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ABSTRACT: Annual publications involving the application of coupled physical-biological models for
understanding fish recruitment processes have increased over the last decade. Sixty-nine papers
were reviewed to assess the contribution these models have made to recruitment prediction and
understanding. The majority of models reviewed were 2- and 3-dimensional numerical simulation
models, although a limited number of 1-dimensional analytical models were included. Most models
used a Lagrangian tracking algorithm to advect and diffuse particles within the model domain. The
vertical and horizontal resolutions and temporal durations of the models varied widely. This review
identified 3 categories of papers: explanatory, inferential and hypothesis generating. Reviewed
papers were dominated by explanatory approaches. Assessment of the sensitivity of model predic-
tions to the model parameters were rare, but not entirely absent in this group of papers. Inferential
approaches were the next most common, and sought to infer the presence or role of a particular
mechanism. Hypothesis-generating publications were the rarest, but perhaps have the most to con-
tribute to a greater understanding of recruitment processes. An increase in the frequency of hypothe-
sis-generating applications of coupled physical-biological models may be expected over time as the
field matures and refinements to both the physical and biological processes included in the models
are made.
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INTRODUCTION

Since Hjort's (1914) seminal work, understanding
the sources of variability in recruitment has been rec-
ognized as a central challenge of fisheries research.
Understanding recruitment would benefit managers in
establishing sustainable patterns of exploitation and
provide fundamental insights into the regulation of fish
populations generally (Hutchings 2000). Research con-
ducted to date has documented the high and variable
rates of mortality that characterize the early life histo-
ries of many fish (Houde 1989, Crowder et al. 1992).
Changes in these rates are responsible for producing
the wide variations in year classes observed in fish
populations. Indeed, the principal challenge in pre-
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dicting recruitment is that only subtle changes in these
mortality rates are needed to cause dramatic alter-
ations in year class strengths.

Many hypotheses have been developed that seek to
explain and predict the variability in recruitment in
fish populations. These hypotheses may be grouped
into 3 broad themes: food and growth-related, trans-
port-related and predation-related hypotheses. Cowan
& Shaw (2002) and Govoni (2005) provide recent criti-
cal reviews of these ideas. Most of the hypotheses in
these 3 categories invoke a physical context, thereby
implying that understanding recruitment requires cou-
pling physical and biological processes. However, as
noted by Myers (1995), the relative coarseness of early
biological and physical data prevented direct tests of
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hypotheses that invoked physical-biological interac-
tions. Thus, initial efforts to understand the physical
context in which biological processes occur were
largely descriptive (Haury et al. 1978).

Developments over the last 25 yr in both physical
oceanography and fish ecology have increased our
ability to formulate testable hypotheses regarding the
role of physical processes and recruitment. In their
review of the contribution of physical processes to fluc-
tuations in marine fish populations, Werner & Quinlan
(2002) identified 3 important developments in physical
oceanography that have advanced the coupling of
physical and biological processes: the ability to collect
synoptic data at appropriate spatial and temporal
scales, improvements in the understanding of meso-
scale ocean processes and the advent of powerful com-
putational abilities. These advances allowed questions
at scales appropriate to recruitment (i.e. on the order of
1to 100 km and 1 to 90 d) to be posed for the first time.
Similar substantial changes in ecological studies of
recruitment paralleled the changes in physical oceano-
graphy. In this context, the most notable of these was
the rise of individual-based thinking in fish ecology
(DeAngelis & Gross 1992). This paradigm shift led
researchers to ask not ‘What is the mortality rate?' but
rather ‘What are the characteristics of the survivors?’
(Crowder et al. 1992). Research findings led to the
recognition that incorporation of individual variability
into recruitment models is essential because survivors
are not a random subset of the offspring. Differential
offspring survival based on parental influences (Brow-
man et al. 2006), spawning date (Rice et al. 1987), size
and growth (Meekan & Fortier 1996), and location
(Thorrold et al. 2001) has been documented. Under
conditions where individual characteristics vary and
are subject to selective sources of mortality, forecasts
based on the average are likely to be unreliable
(Lomnicki 1992).

The advances in physical oceanography and fish
ecology allowed the development of the first individ-
ual-level, coupled physical-biological models (ICPBM)
of fish early life history in the late 1980s (Bartsch 1988,
Bartsch et al. 1989). Others followed quickly, so that by
2001 Werner et al. (2001b) suggested spatially explicit
ICPBMs had become the de facto tool for studies of fish
recruitment. ICPBMs now play a central role in the
majority of large-scale fisheries oceanography pro-
grams around the world, e.g. FOCI in Alaska (Megrey
et al. 2002), various national GLOBEC programs (Hin-
richsen et al. 2002, Lough et al. 2005) and the IDYLE
program off South Africa (Mullon et al. 2003). There-
fore, it is an appropriate time to assess the contribution
of ICPBMs to knowledge of recruitment in fish.

The focus of this review is on the contribution of
ICPBMs to improving understanding of recruitment

processes in marine fishes. Accordingly, this review
does not focus heavily on the physical models, but
rather on the integration of the biology with the
physics. Those interested in the physical models are
referred to Haidvogel & Beckman (1998). This review
involved developing a simple classification of physical
and biological processes and of scales used in each
ICPBM. Based on this classification, I then identified
commonalities among the reviewed papers with re-
spect to the core processes of interest and the approach
adopted. Finally, I assessed how these approaches
affect the range of conclusions that can be drawn, and
identified opportunities for future development.

METHODS

I reviewed the literature on the application of
ICPBMs since 1989. The choice of 1989 was arbitrary,
but was made to include the first broadly published ex-
ample of the genre, that of Bartsch et al. (1989). The re-
view was not an exhaustive list of contributions, but
rather an unbiased sample of contributions selected to
provide the foundation for a critical assessment of the
different approaches that have been taken. Citations to
be included in the review were selected in 2 phases. In
the first phase, publications were identified using a
keyword search of the ISI Web of Knowledge online
database. Several search strings were used to identify
likely publications. In the second phase of the literature
search, I identified papers cited in or citing those publi-
cations identified in the first phase. In total, this process
yielded 69 studies, published between 1989 and 2006.
A full list of the citations is provided in Appendix 1
(available at: www.int-res.com/articles/suppl/m347
pl27_appl.pdf) and the data extracted from each
citation is provided in Appendix 2 (available at
www.int-res.com/articles/suppl/m347p127_app2.xls).

All publications were categorized according to ob-
jective, approach, biological processes physical forcing
and scale (Appendix 2). The physical models were
identified with respect to the model framework, do-
main, horizontal and vertical resolution, temporal reso-
lution, environmental forcing and the particle-tracking
algorithm. The biological components of the model
were identified as to the focal species, how the pro-
cesses of feeding, growth and mortality were repre-
sented, behavioral representation and the tracking du-
ration. Once these fundamental properties had been
identified, the objective of each paper was classified as
either: distribution, transport/retention, spawning-site
selection, growth and survival, or feeding. These are
hierarchical categories because, for example, all
models involved questions of distribution. Thus, models
focusing on growth and survival are a subset of models
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involving distribution. Similarly, most models of feed-
ing were a subset of models of growth and survival. Fi-
nally, 3 categories of approach were recognized: ex-
planatory, inferential and hypothesis generating. I
characterized explanatory applications as those that
sought to provide an explanation of an observed empir-
ical pattern. Inferential approaches sought to quantify
the relative contribution of different processes to pro-
ducing the observed pattern, and had to include simu-
lation with different levels of biological or physical fac-
tors. Hypothesis-generating approaches were those
that led to hypotheses that could be tested either within
the model itself or by independent empirical observa-
tions. A full listing of the data extracted from the review
is provided in Appendix 2.

RESULTS

The literature review documented the increase in
the use of ICPBMs in studies of fish recruitment since
1989 (Fig. 1). Not surprisingly, although ICPBMs have
been developed for a range of different ecosystems,
application of these models has been concentrated in
areas that support industrialized fisheries: the North-
east Atlantic shelf, the Northwest Atlantic shelf and
the Alaskan shelf (Table 1). Together, these 3 regions
accounted for almost three-quarters of the reviewed
papers. The majority of the remaining areas are mid- to
high-latitude systems: only 3 studies involved tropical
or subtropical systems.

Hydrodynamic modeling

Hydrodynamic processes have been represented in
several different ways in ICPBMs (Appendix 2). The
majority of the hydrodynamic models were 3-dimen-
sional, numerical simulation models that represent the
domain of interest as a series of discrete, small spatial
elements. The numerical simulation models differed
principally in the algorithm used to solve the hydrosta-
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Fig. 1. Publication year of papers included in the review
(listed in Appendix 1)

Table 1. Distribution of reviewed individual-level, coupled
physical-biological models (ICPBM) by ocean region

Ocean region Number of studies

NE Atlantic shelf (including North Sea, 27
Baltic Sea and Bay of Biscay)

NW Atlantic shelf (including Georges
Bank, Grand Banks and Scotian Shelf)

NE Pacific (including Alaskan shelf)

Western Atlantic shelf

SE Atlantic

NW Pacific

SW Pacific

W Pacific

Caribbean

Gulf of Mexico

—_
~

P NP, NDNDOOOO

tic primitive equations (finite difference vs. finite ele-
ment) and in how the spatial elements were defined.
Many of the early models were based on Geophysical
Fluid Dynamics Laboratory modular ocean models
(Bryan 1969, Cox 1984) that use the finite difference
algorithm and fixed depth levels. A popular early
implementation of this code was the Hamburg Shelf
Ocean Model (HAMSOM), which has been parameter-
ized for several different spatial domains (Bartsch &
Coombs 1997, Gallego et al. 1999, Hislop et al. 2001,
Hao et al. 2003). This modeling approach continues to
see use, most recently in a series of papers by Hinrich-
sen and colleagues (Voss et al. 1999, Hinrichsen et
al. 2001, 2002, 2003a,b, 2005, Koster et al. 2001). As a
result of the use of fixed depth levels in these models,
particular care has to be taken in matching the depth
layers selected with the bathymetry. One approach to
overcoming this challenge has been to use a terrain-
following coordinate system in which depth is repre-
sented as a percentage of the total water column depth
at any point. Such terrain-following, primitive equa-
tion models were also common in the review (Hinckley
et al. 1996, 2001, Seetre et al. 2002, Adlandsvik et al.
2004). Most recently, this terrain-following scheme has
been implemented in the Regional Ocean Model
System (ROMS), for which applications have been
increasing (Mullon et al. 2002, Huggett et al. 2003,
Vikebo et al. 2005). Models that represent depth in-
directly as isopycnals (constant density surfaces) have
also been used (Paris et al. 2005, Cowen et al. 2006),
although these were less common. The other principal
3-dimensional numerical simulation models were ones
that used a finite element (FEM) algorithm rather than
the finite difference scheme. These FEM models share
a common heritage (Lynch et al. 1996), and have been
implemented for the Northwest Atlantic shelf (Werner
et al. 1994, Lough et al. 2005) and the mid-Atlantic
Bight (Quinlan et al. 1999, Stegmann et al. 1999). A
small number of ICPBMs that did not use numerical
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simulation models as their foundation were identified
in the review. These approaches include coarser scale
box-models (Maes et al. 2005) or data-driven frame-
works (Heath et al. 1998, Reiss et al. 2000, Helbig &
Pepin 2002).

The spatial and temporal scales of the hydrographic
models varied over several orders of magnitude
(Appendix 2). The spatial scale of the model is critical
to its ability to resolve features that may play important
roles in the ecology of larval fish (Helbig & Pepin
2002). The finest horizontal resolution reported was
0.005 km (Brown et al. 2004), the coarsest 150 km
(Suda & Kishida 2003). The distribution of horizontal
resolutions was multimodal, likely reflecting the her-
itage of different hydrographic models rather than
‘choices’ by researchers of the resolution that was most
appropriate for the question being studied. Surpris-
ingly, there was no trend for models to become more
highly resolved over time. The vertical resolution of
models was much finer than their horizontal resolution,
but also varied considerably. Determination of the
finest vertical resolution used was problematical in
S-coordinate models, which report the layers with
regard to the fraction of the total water column. How-
ever, it is likely that the minimum vertical resolution
was on the order of 1 m (North et al. 2005).

Several time scales can be identified to characterize
hydrodynamic models. The numerical simulation
models often used complex, time-stepping algorithms
to ensure solution stability. However, for many models
it was possible to determine a temporal resolution at
which flow fields were estimated. Time steps varied
widely from seconds (North et al. 2005) to on the order
of an hour. In contrast to the numerical simulations, the
simpler box model and matrix projection approaches
(Suda & Kishida 2003, Maes et al. 2005) often had daily
time steps. The other temporal scale of importance is
the time scale at which environmental forcing was
applied in the model. These time scales varied from
hourly to daily (Appendix 2). Models were forced by a
variety of environmental forcing functions (Appendix
2). The majority of models included forcing from M2
tides, wind stress and inflow. In many cases, models
were driven by synoptic data from the model domain
collected for the time period modeled; in other cases,
climatological forcing was employed.

Coupling hydrodynamics and biology

Although described as coupled physical-biological
models, the coupling of numerical simulation models
was typically offline rather than in real time for compu-
tational reasons (see Hinckley et al. 1996 for a compar-
ison of different coupling schemes). In this scheme,

runs of the hydrodynamic model are completed and
output is stored at set intervals. The stored flow fields
are then used by the individual-based biological model
to move and track individual eggs and larvae through-
out the model domain. The adequacy of these particle-
tracking algorithms is at the heart of the reliability of
forecasts from ICPBMs. The principal challenge to
these particle-tracking algorithms is to provide sub-
grid-scale resolution of fluid flows, as the horizontal
and vertical spatial resolution of the hydrodynamic
models (discussed above) are several orders of magni-
tude larger than the length scales of typical larvae (3 to
10 mm). This mismatch of scales challenges modelers
in capturing small-scale features of the flow critical to
larval behavior (Fiksen & MacKenzie 2002) or egg and
larval distributions (Helbig & Pepin 2002). Because of
stochasticity at subgrid scales, there is an ensemble of
trajectories for each starting location. Early models
used a simple scheme that updates the position of
tracked particles based on spatially interpolated model
velocities with small random components (Bartsch &
Knust 1994). As the field has developed, the particle-
tracking algorithms have become more sophisticated,
with increasing attention being paid to the statistical
aspects of subgrid-scale motion (Heath et al. 1998).
Even when the model incorporates the correct statisti-
cal distribution of subgrid-scale motion, proper inter-
pretation of the distribution of trajectories of individual
larvae remains challenging (Brickman & Smith 2002).

As a result of uncertainties in the forecasted trajec-
tories, the duration over which early life stages are
tracked was an important feature of the models. Here,
models diverged markedly owing to their differing
objectives. For example, Fiksen & MacKenzie (2002)
followed the fates of individual larvae for only 1 d in
their work to explore the processes regulating feeding
ecology of Atlantic cod Gadus morhua (hereafter ‘cod’)
on Georges Bank. In contrast, several authors ran their
hydrodynamic model over multiple years. In particular,
Cowen et al. (2006) tracked the fates of larval reef
fishes in the Caribbean produced by sequential
monthly spawnings over a 5 yr period to estimate the
connectivity among local populations on different
island reef systems. However, the majority of tracking
durations were for periods of <120 d, a time frame
typical for early life-history stages of many species
to carry out transition from plankton to nektonic or
demersal habits.

Biological modeling
Taxonomically, the papers in the review were

dominated by commercially important gadoid spe-
cies (Fig. 2, Appendix 2). Studies of cod, haddock
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=

Fig. 2. Taxonomic distribution of species studied in reviewed
models (listed in Appendix 2)

Melanogrammous aeglefinus and walleye pollack Ther-
agra chalcogramma accounted for almost half (34) of
the reviewed publications. The focus on these species
reflects management interests rather than that these
species are necessarily representative of ecological
processes occurring in a broad class of species.
Biological representation within the model was char-
acterized to assess the ability of the model to test the
feeding-, transport- and predation-related recruitment
hypotheses described above (Table 2). Not all models
included feeding or growth processes. Approximately
one-fifth (20.6 %) of reviewed papers included feeding
as a process within the individual-based model (IBM).
All feeding routines included prey selection to
some extent. Some models included a highly detailed
and mechanistic description of feeding (Megrey &
Hinckley 2001, Fiksen & MacKenzie 2002, Hinrichsen
et al. 2003b, Lough et al. 2005). For example, Fiksen &
MacKenzie (2002) developed a highly detailed model
of the feeding process that modeled prey encounter
and capture as explicit functions of light, turbulence,
prey size and vagility, and of larval feeding behavior.
Other representations of the feeding process were
coarser. For example, Werner et al. (1996) used empir-
ical relationships (Laurence 1978) to drive search and
ingestion in their IBM. While almost a quarter of
all reviewed papers included a process-level descrip-
tion of feeding, only approximately one-half of these

Table 2. Distribution of representation of biological processes
in ICPBMs. Note that proportions do not sum to 1 because
multiple processes are represented in individual models

Process Proportion
Feeding 0.206
Prey selection 0.188
Prey dynamics 0.101
Age 0.838
Growth 0.367
Mortality 0.308
Behavior 0.433

papers included any dynamics in the prey community.
As with the feeding process itself, how prey dynamics
were modeled varied. For example, Bartsch & Combs
(2004) used satellite-derived sea-surface temperature
and chlorophyll fields to model the abundance of
Calanus and Acartia, principal prey for larval mack-
erel Scomber scrombrus. Other researchers based the
prey field on data interpolated from field collections
(Lough et al. 2005).

Growth is an emergent property of bioenergetic pro-
cesses that is expressed in changes in size at age.
Given the central role of size-dependent processes in
fish early life history, it was anticipated that growth
would be a common feature of ICPBMs. Yet only
36.7 % of all reviewed studies included a growth com-
ponent (Table 2). Two broad approaches to modeling
growth were evident. In one approach growth was
forecast based on the temperature field predicted by
the hydrographic model (Heath & Gallego 1997, 1998,
Brickman & Frank 2000). Alternatively, growth was
modeled mechanistically with surplus energy from
feeding (after meeting metabolic requirements) being
allocated to growth (Werner et al. 1996, 2001a, Hinck-
ley et al. 2001). Bartsch & Coombs (2004) employed an
empirical growth model that was both temperature
and food dependent.

All models reviewed were spatially specific, either
implicitly or explicitly, and thus all dealt with the trans-
port, retention, or distribution of eggs and larvae to
some degree. Of the 69 reviewed papers, 10 were
implicitly spatial and did not determine the precise
location of early life stages in the model domain. These
papers did not seek to explicitly test transport-related
hypotheses. Rather, these papers dealt with issues of
habitat selection (Lough & Manning 2001, Suda &
Kishida 2003, Maes et al. 2005). In contrast the 59 other
papers explicitly studied the consequences of transport
of the early life-history stages of fish. These papers
sought to explain or understand the role of transport
and/or the retention of early life stages from spawning
sites or to nursery grounds (Berntsen et al. 1994,
Shackell et al. 1999, Reiss et al. 2000, Mullon et al.
2002, Hinrichsen et al. 2003b). Larval behavior can
have a significant impact on their subsequent loca-
tions. Accordingly, 43.3% of the reviewed papers
included some degree of larval behavior. The most
common behavior included in models was age-depen-
dent vertical migration (Heath et al. 1998, Hinckley et
al. 2001, Adlandsvik et al. 2004). Light was also com-
monly used as a behavioral cue for vertical migration
(Bartsch & Knust 1994, Pedersen et al. 2003, Hinrich-
sen et al. 2005).

The final class of hypotheses relating to fish recruit-
ment invoke predation of eggs and larvae as a prin-
cipal agent. Only 30.8% of the reviewed studies
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included any egg or larval mortality in their formula-
tions (Table 2). Of the 22 papers that included mortal-
ity, 8 considered only starvation mortality and not pre-
dation mortality directly (Werner et al. 1993, 2001a,
Hinckley et al. 1996, 2001, Hinrichsen et al. 2002,
2003b). Of the others, the majority of models used gen-
eral temperature-dependent (Mullon et al. 2002, 2003)
or weight-dependent (Heath & Gallego 1998, Brick-
man & Frank 2000, Brickman et al. 2001) empirical
relationships to represent mortality. Only Maes et al.
(2005) included a dynamic predator—prey relationship;
they were able to do so because they used a box-
modeling approach rather than a detailed hydro-
dynamic model.

Model applications

In reviewing published papers for this review, 3 cat-
egories of application of ICPBMSs could be recognized:
explanatory, inferential and hypothesis generating
(Table 3). In the section that follows, I identify the
characteristics of each approach and review a limited
number of examples of each.

Explanatory applications of ICPBMs were the first
to appear in the literature. Fifty-eight percent of re-
viewed papers was deemed to be explanatory in
nature. In explanatory applications, researchers sought
to explain observed patterns in the spatial arrange-
ment of the early life stages of fish. However, the com-
parison between observed patterns and those pre-
dicted by the models was at most qualitative in nature
and rarely involved an assessment of the sensitivity of
predictions to parameter values. Werner et al.'s (1993)
groundbreaking work on the transport of cod and had-
dock ‘eggs’ on Georges Bank is a clear example of this
approach. Werner et al. (1993) used a finite element
model with an adaptive mesh to model springtime
flows on Georges Bank. Coupling of physical and bio-
logical models occurred offline, with the calculated
flow fields for the entire tracking period serving as
inputs to an IBM. Within the IBM, passive particles
representing cod and haddock eggs were released at
known spawning times at depths of 1, 30, or 50 m and
tracked using a Lagrangian stochastic particle-tracking
model. Inclusion of vertical migration behavior de-

Table 3. Proportion of approaches in the application of
ICPBMs to studies of fish early life history

Approach Proportion
Explanatory 0.579
Inferential 0.304
Hypothesis-generating 0.116

creased the probability of retention. The results from
the ICPBM clearly indicated that only eggs released at
50 m were retained on the bank and completed a
movement onto the northwest flank of the bank 90 d
after release. In a second explanatory application, Voss
et al. (1999) used an ICPBM to explain movement of
cod larvae between ichthyoplankton surveys. They
used a fixed-layer, finite-difference model with 28
depth levels and an approximately 5 km horizontal
resolution to reproduce the hydrography of the Baltic
Sea. Virtual cod larvae were released in a pattern that
represented the distribution of cod larvae observed in
the southern Baltic in August 1991, based on ichthyo-
plankton sampling. The particles in the model were
tracked for 21 d, and then the distribution of cod
predicted by the model was qualitatively compared to
that observed during a second ichthyoplankton survey.
Voss et al. concluded that drift simulations explained
the change in distributions observed between the
2 survey dates. Explanatory ICPBMs have played an
important role in furthering our understanding of
retention and transport in the early life histories of fish.
But it is important to note that the agreement between
observed and predicted data does not imply that the
mechanisms operating in the model are equivalent to
those operating in the field.

A second category of application employs ICPBM to
infer the importance of particular processes or mecha-
nisms. By this very definition, the approach compares
alternative scenarios or parameter sets to determine
which is more likely to occur in nature. This is a more
powerful application of models and lends itself to
hypothesis testing. Thirty percent of reviewed papers
adopted an inferential approach. In one example,
Brickman & Frank (2000) compared predictions of 2
alternative mortality models on the distribution, de-
velopment and abundance of haddock cohorts in the
Browns Bank-Bay of Fundy region off Nova Scotia,
Canada. Hydrography in the model was predicted by a
3-dimensional, finite-element QUODDY model. Cou-
pling the flow field produced by the hydrodynamic
model and the individual-based biological model
was achieved using a Lagrangian stochastic particle-
tracking algorithm, Brickman & Frank (2000) com-
pared the results of integrated and stage-specific
mortality schemes in the IBM. By comparing modal
characteristics of predicted and observed cohorts, they
concluded that a stage-based mortality model was
required to accurately represent cohort dynamics and
recruitment. In a second example of an inferential
application of an ICPBM, Fiksen & MacKenzie (2002)
implemented a biological IBM with readily inter-
pretable biological parameters within the flow fields
calculated by the 3-dimensional FEM of Georges Bank
used by Werner et al. (2001a). Fiksen & MacKenzie
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(2002) contrasted the implications of different feeding
models. They concluded that the different feeding
models yielded different predictions regarding prey
selectivity and the conditions under which larval cod
experience prey limitation.

The final application category of ICPBMs was the
rarest, but is perhaps the one that has the most to
contribute to understanding recruitment. In these
applications, ICPBMs were used to develop testable
hypotheses that could be investigated either within
an ICPBM framework or with independent, empirical
data. Only 11% of reviewed papers adopted this
approach. Two examples suffice to illustrate the power
of the approach. Mullon et al. (2002) used an ICPBM to
test hypotheses regarding the evolution of spawning
sites and periods for anchovy Engraulis capensis. They
implemented a 3-dimensional ROMS model of the
Benguela ecosystem to generate climatological flow
fields. The flow fields served as inputs to an IBM that
tracked the trajectories of egg and larval anchovy.
Lagrangian stochastic tracking generated differences
among the trajectories followed by different cohorts of
larvae. Mullon et al. (2002) postulated a simple evolu-
tionary rule that larvae that successfully reached the
known nursery area demonstrated natal fidelity, re-
turning to their own spawning location to reproduce.
To test hypotheses as to why observed spawning loca-
tions had become favored, Mullon et al. (2002) defined
recruitment ‘success’ such that larvae could not be
advected offshore, had to reach the nursery area
within 30 to 60 d and could not have experienced tem-
peratures <14°C. Larvae that successfully reached
known nursery areas followed a simple rule of natal
site fidelity in selecting where to spawn. Mullon et al.
(2002) then quantified the ‘evolution’ of spawning sites
over 60 generations. They found that only advection
and temperature constraints were required to yield a
strong convergence of observed and predicted spawn-
ing locations and dates. A second example of the
hypothesis-generating application of ICPBMs demon-
strates how such models could be used to generate
hypotheses that could be tested external to the model.
Quinlan et al. (1999) used an ICPBM to identify poten-
tial spawning sites of Atlantic menhaden Brevoortia
tyrannus that recruit to estuarine nursery areas along
the US mid-Atlantic Bight. They predicted that recruits
to 3 potential nursery areas (Delaware Bay, Folly Inlet
and Chesapeake Bay), but spawned in the same loca-
tion, should differ in age at entry to the nursery by spe-
cific amounts. Alternatively, individuals that recruit to
the 3 different nursery areas at the same age on the
same day should be drawn from different spawning
locations. These hypotheses are currently being tested
using otolith microchemical and birthdate frequency
analysis of recruits to 2 of the 3 nursery areas.

DISCUSSION

ICPBMs have contributed significantly to our
understanding of recruitment processes in marine fish
populations, particularly with regard to transport and
retention. Their application has evolved rapidly over
the past quarter of a century. Initially, development of
a numerically stable, highly parameterized model that
could reproduce patterns in the distribution and char-
acteristics of the early life-history stages of fish was in
itself a significant achievement. More recently, these
models have become increasingly more spatially
resolved and have included more biological detail. In
parallel with increases in model sophistication there
has been a change in the use of ICPBMs from a largely
explanatory role to one of hypothesis generation.
These developments of ICPBMs in fisheries have
paralleled changes in the development and use of
models in other ecological fields (Kingsland 1985). For
example, Gentleman (2002) suggested that models of
plankton dynamics evolved from descriptive to
hypothesis-testing tools between the 1940s and the
turn of the century. Not surprisingly, this field also
experienced the development of coupled physical—
biological models (Capella et al. 1992) and Lagrangian
tracking algorithms (Ishizaka & Hofman 1988). The
success of models in other ecological fields suggests
cause for optimism for the future of ICPBMs in studies
of fish recruitment.

ICPBMs show great potential benefit in understand-
ing recruitment, because they inherently involve vari-
ation induced by local interactions between individuals
and their resources, a key justification for individual-
based approaches in ecology (Grimm & Railsback
20095). Transport-related recruitment hypotheses clearly
meet this criterion. Individual eggs and larvae have
different experiences and fates because they follow
different spatial trajectories (Heath & Gallego 1997).
Thus, addressing transport-related hypotheses requires
individual-based approaches, whether in modeling or
field studies. ICPBMs have allowed researchers to
identify potential spawning locations (Quinlan et al.
1999, Bruce et al. 2001), quantify patterns of retention
within spawning locations (Werner et al. 1993, Her-
mann et al. 1996, Brickman et al. 2001, Stenevik et al.
2003) and transport from spawning locations to poten-
tial nursery areas (Heath & Gallego 1998, Allain et al.
2001, Adlandsvik et al. 2004, Brown et al. 2004) for
specific systems. Despite the success of ICPBMs in
generating patterns similar to those observed in indi-
vidual systems, these models have yet to be used to
conduct strong tests of individual recruitment hypo-
theses, largely because of ongoing challenges related
to the number of and duration over which individuals
can be tracked and the need to close the life cycle. Few
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of the 69 papers reviewed included spawning dynam-
ics, and only 5 were multigenerational. Not surpris-
ingly, all of these multigenerational models were either
inferential or hypothesis generating. However, none
specifically tested classical hypotheses related to the
determination of year class strength. If ICPBMs are to
be used to test such hypotheses, it is critical that they
are developed as a part of whole life cycle models as
has been accomplished by Rose and colleagues in the
ecological literature using either solely IBMs (Rose et
al. 1999b) or IBMs as a component in a nested model-
ing approach (Rose et al. 2003). Development of a
nested modeling approach to addressing biological
oceanographic questions generally would likely be most
effective for recruitment questions (deYoung etal. 2004).

However, it is important to note that the reliability of
findings from these models relies on the accuracy of
the hydrographic model and the adequacy of the track-
ing algorithms. Recently, Friedrichs et al. (2006) have
highlighted concerns regarding the impact of alterna-
tive hydrodynamic models on forecasts from coupled
physical-biological models at the ecosystem scale.
While impacts of alternative hydrodynamic models on
the forecasts at this scale may be expected, because
the models are often coupled in real time, rather than
offline as is more common for early life history
ICPBMs, there was no indication in the literature that
such impacts have been considered.

Particle-tracking schemes have also received consid-
erable attention. Brickman & Smith (2002) identify 2
concerns relating to particle tracking, which they term
underseeding problems. Both concerns relate to the
number of particles that must be tracked. The first con-
cern is that sufficient particles must be tracked so that
their ensemble average accurately (and hopefully pre-
cisely) reflects the true underlying distribution of the
transport process. The second concern relates to the
probability of detecting rare events in a stochastic pro-
cess. Brickman & Smith (2002) discuss both problems
in terms of the relative size of the spawning and nurs-
ery areas. If spawning and nursery areas are coinci-
dent and large, then only a small number of particles
and a few simulations may be needed, because we are
trying to estimate the average of a process. In contrast,
if the spawning area is large and the nursery area is
small, considerably more particles and a large number
of simulations may be needed, because we are trying
to estimate the rare event of reaching the nursery area.
Brickman & Smith (2002) suggest tests that could be
used to determine the adequacy of the number of par-
ticles and trials used. Few researchers appear to have
considered this aspect of ICPBMs, and it deserves
more attention.

To the extent that food-related and predation-
related hypotheses rely on spatially generated differ-

ences, addressing these 2 questions may require indi-
vidual-level approaches. ICPBMs induce variability in
growth from spatially explicit differences induced by
temperature (Heath & Gallego 1998, Brickman &
Frank 2000) or the prey field exploited (Werner et al.
1995, Lough et al. 2005). However, the majority of
ICPBMs have assumed that this is the only source of
individual variability. Yet variation can arise from
other processes. For example, there are likely inherent
differences among larvae that will produce different
growth patterns even under identical environmental
conditions. In the presence of size-dependent sources
of mortality, common in early life history (Miller et al.
1988), this inherent inter-individual variability can
have important consequences (Rice et al. 1993).
Although this is widely appreciated in IBMs developed
in the field of fish ecology (DeAngelis et al. 1980,
Cowan et al. 1993, Rice et al. 1993, Rose & Cowan
1993, Cowan et al. 1996, Letcher et al. 1996, Rose et
al. 1999a), variation of this sort is much less frequently
evident in ICPBMs (Hinckley et al. 1996). This omis-
sion may be particularly important as it is likely that
recruitment is not regulated by a single mechanism,
but rather results from the interaction of multiple
mechanisms (Crowder et al. 1992, Cowan & Shaw
2002). Accordingly, not including inter-individual vari-
ability in vital rates may limit the utility of ICPBMs to
address recruitment hypotheses other than transport-
related ones. The consequences of this assumption
must be assessed.

There have been 2 different approaches to exploring
feeding and growth-related recruitment hypotheses in
ICPBMs. One approach uses the temperature field pre-
dicted from the hydrographic model to predict growth.
This approach is motivated by concerns over the accu-
racy of the representation of subgrid-scale processes in
the hydrographic model. The conservative nature of
temperature means that it is less sensitive to subgrid-
scale concerns. The approach also has the advantage
that there is no need to model prey populations. How-
ever, there are also potential pitfalls to this approach if
the underlying temperature-dependent growth model
is incorrectly parameterized, or applied to a population
for which it was not developed (Folkvord 2005). The
approach also implicitly assumes that there is no rest-
riction on food-dependent growth variation. The alter-
native approach is to specifically model consumption
and bioenergetic processes. This has the advantage of
directly linking the prey field and environment to
forecasted growth, a central feature of many feeding-
related recruitment hypotheses (MacKenzie et al.
1994). This approach has been used to infer the impor-
tance of small-scale turbulence on larval feeding
(Werner et al. 2001a) and the potential for prey limita-
tion (Fiksen & MacKenzie 2002). However, the pro-
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cess-level approach also faces significant challenges.
The approach relies on extending hydrographic fore-
casts to subgrid scales that are perhaps 2 to 4 orders of
magnitude smaller than the minimum horizontal reso-
lution of the models. Even were this not a concern,
encounter processes between planktonic predators
and prey are generally not well understood, and are a
focus of considerable research (Visser & Kiorboe 2006).
However, inferential approaches can be used to
select among alternative parameterizations (Megrey &
Hinckley 2001, Fiksen & MacKenzie 2002, Lough et
al. 2005). Thus, the application of process-specific
ICBPMs may help inform our understanding of the
importance of individual steps in the feeding cycle
on recruitment.

Predation-related recruitment hypotheses have re-
ceived little attention within an ICPBM framework
(Maes et al. 2005). Two reasons likely account for the
lack of attention. First, potential predators are highly
vagile and their distribution and behavior is not driven
by hydrography. In a hydrodynamic context, predators
represent the crossing streamlines problem. However,
this should not be a barrier to the inclusion of predators
in ICPBMs. Predators have been included in spatially
explicit IBMs in the ecological field (Rose et al. 1999b).
Inclusion of predation will require consideration of
whether and how potential predators respond to the
distribution of the eggs and larvae modeled in the
ICPBM and may require inclusion of alternative prey.
Coupled NPZ-ICPBMs that include multiple trophic
levels have already been developed (Hermann et al.
2001), suggesting that it is possible. Coupling of addi-
tional trophic levels to such models, while undoubtedly
difficult, will be required if predation-related hypo-
theses are to be considered. The second barrier to
inclusion of predation, or any mortality source, in
ICPBMs has been concerns over the number of parti-
cles that must be tracked. Super-individual approaches
(Scheffer et al. 1995) are one approach to overcoming
this concern. Although widely used in ecological IBMs
(Bunnell & Miller 2005), super-individuals have seen
little use in ICPBMs (Hinckley et al. 1996, Bartsch &
Coombs 2004, Bartsch et al. 2004). This approach
allows individual particles in a model to represent a
large number of individual organisms. While there are
challenges to how variability is represented within the
super-individual, this approach does permit a realistic
population of potential recruits to be followed.

One reason that individual-based approaches have
been successful in fish ecology has been the adoption
of the ‘characteristics of the survivors' approach, which
relies on successive comparison of survivors with the
distribution from which they were drawn (Meekan &
Fortier 1996). Use of ICPBMs in hindcasting mode has
been effective in determining potential spawning sites

(Quinlan et al. 1999, Hislop et al. 2001). However, the
hindcasting approach offers the potential to circum-
vent the challenge of incorporating mortality discussed
above, because by definition those individuals that
have reached a nursery ground are survivors. There are
certainly limitations on when a hindcasting approach
can be used in ICPBMs. For example, hindcasting tra-
jectories of survivors will not result in a single-source
location, but rather will generate a probability distrib-
ution of possible locations. This approach will lead to
the development of a specific hypothesis that could
then be tested in either other forward-projecting
ICPBMs or with independent, empirical data.

Although not a focus of this review, the reliability of
hydrodynamic models should not ignored. It is impor-
tant that the model resolves the physical processes at a
sufficient scale to allow pertinent physical and biologi-
cal processes to be expressed. In particular, the bio-
logical processes of interest likely occur at scales many
times smaller than the resolution of the physical model.
Larval behaviors, which have been shown to have
important ramifications on the distributions and fates
of larvae in ICPBMs (Hare et al. 1999), all occur on sub-
grid scales. Indeed the behaviors and cues that elicit
them are generally poorly understood for fish larvae
(Weissburg & Browman 2005). Generally, the data that
are available are from highly artificial laboratory
experiments, which may not be relevant to field condi-
tions. Even the extent to which physical processes are
resolved may be problematical. For example Helbig &
Pepin (2002) resampled high-frequency radar data at
different scales to force an advection—-diffusion model
of Conception Bay, Newfoundland. Helbig and Pepin
were interested in the effects of the temporal and spa-
tial resolution of the hydrographic model on the pre-
diction distribution of fish eggs. They found that sig-
nificant deviations between observed and predicted
distributions occurred at model resolutions as low as
3 km. Their results suggest that even sophisticated
hydrographic models may not sufficiently resolve
physical processes to permit accurate forecasts of
ichthyoplanktonic distributions, yet the principal use to
date of ICPBMs is in addressing transport-related
hypotheses.

In summary, ICPBMs are maturing and will continue
to be an important tool in furthering our understanding
of recruitment. If they are to fulfill this potential, sev-
eral trends should be encouraged. We should also
encourage an expansion of focus from questions of dis-
tribution and transport toward strong tests of specific
recruitment hypotheses. This can be helped by devel-
opment of ICPBMs for different systems that use the
same model structure. There should also be an evalua-
tion of whether the failure to include sources of indi-
vidual variation other than spatially induced ones
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biases the forecasts of ICPBMs. This question can most
easily be addressed by encouraging the adoption of in-
ferential and hypothesis-generating approaches. The
time for using ICPBMs to describe a single realization
of a recruitment event is past. There should be in-
creased attention on the impacts of uncertainty in
parameter estimates on model predictions. This uncer-
tainty can be addressed by using experimental design
tools to structure ICPBM simulations (Hinckley et al.
2001) and to guide analysis of the rich and complex
results these models produce. Only when ICPBMs are
used as inferential or hypothesis-generating platforms
and when parameter uncertainty is specified and
accounted for fully will ICPBMs be able to provide the
strong tests of hypotheses relating to recruitment
mechanisms of which they are capable.
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