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An understanding of the mechanisms underlying population persistence makes fisheries management more effective. A model frame-
work is described, which can test hypotheses about spatial structure and connectivity within and between populations and their influ-
ence on the productivity (spawning-stock biomass, SSB), stability (variation in SSB), resilience (time to rebuild SSB after environmental
disturbance), and sustainability (maximum sustainable fishing mortality and yield) of systems. The general model consists of linked
age-structured submodels that incorporate the unique demographics and dynamics of population components, along with the
degree and type of connectivity between them. The flexibility of this framework is illustrated with three case studies examining
(i) spatial structure within a population of white perch, (ii) different types and degrees of connectivity between populations of
Atlantic herring, and (iii) spatial heterogeneity and connectivity within a stock of Atlantic cod. System variance is reduced by abun-
dant, stable population components, and the asynchronous responses of those components. Components with high productivity con-
tributed disproportionately to the resilience of systems. Increased synchrony of component responses to environmental forcing
decreased the stability of the overall system. Simulation modelling is a useful approach to evaluate the consequences of spatial struc-
ture and connectivity, and can be used to understand better the productivity and dynamics of local and regional populations.
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Introduction
The study of fish population dynamics has historically focused
more on understanding the temporal than the spatial dynamics
of populations. Hjort’s (1914) work examining fluctuations in
the abundance of fish stocks in northern Europe was influential
in directing research in fisheries science on temporal variability
of populations, i.e. in determining what leads to year-class vari-
ation. The examination of fluctuations in populations, ranging
from interannual to multidecadal time-scales, continued to be a
research focus throughout the twentieth century (Houde, 2008),
and typically involved simplifying assumptions about the spatial
structure of populations. This simplified view was evident in
stock assessment science wherein populations were typically con-
sidered to be a single unit with homogeneous characteristics, i.e.
the unit stock concept described by Cadrin and Secor (2009).
Recently, there has been increased recognition of the importance
of spatial structure and connectivity on the productivity and
dynamics of local and regional populations (Andrews et al.,
2006; Heath et al., 2008; Cadrin and Secor, 2009; Secor and
Kerr, 2009; Kerr et al., 2010).

Spatial structure within, and connectivity between, local and
regional populations may play an important role in the resilience

and persistence of fish stocks (Kerr et al., 2010). Identifying the
mechanisms of these biological phenomena is critical to under-
standing how populations will respond to climatic oscillations
and exploitation. Factors including oceanography and fish behav-
iour (i.e. spawning and larval behaviour) are important in the
structuring of unique spawning populations (Sinclair, 1988), and
dispersive capabilities, local population density, fitness costs, and
environmental conditions can be significant factors in determin-
ing the spatial dynamics within populations (Hanski, 1999).
Spatial structuring within fish populations (e.g. phenotypic popu-
lation structure) is often attributed to an individual’s behavioural
response (e.g. resident vs. migratory) to their fitness relative to
environmental conditions (Jonsson and Jonsson, 1993). The con-
nectivity between populations may be maintained through disper-
sal during the larval period or juvenile/adult straying, a dispersive
behaviour that can be triggered by density-independent (i.e.
environmental conditions) or -dependent factors (i.e. local popu-
lation density). Alternatively, the connectivity may occur through
entrainment during the juvenile/adult stage, whereby individuals
from one population are socially drawn into another during
periods of spatial overlap (McQuinn, 1997; Corten, 2002).
Because of the role spatial structure and connectivity may play
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in population- and metapopulation-level processes, there is a criti-
cal need for the development of tools to incorporate these
phenomena into models to better understand the local and
regional population dynamics and to improve management
decisions.

Simulation modelling is a useful and flexible approach that can
be used to explore a diversity of ecological and applied questions
about fish populations, and serves several important roles.
Deterministic simulation is the basis of many traditional manage-
ment reference points, and stochastic simulation has been used
extensively for risk analysis (reviewed by Smith et al., 1993). The
operating model concept is used to evaluate stock assessment
models, and the approach has been extended to management strat-
egy evaluation (MSE; Butterworth and Punt, 1999; Wilberg et al.,
2008). For example, Ricker (1958) simulated reproductively iso-
lated populations of Pacific salmon in variable environments to
determine optimal harvest strategies for mixed-stock fisheries.
More recently, the application of simulation modelling in fisheries
science has been expanded to examine a broader set of questions,
exploring a range of ecological issues related to fish (Porch et al.,
2000; Heath et al., 2008). Specifically, we show that simulation
models can be used as an experimental framework with which
to test hypotheses about the likely mechanism and consequences
of connectivity between and spatial structure within local and
regional fish populations. Our focus is to bring biological
realism to a dynamic model of a population, incorporating the
best available empirically derived data, to examine how structure
and connectivity influence population- or metapopulation-level
attributes. The approach draws from the landscape ecology litera-
ture, which has a long history of study of spatial patterns and their
impact on landscape-level processes (Turner, 1989). Because the
development of a simulation model is iterative, the process of con-
structing and running it helps to inform concepts of how the
system works and understanding of the processes, phenomena,
and scales at which spatial structure and connectivity have a sig-
nificant impact (Turner, 1989; Peck, 2004).

The goal of our research was to illustrate the flexibility of an
age-structured simulation model framework for examining the
consequences of spatial patterns and connectivity on population
processes, responses that would be extremely difficult if not
impossible to explore based on field observations alone. Using
three case studies, we examined the consequences of (i) spatial
structure within an estuarine-dependent population of white
perch (Morone americana), (ii) different types and levels of con-
nectivity between populations of Atlantic herring (Clupea haren-
gus), and (iii) spatial heterogeneity and connectivity within the
Gulf of Maine Atlantic cod (Gadus morhua) management unit.

Methods
Model framework
The generalized model framework used in all three case studies was
an age-structured model that incorporated the unique demo-
graphics and dynamics of population components, along with
the extent and type of connectivity between them. The flexibility
of this framework allows for incorporation of multiple spawning
components or subcomponents with either unique or shared
stock–recruit relationships. Using this approach we can incorpor-
ate patterns in recruitment variability based on a mechanistic
understanding of environmental forcing on recruitment (e.g. cor-
relation in recruitment with freshwater flow conditions; Kerr et al.,

2010) of the population component or, when this is unknown, we
can simulate recruitment variability in a more simplistic manner,
emulating the pattern in the available recruitment indices or
model estimates over time. The focus of the approach is to use
simulation models as a tool in the identification and understand-
ing of local and regional population structure.

The model framework for white perch and Atlantic herring is
described below, and further information on model structure
and details of parameter estimation for the white perch and
Atlantic herring case studies is provided in Kerr et al. (2010;
white perch) and Secor et al. (2009; Atlantic herring). The
details of the Gulf of Maine Atlantic cod model are described in
the Gulf of Maine Atlantic cod subsection.

The population model for white perch consisted of two behav-
ioural contingents (residents and migrants, aged 1–12 years)
linked through a common stock–recruitment relationship.
Recruitment or abundance of white perch aged 0 (N0) was calcu-
lated from

N0 = B1SSBpop

B2 + SSBpop
+ 1, (1)

where SSBpop is the spawning-stock biomass of the overall popu-
lation (i.e. the sum of the SSBs of resident and migratory contin-
gents), B1 is the maximum number of recruits produced, and B2

controls the rate at which the asymptote, or maximum recruits
per spawner, is reached (Beverton and Holt, 1957). The error
term (1) was modelled as a normally distributed random deviate
ranging up to 10% of the maximum number of recruits. At age
1, the population diverged into resident and migratory groups
that were modelled with their respective contingent-specific vital
rates, and independent recruitment dynamics that were driven
by environmental conditions (i.e. streamflow) and random
variation.

The metapopulation model for Atlantic herring consisted of
two age-structured spawning components (ages 1–9), each with
its own stock–recruit relationship. The populations were pat-
terned after a subordinate Irish Sea and a dominant Celtic Sea
population. Recruitment-at-age 1 (R) was calculated by a
hockey-stick-type stock–recruit model:

R = gSSB if SSB , SSB∗

gSSB∗ if SSB ≥ SSB∗

{
, (2)

where g is the slope and SSB* the spawning-stock biomass that
triggers an asymptotic response in recruitment (Barrowman and
Myers, 2000). Variation in the number of recruits was included,
and the magnitude was scaled to achieve a coefficient of variation
(CV) in age-1 recruitment equal to 40% (based on a time-series of
estimates of recruitment from a stock assessment; ICES, 2008) for
both populations, with random variation driving the subordinate
population, and the North Atlantic Oscillation (NAO) index
driving variation of the dominant population.

The SSB of white perch and Atlantic herring was calculated as a
function of the number-at-age, weight-at-age, and maturity-at-age
of the study species:

SSB(t) =
∑a=1

a=0

Na(t)WaPa, (3)
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where Na(t) is the average number of fish aged a at time t, Wa the
average spawning weight (kg) of a fish aged a years, and Pa is the
average fraction of fish aged a that are mature. A length–weight
relationship was used to estimate the weight-at-age of white perch:

Wa = aLb
a , (4)

where La is the length-at-age, a a proportionality constant, and b is
the allometric coefficient. Length-at-age was estimated from von
Bertalanffy growth models specific to each population component:

La = L1 1 − e−k(a−a0)[ ]
, (5)

where L1 is the asymptotic size, k defines the rate at which the curve
approaches the asymptote, and a0 is the hypothetical age at which
the size of the fish is zero. The average weight-at-age of Atlantic
herring was based on field-collected data for the period 1998–
2007 (ICES, 2008). The proportion of fish mature-at-age was deter-
mined from maturity ogives (Atlantic herring; ICES, 2008) or
maturity length-at-age relationships (white perch; Mansueti, 1961).

Abundance-at-age for older ages of white perch and Atlantic
herring was calculated from

Na+1(t+1) = Na(t)e
−Za , (6)

where Na is age-specific abundance, and Za is the total adult
annual mortality of the population or behavioural contingent.

Gulf of Maine Atlantic cod
Atlantic cod in the Gulf of Maine management area (ages 1–11+)
were modelled as three interconnected substocks: Massachusetts
Bay, Ipswich Bay, and coastal Maine. The substock model is a
portion of a larger model that will ultimately include spatial struc-
ture within and connectivity between cod populations within the
Gulf of Maine and Georges Bank management units. The results
of the substock model were contrasted with a model in which
Gulf of Maine cod were modelled as a single stock, the current
management perspective. Our simulations expand upon those
developed for Gulf of Maine cod by Reich and DeAlteris (2009)
by defining spatial structure according to biological knowledge
of the primary spawning components within the Gulf of Maine

management unit, based on patterns of genetic variation and
tagging data, determining vital rates, and recruitment dynamics
within substocks from field observations, and using the stock–
recruit relationship from the stock assessment to constrain both
models. Life history parameters, including growth (calculated
from von Bertalanffy growth models) and maturity (calculated
from maturity ogives), were estimated on a substock and single-
stock basis from data collected during the Northeast Fisheries
Science Center (NEFSC) stratified random bottom trawl survey
(Table 1). Fish length and weight were measured on board. Age
and maturity stage were determined for subsamples. Multiple
years (2000–2007) of data were pooled to estimate life history par-
ameters, because of insufficient annual sample sizes. Only data
from spring surveys, which are conducted during or closer to
spawning periods than autumn surveys, were used to minimize
errors in stock identification. The Gulf of Maine management
area for Atlantic cod was defined by NMFS statistical areas, and
substocks were defined using knowledge of spawning components
derived from tagging studies (Howell et al., 2008; Tallack, 2009),
and genetics (Wirgin et al., 2007; Breton, 2008).

Recruitment or abundance-at-age 1 (N1) was calculated using a
modified Beverton–Holt curve (Working Group on
Re-Evaluation of Biological Reference Points for New England
Groundfish, 2002):

R = 4zmaxRmaxSSB

SSBmax(1 − zmax) + SSB(5zmax − 1) , (7)

where SSBmax is the maximum observed stock size, Rmax the
maximum expected recruitment, and zmax is the steepness of the
curve. Parameter estimates for SSBmax, Rmax, and zmax were avail-
able for Gulf of Maine cod (Working Group on Re-Evaluation of
Biological Reference Points for New England Groundfish, 2002)
were used directly in the single-stock model, and modified for
use in the substock model (Table 1). In the substock model, the
values of Rmax and SSBmax were divided by the relative magnitude
of the average recruitment index (number per survey tow) and the
SSB index (in kg per survey tow) of each substock. This form of the
Beverton–Holt relationship allowed for a common steepness
parameter among substocks.

Table 1. Parameter estimates and sources of data used in the single-stock (Gulf of Maine management unit) and substock (including
Massachusetts Bay, Ipswich Bay, and coastal Maine spawning groups) age-structured models of Atlantic cod.

Parameter Definition

Value

Gulf of Maine
management unit Massachusetts Bay Ipswich Bay

Coastal
Maine

Ma Natural mortality 0.20 0.20 0.20 0.20
Rmax (thousands)a Maximum expected recruitment 8 983 3 493 4 802 688
Smax (t)a Maximum observed stock size 77 500 40 447 23 341 13 811
zmax

a Steepness of the stock–recruit curve 0.74 0.74 0.74 0.74
Linf (cm)b Asymptote of growth model 145.77 138.71 164.15 133.95
k (year21)b Rate at which growth model approaches asymptote 0.11 0.12 0.10 0.14
a0 (cm)b Length at age 0 in growth model 20.22 20.26 20.08 0.01
a(cm kg21)b Length–weight parameter 0.000003 0.000003 0.000003 0.000003
bb Length–weight parameter 3.28 3.28 3.28 3.28
cb Maturity ogive parameter –4.97 –5.04 –4.44 – 5.35
db Maturity ogive parameter 1.52 1.53 1.30 1.77
aWorking Group on Re-Evaluation of Biological Reference Points for New England Groundfish (2002).
bEstimated from NEFSC survey data (2000–2007).
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Recruitment and spawning-stock indices were developed for
each substock from data collected in the NEFSC spring bottom
trawl survey for the years 1970–2007. Using substock age–
length keys, the length frequency of fish was converted to age fre-
quency, and the number of fish aged 1 per tow (i.e. catch per unit
effort, cpue) was calculated and averaged for each year. The CV of
age 1 cpue within substocks and correlation in year 1 cpue between
substocks was calculated and used to scale the magnitude of
recruitment variability and correlation in recruitment between
substocks (Table 2). An index of SSB was also calculated based
on an annual mean weight of catch per tow within each substock
region.

The SSB was calculated in the same manner described for white
perch and Atlantic herring. In Atlantic cod substock models, the
connectivity between stocks was included as stray fish (derived
from other substocks), with straying rates estimated from pairwise
Fst values between substocks (Wirgin et al., 2007; Breton, 2008),
following Wright (1951; Table 2). Straying rates are probably
underestimated, because pairwise Fst values included both
neutral and non-neutral markers, and effective population size
was estimated as maximum recruitment at age 1 for substocks
(Rmax). Abundance-at-age for ages 2–10 was calculated from

Ni,a+1(t+1) = (Ni,a(t)ri + N j,a(t)f ji + Nk,a(t)fki)e−M−(sa)F, (8)

where Na is the age-specific abundance of each substock (i, j, k), r
the proportional fidelity of fish in a substock, f the proportional
movement of fish between substocks, M the natural mortality, sa

the age-specific selectivity into the fishery, and F is the fishing
mortality. Abundance-at-age for the age 11+ group was calculated
from

Ni,a+1(t+1) = (Ni,a(t),ri +Nj,a(t)f ji +Nk,a(t)fki)e−M−(sa)F

+(Ni,a+1(t)ri +Nj,a+1(t)f ji +Nk,a+1(t)fki)e−M−(sa+1)F .

(9)

Population response variables
The population response variables of interest varied across the
three case studies according to the hypotheses being tested.
Population and metapopulation productivity were calculated as
the grand mean SSB across years and simulations. Stability of
populations and behavioural contingents was calculated as the
grand mean coefficient of variation (CV is the standard deviation
divided by the mean) of SSB across years and simulations.
Metapopulation stability was calculated by weighting the CV of
population components by the respective SSB and taking into
account the extent to which variance was dampened as a conse-
quence of independence between components, a metric termed

the portfolio effect (Secor et al., 2009). Resilience was calculated
as the number of years it takes to rebuild a population above
mean SSB after a period of poor recruitment, taken as 5 years
when recruitment is at 10% of the maximum level.
Sustainability with respect to fishing was calculated as the
maximum long-term average yield and the fishing mortality that
produces maximum sustainable yield (MSY).

Simulations
A series of 500 stochastic simulations, each conducted over a
150-year period (only the last 100 years were used in analyses, to
allow models to approach an equilibrium), was performed for
each simulated scenario.

White perch
In these simulations, we examined the population-level conse-
quences of partial migration, whereby resident and migratory be-
havioural groups, or contingents, were present within a
population. Specifically, we evaluated the impact of changes in
(i) contingent representation, the average proportion of the popu-
lation that recruits to each contingent each year, and (ii) corre-
lation in interannual age 1 abundances between contingents, i.e.
recruitment synchrony, on the stability, productivity, and resili-
ence of the overall population.

Atlantic herring
These simulations were used to examine the impact of different
types and levels of connectivity between Atlantic herring popu-
lations on the productivity and stability of each population and
the overall metapopulation. Model scenarios of connectivity
between two populations included the straying scenarios, such as
(i) density-independent straying (uni- and bidirectional) and (ii)
density-dependent straying, and the entrainment, scenarios, such
as (a) density-dependent entrainment (individuals of the subordi-
nate population are drawn into the dominant population), (b)
density-dependent entrainment with a reserve or portion of the
population protected from entrainment, (c) density-dependent
entrainment in strong year classes, and (d) density-dependent
entrainment in strong year classes with a reserve. These scenarios
were compared with a baseline model in which there was no con-
nectivity between local populations.

Atlantic cod
In these simulations, we examined the consequences of spatial
structure, including spatial differences in vital rates and indepen-
dent recruitment dynamics of spawning components within a
management unit of Atlantic cod on the productivity, stability,
and sustainable yield of the stock. Model scenarios included
several levels of fishing mortality (F ¼ 0–1.0) applied to the
single-stock and substock models.

Results
Spatial structure within an estuary-dependent
population of white perch
Using the flexible structure of the simulation model, we con-
structed a population model with two subcomponents (resident
and migratory contingents), linked through a common stock–
recruitment function, with each component having unique demo-
graphics and independent responses to changes in streamflow
dynamics. The model allowed us to explore population-level

Table 2. Parameter estimates included in the Atlantic cod
substock model.

Massachusetts
Bay

Ipswich
Bay

Coastal
Maine

Massachusetts Bay 0.39 0.24
Ipswich Bay 0.05 0.15
Coastal Maine 0.01 0.02

Values above the diagonal are correlations in age 1 recruitment indices, and
values below the diagonal are estimated straying rates (the proportions of
individuals that stray annually (f)).
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dynamics and to characterize important features of the popu-
lation, including productivity, stability, and resilience.

Through simulation modelling, we found that the population
metrics examined (productivity, stability, resilience) were most
sensitive to the proportional representation of behavioural contin-
gents in the population, and less sensitive to the correlation in
recruitment between the two contingents. An increased represen-
tation of the migratory contingent within the population resulted
in an increased productivity and resilience, but decreased stability
(Figure 1). Conversely, an increased representation of the resident
contingent increased the stability within the population, but
decreased the productivity and resilience (Figure 1). Negative cor-
relation in the recruitment dynamics between contingents
increased the productivity and dampened the variance in popu-
lation biomass (Figure 1). A high positive correlation in recruit-
ment also increased the productivity, but it reduced the stability
within the population. Across scenarios, variation in the corre-
lation in recruitment had little impact on the resilience of the
population. Overall, our analysis using simulation modelling
revealed that resident and migratory contingents played different
roles in the dynamics of the population. The resident contingent
is consistently present and contributes to population stability.
The dispersive contingent has more variable dynamics, but is
more highly productive and contributes to population resilience.

Different types and extents of connectivity between
populations of Atlantic herring
Through modifying the basic model framework, we simulated the
metapopulation dynamics of two herring populations, with inde-
pendent stock–recruitment functions linked through straying or
entrainment. Each spawning component had unique demo-
graphics, with one population’s recruitment variability tied to
the NAO and the other modelled in a stochastic manner. Using

this construction, we explored the consequences of different
types and levels of connectivity between constituent populations
to productivity and stability. Kell et al. (2009) employed a
similar simulation framework to a more applied question, examin-
ing the consequences of population structure of herring west of the
British Isles (including the Irish and Celtic Sea herring popu-
lations) to recovery and management.

Our results revealed that straying and entrainment scenarios
had a notable impact on the productivity and stability of local
populations, but through different mechanisms. Regional popu-
lation dynamics were not as heavily impacted as local ones, but
all connectivity scenarios resulted in decreased metapopulation
productivity. Density-independent straying (uni- and bidirec-
tional) decreased the productivity within the dominant popu-
lation owing to the removal of individuals, i.e. strays (Figure 2).
The stability of the dominant population also decreased in
density-independent straying scenarios because of the random
nature of removals from, and additions to, the population. Both
productivity and stability increased in the subordinate population,
because that population predominantly received immigrants
through straying. Metapopulation dynamics were not heavily
impacted, but they did exhibit slight decreases in productivity
and stability. Density-dependent straying operated as a negative
feedback, whereby strong year classes were removed from the
dominant population and transferred to the subordinate popu-
lation. This resulted in decreased productivity, but increased stab-
ility in the dominant population (dampened variance through
straying during years of high abundance; Figure 2). Both pro-
ductivity and stability increased in the subordinate population
and decreased in the metapopulation. Entrainment generally oper-
ated as a positive feedback, whereby the dominant population
gained members from the subordinate population when the domi-
nant population abundance was high. Therefore, the productivity

Figure 1. Summary of the results of white perch simulation modelling, examining the impact of changes in (i) contingent representation
(average proportion of the population that recruits to each contingent each year) and (ii) correlation in interannual abundance of fish aged
1 year between contingents (i.e. recruitment synchrony) on the stability, productivity, and resilience of the overall population. Figure
reproduced from Kerr et al. (2010), with permission.
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increased in the dominant population and decreased in the subor-
dinate population, as well as in the metapopulation. In general, the
stability decreased at a local population level, but tended to
increase at a regional level across entrainment scenarios
(Figure 2). As more individuals from the subordinate population
were entrained when the dominant population density was high,
the oscillations in abundance between the populations tended to
be out of phase, contributing to a greater portfolio effect, or dam-
pening of variance in the overall metapopulation. However, when
a portion of the subordinate population was “protected” from
entrainment, the stability increased in the subordinate population
and decreased at a metapopulation level, although this was an arte-
fact of reduction of the subordinate population to a static reserve
level (Figure 2). Overall, it appears that the connectivity through
straying had the effect of increasing synchrony, thus reducing
the independence of local populations and resulting in greater
variability in the overall metapopulation. The connectivity
through entrainment had the effect of increasing asynchrony
between local populations, resulting in a more stable
metapopulation.

Spatial heterogeneity and connectivity within the Gulf of
Maine Atlantic cod management unit
In this case, we contrasted a model based on the single-stock man-
agement paradigm with a substock model that incorporated our
knowledge of the biological structure existing within the
management unit. Each substock possessed an independent

stock–recruitment function, unique vital rates, and recruitment
dynamics. Populations were connected through straying during
the juvenile and adult stages (ages 2–11+). This adaptation
of the model framework represents an applied usage, examining
the impact of spatial structure on productivity and sustainable
yield from the fishery.

Across simulations with differing intensities of fishing mor-
tality, the productivity and yield of the substock model averaged
43% and 46% higher than that of the single-stock model, respect-
ively (Figure 3). The greater productivity of the substock model
appears to be attributable to inclusion of spatially explicit differ-
ences in vital rates and recruitment dynamics. The inclusion of
substock structure also dampened the variance in overall SSB
(the mean portfolio effect across fishing mortality scenarios was
40%) compared with the single-stock model (no portfolio
effect), demonstrating that independence in recruitment between
substocks resulted in an increased stability at a regional level. As
expected, the productivity of both single-stock and substock
models decreased with increasing fishing pressure, the rate of
decrease being approximately the same for the two forms of the
model (substock slope ¼ –2.6, single-stock slope ¼ –2.7;
Figure 3). The MSY of the substock model was 15 664 t and of
the single-stock model was 11 249 t (Figure 3). An implicit
assumption of the single-stock model is that the distribution of
fishing effort is homogenous (FMSY ¼ 0.3), whereas in the sub-
stock model, the fishing mortality at MSY varied based on the pro-
ductivity of the substock. Therefore, by considering spatial

Figure 2. Summary of results of Atlantic herring simulation modelling, examining the impact of different types and levels of connectivity
between populations of Atlantic herring on the productivity and stability of each population and the overall metapopulation.
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heterogeneity and connectivity within the Gulf of Maine manage-
ment unit, our simulations suggest that the system can produce a
greater yield.

Individual substocks varied in their productivity, with the Ipswich
Bay substock the most productive, followed by Massachusetts Bay,
and coastal Maine the least productive (Figure 4). The more pro-
ductive substocks (Ipswich Bay and Massachusetts Bay) were able
to sustain greater fishing mortality (FMSY ¼ 0.3), compared with
the coastal Maine substock (FMSY ¼ 0.2; Figure 4). The Ipswich
Bay population was less stable than the Massachusetts Bay and
coastal Maine substocks (Figure 4). Therefore, although the
Ipswich Bay substock was more productive than the Massachusetts
Bay substock, the lower stability of the former substock resulted in
an equivalent sustainable exploitation rate. Achieving the
maximum yield from the substock model relied on spatially explicit
differences in fishing effort within the Gulf of Maine.

Overall, the single-stock model considers the stock to be one
unit with equal vital rates and complete synchrony in recruitment
dynamics. This simplified view of Gulf of Maine cod leads us to
underestimate the productivity and potential yield of the system.
Spatial differences in productivity and stability impact the sustain-
ability of fishing effort, and suggest that spatial management of
fishing pressure could both increase the yield of the fishery and
better protect the Gulf of Maine Atlantic cod stock from
overexploitation.

Discussion
Simulation models can serve as a tool to integrate information
gained from multiple approaches to investigating population

structure, e.g. genetics, electronic tagging, otolith chemistry,
larval dispersal, and life history traits (Cadrin et al., 2005), and
permit the testing of hypotheses. The generalized model frame-
work is adaptable to incorporation of a wide variety of different
levels of organization, demographics, and dynamics.
Additionally, the approach is amenable to consideration of a diver-
sity of questions relevant to our understanding of spatial structure
and connectivity, and to conservation and management goals. The
case studies described illustrate the diversity of applications as well
as the commonalities in dynamics that emerge across systems.

Using simulation modelling to examine three systems of fish
populations, we gained a better understanding of the conse-
quences of connectivity between, and structure within, local and
regional populations to productivity, stability, resilience to

Figure 3. Spawning-stock biomass and yield for the single-stock and
substock models of Gulf of Maine Atlantic cod across fishing
mortality scenarios.

Figure 4. Spawning-stock biomass, yield, and CVs for the substocks
(Coastal Maine, Ipswich Bay, Massachusetts Bay) of Gulf of Maine
Atlantic cod across fishing mortality scenarios.
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perturbation, and sustainability with respect to fishing. The rela-
tive abundance and extent of independent response to the
environment of components were important determinants of
system dynamics. Abundant stable components and asynchronous
responses of components reduced the variance within the systems.
Components with high productivity largely determined the resili-
ence of systems and their ability to sustain fishing pressure. The
form, as well as the magnitude, of connectivity between local
populations impacted metapopulation dynamics. Increased con-
nectivity between components through straying increased the syn-
chrony of responses to environmental forcing, resulting in the
decreased productivity and stability of systems. In contrast, an
increased connectivity between components through entrainment
decreased the synchrony of responses to environmental forcing,
resulting in an increased system stability. This general model fra-
mework is easily altered to accommodate system biocomplexity
(Hilborn et al., 2003, Ruzzante et al., 2006), making the approach
useful for many hypothesis tests that would not be possible in field
or laboratory settings.

Spatial modelling can be particularly useful in determining the
appropriate spatial scale of management and conservation.
Although MSE was not the focus of our study, these simulation
frameworks could provide the operating models for MSE and
would be a useful extension of the models. Employing a large-scale
management strategy when significant spatial variability in pro-
ductivity exists between local populations can be costly, resulting
in potential loss of yield and localized population depletion
(Tuckey et al., 2007). In an extreme situation, overfishing of rela-
tively unproductive populations can lead to extirpation (Ricker,
1958), and overfishing of productive populations (also known as
source populations) can lead to widespread declines throughout
a metapopulation (Kritzer and Sale, 2004). Failure to recognize
these features of populations can jeopardize the realization of
rebuilding expectations, because rebuilding capacity may be
linked to structure within and connectivity between populations
(Reich and DeAlteris, 2009). Similar to the results of our
Atlantic cod simulation, the analysis by Wilberg et al. (2008) of
source–sink dynamics of yellow perch (Perca flavescens) revealed
differences in optimal harvest strategies attributable to spatial
differences in the productivity and growth patterns of yellow
perch among areas. Hence, we emphasize the importance of doc-
umenting spatial differences in vital rates, recruitment dynamics,
and connectivity of populations with respect to the distribution
of fishing effort and the management of a fishery. The results of
these simulations are expected to reflect the systems of inference,
because they are based on observed vital rates (growth, maturity,
mortality, and recruitment), as well as information on connec-
tivity (from natural or artificial tags) and the extent of reproduc-
tive isolation (from genetics). For example, our Gulf of Maine cod
simulations conform more to the observed productivity of the
resource than the more hypothetical simulations specified by
Reich and DeAlteris (2009). Therefore, because of the realism
incorporated in these models, their future modification to
examine harvest policy performance will be less heuristic and
more relevant to management.

Conservation efforts made at an inappropriate spatial scale can
be ineffective and potentially lead to continued overfishing of
unique subpopulations. Additionally, understanding how spatial
scales affect population-level processes is particularly relevant to
the designation of marine-protected areas (MPAs). Therefore,
simulation modelling can increase our understanding of the

dynamics of fish populations and inform better spatial fisheries
management, the development of MPAs, habitat restoration, and
conservation, by synthesizing the available field information and
testing hypotheses for processes that are difficult to observe
directly.
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