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ABSTRACT

Throughout the North Atlantic, the copepod Calanus
finmarchicus dominates the zooplankton biomass,
linking primary production and higher trophic levels.
On Georges Bank, the peak abundance of larval
(naupliar) stages occurs in March–April and repre-
sents a potential source of prey for cod and haddock
larvae. Following this maximum, naupliar abundance
declines dramatically, reaching a minimum in May
and increasing again in June. Explaining the naupliar
seasonal cycle is critical for predicting climate effects
on C. finmarchicus dynamics, including whether
environmental variability may lead to a mismatch
with larval fish. Here, an age-within-stage population
dynamics model is used to investigate the factors
controlling the temporal variation of C. finmarchicus
nauplii in three Georges Bank sub-regions. The model
incorporates temperature- and food-dependent devel-
opment and egg production, as well as female abun-
dance derived from the US Global Ocean Ecosystem
Dynamics (GLOBEC) program. Use of field-estimated
constant mortality rates overestimates May abun-
dances by as much as an order of magnitude. These
data/model discrepancies can not be explained by
temperature or food-limitation effects on physiological
rates. Instead, accurate simulation requires use of time-
varying early stage mortalities, which differ from
published estimates in both magnitude and trend.
These mortality rates are correlated with C. finmar-
chicus female abundance, implying cannibalism as a

possible regulatory factor. Thus, the biological control
of predation (including cannibalism) must be consid-
ered to predict the effects of climate on C. finmarchi-
cus and associated larval fish populations.
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INTRODUCTION

The copepod Calanus finmarchicus is a key contributor
to the zooplankton biomass in the North Atlantic,
providing a link between primary production and lar-
val fish (Planque and Batten, 2000; Beaugrand et al.,
2003). During the winter and spring, C. finmarchicus is
the most abundant species of zooplankton on Georges
Bank (Davis, 1984), a submarine rise on the conti-
nental shelf in the Gulf of Maine (Fig. 1). Atlantic
cod (Gadus morhua) and haddock (Melanogrammus
aeglefinus) are also present on the Bank, with spawning
occurring mainly in March, on the Northeast Peak and
Southern Flank (NEP and SF, Fig. 1) (Lough and Bolz,
1989; Page et al., 1999). Peak larval fish abundance
coincides with peak abundance of larval (naupliar)
stages of C. finmarchicus in March–April, and early
stages (eggs and nauplii) of C. finmarchicus represent
over 80 and 30% of the prey biomass of haddock and
cod larvae, respectively (Kane, 1984; Buckley and
Lough, 1987; Lynch et al., 2001). Thus, the study
of C. finmarchicus population dynamics on Georges
Bank received much attention from the US Global
Ocean Ecosystem Dynamics (GLOBEC) program,
which focused on factors controlling exploited fish
populations in the North Atlantic (Page et al., 1999;
Wiebe et al., 2001).

The abundance of C. finmarchicus on Georges Bank
exhibits pronounced seasonal and sub-regional patterns
that are relatively robust from year to year (Bigelow,
1926; Meise and O’Reilly, 1996). For late-stage
C. finmarchicus (copepodites), these trends vary among
Bank sub-regions, likely due to different factors con-
trolling the population dynamics in these hydrog-
raphically and biologically distinct areas (e.g., Meise
and O’Reilly, 1996; Lynch et al., 1998; Gentleman,
2000; Durbin and Casas, 2006; Li et al., 2006).
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However, trends in naupliar abundance are identical
among sub-regions: nauplii peak in April, followed by a
minimum in May and then an increase in June (Durbin
and Casas, 2006; Li et al., 2006). As nauplii are
potentially an important source of nutrition for larval
cod and haddock, variation in the timing of the nau-
plii could significantly affect the food availability for
larval fish. Thus, control of the seasonal variation in
C. finmarchicus population dynamics by various factors
(e.g., temperature, food and predator abundance) must
be examined to aid in successful fisheries management,
especially in relation to climate change.

Here we develop a population dynamics model for
C. finmarchicus to test hypotheses concerning the
variation in C. finmarchicus nauplii abundance from
April through June. The model is formulated with
realistic parameterizations for temperature and food
effects on physiological rates, and simulations of the
temporal variation in modeled C. finmarchicus abun-
dance are compared with observations for Georges
Bank. By examining how development, egg produc-
tion and mortality influence variation in C. finmar-
chicus nauplii, we identify controlling factors and allow
for more predictive hypotheses of the effects of envi-
ronmental change (including climate change) on
C. finmarchicus population dynamics and the fish
populations they support.

Study area and observations

Georges Bank is a submarine rise on the continental
shelf in the Gulf of Maine (Fig. 1). Sub-regions were
defined to represent spatial patterns evident in

zooplankton taxa (including but not limited to
C. finmarchicus) and also reflect hydrographic domains
of the Bank, to facilitate comparison among years. The
CR as defined in the present study generally corre-
sponds to the region inside the tidal mixing front and
is similar to the Crest region identified in spatial
cluster analyses based on copepod taxa (Meise and
O’Reilly, 1996; Durbin and Casas, 2006). The NEP
and SF sub-regions denote the outer flanks of the tidal-
mixing and shelf-slope fronts and this designation is
supported by cluster analyses (Meise and O’Reilly,
1996; Durbin and Casas, 2006). The division between
the NEP and SF is not well-supported by cluster
analyses, but is included here as the NEP demonstrates
higher nauplii production and fish spawning and
feeding.

Patterns in observed variability in C. finmarchicus
stage-specific abundances, temperature, and chloro-
phyll-a concentration were based on monthly average
values from GLOBEC surveys on Georges Bank in
1995–99 (for sampling details see Durbin and Casas,
2006). GLOBEC depth-integrated C. finmarchicus
stage-specific abundances, average temperature in the
upper 30 m, and average chlorophyll-a concentration
in the upper 50 m were optimally interpolated to a
standard grid using EasyKrig (D. Chu, personal com-
munication). An anisotropic semi-variogram model
with a longer length scale along the long axis of the
bank was used to estimate spatial autocorrelation in
the data sets. Gridded data were used to calculate
mean temperature, chlorophyll-a, and C. finmarchicus
stage-specific abundances within the three sub-regions

Figure 1. Georges Bank, Gulf of Maine
[indicating position of Maine (ME), New
Hampshire (NH), Massachusetts (MA),
USA, and Nova Scotia (NS), Canada]
with bathymetry (m), sub-regions
(dashed line, NEP, SF, CR) and position
of larval cod and haddock spawning area
(white polygon, Lough et al., 1996).
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of the bank in each month and year, and 5-yr means
for all properties in each sub-region and month were
then estimated.

There is a mean clockwise (anti-cyclonic) circula-
tion in the region that advectively connects the NEP
and SF sub-regions (Fig. 1; GLOBEC, 1992). The
shallow CR is somewhat isolated by a tidal-mixing
front (Bigelow, 1927 in Butman and Beardsley, 1987)
and remains well mixed throughout the year (GLO-
BEC, 1992). In contrast, the deeper NEP and SF sub-
regions undergo seasonal stratification beginning in
April and peaking in summer (GLOBEC, 1992). Sub-
region residence times during the study period (April–
June) are on the order of 60 days for the CR and
40 days for the NEP and SF (Gentleman, 2000). Over
the period of interest, mean temperature (�C, 0–30 m
average) increases from approximately 5�C in April to
10�C in June (Fig. 2a) and varies with sub-region
(lowest temperature in NEP, Fig. 2a).

Georges Bank sub-regions also exhibit differing
biological environments. Phytoplankton biomass is
higher on the CR than on the NEP and SF sub-regions
(GLOBEC, 1992; Meise and O’Reilly, 1996; O’Reilly
and Zetlin, 1998) with mean chlorophyll-a
(mg Chl m)3, 0–50 m average) ranging between 1.9
and 4.2 mg Chl m)3. Chlorophyll-a increases
from April to June for the CR and SF, whereas the
NEP exhibits a chlorophyll-a minimum in May
(Fig. 2b). Community structure also varies among sub-
regions, with the main spawning of larval cod and
haddock occurring in the NEP and SF but not in the
CR (Fig. 1, Lough et al., 1996, 2005, 2006; Buckley
and Durbin, 2006). In addition, hydroid predators
(Clytia gracilis), typically attached to the benthic sub-
strate, are present in the upper water-column of the
CR due to strong tidal mixing but are absent from the
stratified NEP and SF (Madin et al., 1996).

In all sub-regions, C. finmarchicus female abun-
dance increases from January through April, and
declines in May and June. Over the study period
(April–June Fig. 2c), depth-integrated female abun-
dance [number (N) m)2] is highest in the NEP and SF
sub-regions, whereas the rate of decline in female
abundance is highest in the CR. Depth-integrated
nauplii abundance (N m)2) is highest in NEP over the
study period and exhibits a minimum in May, with
abundances in April greater than those in June for all
three sub-regions (Fig. 3).

MODEL DESCRIPTION

The population dynamics of C. finmarchicus are sim-
ulated using an age-within-stage model based on

Lynch et al. (1998). In our model, ordinary differential
equations describe the temporal variation in abun-
dance due to development (i.e., progression through

(a)

(b)

(c)

Figure 2. Observed mean (a) temperature (�C), (b) chlo-
rophyll-a (mg Chl m)3), and (c) female abundance (N)m)2

and standard deviation for the study period in CR (square),
NEP (triangle), and SF (circle) sub-regions.
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life stages), egg production and mortality, and stages
are subdivided into age classes to reduce numerical
dispersion, which causes overestimation of modeled
variability in development times (Gentleman et al.,
2008). Therefore, each stage i consists of mi age classes
of equal duration (si = SDi ⁄ mi, where SDi is the stage
duration) and animals must mature through every
age class before molting to the next stage. As we are
concerned with variation in naupliar abundance,
the model here comprises seven distinct stages, Egg
through N6, where the rate of change of abundance in
stage i and age class j (

dAi;j

dt
, j = 1 to mi) is

dAEgg;1

dt
¼ eAF � dEggAEgg;1 � lEggAEgg;1 ð1Þ

dAi;j

dt
¼ diAi;j�1 � diAi;j � liAi;j

i ¼ Egg to N6; j ¼ 2 to mi ð2Þ

dAi;1

dt
¼ di�1Ai�1;mi

� diAi;1 � liAi;1

i ¼ N1�N6 ð3Þ

where � is the egg production rate (eggs per female
day)1), AF is the abundance of females, di is the devel-
opment rate (day)1) and li is the mortality rate (day)1).

(a)

(b)

(c)

Figure 3. Observed mean nauplii abundance and standard
deviation [open circle, number (N) m)2] and predicted
abundance (closed circle, N m)2) of initial model results
over the study period in (a) NEP, (b) SF, and (c) CR sub-
regions.

Table 1. Model parameters. Development rate parameters
for SD;¼ a; ðTþ dÞc½ d

foodþ 1�:

Parameter Value

Stage-specific age-classes (mi) Egg 8
N1 5
N2 8
N3 17
N4 9
N5 8
N6 8

Carbon-to-chlorophyll ratio
(Hirche and Kwasniewski, 1997;
Hind et al., 2000; Li et al., 2006)

50

Development rate parameters
(Campbell et al., 2001;
Gentleman et al., 2008)

aEgg 595
aN1 388
aN2 581
aN3 1387
aN4 759
aN5 716
aN6 841
b 9.11
c )2.05
d 17
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Accurate simulation of development times requires
the development rate to be specified as the reciprocal
of the age-class duration (i.e., di = 1 ⁄ si = mi/SD:
Gentleman et al., 2008). SDi is calculated using
empirically based relationships that describe its
dependence on temperature and food (Table 1;
Campbell et al., 2001; Gentleman et al., 2008) and mi

was chosen such that modeled variability was consis-
tent with that found in the laboratory at 8�C (Table 1,
Campbell et al., 2001; Gentleman et al., 2008).

Temporal variation in AF is based on linear fits to
the observed monthly abundance of females from
GLOBEC surveys (Durbin and Casas, 2006; this study,
Fig. 2c). � was initially set at 50 eggs per female day)1

representing the mean observed value from GLOBEC
process cruises (Runge et al., 2006). li is initially based
on field estimates derived from GLOBEC data
(Table 2; Ohman et al., 2002).

Temperature was modeled as a quadratic fit to the
mean monthly value observed for each sub-region
(Durbin and Casas, 2006; this study, Fig. 2a). Food is
approximated by chlorophyll-a using a C:Chl weight-
based ratio of 50 (e.g., Hirche and Kwasniewski, 1997;
Hind et al., 2000; Li et al., 2006). Chlorophyll-a levels
were obtained from linear interpolation of the mean
monthly chlorophyll-a for each sub-region (Durbin
and Casas, 2006; this study, Fig. 2b).

The model was initialized with mean April naupliar
abundance (Durbin and Casas, 2006; this study) uni-
formly divided among age-within-stages. No data
exists for egg abundance, so a highly-conservative
estimate of zero was used for their initial value, and
model sensitivity to this assumption was explored in
later simulations. Equations 1–3 were solved numeri-
cally over 2 months representing mid-April through
mid-June and modeled abundance of nauplii stages
(sum of N1 through N6) was compared to field
observations for May and June. Discrepancies between
data and model results were explored through varia-
tion in model parameterizations.

RESULTS

Initial model results

The initial model parameterizations described in the
previous section were intended to consolidate current
theories of C. finmarchicus population dynamics on
Georges Bank. Specifically, (1) modeled development
times varied with environmental conditions consistent
with laboratory experiments, and (2) both modeled egg
recruitment (new eggs per day = e AF) and mortality
rates were consistent with field estimates for the Bank.
However, even with initial (April) egg abundance
underestimated, the model overestimates the abun-
dance of nauplii in May in all three sub-regions (Fig. 3).
Predicted values fall well outside of observed ranges
(i.e., difference > 1–15 standard deviations), being
erroneous by a factor of two for the NEP (Fig. 3a), a
factor of five for the SF (Fig. 3b) and a factor of seven for
the CR (Fig. 3c). Whereas predictions in June were
consistent with observations, mismatches in May
resulted in modeled trends in the CR opposite to that
observed, such that the CR results exhibit a nauplii
maximum in May (Fig. 3c).

These model results were robust with respect to
assumptions regarding nauplii and egg initial condi-
tions (i.e., variations in initial abundances including
egg abundance greater than N1 abundance). The
lack of sensitivity of the results to initial conditions
can be explained by the naupliar development time
(i.e., egg through N6) which is approximately
13 days over the study period (Campbell et al., 2001;
Gentleman et al., 2008), implying that any eggs or
nauplii present in April have already matured to
copepodite stages by May, and therefore do not
contribute to the naupliar abundance at this time.
Furthermore, overestimates can not be explained by
advection as fluxes of nauplii are negligible compared
to development (i.e., residence times �50 days;
Gentleman, 2000), and fluxes of females are included
implicitly in that their abundance is prescribed by
data. Thus, the unrealistic model results must arise
from an unrealistic representation of biological pro-
cesses, and the next set of simulations is aimed at
determining how modeled dynamics can be made
more realistic.

Exploring the May mismatch: varying factor
parameterization

For development to explain the May mismatch,
modeled stage durations would have to be increased by
a factor of four (Fig. 4). Variation of stage duration
with temperature is well-characterized for this species
(Campbell et al., 2001), and such a dramatic change

Table 2. Stage-specific naupliar mortality rates integrated at
each stage from Ohman et al. (2002).

Stage
Mortality rate
(li, day)1)

Egg 0.49
N1 0.49
N2 0.22
N3 0.051
N4 0.077
N5 0.14
N6 0.15
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in duration would require modeled temperatures be
reduced by >10�C, which is far greater than the error
potentially introduced by use of the mean temperature
value for the sub-region. For the required difference in
modeled stage duration to be due to food-limitation,
actual food levels would need to be well below
25 mg C m)3 (Campbell et al., 2001; Gentleman
et al., 2008). Even with the uncertainty related to the
C:Chl ratio, the average chlorophyll-related food level
is rarely that low, and further, actual diets would likely
be supplemented by microzooplankton (Gifford et al.,
1999). Whereas food-limitation has been observed at a
station on the SF in April (Campbell et al., 2001), this
phenomenon is patchy (e.g., development rates were
maximal at a neighboring station at the same time)
and also unlikely to explain model discrepancy in the
CR where food is highest and the mismatch in May is
greatest. Thus, it is hard to justify the required changes
to modeled development rate, especially because these
artificially adjusted development times result in a
mismatch of modeled and observed nauplii abundance
in June in all sub-regions (Fig. 4).

For changes in egg production rate to eliminate the
May mismatch in all sub-regions, � must be decreased
from 50 to 10 eggs per female day)1 (Fig. 5). Although
� is modeled as a constant, variation due to tempera-
ture and food has been observed (e.g., Hirche, 1996).
However, such environmental effects can not account
for a factor of five decrease of � for Georges Bank, and
� = 10 eggs per female day)1 is at the lower limit of
observed values (Runge et al., 2006), being measured
only in 1 yr (1997) and sub-region (SF). Furthermore,
as with reduced development rates (Fig. 4), a low
constant � can not produce model results consistent
with the increase in nauplii abundance from May to
June resulting in a mismatch of modeled and observed
nauplii abundance in June in all sub-regions (Fig. 5).

The discrepancy between modeled and observed
nauplii abundance for May is eliminated by doubling
of the stage-specific mortality rates (Fig. 6). However,
as with previous trials, this constant high mortality can
not produce model results consistent with the increase
in nauplii abundance from May to June resulting in a
mismatch of modeled and observed nauplii abundance
in June in all sub-regions (Fig. 6).

Exploring the May mismatch: varying factors in time and
space

From the simulations above, it is evident that
physiological rates must vary temporally for model

(a)

(b)

(c)

Figure 4. As in Fig. 3 but with stage durations (SDi) qua-
drupled over the study period in (a) NEP, (b) SF, and (c) CR
sub-regions.
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(a)

(b)

(c)

Figure 5. As in Fig. 3 but with egg production rate (�)
reduced by a factor of five (i.e., to 10 eggs per female day)1)
over the study period in (a) NEP, (b) SF, and (c) CR sub-
regions.

(a)

(b)

(c)

Figure 6. As in Fig. 3 but with doubling of initial mortality
rate estimates for the study period in (a) NEP, (b) SF, and
(c) CR sub-regions.
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results to be consistent with observations for both
May and June. The modeled time-variation in
development rates due to temperature and food is
insufficient, and there is no evidence for a signifi-
cant variation in � (Runge et al., 2006; their
Fig. 2a). In contrast, mortality rates constitute the
biggest source of uncertainty in the model parame-
terization, as those used in the initial model were
averages for the region and study period (Table 2,
Fig. 7a; Ohman et al., 2002), but estimates are
highly variable both spatially and temporally
(Ohman et al., 2002, 2008). The implications of
such spatial and temporal variations in mortality are
now considered.

A recent study suggests mortality varies monthly
and among sub-regions (i.e., the CR is differentiated
from the SF and NEP) for early stages (egg through N3
stage; Ohman et al., 2008; Fig. 7b). In addition, esti-
mated mortality rates varying in time (but not space)
are available for late (N4 through N6 stage) nauplii
from another recent study (Li et al., 2006) (Fig. 7b).
Simulations with these published mortality rates (lin-
early interpolated) are improved relative to the initial
model results (Fig. 3 versus Fig. 8), although simulated
abundances are still well outside the standard devia-
tions of the observations for SF and CR (Fig. 8b,c),
and underestimated for June on the CR (Fig. 8c).
Mortality of late-stage nauplii (N4–N6) has virtually

(a)

(c)

(b)

(d)

Figure 7. Mean mortality rate (day)1) parameterization employed in model simulations. (a) Mean (egg through N6) estimated
temporally invariant mortality rates (solid line; Ohman et al., 2002) and associated doubled rates (dashed line). (b) Published
time-varying mortality rate for egg through N3 for the CR (solid line; Ohman et al., 2008) and SF and NEP (dashed line;
Ohman et al., 2008) and spatially averaged rates for N4 through N6 (dotted line, Li et al., 2006). (c) Mean (egg through N6)
modeled time-varying mortality rate averaged among sub-regions as peak (solid line), step (dashed line) and linear (dotted line)
functions and (d) mean (egg through N6) modeled time-varying mortality rates as sub-region specific linear declines for NEP
(solid), SF (dashed line), and CR (dotted line).
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(a)

(b)

(c)

Figure 8. As in Fig. 3 but with published time-varying
mortality rates (stages egg to N3: Ohman et al., 2008; stages
N4 to N6: Li et al., 2006) for the study period in (a) NEP,
(b) SF, and (c) CR sub-regions.

(a)

(b)

(c)

Figure 9. As in Fig. 3 but with sub-region specific linear
declines in mortality rates given in Fig. 6d for the study
period in (a) NEP, (b) SF, and (c) CR sub-regions.
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no influence, as model runs with no late-stage mor-
tality produced similar results to those incorporating
late-stage nauplii mortality. Thus, while the inclusion
of temporally and spatially varying mortality rates
improves model predictions, previously published
mortality rates are unable to produce results consistent
with observations at all sample times and sub-regions.

Time-varying mortality rates were tuned for each
sub-region such that model results were consistent with
observed abundances. A variety of parameterizations
were tested, including a mortality peak similar to
Ohman et al. (2002), a step function and linear decay
(Fig. 7c,d), and all formulations were able to produce
the April–May decline and May–June increase in
nauplii abundance observed in each sub-region (Fig. 3)
provided mortality rates are higher in April–May than
May–June. Parameterizations of temporal trends in
mortality rate must be specific to sub-region (e.g.,
Figs 7d and 9 for a linear decay in mortality rates), with
a higher rate of decline in mortality necessary for CR
than NEP and SF. Time-varying mortality can be
restricted to the non-feeding stages (egg through N2,
similar to Ohman et al., 2008) or the egg stage only,
though higher overall mortality estimates are required
for the latter to obtain modeled nauplii abundance
consistent with observations. Conversely, mortality
rates restricted only to the feeding stages (N3–N6) are
not able to produce modeled abundances consistent
with observations.

DISCUSSION

As ‘[forecasts of] changes in populations will not be
successful in the absence of a direct mechanistic

understanding of the processes that contribute to such
correlations’ (Ohman et al., 2004), a mechanistic age-
within-stage population dynamics model is employed
to examine the temporal variation in C. finmarchicus
nauplii on Georges Bank. It is shown that observations
can not be simulated when physiological rates are
parameterized in a way that is consistent with current
field estimates. Specifically, while the modeled May
naupliar abundance is realistic when development or
egg production rates are significantly reduced, such
changes are not justified given environment and
observations. In contrast, it is possible to produce
realistic simulations by varying mortality, the physio-
logical rate associated with the greatest uncertainty.
Mortality rates must be sub-region-specific with higher
mortality in April–May than in May–June (Fig. 7d),
unlike previously published time-varying estimates
(Ohman et al., 2002, 2008; Li et al., 2006).

As demonstrated above, no published estimates of
C. finmarchicus mortality enable model predictions to
be made that are consistent with observations. The
mortality rates estimated by Ohman et al. (2008) did
not meet the model criterion of higher average mor-
tality in April–May than in May–June required to
produce modeled abundances consistent with obser-
vations. A possible reason for the discrepancy
between the mortality rates in this study and those of
Ohman et al. (2008) is their assumption that abun-
dances are constant over a period equivalent to the
egg through N3 ‘stage’ duration (approximately
1–2 weeks). This assumption is not supported for
either females or nauplii at this time, as their
abundance may vary up to 1400% between months,
suggesting a 350–700% change over 1–2 weeks. In
addition, consistent with Ohman et al. (2008), we
found time-varying mortality may be constrained to
early nauplii stages (here egg through N2) as model
results are unaffected by rates for later stages. Thus the
time-varying mortality on late stage (N4–N6) nauplii
presented by Li et al. (2006) is unable to produce
accurate model results.

Mortality of the egg through N2 stages can not be
due to starvation, as these are non-feeding stages.
However, variation in food can affect early-stage
mortality due to poor quality of the female’s diet
leading to reduced egg production rate, viability of
offspring, and ⁄ or hatching success. Such an effect has
been clearly demonstrated for C. finmarchicus feeding
on a monoculture diet of diatoms in the laboratory
(Ban et al., 1997), but evidence in the field is less
clear-cut. For example, some studies report negative
effects of diatom-dominated diets (Nejstgaard et al.,
1997, 2001; Miralto et al., 2003; Poulet et al., 2006;

Figure 10. Schematic representation of temporal variability
in modeled mortality rates (solid line) and potential predator
abundance (dashed lines).
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Runge et al., 2006), whereas others are inconclusive
(i.e., ephemeral effects: Pierson et al., 2005; Koski,
2007) or demonstrate an increase in production with
increased diatom abundance (e.g., increase in repro-
ductive capability with increased diatom abundance in
the diet; Irigoien et al., 2000; Jónasdóttir et al., 2002;
Koski, 2007). Thus, harmful effects of diatom diets
appear to be highly specific to the site and species
(both copepod and diatom) present (Leising et al.,
2005; Koski, 2007), and it is unlikely to be a signifi-
cant issue for C. finmarchicus on Georges Bank as
there is no evidence of a trend in egg production rate
(Runge et al., 2006; their Fig. 2a) or hatching success
(�80%, Runge et al., 2006; their Fig. 2d). At the very
least, more research is required to determine whether
food quality may be playing a role in nauplii abun-
dance dynamics on Georges Bank, including estimates
of the variation in C. finmarchicus prey field (phyto-
plankton and microzooplankton) over time.

Temporal variation in early stage mortality can also
be affected by variation in predation pressure. Georges
Bank exhibits a wide array of predators of C. finmar-
chicus nauplii, with temporal and spatial variations in
predator guilds. Invertebrate predators include other
copepods (Centropages typicus, Metridia lucens, Temora
longicornis, Sell et al., 2001), ctenophores, gammarid
amphipods, chaetognaths (Clarke et al., 1943 in Riley,
1947; Sullivan and Meise, 1996), and hydroids (Clytia
spp.; Madin et al., 1996). Centropages spp. and cteno-
phores are present in low numbers during this time of
year (Davis, 1984), whereas gammarid amphipods and
chaetognaths are increasing over the study period
(Fig. 10, Davis, 1984; Avery et al., 1996; Sullivan and
Meise, 1996; Garrahan et al., 1998). Thus variation in
most invertebrate predator abundances can not
explain the decrease in mortality from April to June
required to produce model results consistent with
observed abundances. Only hydroids, with abundance
peaks in the late spring (highest in May and declining
in June–July, Madin et al., 1996; Norrbin et al., 1996;
Concelman et al., 2001) are correlated with the trends
in time-varying mortality (Fig. 10). However, as
above, hydroid predators are restricted to the well-
mixed CR sub-region (Madin et al., 1996; Norrbin
et al., 1996; Concelman et al., 2001).

Diet analysis of Georges Bank haddock and cod
larvae demonstrate high biomass of early stage
C. finmarchicus in fish stomachs during the late spring
(83 and 32% of prey biomass of haddock and cod
larvae, respectively; Kane, 1984). Of the sub-regions
examined here, NEP and SF overlap the area of peak
larval fish abundance where cod and haddock eggs are
highest in March–April and decline over the late

spring (Lough et al., 1996; Page et al., 1999). Thus,
declining mortality rates in NEP and SF are positively
correlated with declines in larval cod and haddock
abundance (Fig. 10). However, as CR lies outside the
area of high larval fish abundance, the temporal trend
in mortality in this sub-region is not explained by
abundance of larval fish predators.

Another predator of C. finmarchicus nauplii and
eggs are late stages of the same species. Cannibalism by
adult females (and possibly C5-stage animals) has been
measured in the lab (Ohman and Hirche, 2001;
Bonnet et al., 2004; Basedow and Tande, 2006) and
inferred to have a strong affect on Calanus spp. pop-
ulations (Ohman and Hirche, 2001; Basedow and
Tande, 2006). Here, modeled time-varying mortality
rates are correlated with female and C5-stage abun-
dance in all sub-regions (i.e., highest female abun-
dance in April–May when mortality rates are highest,
Fig. 10). Moreover the CR, which requires the highest
rate of decline in time-varying mortality, also exhibits
the highest rate of decline in female abundance over
the same period.

The influence of cannibalism on the overall
C. finmarchicus population dynamics will depend on
the interaction of cannibalism with other controlling
factors. For example, the strength of cannibalism
pressure may depend on food availability. Here, no
correlation between chlorophyll-a concentration and
mortality rate was found. Although we did not explore
other possible food sources (e.g., microzooplankton)
that may influence cannibalism rates (e.g., prey
switching or opportunistic feeding), previous studies
have found laboratory estimates of clearance rates of
nauplii by adult females to be independent of phyto-
plankton abundance (Bonnet et al., 2004; Basedow
and Tande, 2006).

The relative influence of cannibalism on C. finm-
archicus population dynamics will also depend on the
presence of other predators in each sub-region. For
example, there may be a ‘cannibalism threshold
condition’ where mortality is only correlated with
females at high female abundance (Ohman et al.,
2002), with other sources of predation reigning at low
female abundance. Isolation of CR waters due to
stratification and tidal mixing fronts during this time
(Butman and Beardsley, 1987) reduces the influx of
new animals, enhancing predation effects (Gentleman,
2000). This was inferred in the CR sub-region where
predation is likely a balance between cannibalism at
high copepod abundance and predation by suspended
hydroids at low copepod abundance (Ohman et al.,
2002). More evidence for this is found in an open
ocean site (central Norwegian Sea) where hydroid
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predators are lacking due to the depth of the location
and cannibalism influences mortality of C. finmarchicus
at both high and low population (i.e., female) abun-
dance (Ohman and Hirche, 2001). Thus the net
mortality rate affecting a population is dependent on a
balance of various factors (e.g., female abundance and
predator guild) specific to season and location.

As demonstrated by the variety of parameteriza-
tions possible for the temporal variation in mortality
(i.e., Fig. 7c), more field work is needed to reduce
uncertainty and identify important residuals in mean
mortality rate estimates. Modeled time-varying mor-
tality rates are positively correlated with hydroids in
the CR, larval fish predators in SF and NEP, and the
abundance of C5 and adult female C. finmarchicus in
all sub-regions, the last inferring a cannibalism
pressure on the population. The relative magnitude of
cannibalism on C. finmarchicus populations will vary
in time (shown here) and spatially (among sub-
regions: here, Georges Bank versus Norwegian Sea:
Ohman and Hirche, 2001) even among locales
of similar geomorphology (Ohman et al., 2004).
Abundance and consumption rate studies of the
various animals making up the predator guilds among
the different sub-regions on Georges Bank are required
to assess the strength of cannibalism as a force
controlling C. finmarchicus population dynamics, and
how the strength of this force might change in space or
time.

Effects of climate change may act both directly
(e.g., temperature-dependent development) and
indirectly (e.g., temporal variation in female abun-
dance resulting in variation in magnitude of canni-
balism effects) to alter the timing of C. finmarchicus
maximum and minimum abundance. For example,
where cannibalism occurs, an early increase in female
abundance could reduce nauplii abundance in April,
resulting in C. finmarchicus females significantly
competing with fish larvae for food. Indeed, larval
cod abundance was found to be dependent on this
seasonal timing and abundance of plankton prey in
other regions (i.e., North Sea; Beaugrand et al.,
2003). Thus, predicting effects of variations in
C. finmarchicus population timing or magnitude on
larval fish populations may prove more complicated
than other prey species such as Pseudocalanus spp.
that reduce cannibalism potential by brooding their
eggs in egg sacs (Ohman et al., 2002). The charac-
teristics of indirect environmental forcing on fish
populations (e.g., cannibalism in prey species) must
be explored to allow for more accurate predictions of
the influence of climate change on fish population
dynamics and production.
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U. (2001) Zooplankton growth, diet and reproductive suc-
cess compared in simultaneous diatom- and flagellate-
microzooplankton-dominated plankton blooms. Mar. Ecol.
Prog. Ser. 221:77–91.

Norrbin, M.F., Davis, C.S. and Gallager, S.M. (1996) Differ-
ences in fine-scale structure and composition of zooplankton
between mixed and stratified regions of Georges Bank. Deep-
Sea Res. II 43:1905–1924.

O’Reilly, J.E. and Zetlin, C. (1998) Seasonal, Horizontal, and
Vertical Distribution of Phytoplankton Chlorophyll a in the
Northeast U.S Continental Shelf Ecosystem. Technical
report. National Marine Fisheries Service, Nov. 1998.
Washington, DC: US Dept of Commerce.

Ohman, M.D. and Hirche, H.-J. (2001) Density-dependent
mortality in an oceanic copepod population. Nature
412:638–641.

Ohman, M.D., Runge, J.A., Durbin, E.D., Field, D.B. and Nie-
hoff, B. (2002) On birth and death in the sea. Hydrobiologia
480:55–68.

Ohman, M.D., Eiane, K., Durbin, E.G., Runge, J.A. and Hirche,
H.-J. (2004) A comparative study of Calanus finmarchicus
mortality patterns at five localities in the North Atlantic.
ICES J. Mar. Sci. 61:687–697.

Ohman, M.D., Durbin, E.G., Runge, J.A., Sullivan, B.K. and
Field, D.B. (2008) Relationship of predation potential to
mortality of Calanus finmarchicus on Georges Bank, north-
west Atlantic. Limnol. Oceanogr. 53:1643–1655.

Page, F.H., Sinclair, M., Naimie, C.E. et al. (1999) Cod and
haddock spawning on Georges Bank in relation to water
residence times. Fish. Oceanogr. 8:212–226.

Pierson, J.J., Halsband-Lenk, C. and Leising, A.W. (2005)
Reproductive success of Calanus pacificus during diatom
blooms in Dabob Bay, Washington. Prog. Ocean. 67:314–
331.

Planque, B. and Batten, S.D. (2000) Calanus finmarchicus
in the North Atlantic: the year of Calanus in the con-
text of interdecadal change. ICES J. Mar. Sci. 57:1528–
1535.

Temporal variation in larval Calanus finmarchicus mortality 159

� 2009 The Authors, Fish. Oceanogr., 18:3, 147–160.



Poulet, S.A., Wichard, T., Ledoux, J.B. et al. (2006) Influence of
diatoms on copepod reproduction I. Field and laboratory
observations related to Calanus helgolandicus egg produc-
tion. Mar. Ecol. Prog. Ser. 308:129–142.

Riley, G.A. (1947) A theoretical analysis of the zooplank-
ton population on Georges Bank. J. Mar. Res. VI 2:104–
113.

Runge, J.A., Plourde, S., Joly, P., Niehoff, B. and Durbin, E.
(2006) Characteristics of egg production of the planktonic
copepod, Calanus finmarchicus, on Georges Bank: 1994–1999.
Deep-Sea Res. II 53:2618–2631.

Sell, A.F., van Keuren, D. and Madin, L.P. (2001) Predation by
omnivorous copepods on early developmental stages of
Calanus finmarchicus and Pseudocalanus spp. Limnol. Ocea-
nogr. 46:953–959.

Sullivan, B.K. and Meise, C.J. (1996) Invertebrate predators of
zooplankton on Georges Bank, 1977–1987. Deep-Sea Res. II
43:1503–1519.

Wiebe, P.H., Beardsley, R.C., Bucklin, A. and Mountain, D.G.
(2001) Coupled biological and physical studies of plankton
populations in the Georges Bank region and related North
Atlantic GLOBEC study sites. Deep-Sea Res. II 48:1–2.

160 A.B. Neuheimer et al.

� 2009 The Authors, Fish. Oceanogr., 18:3, 147–160.


