the total value of Fmsy
estimated using the local recruitment assumption is conserved across values of Q ranging from
0.1 to 0.9 (to the numerical accuracy of a discrete model). As in the main simulation results, the
greater proportion of fishing mortality is directed towards the sink area, and there is a movement
threshold (here about 40% transfer from area 1 to area 2) after which Fmsy in the source area is
reduced to zero. This result validates the rule of thumb (A.E. Punt, pers. comm.) that movement
can substitute for increased fishing mortality such that the Fmsy for a sink area is roughly twice
that expected for the entire population when two populations are of the same size in the absence
of fishing and the age-specific rates of movement have the same pattern as that of fishery
selectivity.

4. Discussion

4.1 Spatial stock assessment and fisheries management

Although the focus of this paper is on spatial stock assessments and hence the provision of
spatially-appropriate management advice, there are ways to produce the scientific advice that
may be needed to meet management mandates even when it is not possible to correctly represent
spatial structure (Fig. 1). These methods include allocating catch limits among fished areas based
on the relative abundance within sub-areas, or limiting effort outright by implementing Marine
Protected Areas, marine reserves, or closed areas. For example, catch limits determined from
assessments that do not explicitly include spatial dynamics or estimate spatial reference points
may be allocated among sub-stocks, based on a regional indicator of biomass, as is done for
Alaskan sablefish (Anoplopoma fimbria) (e.g., Hanselman et al., 2019). Bosley et al. (2019)
demonstrated that allocating catch limits in this manner can best approximate MSY in the absence
of a spatial model. Similarly, jack mackerel (Trachurus murphyi) is an ecologically and
commercially important pelagic fish in the south Pacific Ocean found in three regions (Arcos et
al., 2001; SPRFMO, 2019). The stock assessment process considers two hypotheses regarding
stock structure (single or two separate stocks). Under the two-stock hypothesis, the assessment
model is spatially-implicit because the fisheries operate in different areas and no mixing of the
stocks is assumed to occur. Management advice is based on comparing the MSY values from the
single-stock model with the sum of MSY from each area in the two-stock model. The most
precautionary advice (i.e., the lowest of the two MSY) is adopted for use (SPRFMO, 2019).
Likewise, data from a spatial assessment might be aggregated to estimate a reference point for
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the whole stock (for example, reference points for rockfish on the US West Coast are calculated
by area, then aggregated to determine TACs; R. Methot, pers. comm.). Finally, spatial
management occurs in the case of marine protected areas and spatial closures, even when
reference points are not estimated considering spatial structure (Anderson et al., 2019).

Assessments that do not have a spatial dimension can be tested for robustness to spatial
population structure using a management strategy evaluation (MSE) with a spatial operating
model (e.g., Morse et al., 2020). Studies using MSE to test the performance of non-spatial
management for spatially structured populations have shown that more precautionary harvest
rules can reduce the risk of overfishing in cases where spatial information is unknown or
incorrectly specified. For example, in the case of Pacific herring (Clupea pallasii) in British
Columbia, which have spatially distinct spawning grounds, management strategies that minimize
exploitation risk can reduce the risk of overfishing when TACs are allocated based on a
spatially-aggregated model (Benson et al., 2015).

Nevertheless, it is often better to explicitly include spatial structure in assessments. This is
evident for small pelagic species, which exhibit both spatial structure and regime shift-like
behavior through time. For example, biomass estimates for spatially-structured forage fish
populations such as Pacific herring are biased when the assessment assumes a coarser spatial
scale than that of the metapopulation dynamics (Benson et al., 2015). Punt et al. (2018) found
that accounting for spatial structure improves hindcast performance and short-term forecasting
when there is post-recruitment dispersal among sub-stocks, but the positive impact of including
spatial structure was weaker when there was time-varying natural mortality (M). The
development of reference points for ecosystem-based fisheries management (EBFM) of the
Atlantic menhaden (Brevoortia tyrannus), another forage fish, has encountered similar
challenges (Buchheister et al., 2017). Like Pacific herring, the potential for spatial variation in
predation rates and temporal shifts in survival and productivity become confounded when spatial
dynamics and temporal variation are both important. These examples highlight the importance of
accounting for spatiotemporal interactions in assessments.

4.2 Including multiple sources of recruitment density-dependence in assessments
Our findings illustrate scenarios that lead to distinct MSY-based reference points between
recruitment density-dependence assumptions. These scenarios are characterized by movement
dynamics that accumulate biomass in one area (source-sink dynamics, namely those with strong
unidirectional movement), or those in which either one or both areas are vulnerable to local
depletion due to lower steepness, higher natural mortality, or a combination thereof. Generally,
the local recruitment assumption suggests a rightward shift of the yield curve, leading to higher
MSYs at lower system wide Bmsy (Fig. 6). This finding is consistent with the observation that
spatial variation in fishing intensity (for example, in MPAs) can produce a “yield premium”
above what would be gleaned by fishing the entire system at a single rate (Ralston et al., 2008).
In the presence of movement, yield curves are generally shallower (particularly under the
local assumption) than in the absence of movement (see extent of yellow areas in Fig. 4). A
similar finding was suggested by Bosley et al. (2019), who suggested that a greater number
of area-specific F combinations could return similar yield goals when movement occurred
among populations. It is possible that various configurations of area-specific F could return
yields close to MSY, which has implications for spatial apportionment of fishing effort in
an applied management context.

Greater survivorship (lower M) or the ability to capture younger fish from one area can
reduce the difference in reference points between assumptions in certain movement scenarios. In
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the first case, lower M means greater overall population productivity in both areas, which
reduces the relative differences between assumptions caused by asymmetrical movement
dynamics. In the second, the fishery capitalizes on the biomass subsidy from the area with higher
age-at-50% capture. These examples represent cases where calculating reference points based on
local recruitment may not greatly change management advice. However, given the difficulty to
estimate M with high precision, and the possibility of time-varying fishery selectivity or
apportionment, it would be prudent to model the density dependence as faithfully as possible.
Moreover, it would be fruitful to explore true spawning migration, larval dispersal and/or natal
homing patterns when conducting assessments as these are factors suspected to render
populations vulnerable to local depletion (Kerr et al., 2017). Time-varying movement, or the
misalignment of management boundaries with biological regimes, presents a large hurdle for the
calculation of spatial reference points (Berger et al., 2020). Our present approaches assume that
equilibrium quantities are derived for a given movement and demographic regime; further
simulation work could illustrate the degree to which temporal variation could accentuate or
diminish discrepancies between areas. It is possible that equilibrium frameworks such as
these will not adequately address such situations.

Incorporating spatial reference points into fisheries management may fulfill some
management requirements, such as those of the Magnuson-Stevens Act (MSA) in the United
States and the objectives of RFMOs. For example, the MSA mandates taking account of
ecosystem considerations in fisheries management, which could include the consideration of
spatial processes (Miller et al., 2018). It is possible that equilibrium methods as the basis for
reference point calculation may become untenable as models become increasingly complex
representations of space and time. For example, Reuchlin-Hugenhotlz et al. (2015) suggest
that simple metrics of spatial distribution are strongly correlated with spawning stock
biomass, and could be used to predict rapid population declines in population of fish
species in the Northwest Atlantic. Incorporation of such spatio-temporal indices, which do
not require the assumption of equilibrium may meet the requirement to determine stock
status relative to reference points that account for stock structure (MSA National Standard 3).
Similarly, management bodies that operate based on a precautionary approach to management
must consider spatial structure to limit the risk of local depletion and maintain stocks at levels
that sustain optimum yield.

4.3 Conclusion

Management goals may not be met if stock structure is mis-specified in some part of the
assessment process, which is particularly likely if the stock-recruitment relationship is local but
is assumed to be global. This study demonstrates how accounting for local density dependence
within spatial assessment models can be included in next generation stock assessment packages
by illustrating how assessments that include spatial components can be extended to provide
MSY-based reference points for local as well as global recruitment density-dependence
assumptions. Unfortunately, Stock Synthesis (as well as several other assessment software used
for tactical management, Table 1) does not accommodate area-specific stock-recruitment curves,
although spatial structure is considered in SS via the calculation of area-specific spawning
biomass. Consequently, differences in expected productivity between areas, and the subsequent
impact on yields, are not represented. Local recruitment is being considered for implementation
in future versions of Stock Synthesis (R. Methot, NOAA Fisheries, pers. comm.) and the
approaches of this paper provide the technical basis for the necessary further development.
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7. Tables

Table 1. Commonly used generic stock assessment frameworks that include spatial structure and the F-based reference points they

estimate.

Model Primary citation(s) Spatial structure Movement Other features Reference points Spatial reference
Dynamics (multispecies, points
ecosystem, etc.)

Globally applicable | Begley and Howell Multiple areas linked | Movement between Multi-species and Fuax None available
Area-Disaggregated | (2004) by movement stocks based on age multi-stock
General Ecosystem and maturity status
Toolbox (GADGET)
Multiple Length (Fournier et al., 1998) | Multiple areas linked | Limited movement, Multi-stock Fusy Area level, groups of

Frequency Analysis
with Catch-at-

by movement

diffusive

areas or the whole
model domain

Length

(MULTIFAN-CL)

Stock Synthesis (SS) | (Methot and Wetzel, Multiple areas linked | Age-specific Single-stock Fuyax, Fusy, Fxo Assume global
2013) by movement recruitment

C++ Algorithmic Bull et al. (2012) & Multiple areas linked | Movement dynamics | Multi-stock CASAL: Fusy, Fxq Sum of By across

Stock Assessment Doonan et al. (2016) by movement allow natal homing Casal2: Bp (no MSY- | areas, or allocate to

Laboratory based reference areas using pre-

(CASAL/Casal2) points) defined fraction

Dual Zone VPA Porch (2018) Two stocks Users choose between | Two stocks Fusy, Fxo, Stock specific; in

Model (VPA-2BOX)

two types of box-
transfer models to
simulate intermixing
between the two
stocks: diffusion and
overlap

overlap case recruits
are tracked based
upon spawning area
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Table 2. Specifications for the scenarios. A dash indicates that the specification matches that of the base-case scenario.

Scenario Proportion of Natural Welilglte' at- Movement Selectivity Steepness
recrultmelnt to area mortality (yr-!)
Base case (Area 1 as sink) 0.5 0.15 Fig. 2K Fig. 2A Fig. 2L 0.7,0.7
No movement y* = 0.5 - - - Fig. 2B - -
No movement y* = 0.6 0.6 - - Fig. 2B - -
No movement y* = 0.7 0.7 - - Fig. 2B - -
No movement y* = 0.8 0.8 ) ) Fig. 2B . )
No movement y* = 0.9 0.9 - - Fig. 2B - -
No movement, Higher WAA in area 2 - - Fig. 3A Fig. 2B - -
No movement, lo.w.area 1 age-at- - - - Fig. 2B Fig. 3B -
selectivity
No movement, low & - - - Fig. 2B - 0.6,0.6
No movement, high & B B B Fig. 2B B 0.8,0.8
No movement, combo A I - - - Fig. 2B - 0.6,0.8
No movement, combo A 11 - - - Fig. 2B - 0.8,0.6
No movement, low M - 0.13 - Fig. 2B - -
No movement, high M - 0.17 - Fig. 2B - -
Exchange among Areas I - 0.17 - Fig. 2C - -
Exchange among Areas II - 0.17 - Fig. 2D - -
Exchange among Areas 111 B 0.17 B Fig. 2E B B
Symmetrical Movement B B B Fig. 2F B B
Area 2 as Sink | - - - Fig. 2G - -
Area 2 as Sink II - - - Fig. 2H - -
Area 2 as Sink III - - - Fig. 21 - -
Area 2 as Sink IV - - - Fig. 2] - -
Base Case + low area 1 age-at-selectivity - - - - Fig. 3B -
Base Case + high area 1 age-at-selectivity - - - - Fig. 3C -
Base Case + combo & - - - - Fig. 2L 0.8,0.6
Base Case + low & high M - 0.17 - - Fig. 2L 0.6, 0.6
Base Case + high i low M - 0.13 - - Fig. 2L 0.8,0.8
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Table 3. Results for the scenarios and values for reference points for each assumption. The values for Fmsy are the fully-selected
fishing mortality rates by area, the MSY ratio is MSY for global recruitment relative to that for local recruitment, and Bmsy/Bo is total
spawning biomass at MSY relative to unfished spawning biomass. A dash indicates that the specification matches that of the base-case

scenario.
Scenario Fysy (area 1, area 2) yr! MSY Bwmsy/Bo (area 1, area 2)
Global Local Ratio (global/local) Global Local
Base case (Area 1 as sink) 0.33,0.03 0.57,0.02 0.85 0.26, 0.26 0.26, 0.26
No movement y* = 0.5 0.27,0.27 0.27,0.27 1 0.26, 0.26 0.26, 0.26
No movement )(1 = 0.6 0.27,0.27 0.27,0.27 1 0.26, 0.26 0.27,0.27
No movement y* = 0.7 0.27,0.27 0.27,0.27 1 0.26, 0.26 0.27,0.26
No movement y! = 0.8 0.27,0.27 0.27,0.27 1 0.26.0.26 0.26.0.27
No movement y* = 0.9 0.27,0.27 0.27,0.27 1 0.33,0.20 0.26,0.27
No movement, Higher WAA in area 2 0.19,0.36 0.25,0.27 1 0.42,0.13 0.30,0.24
No movement, low area 1 age-at-selectivity 0.16, 0.48 0.23,0.28 1.01 0.30, 0.30 0.30, 0.30
No movement, low h 0.20, 0.20 0.20, 0.20 1 0.22,0.22 0.22,0.22
No movement, high & 0.39,0.39 0.39,0.39 1 0.21,0.3 0.32,0.21
No movement, combo A | 0.27,0.27 0.2,0.39 1 0.3,0.21 0.21,0.32
No movement, combo £ 11 0.27,0.27 0.39, 0.20 1 0.27,0.27 0.27,0.27
No movement, low M 0.23,0.23 0.23,0.23 1 0.26, 0.26 0.26, 0.26
No movement, high M 0.33,0.33 0.33, 0.33 1 0.39,0.14 0.37,0.12
Exchange among Areas [ 0.45,0 0.50,0 0.97 0.36,0.17 0.32,0.17
Exchange among Areas 11 0.42,0.13 0.59,0 0.97 0.32,0.21 0.28,0.22
Exchange among Areas 111 0.39,0.24 0.55,0.11 0.98 0.26,0.26 0.26, 0.26
Symmetrical Movement 0.27,0.27 0.27,0.27 1 0.02. 0.53 0.02. 0.33
Area 2 as Sink | 0,0.29 0,0.59 0.8 0.05, 0.5 0.04, 0.33
Area 2 as Sink 1T 0,0.30 0,0.59 0.81 0.11,0.44 0.10, 0.32
Area 2 as Sink III 0.03,0.33 0.02,0.57 0.85 0.18, 0.36 0.15,0.32
Area 2 as Sink IV 0.17,0.32 0.17,0.43 0.92 0.44,0.11 0.32,0.10
Base Case + low area 1 age-at-selectivity 0.23,0.28 0.42,0.04 0.86 0.51, 0.06 0.38, 0.08
Base Case + high area 1 age-at-selectivity 042,0 0.78,0.01 0.84 0.39,0.15 0.27,0.12
Base Case + combo / 0.33,0.03 0.73,0 0.78 0.50,0.11 0.28,0.10
Base Case + low & high M 0.28,0 0.60, 0 0.78 0.52,0.13 0.33,0.10
Base Case + high i low M 0.38,0.07 0.55,0.08 0.90 0.37, 0.09 0.30, 0.08
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Table 4. Results for vignette scenarios, in which the age-specific pattern of movement matches selectivity (Equation 11). The
proportion of recruitment to area 1, natural mortality, selectivity and stock-recruitment steepness are as for the base-case scenario
(Table 2). Q!is the proportion of individuals of all ages which move out of area 1 for area 2, where they remain.

Proportion  Fyqy (area 1, area 2) yr! Busy/Bo
Scenario movement Total local MSY ratio
outofareal  Global Local F 5 (global/local) Global Local
and area 2 MSY YT
Vignette Q! =0.10 0.1,0 0.22,0.32 0.3,0.29 0.59 0.97 0.26 0.25
Vignette Q' = 0.20 0.2,0 0.15,037  0.28,0.33 0.61 0.94 0.27 0.24
Vignette Q' = 0.25 0.25,0 0.11,039  0.28,0.35 0.63 0.93 0.27 0.24
Vignette Q' = 0.30 0.3,0 0.08,042  0.26,0.37 0.63 0.92 0.27 0.23
Vignette Q' = 0.35 0.25,0 0.04,045  0.24,0.39 0.63 0.91 0.27 0.23
Vignette Q' = 0.40 0.4,0 0,0.47 0.22,0.41 0.63 0.90 0.27 0.22
Vignette Q '= 0.50 0.5,0 0,0.43 0, 0.59 0.59 0.90 0.27 0.24
Vignette Q' = 0.60 0.6,0 0,0.4 0, 0.59 0.59 0.88 0.27 0.22
Vignette Q' = 0.70 0.7,0 0,0.38 0, 0.6 0.60 0.87 0.27 0.21
Vignette Q' = 0.80 0.8,0 0, 0.37 0, 0.59 0.59 0.86 0.27 0.20
Vignette Q' = 0.90 0.9,0 0, 0.36 0, 0.6 0.60 0.86 0.27 0.20
Vignette no movement 0,0 0.27,0.27 0.27,0.27 0.54 1.00 0.26 0.27
Vignette symmetrical 0.3,0.3 027,027  0.27,0.27 0.54 1.00 0.26 0.27
movement
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8. Figures
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Figure 1. A schematic of how spatial information is used to estimate reference points for management and when
implementing spatial management. Arrows indicate pathways through which information is used in science and
management. Lighter arrows indicate where spatial models and data generation tools are used to improve
management science, and dark arrows indicate ways that spatial information is or is not turned into spatial
management practices. Spatially structured models and data-generation tools (dashed lines) consider differences
in population dynamics among areas. See the Online Supplementary Material for a discussion of the distinction
between process- and spatially-explicit VS. implicit models.
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Figure 2. Age-specific specifications for the scenarios. A-J) Movement at age. Values indicate
the proportion of individuals that remain in each area (colors) at each age. K) Weight-at-age for
the base-case scenario, which is identical between areas. E-G) Fishery selectivity-at age for the
base-case scenario, which is identical between areas. All values are identical for ages 20+.
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Figure 3. A) Weight-at-age for the “Higher Weight at Age in area 2” scenario. B) Fishery
selectivity-at-age by area for scenarios that include lower selectivity at age in area 1. C) Fishery
selectivity-at-age by area for scenarios that include higher selectivity at age in area 1. All values
are identical for ages 20+.
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Figure 4. Equilibrium numbers-per-recruit (top row) and -at-age (bottom row) based on
spawning origin for the base-case scenario (area 1 as sink) under F=0 (A-C) and F=Fwmsy (D-F).
Figures A and D indicate the fate in numbers-at-age of a single recruit spawned in area 1;
Figures B and E indicates the same for a recruit spawned in area 2; Figures C and F indicate the
total numbers-per-recruit in each area under two different values for F. In each plot, blue lines
represent individuals found in area 2 and black lines indicate those found in area 1.
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Figure 5. Total yield as a function of fishing mortality (yr'!) by area for the local and global assumptions (left
and right columns) for three scenarios: A-B) the first no-movement case, with y* set to 0.5; C-D) a movement

with symmetric exchange among areas, and E-F) the base-case scenario. The colors denote total yield and the
solid

square point indicates Fwmsy.
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Figure 6. Illustration of the rightward shift of the yield curve due local density dependence for four scenarios
(Table 2): A) No movement, input X = 0.5, B) C) D). In all figures, the x-axis represents various values of F
(yr'!) for area 1. Yield curves are generated by fixing F in area 2 to Fmsy for area 2 for the scenario in question.
The vertical lines indicate the location of Fusy in area 1. Blue dotted lines = local recruitment assumption, black
solid lines = global recruitment assumption.
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