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ABSTRACT: Georges Bank is a region of high biological productivity characterized by a welldefined clockwise tidal rectified circulation gyre. Fluctuations in the year-class strength of haddock
Melanogrammus aeglefinus on Georges Bank have been attributed to mortality during the highly
vulnerable larval stages. While predation and starvation greatly impact on survival, advection to
unfavorable regions may result in greatly reduced numbers of individuals. For successful selfrecruitment to occur, individuals must remain within the shoal region of Georges Bank until settlement. An individual-based model (IBM) was utilized to estimate the retention of haddock eggs and
larvae on Georges Bank annually for 1995 through 2009. The IBM was driven by the Finite-Volume
Community Ocean Model (FVCOM) for the Gulf of Maine domain. Biological components of haddock larvae were omitted to restrict analyses to the impact of circulation on passive transport.
Inflow over the Scotian Shelf and tidal interaction patterns were identified as the major drivers of
variability in interannual transport-retention dynamics. The simulations indicated that retention
rates were highest in 2000 and 2003, and lowest in 1997. The above-average retention in 2000 and
2003 with anomalously large recruitment only in 2003 indicates that high retention appears to be
necessary but not sufficient to explain large recruitment events of haddock on Georges Bank.
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Biological hotspots are ecologically important
areas characterized by high biodiversity (species
richness, abundance, and biomass) and high chlorophyll concentration (Hughes et al. 2002, Valavanis et al. 2004, Reese & Brodeur 2006). Georges
Bank exhibits both characteristics, with annual
primary productivity in the tidally mixed shoals
approaching 3 times the global mean value for
continental shelves (O’Reilly et al. 1987). The high
productivity on Georges Bank is caused by (1) the
nutrient-rich deep waters surrounding the bank,
(2) tidal mixing on the shoals incorporating the
deep water nutrients into the tidal-mixing front
zones, and (3) insignificant light limitation (Riley

1941, Horne et al. 1989, Franks & Chen 1996,
Townsend & Pettigrew 1997).
Circulation in the Gulf of Maine-Georges Bank
region is driven by a combination of local forcing
(winds, heat flux, precipitation/evaporation, tides,
and freshwater discharge from coastal rivers and
groundwater) and remote forcing from upstream
inflow and intrusion of Gulf Stream warm-core rings
(Loder 1980, Smith et al. 2001, Hu 2009). Tidal currents over Georges Bank can exceed 100 cm s−1 and
tidal rectification (interactions of tidal currents with
steep bottom topography and tidal mixing) generates
a permanent clockwise gyre around the bank (Fig. 1)
(Loder 1980). Tidal-mixing fronts on Georges Bank
are located around the 40 m isobaths on the northern
flank and intensified by the shelf-break front on the
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southern flank at the 100 m isobath in winter and the
40−50 m isobaths in summer. As a result of seasonal
intensification of tidal-mixing fronts, the clockwise
gyre is strengthened by increasing stratification in
late spring through summer (Chen et al. 1995) and
varies on monthly, seasonal, and interannual time
scales due to the fluctuation in river discharge and
winds (Brink et al. 1987, Limeburner & Beardsley
1996, Chen et al. 2001). The circulation system is
directly controlled by southward transport on the
Scotian Shelf and slope, which originates upstream
from the Labrador Sea and Arctic Ocean (Chapman
& Beardsley 1989). The interaction of the Gulf Streamassociated warm and salty water and the cooler,
fresher Labrador slope water is a driver of the interannual variability in the circulation in the Gulf of
Maine-Georges Bank region (Drinkwater & Gilbert
2004).
Recruitment of highly fecund marine fishes is dependent on mortality through the egg and larval
stages, mediated by starvation, predation, and advection away from the nursery area (Hjort 1914,
Cushing 1974, Lasker 1975). Environmental variability in the key physical mechanisms that retain
plankton, eggs, and larvae (Townsend & Pettigrew
1996, Chen et al. 2001) has a pronounced influence
on fish recruitment during the early larval stages
(Bartsch & Coombs 2001, 2004). Circulation, water
temperature, and mixing can directly affect survival
by impacting the spatio-temporal interaction of prey,
predators, and settlement (Cushing 1974, Lasker
1975, Sale 1978).

Haddock Melanogrammus aeglefinus on Georges
Bank spawn in the spring, from February through
May (Smith & Morse 1985), releasing eggs near the
bottom (Hardy 1978, Page et al. 1989). Hatching
occurs after 15 to 21 d and exogenous feeding begins
5 to 7 d later (Hardy 1978, Page & Frank 1989). The
clockwise gyre around Georges Bank retains haddock larvae within their nursery area, with losses
transported towards the Mid-Atlantic Bight or entrained in the Gulf Stream warm core rings (Flierl &
Wroblewski 1985, Smith & Morse 1985, Polacheck et
al. 1992).
Recruitment into the Georges Bank haddock stock
averaged 87 million fish annually between 1994 and
2002, with the 2003 year-class (the largest on record)
exceeding 789 million age-1 recruits (Brodziak et al.
2006). Recruitment success, the ratio of the number
of year-1 recruits to the previous year’s spawning
stock biomass (Churchill et al. 2011), fluctuates
widely between years (Fig. 2) and is dependent on
starvation, predation, and advective transport on
Georges Bank. Strong year-classes of haddock are
associated with circulation and retention on Georges
Bank (Colton & Temple 1961, Polacheck et al. 1992),
with shoalward transport to the nursery region
increasing with depth in the water column (Lough &
Bolz 1989, Werner et al. 1993). Wind stress enhances
circulation off-bank, reducing recruitment as wind
speed increases (Chase 1955, Lough et al. 1994, 2006,
Mountain et al. 2008).
Individual-based models (IBMs) incorporate physical dynamics of the environment (circulation, advection, stratification, and turbulent
mixing) with individual- and cohortlevel processes during the early life
stages to infer relationships resolved
in the model to observed patterns in
the field (Bartsch & Coombs 2004,
Tian et al. 2009). IBMs of cod and
haddock larvae in the Gulf of Maine
have relied primarily on climatological circulation models, with variability in flow fields incorporated
through the addition of monthlyaveraged wind-driven forcing(Werner
et al. 1993, Brickman & Frank 2000).
However, circulation driven by climatological mean surface forcing is
not representative of observed conditions in the Gulf of Maine-Georges
Bank region, as wind stress and
Fig. 1. General circulation patterns in the Gulf of Maine. The prominent gyre
freshwater input change dramaticirculation on Georges Bank, enhanced by stratification and tidal interaction,
produces enhanced chlorophyll concentration and biological productivity
cally on short time scales (Miller
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Fig. 2. Estimates of recruitment success of the Georges Bank
haddock stock. Recruitment success (R/SSB) is the ratio of
age-1 recruits (R, ind.) for a given year to the spawning stock
biomass (SSB, kg) of the previous year

1946, Hopkins & Raman 1987, Beardsley et al. 2003,
Hu 2009). With the availability of circulation models
capable of resolving interannual patterns, it is now
possible to assess bio-physical interactions within
and between years with increased accuracy.
Observational field ecology and modeling studies
indicate the importance of interannual variation in
circulation on the retention and survival of haddock
on Georges Bank or on transport to the Mid-Atlantic
Bight (Chase 1955, Polacheck et al. 1992, Lough et
al. 1994). The purpose of the present study was to
examine how interannual variation in the circulation
of Georges Bank impacted on the distribution and
retention of haddock larvae spawned on the Northeast Peak annually from 1995 through 2009. Our
work follows an earlier study of larval haddock transport on Georges Bank (Werner et al. 1993) where
particles were released on the Northeast Peak to
determine the impact of advective transport on retention and settlement under climatological flow
fields. Here we extend that analysis to include multiple years and investigate the impact of vertical turbulence in the water column with an advanced circulation model.

METHODS
Circulation model
The physical environment was represented using
the prognostic free-surface, 3-dimensional (3D)
primitive equation unstructured-grid, Finite-Volume
Community Ocean Model (FVCOM) (Chen et al.
2006, 2007, 2011). The structure of this model is
described in detail in Chen et al. (2011), and key
components related to the current study are briefly
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provided. As a finite-volume model, FVCOM solves
the governing equations in unstructured triangular
volumes with a second-order accurate discrete flux
scheme, resulting in more accurate representations
of mass, momentum, heat, and salinity conservation
(Chen et al. 2011). An unstructured triangular grid
is used in the horizontal dimension, with terrainfollowing coordinates in the vertical. Vertical viscosity was computed using the Mellor and Yamada
level-2.5 turbulence closure model (Mellor & Yamada 1982) and the horizontal diffusion coefficient
was determined using the Smagorinsky turbulent
closure scheme (Smagorinsky 1963).
Two versions of the Gulf of Maine-FVCOM (GoMFVCOM) are utilized in this study. The GoM1FVCOM was configured for the Gulf of Maine with a
cutoff at a depth of 300 m off the shelf break. This
model was driven by local forcing including: (1) tides
(constructed at the open boundary using 5 tidal
constituents: M2, S2, N2, K1, and O1), (2) sea surface
interactions (wind stress, net heat flux plus shortwave irradiance, atmospheric pressure gradient, and
precipitation/evaporation), and (3) freshwater discharges from the major coastal rivers of the Gulf of
Maine. The computational domain encompasses the
Gulf of Maine-Georges Bank region, bounded by the
Scotian Shelf to the northeast and the New England
Shelf to the southwest (Fig. 3). The domain was
arranged by an unstructured triangular grid with a
horizontal resolution varying from ~0.5−1.0 km in the
tidal-mixing front on Georges Bank to ~10 km near
the open boundary. Vertical resolution was divided
into 31 levels, providing a variable depth per layer
ranging from ~1.5 m over the top of the Bank to 10 m
offshore of the continental shelf where the bathymetry was truncated to 300 m. The second version,
GoM3-FVCOM, was configured as a global-regional
nested model system with the same local forcing as
GoM1-FVCOM, but the open boundary is specified
using the output of the global FVCOM hindcast
model simulation (Sun et al. 2013). This nested model
system uses the real ocean bathymetry without a
depth cutoff at the shelf break. The computational
domain is extended to the south with coverage to
Cape Hatteras, North Carolina, a horizontal resolution up to 0.3−0.5 km at the shelf break of Georges
Bank and a total of 41 levels in the vertical.
Both GoM1-FVCOM and GoM3-FVCOM predicted 3D fields of water temperature, currents, and vertical viscosity, which were used to drive the IBM. The
GoM1-FVCOM output provided physical forcing
for simulations of interannual variability in retention
caused primarily by local drivers of circulation for
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Fig. 3. Domain and mesh grid of the first Gulf of Maine Finite Volume Community Ocean Model (GoM1-FVCOM). The high
resolution on Georges Bank enables greater replication of local dynamics

1995−2009. GoM3-FVCOM simulated the combined
influence of local and remote drivers, but model output was only available for the 1997 and 1998 forcing
fields. Use of the 2 circulation models enabled comparison of local and remote forcing on the transportretention dynamics of haddock eggs and larvae on
Georges Bank.

Individual-based model
The IBM is described following the ‘Overview,
Design Concepts, and Details’ (ODD) protocol of
Grimm et al. (2006).
Purpose: A spatially-explicit individual-based
model was developed to simulate the passive transport-retention dynamics experienced by haddock
eggs and larvae from spawning until juvenile settle-

ment on Georges Bank. The IBM was designed to
track the impacts of the dynamic physical environment in the absence of larval behavior.
State variables & scales: No biological state variables were included for the tracking of passive particles. We assumed that all individuals have no swimming ability or biological attributes, which may be
appropriate only for the first 30 d (Auditore et al.
1994).
Process overview & scheduling: Individuals were
advected throughout the domain by the 3D circulation
fields from FVCOM and tracked by the Lagrangian
particle tracking algorithm. No foraging, growth, behavior or mortality processes were included.
Design concepts: Individual haddock eggs were
released on the spawning grounds and tracked for
the 90 d duration of their pelagic phases. Passive
individuals were transported by a 3D Lagrangian
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flow. Passive individuals were utilized to elucidate
the impact of interannual variability in circulation on
transport in the absence of biological mediation.
Model data: For each time step (1 h), the particle
position and depth, as well as temperature, salinity,
and density at each particle location were updated.
The recorded information for all individuals was
combined to derive properties and characteristics at
the population level.
Initialization: The IBM was initialized at the
spawning of haddock on Georges Bank. Spawning
events were simulated to occur over a 7 d period,
released with a normal distribution in time. The normal distribution function of Tian et al. (2009) is used:
e i (t ) = N S e ∫

t

t0

1
2πσ

e

–

( )dt

1 t −t M
2 σ

(1)

where ei (t) is the number of eggs spawned by the ith
individual female adult at the time t, N is the total
number of females, Se is the total numbers of eggs
spawned by each individual adult in a spawning season, t0 is the start time of spawning, tM is the maximum spawning time, and σ is the standard deviation.
Spawning location was based on a prior modeling
study (Werner et al. 1993), with spawning period
inferred from analyses of large-scale sampling programs (Smith & Morse 1985, Sibunka et al. 2006).
The median spawning date was set to March 29 for
each year, with particles released from a grid on the
Northeast Peak of Georges Bank. Particles were
released at 1, 10, 30, and 50 m depths and tracked for
90 d, to account for the egg and larval stages of haddock up to settlement (Werner et al. 1993, Brickman
2003). Successful retention and settlement occurred
if individuals remained within the 100 m isobaths
and east of the Great South Channel (68.86° W) by
the end of the simulation.
Input: The 3D flow fields, water temperature, vertical eddy viscosity, horizontal mixing coefficients,
and upwelling index were generated by the GoMFVCOM models.
Model assumptions: It was necessary to make
some assumptions in order to use the physical model
output and the biological data. It was assumed that
no behavior capable of altering the position of the larvae was possible. While this may not be valid over
the entire period of development, it was necessary to
assume this to determine the variability that the environment alone can impart to the retention of eggs
and larvae. It was also assumed that circulation on
Georges Bank was accurately represented by the
offline model velocity fields produced by FVCOM
(see Chen et al. 2011 for details).
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Submodels
The movement of individuals was controlled by a
3D Lagrangian flow, with the option to include vertical shear turbulence through the random walk
formulation of Visser (1997) (adapted from Li et al.
unpubl.):

Pn (x ,t ) =

t

∫



νdt + R(K m ) + P (xt −Δt ,t − Δt )

(2)

t −Δt



where Pn (x ,t ) and P (xt −Δt ,t − Δt ) are the locations of
ᠬ is the 3D
the nth individual at times t and t – Δt; ν
velocity vector; R is a random process with mean
(R 2 = 0) and standard deviation (R 2 = r), Km is the
maximum diffusivity during the time interval, and
R(Km) is the vertical random walk distance moved
during the time interval (Δt). The advective distance
was calculated by a modified 4th-order Runge-Kutta
time-stepping scheme (Chen et al. 2003). A vertical
random walk was simulated following the Visser
(1997) differential equation with a time step of δt.
Where n̂ is the random walk time step at time t – Δt,
the vertical location of the nth individual caused by
the random walk after δt is computed by:
’
’
z nˆ +1 = z nˆ + K m
δt + r [2σ z–1K m (z nˆ + 0.5K m
δt )δt ]1/2

(3)

where K m
’ δt = δKm兾δz, r is a random process with
mean = 0, and σz is the standard deviation. Assuming
that r represents a uniform distribution between +1
and −1, σz = 1/3. The random walk generator requires δt to be much smaller than Δt (the Lagrangian
integral time scale) to prevent an unrealistic aggregation of individuals (Chen et al. 2003). In the present study, Δt = 120 s, and δt = 6 s, so that
R(K m ) = z nˆ + 20 − z nˆ , where z nˆ is the vertical location
of the nth individual at t – Δt.

Simulation experiments
An experiment was conducted to examine how
spatial and temporal variability of the environment
affects transport and potential settlement of larvae
interannually, as an extension to the climatological
results of Werner et al. (1993), who suggested that
interannual variability in larval distributions and circulation would produce variable losses from Georges
Bank. Individuals were simulated to drift for 90 d
after spawning in each experiment. A 2-dimensional
(2D) model was utilized to determine the impact of
fixed depth on the advection of larvae around
Georges Bank. Next, a 3D tracking simulation was
performed to simulate vertical dispersal in the water
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column due to bio-physical interactions. Persistence
at depth will alter particle dispersal patterns and
retention, requiring 3D advection of individuals. Two
physical conditions were compared: (1) advection
from the FVCOM circulation fields and (2) advection
with the inclusion of vertical turbulence. Physical
dynamics of a high and a low retention year were
then compared to elucidate the components of the
environment that may contribute to successful yearclasses of haddock on Georges Bank. The importance of remote forcing on retention was tested using
the GoM3-FVCOM forcing for 1997 and 1998 as test
cases with (1) 2D, (2) 3D, and (3) 3D with vertical turbulence, scenarios.
Recruitment is a complex process involving spawning dynamics (spawning stock biomass, fecundity,
and nutritional state) as well as losses of the early life
history stages (Hjort 1914, Cushing 1974, Lasker
1975). Small, almost imperceptible changes in larval
growth or mortality rates can drastically alter recruitment, making prediction difficult and unreliable
(Rothschild 1986, Beyer 1989). In an attempt to relate
retention rates to prediction of recruitment, model
retention rates were compared to recruitment success of the Georges Bank haddock stock (Churchill et
al. 2011, NFSC 2012).

1997 and 1998 and highest retention in 2000, 2003,
and 2004. Mean retention between the 3 scenarios
exhibited high variability within a year, ranging from
a 24% difference in 2008 to 4% in 2009 (Fig. 4).

2D tracking
A pattern of increased retention with increasing
release depth was observed for all years in this study.
Highest retention occurred for individuals constrained to the 50 m depth, and lowest for individuals
at 1 m. After 30 d, retention of individuals released at
1 m ranged from 0.25% in 1997 to 92.97% in 1995;
while retention exceeded 90% for all years when
individuals were retained at 50 m. By Day 90, retention at 1 m was less than 1% in 8 of the years and had
decreased to 21.88% in 1995. In contrast, the lowest
retention at 50 m was 18.03% in 1998 and the highest
was 96.32% in 2000. These results are consistent
with climatological modeling studies (Werner et al.
1993, Lough et al. 1994), where higher retention occurred when particles were released at 30 m or
deeper.

3D tracking
RESULTS
Interannual variability in larval haddock retention
occurred in the 2D, 3D, and 3D with vertical turbulence, simulations (Fig. 4). Similar trends were obtained from the 3 scenarios, with lowest retention in

The pattern of increased retention for individuals
released at 30 m or deeper was also observed in the
3D simulations, with dispersal throughout the water
column impacting transport speed and direction.
Retention of individuals released at 1 m after 90 d
ranged from 0.00% (1997) to 24.60% (1995), while

Fig. 4. Comparison of depth-averaged annual retention rates on Georges Bank after 90 d determined from GoM1-FVCOM
simulations of 2-dimensional (2D) advection, 3-dimensional (3D) advection, and 3D advection with vertical turbulence
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retention of individuals released at the 50 m depth
ranged from 16.61% (1997) to 76.28% (2000).

3D tracking with vertical turbulence
The highly energetic environment and substantial
vertical mixing of Georges Bank necessitated the
inclusion of an artificial turbulence formulation to approximate non-linearity in the vertical dispersion of
the system. When turbulence was included, the release depth had a negligible impact on retention
compared to the 2D or 3D simulations. After 90 d,
retention was lowest in 1997, ranging from 1.98% for
individuals released at 1 m to 1.41% for individuals
released at 50 m. Highest retention occurred in 2003,
ranging from 61.26% at 1 m to 61.75% at 50 m.
Utilizing the 3D tracking with vertical turbulence,
substantial interannual variability in the spatial distribution and retention of haddock eggs and larvae
occurred on Georges Bank from 1995 to 2009 (Fig. 5).
Highest retention within the 100 m isobath occurred
in 1995, 2000, 2003, 2004 and 2008. During these
years, decreased velocity of the gyre resulted in reduced transport off of Georges Bank. The reduced
circulation increased transport to the shoals in these
years as well, with greater than 40% occurring
within the 60 m isobath (shoals) after 90 d. The depthdistribution of individuals indicated that 43 to 54% of
all individuals retained on Georges Bank occurred
in the upper 20 m of the water column at the end of
the simulation.
Depth-dependent transport (2D/3D) in 2003 produced high retention of individuals released at the 30
and 50 m depths, with a primary loss route to the
Mid-Atlantic Bight. Additional losses off the edges of
the Bank were due to the ‘leaky’ gyre in 2003 (Fig. S1
in the Supplement at www.int-res.com/articles/suppl/
m487p201_supp.pdf). With vertical turbulence, a
greater number of individuals are recirculated around
the bank and advected toward the shoals. Lowest
retention occurred in 1997, with less than 2% of individuals retained on Georges Bank. Spawning at 50 m
and persistence in water 50 m or deeper increased
the potential for individuals to be retained (Fig. S2 in
the Supplement).

Local and remote forcing
The IBM was updated with GoM3-FVCOM physical forcing for 1997 and 1998 to provide a comparison
of the contribution of local and remote forcing on
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retention. Both years produced low retention estimates with GoM1-FVCOM, which increased with
the addition of remote forcing. Retention from the
3D tracking with vertical turbulence simulations increased from 1.72 to 15.45% for 1997 (Fig. S3 in
the Supplement), while retention in 1998 increased
from 1.08% with GoM1-FVCOM to over 31.02%
with GoM3-FVCOM (Fig. 6). Greater retention in
1998 with GoM3-FVCOM physical forcing occurred
at all depths as a result of changes in current direction and speed compared to GoM1-FVCOM (Fig. S4
in the Supplement).

Comparison to recruitment
Increased recruitment success appeared weakly
related to increased retention over the period 1995
to 2009 (Table 1). The 2003 recruitment event for
Georges Bank haddock exhibited the highest recruitment success and model retention rates. Although
retention in 2003 exceeded all other years in this
study, comparable estimates were obtained for 2000
and 2004, which did not exhibit comparably large
recruitment events. The 4 yr with highest retention
were 2003, 2000, 2004, and 2008 (61.97, 58.89, 54.37,
and 47.99%, respectively), while the highest recruitment success occurred in 2003, 2000, 1998, and 1997
(3.46, 1.23, 0.97, and 0.54, respectively). The 2 yr with
highest recruitment success also exhibited high model
retention, but there is a disconnection between
retention rate and recruitment success in most years.

DISCUSSION
IBMs of haddock larvae on Georges Bank have not
reexamined the impact of currents and advection on
the retention of individuals since the study of Werner
et al. (1993), even though substantial progress in circulation models has occurred. The general pattern of
increased retention with increasing depth established
by Werner et al. (1993) was reproduced in the present study with both the GoM1-FVCOM and GoM3FVCOM physical models. Although their results indicate that a directional swimming capability significantly enhanced shoalward displacement of larvae,
the model-predicted circulation processes on Georges
Bank produced a similar response for passive larvae,
which varied substantially between years (Fig. 5).
The use of a turbulent formulation has become
standard practice for IBMs simulating foraging of fish
larvae (see Werner et al. 1996, 2001, Vikebo et al.
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Fig. 5. Simulated depth-averaged distribution of particles 90 d after release during March on the Northeast Peak of Georges
Bank, from 1995 through 2009, with GoM1-FVCOM physical forcing. Slower gyre circulation in 1995, 2000, 2003, and 2004
results in increased particle retention on Georges Bank and settlement to the shoals
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Fig. 6. Comparison of the retention of haddock larvae on Georges Bank in 1998 after 90 d, with (A−D) local forcing (GoM1FVCOM) and (E−H) combined local and remote forcing (GoM3-FVCOM) at (A,E) 1 m, (B,F) 10 m, (C,G) 30 m, and (D,H) 50 m
release depths simulated with vertical turbulence
Table 1. Comparison of age-1 recruitment success of the
Georges Bank haddock stock with model-generated retention rate (%) estimates for 1995 through 2009. Highest
recruitment success and retention occurred in 2003

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

Retention rates (%)

Recruitment success

46.92
23.45
15.45
31.02
15.24
58.89
42.36
22.77
61.97
54.37
23.86
16.01
16.76
47.99
24.91

0.47
0.33
0.54
0.97
0.20
1.23
0.06
0.03
3.46
0.07
0.23
0.03
0.04
0.02
0.04

2005, Kristiansen et al. 2007), but the impact of vertical diffusion on depth-dependent transport has not
been analyzed in detail for Georges Bank, where displacement may be out of the control of small, pelagic
organisms. The potential for buoyancy and vertical
behavior to alter the vertical displacement of individuals on Georges Bank was not included in this study
and requires additional investigation.

Anatomy of high versus low retention years
The 3 general pathways for the transport of larvae
around Georges Bank consist of transport from the
Northeast Peak: (1) recirculated around the Bank, (2)
advected over the Great South Channel and onto the
Mid-Atlantic Bight, or (3) advected into the North
Atlantic or interior Gulf of Maine region due to a
‘leaky’ gyre. Interannual variability in the circulation
of the Gulf of Maine-Georges Bank region caused
retention rates and distributions to differ substantially between years, with patterns common to high
and low retention years emerging. One year of high
(2003) and low (1997) retention are compared here.
The disparity in retention between 1997 and 2003
is a result of the advective dynamics in the environment. The physical processes of 1997 and 2003 differed substantially in circulation patterns and velocity, frontal system dynamics, and stratification. In
1997, surface currents exhibited increased velocities
recirculating around the gyre at the shelf break and
southwest over the Great South Channel (Fig. 7A−C).
Currents on the southwest of the gyre were insufficient to recirculate eggs and larvae around Georges
Bank, resulting in increased advective losses. In comparison, the surface currents in 2003 were reduced,
decreasing the transport speed of individuals around
the gyre (Fig. 7D−F). The slow meandering of the
current reduced advective losses to the Mid-Atlantic
Bight, and increased transport to the shoals.
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Tidal-mixing and shelf-break fronts serve as barriers, entraining eggs and larvae within the Georges
Bank gyre and reducing advective losses, but vary in
intensity and location on seasonal and interannual
scales (Townsend & Pettigrew 1996, Chen et al. 2003).
The gyre functions as a corral to retain individuals on
Georges Bank in most years, but variability in water
mass density, current speed, and wind intensity
impact the dynamics of the shelf-break and tidalmixing fronts.
Spatially and temporally reduced intensity of the
fronts around Georges Bank produces a ‘leaky’ gyre
with substantial losses, caused by currents and
wind events. In 1997, the frontal dynamics exhibited
extensive spatial and temporal distributions around
Georges Bank, creating a persistent horseshoeshaped barrier open to the southwest (Fig. 8). The
fronts corralled individuals within the gyre, limiting
losses off the edges; however, reduced frontal distribution and intensity at the Great South Channel
enabled advection of larvae onto the Mid-Atlantic
Bight. Diminished frontal dynamics in 2003 created a
‘leaky’ gyre, with losses off the edges of Georges
Bank to the North Atlantic and interior Gulf of
Maine, but increased intensity of the fronts in the

Great South Channel provided greater recirculation
than in 1997.
Variability in the fronts between years is directly
impacted by gyre circulation. Current speed and
direction on Georges Bank are influenced by winds,
runoff, and flow from the Arctic, but locally the clockwise gyre around Georges Bank is enhanced by
stratification and tidal rectification (Loder & Wright
1985, Chen et al. 1995). Onset and intensification of
stratification in 1997 and 2003 differed substantially
(Fig. 9). In 1997 stratification developed by May,
intensifying gyre circulation; while in 2003 stratification was delayed until June. Increased intensities of
the gyre velocities, tidal rectification, and tidal-mixing fronts in 1997 generated a pathway to quickly
transport individuals onto the Mid-Atlantic Bight.
Slower currents, increased frontal formation in the
Great South Channel, and delayed onset of stratification resulted in a meandering, leaky gyre with increased retention of larval haddock on Georges Bank
during the spring of 2003.
The inability of the retention estimates to reflect
large recruitment events can be attributed to the
dynamic nature of recruitment. Retention estimates
in 2000 and 2003 were the highest obtained from the

Fig. 7. Comparison of monthly-averaged surface currents on Georges Bank in (A−C) 1997 and (D−F) 2003 in (A,D) April, (B,E)
May, and (C,F) June with GoM1-FVCOM physical forcing
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Fig. 8. Comparison of monthly-averaged frontal systems on Georges Bank in (A−C) 1997 and (D−F) 2003, in (A,D) April, (B,E)
May, and (C,F) June, with GoM1-FVCOM physical forcing. Frontal systems are determined as the ratio (color scale) of shear
dispersion in the surface layer and bottom layer of the circulation model

simulations and coincided with the 2 highest recruitment success values. Retention in 2004 was only
4.52% lower than in 2000, but had low recruitment
success. The larger recruitment events may be attributed in part to circulation patterns allowing the larvae and their prey to remain on Georges Bank, but
reduced predation or enhanced foraging and growth
may provide the key mechanism to understanding
survival rates of anomalously large events.
From spawning until juvenile settlement, haddock
on Georges Bank experience a highly dynamic environment with limited control over dispersal or transport to nursery areas (Lough & Bolz 1989). The primary factor influencing retention was the circulation
speed of the gyre. Retention was low in years with
high flow rates throughout the Gulf of Maine and
around Georges Bank, increasing as circulation
intensity decreased. Inflow over the Scotian Shelf
and slope increased flow rates throughout the coastal
Gulf of Maine and intensified recirculation around
Georges Bank. The dominance of large-scale processes persists over the 15 yr period, with tidal interaction, stratification, and tidal rectification further

altering the intensity of the gyre. A combination of
circulation, vertical mixing, and the onset of stratification created an ‘optimal environmental window’
(Cury & Roy 1989) for retention, with the timing and
duration highly variable between years.

Influence of remote forcing
The flow fields generated by the GoM1-FVCOM
for 1998 do not accurately reflect observations from
the region. The lack of association between our retention estimates and haddock recruitment in this
year is consistent with results for a lower trophic level
from a food web model by Tian et al. (unpubl.), who
reported that the model-predicted chlorophyll a
concentration showed a significant bias to observed
values on Georges Bank.
The GoM1-FVCOM is an early version of FVCOM
for the Gulf of Maine, which did not include transport
input from the upstream shelf and slope regions
connected to the Labrador Sea and Arctic Ocean.
The Gulf of Maine exhibited a large salinity anomaly
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Fig. 9. Comparison of monthly-averaged stratification on Georges Bank in (A−C) 1997 and (D−F) 2003, in (A,D) April, (B,E)
May, and (C,F) June, with GoM1-FVCOM physical forcing. Stratification is determined as the ratio (color scale) of water
density in the sur-face layer and bottom layer of the circulation model

in 1998, with significant influence by water transport
from the upstream region. Failure of the GoM1FVCOM to produce a retention estimate comparable
to recruitment in 1998 was assumed to be due to the
exclusion of remote forcing. The GoM1-FVCOM circulation exhibited strong currents flowing from the
northeast, enhancing the gyre around the bank and
flowing over the Great South Channel, while the
GoM3-FVCOM circulation exhibited decreased flow
over the Scotian Shelf, reduced current speed over
the Northeast Channel, and increased recirculation
of the gyre around the shoal region of Georges Bank
(Fig. S4 in the Supplement). We hypothesized that
the low retention estimate for 1997 would not increase substantially with the addition of remote forcing, as recruitment estimates for that year were the
lowest of the study period (NFSC 2012). It was assumed that the GoM1-FVCOM circulation accurately
represented the dynamics for 1997, while remote
forcing was inaccurately represented for 1998.
The low retention estimates obtained for 1997 and
1998 with the GoM1-FVCOM were increased when
the GoM3-FVCOM forcing was implemented

(Figs. S1 & S3 in the Supplement). The influence of
remote forcing on transport to the shoals of Georges
Bank appears to vary by year, increasing by 13.73%
in 1997 and 29.94% in 1998. Interannual variability
in the model occurs through 2 primary components:
(1) local (winds, precipitation/evaporation, heat flux,
freshwater discharge) and (2) remote (inflow from
the boundaries). GoM1-FVCOM includes local forcing and limited remote forcing over the Scotian Shelf,
but lacks flow over the slope. The increased retention
estimates for both 1997 and 1998 indicate that inclusion of remote forcing in the Gulf of Maine is necessary for interpreting transport-retention dynamics,
with slope water interaction essential in some years.
The dynamic nature of remote forcing may have a
positive effect on haddock retention, but further
study is necessary to determine if this trend persists
between additional years. Circulation models that
rely primarily on local forcing may neglect important
sources of variability for the Gulf of Maine-Georges
Bank region, making them insufficient for studies
involving large-scale dynamics such as climate
change.
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CONCLUSIONS
The retention of a cohort is altered by dynamic
interactions with the physical environment on multiple spatial and temporal scales, with eggs and larvae
subjected to highly variable winds, currents, temperatures, and resulting transport velocities. Individuals
residing lower in the water column, where the influence of wind-driven transport declines, were more
likely to be retained on Georges Bank. However, the
depth of spawning does not have a substantial influence on vertical distribution over the entire pelagic
duration, when individuals encounter intense vertical mixing on Georges Bank. Development of swimming behaviors by larvae over ontogeny may not be
necessary for substantial shoalward transport in all
years, but provides an essential mechanism when
strong off-bank transport exists in the upper water
column.
In all years the majority of advective losses from the
nursery area occurred over the Great South Channel,
with retention dependent upon recirculation around
the southern flank of Georges Bank. The intensity
and distribution of the tidal-mixing and shelf-break
fronts comprised the primary regulating factor for
retention. Increased retention occurred in years
when the fronts formed earlier in the Great South
Channel and recirculating currents persisted on the
southern flank. Greater advection off-bank was predominant when fronts were absent or minimal in the
Great South Channel and strong advective currents
off of the southern flank occurred.
Inflow of colder, fresher waters from the Arctic over
the Scotian Shelf and slope influence current velocity
and water mass density in the Gulf of Maine, directly
impacting the onset of stratification and formation of
frontal systems around Georges Bank. Circulation
models capable of resolving time-varying remote
forcing in the Gulf of Maine region are essential for
studies of transport-retention dynamics on Georges
Bank and should be considered for future studies
involving IBMs.
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