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a b s t r a c t

Characterizing environmental effects on copepod production and their ecological roles is complicated by
multiple physical (e.g. temperature) and biological (e.g. food, predation) factors controlling multiple
aspects of copepod physiology and demography. For example, data for two regions in eastern Canada
(St. John’s, Newfoundland and Halifax, Nova Scotia) indicate that subtle differences in environmental con-
ditions lead to significant differences in seasonal copepod (Calanus finmarchicus) recruitment timing and
magnitude. Here, we quantify how environmental variability influences C. finmarchicus physiology and
demography leading to observed regional and seasonal variations in abundance off St. John’s and Halifax.
We apply a stochastic individual-based model (IBM) for copepod population dynamics to simulate the
seasonal variation in C. finmarchicus abundance of egg through copepodite 1 (C1) stages at the two sites
using year-specific local forcing from multi-year data. The model includes individual variability in devel-
opment, egg production and mortality rates with resulting seasonal C1 abundance averaged among years
and compared to analogous observations. We find temperature has a dominant effect on both develop-
ment and egg production rates while egg recruitment is affected by temperature and female abundance
at both sites. We show that mortality rate characterization has a strong influence on modeled abun-
dances, and site-specific environmentally dependent mortality rates are necessary to produce results
consistent with observations (temperature vs. food vs. cannibalism via females). Results indicate that
prediction of climate change effects on copepod abundance and their ecological roles requires consider-
ation of biological (e.g. chlorophyll a, female abundance) as well as physical (e.g. temperature) factors. In
particular, estimates of abundances during the onset of C1 recruitment (i.e. their arrival on the larval fish
prey field) are improved by 67–94% when the influence of biological factors on mortality rates are
considered.

! 2010 Published by Elsevier Ltd.

1. Introduction

Copepods are major consumers of primary production, prey for
many fish, and important sources of export via fecal pellets (e.g.
Brown and Gaskin, 1988; Planque and Batten, 2000; Beaugrand
et al., 2003; Michaud and Taggart, 2007) and thus our ability to ex-
plain and predict marine ecosystem function relies on quantitative
descriptions of how environmental variability drives variability in
copepod production. Among copepods, Calanus finmarchicus is a

key contributor to the zooplankton biomass in the North Atlantic,
with its larval stages comprising significant prey items for Atlantic
cod, Gadus morhua, and haddock, Melanogrammus aeglefinus (Kane,
1984; Buckley and Lough, 1987; Grant and Brown, 1999; Sundby,
2000; Lynch et al., 2001) and C. finmarchicus abundance correlated
with fish production in the North Sea (Beaugrand et al., 2003). As
with other copepods, C. finmarchicus physiology and demography
are dependent on a number of environmental factors, whose com-
bined influence results in observed spatial and temporal variability
in abundance and production. If we are to predict the dynamics of
C. finmarchicus populations and the prey field they represent, we
need to identify those factors controlling recruitment and quantify
how their influence varies in space and time.

For C. finmarchicus and other copepods, laboratory experiments
have demonstrated that physiological rates (e.g. growth, develop-
ment, egg production) are dependent on temperature and food (Vi-
dal, 1980; Hirche et al., 1997; Campbell et al., 2001). Similar
dependencies are expected in the field but which factor dominates
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is a subject of intense debate (e.g. temperature vs. food, Huntley
and Lopez, 1992; Kleppel et al., 1996). Dynamics of some popula-
tions seem more correlated with food (e.g. Campbell and Head,
2000), others with temperature (e.g. Miller et al., 1998) and others
demonstrate spatial variability in which environmental factors
dominate production (e.g. food limitation in some regions but
not others, Lynch et al., 1998). Also, restricting environmental ef-
fects to physiological rates (development and egg production)
may be insufficient as mortality rates in C. finmarchicus have also
been linked to physical factors such as temperature (Speirs et al.,
2006; Plourde et al., 2009a; Neuheimer et al., 2010). Similarly, can-
nibalism may be overlooked when estimating predation impacts
but has been estimated to play a significant role in C. finmarchicus
production (Ohman and Hirche, 2001; Bonnet et al., 2004; Base-
dow and Tande, 2006; Neuheimer et al., 2009).

Diagnosing the dominant source(s) of temporal and spatial var-
iability in C. finmarchicus population dynamics is complicated by
multiple environmental factors affecting multiple physiological
and demographic aspects simultaneously. The result is that seem-
ingly small differences in the magnitude and timing of environ-
mental forcings can result in large differences in the timing and
magnitude of C. finmarchicus recruitment among regions. For
example, multi-year data for two regions in the northwest Atlantic
(St. John’s, Newfoundland and Halifax, Nova Scotia, Canada; Fig. 1)
show similar timing of the seasonal cycles of temperature, food (i.e.
chlorophyll a as a proxy), and female abundance, yet demonstrate
first-generation recruitment (i.e. earliest sampled stage, juvenile
copepodite 1, C1, as proxy) that varies in timing and magnitude
by 1 month and 200% respectively (Fig. 2a and b). Modeling is an
excellent tool for investigating these controlling factors by charac-
terizing the effects of environmental forcings on development, egg

recruitment and mortality rates, and allowing us to diagnose how
each factor influences each rate and how these effects combine to
shape population dynamics.

To this end, we developed a stochastic individual-based mod-
el (IBM) of C. finmarchicus within the US Global Ocean Ecosystem
Dynamics (GLOBEC) Georges Bank program (Gentleman et al.,
2008; Neuheimer et al., 2010). Our model synthesizes empirical
relationships (mean and variability) for temperature and food ef-
fects on development and egg production that were derived
from lab and field studies (e.g. Campbell et al., 2001; Hirche
et al., 1997), as well as using field estimates of mortality derived
from the GLOBEC Georges Bank surveys (Ohman et al., 2002).
We now apply this model to quantify how environmentally
dependent physiology leads to the observed variations in C. finm-
archicus at the two regions (Halifax and St. John’s) using year-
specific local forcing. Simulated abundances and data are com-
pared using quantitative statistical tests. Our objective is to see
the extent to which the current relationships are able to explain
observed variability elsewhere, and where there are discrepan-
cies, identify what region-specific information must be incorpo-
rated into the model. We examine the effects of temperature,
food and female abundance on modeled physiological (develop-
ment and egg recruitment) and demographic (mortality) rates
over time and how these dependencies vary regionally and sea-
sonally. We identify the type of measurements that should be
incorporated in future GLOBEC-like investigations to improve
our ability to predict ecosystem function. Finally, we explore
the implications of regional differences in the factors controlling
C. finmarchicus with respect to climate change and the role of C.
finmarchicus as a prey field for commercially important fish
stocks.

Fig. 1. Eastern Canada, in the western North Atlantic (inset) indicating position of St. John’s and Halifax stations (Atlantic Zone Monitoring Program, Fisheries and Oceans
Canada). Depth contours are in metres.
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2. Methods

2.1. Study area and observations

We examine C. finmarchicus population dynamics at two north-
west Atlantic sites: (i) ‘‘St. John’s”, Newfoundland (47.55"N,
52.59"W, depth !165 m) and (ii) ‘‘Halifax”, Nova Scotia (44.27"N,
63.32"W, depth !150 m) Canada (Fig. 1). Stage-specific abun-
dances for copepodites (# m"3, including adult males and females)
and associated environmental (chlorophyll a concentration,
mg m"3, and temperature, "C) data were measured approximately
bi-weekly from 2000 through 2007 for St. John’s and 1999 through
2007 for Halifax as part of the Atlantic Zone Monitoring Program
(AZMP; Stations S27 and HL2). Zooplankton were collected in ver-
tical tows from near bottom to surface; complete details of field
and laboratory protocols are available in Mitchell et al. (2002).
Observations were processed to remove outliers (i.e. values differ-
ing by more than two standard deviations from climatological
mean) and are presented as climatological monthly mean values
(i.e. averaged over all years sampled) with standard error.

The juvenile stage 1 copepodite (C1) is the earliest stage col-
lected quantitatively by the program, and thereby serves as a proxy
for recruitment of new generations. Seasonal trends in mean C1
abundance (# m"3) vary between stations in both timing and mag-
nitude (Fig. 2a and b). At St. John’s, C1 recruitment begins in April,
increases to a peak of approximately 37 ind. m"3 in June, declines
slowly until August and then declines rapidly until September,
and remains low for the rest of the year (Fig. 2a). At Halifax, C1
recruitment begins in February, approximately 2 months earlier
than at St. John’s. It increases to a peak (60 ind. m"3) approxi-
mately double that at St. John’s (Rank Sum, p = 0.07), and 1 month
earlier (May; Rank Sum, p < 0.0001). At Halifax C1 abundance then

declines rapidly through May/June reaching a minimum 1 month
earlier (August; Fig. 2b) than at St. John’s.

The variability in C1 timing between sites is not reflected in var-
iability of the mean female abundance trends (Fig. 2c and d). At St.
John’s, female abundance increases from January to a peak of
!14 ind. m"3 in April. Subsequently, female abundance decreases
until July, then increases to a second, smaller peak (6 ind. m"3) in
September–October and declines again to a minimum (3 ind. m"3)
in December–January (Fig. 2c). The seasonal female abundance
trend at Halifax also increases over the early part of the year to a
peak in April, but the peak abundance is approximately double that
at St. John’s (24 ind. m"3). In addition, female abundance at Halifax
declines over the rest of the year to a minimum (2 ind. m"3) in
October–November (Fig. 2d).

Average (climatological) surface (0–25 m) temperatures at both
stations are comparable in periodicity and range. Seasonal mini-
mum temperatures occur in March (St. John’s: "1.0 "C; Halifax:
0.3 "C; Fig. 3b) and subsequently increase to a maximum in Sep-
tember (St. John’s: 12 "C; Halifax: 15 "C). Average surface (0–
50 m) chlorophyll a concentrations increase from January through
the spring with a peak in April at both sites (Fig. 3c and d) but sig-
nificantly lower peak values (2.8 mg m"3 vs. 5.8 mg m"3) at St.
John’s than Halifax. Both stations exhibit a decline in chlorophyll
a through the spring, such concentrations are low (<1 mg m"3)
by June in St. John’s and May in Halifax. These low chlorophyll a
levels are maintained for the remainder of the year.

2.2. Model description and parameterization

We apply a stochastic IBM for copepod population dynamics
that allows for individual variability in development, egg produc-
tion and mortality rates (see Gentleman et al., 2008; Neuheimer

St. John’s Halifaxa b

c d

Fig. 2. Mean (averaged monthly among years, solid line) and associated standard error of the mean (grey shading) for observed C1 and female C. finmarchicus abundance
(# m"3) at St. John’s (a and c) and Halifax (b and d).
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et al., 2010). The model incorporates empirical relationships for
how temperature and food affect copepod physiological rates
(mean rates and variability) and model output includes mean
and variability for both rates and abundances. Our IBM allows for
quantitative statistical comparisons with observations (e.g. Neu-
heimer et al., 2010) and, unlike other modeling approaches, our
model structure results in simulated development times that are
consistent with parameterizations of both mean and variance
(Gentleman et al., 2008). Modeled development times do not de-
pend on uncertain parameters or relationships, because the only
parameters needing specification are the laboratory measurements
of stage-duration means and variances and as such, environmental
dependencies are consistent with observations de facto. This re-
sults in our model being highly accurate for a range of laboratory
conditions (Gentleman et al., 2008), which is not always the case
for stage- or weight-based models (whether based on ordinary dif-
ferential equations, difference equations, or other IBMs).

Here we use our IBM to simulate the seasonal variation in C.
finmarchicus abundance of egg–C1 stages at Halifax and St. John’s.
Abundances evolve according to development, egg production and
mortality, where rates are dependent on site- and year-specific
seasonal variation in environmental forcing (i.e. temperature, chlo-
rophyll a and female abundance). Food-dependent relationships
are formulated in terms of carbon, which was estimated using a
constant C:Chl ratio of 50 (Hirche and Kwasniewski, 1997; Hind
et al., 2000; Li et al., 2006). Though C. finmarchicus are omnivorous,
we assume chlorophyll a is a proxy of both phytoplankton and
microzooplankton food availability as others have done before us
(e.g. Lynch et al., 1998; Runge et al., 2006). Advective influences
on juvenile stages are neglected and discussion of this assumption
is presented in Section 4.

In this application of our model, development through the life-
stages is formulated in terms of the molt-cycle fraction as opposed
to age-within-stage in order to accurately represent maturation
when stage durations vary temporally due to changing environ-
mental conditions (Gentleman et al., 2008; Neuheimer et al.,
2010). Individual molt-cycle increments are based on stage-dura-
tions sampled from a gamma distribution as opposed to normal
distributions used in previous model studies. This change was
motivated because use of normal distributions results in some
individuals being assigned negative stage durations when environ-
mental conditions predict large stage duration variance (i.e. at cold
and low food). For a given temperature and food condition, the
scale (scale # rSD

SD
) and shape (shape # SD

scale) parameters required for
the gamma distribution are specified so as to preserve the environ-
mental dependence of mean (SD;d) and variance (rSD; d) for the
normal distribution given in Gentleman et al. (2008) and Neuhei-
mer et al. (2010). The empirical fits for rSD result in unrealistic val-
ues when extrapolated for conditions that are far outside the
experimental values used to generate the relationships. To avoid
the computational problems associated with these unrealistic val-
ues, rSD is set to zero when abnormally low (i.e. rSD < Dt

2 where Dt
is the time-step) and all individuals are assigned SD. For abnor-
mally high values of rSD (i.e. rSD > 2 $ SD), individual stage dura-
tions are sampled from a uniform distribution between 0 and
2 $ SD.

At every Dt, each female produces new eggs according to their
individual egg production rate (EPR). Previous studies demonstrate
EPR varying with food concentration in both lab (Hirche et al.,
1997) and field (Campbell and Head, 2000) studies. Evidence for
the influence of temperature is mixed, as EPR has been found to
be correlated with temperature in the lab ("2 to 8 "C; Hirche

St. John’s Halifaxa b

c d

Fig. 3. Mean (averaged monthly among years, solid line) and associated standard error of the mean (grey shading) of observed (a and b) temperature (C) and (c and d)
chlorophyll a concentration (mg m"3) at St. John’s (a and c) and Halifax (b and d).
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et al., 1997) but not in the field ("2 to 10 "C; Campbell and Head,
2000; Runge et al., 2006). Here, we begin with characterizing EPR
environmental dependencies using our analyses of laboratory data
(Hirche et al., 1997):

EPR%T;Carb& # %6:3T ' 21&%0:0016Carb' 0:35&;
r2 > 0:90; p < 0:0001 %1&

rEPR # 1:7 $ T ' 5:2; r2 # 0:89; p # 0:015 %2&

such that mean egg production rate (EPR; eggs f"1 d"1) varies with
both temperature (T) and food (Carb) and EPR standard deviation
(rEPR; eggs f"1 d"1) showed no significant relation with food concen-
tration (p = 0.65). The assumption of excluding temperature-depen-
dency in EPR is explored in Section 4. As above for development, to
avoid negative EPR estimates, individual EPR are sampled from a
gamma distribution using scale and shape parameters that were
specified so as to preserve the EPR and rEPR of the normal distribu-
tion fits above.

At every Dt, a specific number of individuals in each stage and
selected at random are removed (killed) from the population
according to stage-dependent mortality rates. Mortality estimates
represent the largest source of uncertainty in our model. As such,
we begin with time-invariant rates derived from data for C. finmar-
chicus on Georges Bank, northwest Atlantic (Ohman et al., 2002),
and then explore the implications of mortality rate characteriza-
tion and possible factors affecting mortality rate below (see Sec-
tions 3.2 and 3.3).

The initial population is established using the year-specific ob-
served mean January C1 abundance and inverse methods to esti-
mate unobserved larval abundances with implications of larval
abundance estimates explored below (Section 3.1). Year-specific
chlorophyll a concentration (mg m"3), temperature ("C) and fe-
male abundance (# m"3) are linearly interpolated at each time-
step from mean monthly values observed for each site (Figs. 1c, d
and 2). Missing values in the year-specific variables were replaced
with corresponding values from the climatological mean. Model
results are averaged monthly and among years to produce mean
and standard error, and these are compared qualitatively and
quantitatively to the analogous data (Fig. 2a and b). Model results
and data for statistical comparisons are tested for normality using
a Kolmogorov–Smirnov test. Quantitative analysis is based on
data-model differences measured as root mean square error
(RMSE, # m"3) as well as Rank Sum tests for both the timing and
magnitude of the seasonal peak in C1 abundance. Statistical signif-
icance was evaluated at significance level p = 0.05 unless otherwise
stated.

3. Results

3.1. Initial model results

The modeled seasonal C1 abundance is independent of initial
conditions (i.e. identical results from February onward when initial
C1 abundances are increased or decreased 10-fold). This is because
the duration of the larval phase (E-C1) under these conditions
(temperature and food) is !10 days, which means any larvae pres-
ent at the beginning of January have matured beyond C1 by Febru-
ary. Simulated abundances demonstrate notable mismatches
relative to observations at both stations. Modeled C1 abundance
at St. John’s (Fig. 4a) begins to increase in June, 2 months later than
observed, and peaks in September, 3 months later than observed
(Rank Sum, p < 0.0001), although the peak magnitude is consistent
with observations (47 ± 6.6 ind. m"3 vs. 51 ± 14 ind. m"3 respec-
tively, Rank Sum, p = 0.80). The result is a RMSE between model re-
sults and observations of 76 ind. m"3 for the year. At Halifax,
modeled C1 abundance begins increasing in May, 3 months later
than observed, to a peak abundance in August 4 months later than
observed, (Rank Sum, p < 0.0001) and overestimated by 70%
(132 ± 18 ind. m"3 vs. 75 ± 12 ind. m"3; Rank Sum, p = 0.019). Dis-
crepancies between modeled and observed abundances at Halifax
result in a RMSE of 181 ind. m"3 for the year.

The above mismatches cannot be explained by uncertainty in
modeled development or egg recruitment rates. For the timing of
modeled peak abundance to match observations, modeled stage
durations would have to be decreased by more than a factor of 2
and/or egg recruitment (EPR ( female abundance) increased by a
factor of 6 at both locations throughout the year. Such dramatic
changes are not justified even considering uncertainty in ambient
temperature (e.g. copepods at other depths), food levels (e.g. diet
or prey quality), or female abundance (e.g. sampling error). In addi-
tion, such modifications lead to other model-data discrepancies,
including underestimating the rate of increase pre-peak and over-
estimating abundances post-peak.

Similarly, re-scaling the constant mortality rates does not pro-
duce model results consistent with observed abundances through-
out the year. While decreasing mortality by 50% results in modeled
abundance consistent with observed peak abundance at both sites,
such a parameterization leads to overestimated abundances post-
peak. This suggests that mortality rates must vary seasonally (i.e.
lower mortality pre-peak and higher mortality post-peak), which
is consistent with other studies that have linked mortality to dy-
namic environmental factors (e.g. Speirs et al., 2006; Neuheimer
et al., 2009; Plourde et al., 2009a). Hence, we next investigate

St. John’s Halifaxa b

Fig. 4. Mean (averaged monthly among years) observed (solid line, dark grey) and modeled (dashed line, light grey) C1 abundance (# m"3) and associated standard error of
the mean (shading) for St. John’s (a) and Halifax (b) using constant mortality.
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how temporally varying mortality affects the fit between model
results and observations at the two sites. We do this by linking mor-
tality to physical (temperature) and/or biological (food, females)
factors, thereby directing results towards a mechanistic explana-
tion of mortality variation (i.e. vs. simple parameter optimization).

3.2. Environmentally varying mortality: single factor

Environmentally dependent mortality rates were initially incor-
porated by relating stage-dependent constant mortality rates (Sec-
tion 2.2) to a single forcing factor: temperature, food, or females
using an exponential relationship. Parameterization of these envi-
ronmental dependencies was chosen to incorporate published rela-
tionships (where available, i.e. for temperature-dependent
mortality) and minimize model-data differences in the magnitude
and timing of the peak abundance as well as the overall RMSE.

Mortality rates for C. finmarchicus have been shown to increase
exponentially with temperature (Plourde et al., 2009a). Tempera-
ture-dependent mortality, (mT;i; d"1) for stage i was incorporated
here by adjusting the stage-specific constant rates (mC;i; Ohman
et al., 2002) used in the previous simulations with the same Q10

as Plourde et al. (2009b) for Egg to C1 stages,

mT;i # mC;i $ 0:33%e0:214T& %3&

where T is temperature in "C.
Compared with the constant mortality rate simulations, tem-

perature-dependencies reduce mortality in the winter (January–
April) allowing modeled abundances to increase sooner and peak
earlier (Fig. 5a and b). These results are more consistent with
observations at both stations. Specifically, RMSE at St. John’s is re-
duced by 28% to 55 ind. m"3. Modeled peak abundance has similar
magnitude (Rank Sum, p = 0.19) but different timing (Rank Sum,
p = 0.0016) to observed, and modeled abundances from March
through May are overestimated by 1.4- to 10-fold (p < 0.05;
Fig. 5a). Temperature-dependent mortality at Halifax reduces
RMSE by 86% (to 25 ind. m"3) and allows modeled peak abundance
consistent in both timing (Rank Sum, p = 0.64) and magnitude
(Rank Sum, p = 0.73) with observed, although C1 abundance in Feb-
ruary is now overestimated by 3.5-fold (p = 0.0012; Fig. 5b).

Mortality rates for C. finmarchicus copepodites have been shown
to decrease with increasing food (Plourde et al., 2009b). We as-
sumed that correlations are relevant only for feeding stages (i.e.
N3 and higher). Thus, food-dependent mortality rate, mCarb;i, for
stage i (where here ‘‘i” is a feeding stage, i.e. N3–C1) was incorpo-
rated by adjusting the stage-dependent constant rates (mC;i; Oh-
man et al., 2002) as

mCarb;i # mC;i0:2 $ %e"0:02Carb& St: John’s %4&

mCarb;i # mC;i3 $ %e"0:04Carb& Halifax %5&

where Carb is food concentration (mg C m"3). This station-specific
parameterization is likely an indication that the functional relation-
ships are being affected by the presence of mitigating factors (e.g.
suitability or abundance of alternate prey) and results in much
higher effects of food on mortality at Halifax (800% vs. 23% at St.
John’s) when food is low (25–125 mg C m"3 or 0.5–2.5 mg Chl-
a m"3). Mortality rates for non-feeding stages (Egg–N2) were main-
tained at the constant rates.

Compared with the constant mortality simulations, these food-
dependencies reduce mortality rates during the early spring when
food (chlorophyll a) is high and allows C1 abundances to increase
sooner and peak earlier. At St. John’s, this results in an early peak in
modeled abundance similar in magnitude to the observed peak
(Rank Sum, p = 0.88) but 3 months earlier than observed (Rank
Sum, p < 0.0001; Fig. 5c). At Halifax, modeled abundances early

in the year are consistent with observations with the peak modeled
abundance consistent in both timing and magnitude with observed
(Rank Sum, Halifax: timing: p = 0.35, magnitude: p = 0.67, Fig. 5d).
However, later in the year, even though chlorophyll a is low, it does
not cause sufficiently high mortality, leading to an overestimate of
modeled abundances at both stations (St. John’s: August–Decem-
ber; Halifax: July–November). Thus, relative to constant mortality
results there is an increase in the overall RMSE by 220% (242 vs.
76 ind. m"3 respectively) at St. John’s and 40% (253 vs. 181 in-
d. m"3 respectively) at Halifax, relative to the constant mortality
simulation.

Cannibalism of early stages (Egg–N2) by C. finmarchicus adult
females (and possibly C5 stage animals) has been measured under
laboratory conditions and inferred to have a strong effect on Cal-
anus spp. populations in the field (Ohman and Hirche, 2001; Base-
dow and Tande, 2006; Neuheimer et al., 2009). We incorporate a
female-dependent mortality rate, mF;i, for stage i (where here ‘‘i”
is a stage from Egg to N2) by adjusting the constant mortality rate
(mC;i; Ohman et al., 2002) as

mF;i # mC;i $ 0:03%e0:2F& St: John’s %6&

mF;i # mC;i $ 0:3%e0:2F& Halifax %7&

where F is female abundance (# m"3). Stages N3–C1 were main-
tained at constant Ohman et al. (2002) rates.

Compared with constant mortality, female dependencies in-
crease mortality in the winter-spring and decrease mortality for
the remainder of the year, causing modeled abundances to increase
later (St. John’s: April, Fig. 5e; Halifax: June, Fig. 5f) and peak later
(September) in the year. At St. John’s, this results in modeled abun-
dances from January through June that represent better fits than
with either temperature- or food-dependent mortality. However,
female-dependent mortality does not explain abundances later in
the year as modeled abundances are overestimated from July
through December, resulting in an overall increase in RMSE by
120% relative to the constant mortality simulation (Fig. 5e). At Hal-
ifax, employing female-dependent mortality clearly cannot explain
observations, as abundances increase 4 months later (June vs. Feb-
ruary) and peak 4 months later (April vs. September, Rank Sum,
timing: p < 0.0001, magnitude, p = 0.26) than observations, and
modeled abundances are only slightly improved over C1 abun-
dance predictions using constant mortality (22% decrease in RMSE;
Fig. 5f).

With the exception of the simulation for females at Halifax, the
use of time-varying mortality resulting from each of the three
environmental dependencies significantly improved the timing
and magnitude of the modeled peak abundance as compared to
constant mortality at both stations. However, the extent of
improvement varied between stations for each factor, with
region-specific parameterizations required for biological depen-
dencies. Of the forcing factors explored, temperature-dependent
mortality rates offered the best improvement on modeled abun-
dances relative to constant mortality trials. However, correspond-
ing modeled abundances deviated from observations early in the
year at both stations, and also decreased too early at St. John’s.
Employing mortality dependent on biological forcing demon-
strated modeled abundances early in the year that were more
consistent with observations than constant and temperature-
dependent mortality trials, although specific factors differed
regionally (i.e. St. John’s: females; Halifax: food). At St. John’s, both
temperature- and food-dependent mortality yielded overestimates
of abundances early in the year (January–May; Fig. 5a and c) while
female-dependent mortality provided the most accurate model
estimates at this time (Fig. 5e). At Halifax, food-dependent
mortality early in the year resulted in modeled abundances most
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consistent with observations (January–March; Fig. 5d) while fe-
male-dependent mortality did not improve modeled abundances
relative to constant mortality trials (Fig. 5f). From these results it
appears that a combination of biological and physical factors
affecting mortality is required to produce modeled abundances
consistent with observations throughout the year and we explore
this in the next section (Section 3.3).

3.3. Environmentally varying mortality: multiple factors

Mortality rates based on combinations of biological and physical
factors were tested for the two sites. Our results from Section 3.2
suggest the possible influence of temperature- and female-
dependent mortality at St. John’s and temperature- and food-
dependent mortality at Halifax. Various methods of combining

the single factor effects on mortality were tested including multi-
plicative (mA;i (mB;i; where A and B are factors, i.e. temperature,
food or females), additive (mA;i 'mB;i) and ‘‘switch” or ‘‘most-limit-
ing” formulations (mA;i for time = tstart to tA?B, mB;i for time = tA?B to
tend). While all combinations reduced RMSE relative to constant
mortality results, model simulations were most successful (i.e.
lowest RMSE) using a switch in mortality forcing at each location,
with tA?B location-specific and chosen to minimize RMSE. Further-
more, many of the empirical relationships for mortality are derived
from field collections where, despite statistical rigor in the various
analyses (often based on multiplicative models; for example, Plo-
urde et al., 2009a), there is a strong likelihood of correlation among
environmental drivers that may make it difficult to identify the
underlying mechanism that acts on population losses. Application
of standard optimization approaches based on fitting empirical

St. John’s Halifaxa b

c d

e f

Fig. 5. Mean (line, averaged monthly among years) and associated standard error of the mean (shading) observed (solid line, dark grey) and modeled (dashed line, light grey)
C1 abundance (# m"3) using: (a and b) temperature-dependent mortality on all stages, (c and d) food-dependent mortality on N3–C1 and (e and f) female-dependent
mortality on Egg–N2 for St. John’s (a, c, and e) and Halifax (b, d, and f). See Section 3.2.
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relationships could result in similar confounding outcomes. As
such, the use of a switch formulation serves as a first step to iden-
tifying underlying processes, which can be later evaluated using
appropriately designed collections or experiments.

At St. John’s, female-dependent mortality early in the year (624
June), approximately 2 months past the peak female abundance
(April), allowed for modeled C1 abundances to remain low over
January–May, consistent with observations. As female abundance
decreases (April–May), C1 abundance increases to a modeled peak
consistent with observations in June (Rank Sum, timing p = 0.70;
magnitude p = 0.38; Fig. 6a). Later in the year (>24 June), when
temperatures are high, temperature-dependent mortality was
needed to reduce modeled abundances to low levels seen in the
data. Using the combined female- and temperature-dependent
mortality results in an overall RMSE of 30 ind. m"3, which repre-
sents a 60% decrease relative to that using constant mortality,
and a 44% decrease relative to that using temperature-dependent
mortality alone (Fig. 5a). Thus, the two-factor dependency allows
more predictive estimates of abundance early in the year (i.e. RMSE
for January–April are reduced by 94%), although modeled abun-
dances in August and September still underestimate observations.

At Halifax, food-dependent mortality early in the year (615
May), when chlorophyll a is increasing, allowed for modeled C1
abundance to be consistent with observations in January–April,
to a peak in May (Rank Sum, timing p = 0.35, magnitude p = 0.86,
Fig. 6b). Later in the year (>15 May), when temperatures are
increasing, temperature-dependent mortality is needed to reduce
modeled abundances to the low level seen in the data. Using the
combined food- and temperature-dependent mortality results in
an overall RMSE of 29 ind. m"3, representing an 84% decline rela-
tive to that using constant mortality, and more accurate predic-
tions early in the year than with temperature-dependent
mortality (i.e. RMSE for January–March reduced by 67%; Fig. 6b
compared to Fig. 5b).

3.4. Variability in environmental dependencies

We can employ our IBM to diagnose the relative importance of
different environmental forcings (i.e. temperature, food and female
abundance) on the modeled physiological rates over time and be-
tween study sites (Fig. 7). For both stations, food effects on mean
development rate (measured as an inverse of the stage duration
relative to the minimum rate, i.e. in February) are small with sig-
nificant effects only occurring when phytoplankton is lowest (St.
John’s: June–December; Halifax: September–December). This lack
of a food effect occurs because the minimum phytoplankton levels

(approximately 0.5 mg Chl m"3 ) 25 mg C m"3; both stations) are
still higher than the effective half-saturation constant of food lim-
itation for this species (!17 mg C m"3; Campbell et al., 2001; Gen-
tleman et al., 2008). In contrast, variability in temperature
dramatically changes the mean development rate (Fig. 7a and b –
filled circles) resulting in a sixfold variation over the year, which
dominates the effects when both food and temperature are incor-
porated (Fig. 7a and b – solid line). Thus, the resulting modeled
development rates (including both temperature and chlorophyll a
effects) follow the seasonal temperature trends at each station.
At St. John’s, this results in the relative development rate being
lowest February–March, increasing through August with a maxi-
mum development rate in September (Fig. 7a – solid line). Seasonal
variability in development rate is similar in shape at Halifax but in-
creases 1 month earlier (March) to a peak in September (Fig. 7b –
solid line).

The rate of egg recruitment (i.e. new eggs produced per day) de-
pends on both EPR and female abundance. Temporal variability in
EPR was most influenced by the seasonal variations in temperature
at both stations (Fig. 7c and d – filled circles), with temperature-
and food-dependent EPR following temporal temperature trends
at each station as was seen for the development rates. Again, this
food-independent result occurs because the estimated food levels
are generally sufficiently high (Campbell and Head, 2000) that food
limitation has very little effect on EPR. Female abundance demon-
strates a trend opposite to EPR over time causing egg recruitment
to peak in April and decline for the remainder of the year (Fig. 7c
and d – open circles, see also Section 2.1). Combining the effects
of female abundance with EPR (Fig. 7c and d – solid line) results
in egg recruitment deviating substantially from the temperature-
mediated EPR trend. At St. John’s, egg recruitment increases from
January through April and is relatively constant over May–July be-
fore increasing to a peak in September (consistent with the sea-
sonal peak in EPR and autumn peak in female abundance) and
decreasing over the remainder of the year (Fig. 7c – solid line).
At Halifax, egg recruitment increases from January to a peak in
April, decreasing to May where it is relatively constant until Sep-
tember before decreasing and remaining low for the remainder
of the year (Fig. 7d – solid line). Thus, while the physical environ-
ment (i.e. temperature) dominates the development rate, egg
recruitment is equally affected by both physics (temperature
through EPR) and biology (female abundance).

As above (Section 3.3), modeled abundance consistent with
observations at St. John’s requires mortality rates dependent on fe-
male abundance (Egg–N2; Fig. 7e, open circles) until late-June and
temperature (all stages; Fig. 7e, filled circles) from late-June

St. John’s Halifaxa b

Fig. 6. Mean (line, averaged monthly among years) and associated standard error of the mean (shading) of observed (solid line, dark grey) and modeled (dashed line, light
grey) C1 abundance (# m"3) using (a) temperature- (all stages) and female- (Egg–N2) dependent mortality for St. John’s and (b) temperature- (all stages) and food- (N3–C1)
dependent mortality for Halifax.
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through December. Mortality rates are lower than mean constant
rates (0.22 d"1) from December through June. Mortality is low
(!0.10 d"1) from January to May, increases from June to August,
peaking in September (0.89 d"1, consistent with the seasonal peak
in temperature) and decreasing over the remainder of the year.

At Halifax, modeled abundance consistent with observations re-
quires mortality rates depending on food (chlorophyll a; stages
N3–C1; Fig. 7f, open circles) until mid-May and temperature (all
stages; Fig. 7f, filled circles) from mid-May through December. Un-
like at St. John’s, mortality rates are higher than the mean constant
rates for the majority of the year (except March–May). Mortality
decreases over January to a minimum in April (0.27–0.15 d"1),

increases from May to August, and peaks in September (1.7 d"1;
consistent with the seasonal maximum temperature) before
decreasing over the remainder of the year.

4. Discussion

The effects of climate change on copepod production will vary
with the relative influence and interaction of the environmental
factors on copepod physiological and demographic rates. Here we
show that both physical and biological factors control copepod
population dynamics, with specific effects varying in both time

St. John’s Halifaxa b

c d

e f

Fig. 7. (a and b) Development rate (relative to seasonal minimum in February) as varying with: temperature and food (solid line: mean with standard error of the mean), only
food (open circles: mean with standard error of the mean), only temperature (filled circles: mean with standard error of the mean) for St. John’s (a) and Halifax (b). (c and d)
Egg recruitment (new eggs produced per day) as varying with: temperature, food, and females (solid line: mean with standard error of the mean), only temperature and food
(filled circles: mean with standard error of the mean), and only females (open circles: mean with standard error of the mean) for St. John’s (c) and Halifax (d). (e and f)
Mortality rates (mean Egg to C1, d"1) constant (dashed line) and varying (solid line) with (e) temperature (filled circles) and female abundance (open circles) at St. John’s and
(f) temperature (filled circles) and food (chlorophyll a, open circles) at Halifax.
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(seasonally) and space (regionally). Consolidating current theories
of environmental impacts on C. finmarchicus in the northwest
Atlantic, we find temperature is the dominant factor influencing
development rates at both stations, whereas food (using chloro-
phyll a as a proxy) effects are minor and confined to the low chlo-
rophyll a period in autumn (Fig. 7a and b). While temperature
effects (vs. food) dominate egg production rate in our model, field
estimates in this region indicate EPR is independent of tempera-
ture (Campbell and Head, 2000). When EPR depends only on food
(according to Campbell and Head, 2000 with seasonal mean EPR
similar to Eq. (1)) and all other environmental dependencies are
unchanged (i.e. from those resulting in Fig. 6a and b), modeled
abundances are similar to Fig. 6a and b, with peak modeled abun-
dance similar in timing (both stations, Rank Sum, St. John’s:
p = 0.35; Halifax: p = 0.17) and magnitude at Halifax (p = 0.07),
but overestimated by 300% at St. John’s (p = 0.0056). Similar results
despite the removal of the temperature effect on EPR occurs be-
cause overall egg recruitment is equally affected by female abun-
dance such that resulting trends are not predictable from EPR
alone (Fig. 7c and d).

In stark contrast to EPR, different characterizations of mortality
have a major influence on modeled abundances. Both varying mor-
tality by a constant amount (Gentleman, 2000; Neuheimer et al.,
2009) and the inclusion of time-varying mortality (Neuheimer
et al., 2009; Fig. 5 of this study) results in large differences in mod-
eled abundance. Furthermore, we demonstrate that mortality rates
need to be linked to environmental variables for modeled abun-
dances to be consistent with observations, but that the environ-
mental dependencies differed between sites. Such spatially and
temporally explicit mortality rates have been estimated previously
(Li et al., 2006; Ohman et al., 2008; Neuheimer et al., 2009; Plourde
et al., 2009b) but their implications to regional differences in pop-
ulation dynamics may not be appreciated.

While both sites required mortality linked to the physical (tem-
perature) environment, biological effects on mortality were needed
to accurately predict the timing of the increase to seasonal peak C1
abundance. At St. John’s, female-dependent mortality was needed
early in the year when female abundance is highest (Fig. 7c). Such
density-dependent mortality has been linked to cannibalism in
Calanus spp. populations (Ohman and Hirche, 2001; Bonnet et al.,
2004; Basedow and Tande, 2006; Neuheimer et al., 2009; Plourde
et al., 2009a,b). In contrast, female-dependent mortality does not
appear to be an important factor for Halifax. One explanation for
the differing biological control on mortality between the two sta-
tions may be the difference in magnitude of peak chlorophyll a
abundance between the two regions. Higher food levels at Halifax
suggest a decreased likelihood of cannibalism as cannibalism is
likely reduced with increasing food availability (Plourde et al.,
2009a,b), and even the simplest filter-feeding behaviour would in-
fer reduced cannibalism at higher food availability (i.e. proportion
of naupliar stages in the diet would be diluted in high-phytoplank-
ton environments). At both stations, peak female abundance coin-
cides with peak chlorophyll a concentration but the chlorophyll a
concentration is twice as high in Halifax as in St. John’s, resulting
in 0.24 vs. 0.20 mg chlorophyll a per female respectively
(Figs. 2cd and 3c and d). The combination of high female abun-
dance and low food availability could increase cannibalism at St.
John’s relative to Halifax.

At Halifax, mortality rates are characterized by food- (chloro-
phyll a) dependencies early in the year. Halifax exhibits a high
chlorophyll a peak in the spring that implies a reduction in mortal-
ity due to decreased risk of starvation and/or predation. Starvation
is predicted to have a particularly strong effect for nauplii that do
not store food reserves and are therefore more vulnerable to food
fluctuations (Tsuda, 1994). In addition and as above, high chloro-
phyll a may coincide with lower predation risk on the nauplii as

higher food available for C. finmarchicus infers higher food available
for other potential predators as well (e.g. omnivorous copepods;
Sell et al., 2001). Linking mortality to food at St. John’s also in-
creases the accuracy of the modeled C1 abundance though the tim-
ing of peak abundance is early relative to observations (Fig. 5c). In
addition, station-specific parameterization of food-dependent
mortality infers greater food effects on mortality at Halifax than
St. John’s. As above, the differing food effects on mortality between
the two stations may be the result of the magnitude of the phyto-
plankton blooms varying between regions with that at Halifax
being almost double that at St. John’s. In addition, we have no
information on other potential food sources (e.g. microzooplank-
ton; Ohman and Runge, 1994), the composition of the phytoplank-
ton (e.g. proportion of diatoms in the diet, Nejstgaard et al., 1997,
2001; Miralto et al., 2003; Poulet et al., 2006; Runge et al., 2006) or
potential competitors or predators, and how these may vary
throughout the year and between locations. At the very least, more
research is needed to explore the impacts of food availability on
mortality (e.g. starvation effects) and how this might vary with
stage and population.

At both locations (and with the same parameterization), tem-
perature-dependent mortality was required to model the decline
in C1 abundance after the peak. While a strong correlation between
temperature and C. finmarchicus mortality rates has been found
(Plourde et al., 2009a), it is likely that the seasonal pattern in tem-
perature is a proxy for other factors affecting mortality, in particu-
lar, predator abundance or activity (Speirs et al., 2006). Other than
cannibalism, C. finmarchicus nauplii may be subject to predation by
other copepods (e.g. 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 larval fish. For example, abundance of potential cala-
noid predators Calanus glacialis and Calanus hyperboreus is high at
St. John’s in May–June, corresponding to the timing of decline in
C1 abundance at this location (Head and Pepin, unpublished data).
Variability in the composition, magnitude and timing of the C. fim-
archicus predator guilds among regions will act as a biological con-
trol shaping the production characteristics of the copepod
population in the area. Though the mechanistic basis for these cor-
relations between mortality rate and environment are beyond the
scope of the paper, we show here that the dominant environmental
driver of mortality appears to vary regionally and seasonally. These
results suggest that it is insufficient to model C. finmarchicus
dynamics using mortality rate estimates from other regions and/
or seasons as the links between temperature and food and mortal-
ity are not direct. This is in contrast to environmentally dependent
EPR and development relations that appear more transferable in
space and time.

Advective effects (sources or losses) on larval and C1 abun-
dances were neglected in the model. Such advective effects would
be significant if (1) the local and upstream waters differed in stage
composition and (2) transport time scales are comparable to the C1
development time (!10 days at these environmental conditions).
For the initial model-data mismatches (Fig. 4) to be the result of
advection, upstream waters would have to act as a net source of
C1 early in the year (St. John’s: May–August; Halifax: March–
May) and a net loss later in the year (St. John’s: August–December;
Halifax: June–December). However, there is little evidence of sub-
stantial gradients in C. finmarchicus population size and structure
among the upstream waters for St. John’s (coastal areas, continen-
tal slope and Labrador Sea; Johnson et al., 2008). The limited data
for waters upstream from Halifax (e.g. Gulf of St. Lawrence) do not
provide the needed sink to infer initial model-data mismatches in
abundance in the spring are due to advection (El-Sabh, 1979 in Plo-
urde et al., 2009b; Head et al., 1999). While we have made efforts
to minimize advective influences, further information is needed to
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address the role of transport in explaining the variability in C1
abundance between the two sites. In particular, advection is likely
to be important for older stages (copepodite and adult) exhibiting
longer stage durations including females, shown here to be impor-
tant in shaping resultant population dynamics. Here, we have ac-
counted for advective effects on female abundance by prescribing
female abundance from data, thereby implicitly including fluxes
due to transport. However, further study of the role of advection
on copepodites is needed and ongoing (e.g. C. Paris and P. Pepin,
personal communication).

In studies examining copepod population dynamics, mortality
rates represent an area of high uncertainty that has been shown
to be highly influential in shaping temporal variability in popula-
tion dynamics (e.g. Neuheimer et al., 2009; Plourde et al., 2009b),
and are shown here to vary regionally and seasonally. Variation
in the factors influencing mortality among regions will result in
variability in size, seasonality and structure of copepod popula-
tions and their role as secondary producers. Thus, our ability to
predict the impacts of climate change on the population dynamics
of C. finmarchicus and their predators requires the identification of
region-specific factors controlling mortality rates, particularly of
early stages where mortality is 5–10( greater than older stages
(Ohman et al., 2002; Plourde et al., 2009b). More broadly, climate
change (e.g. changing temperature) will affect copepod abundance
through multiple pathways including direct effects on develop-
ment and EPR and indirect effects through biological controls
(e.g. food, female and predator abundance). The result is multiple
and complicated responses of copepod populations to climate
change that are not easily predicted, as evidenced by the major dif-
ference in C1 abundance (timing and magnitude, Fig. 2a and b)
accompanied by relatively minor difference in temperature
(Fig. 3a and b) at the two stations. Realistic predictions will only
be possible if we continue to (1) improve our estimates of environ-
mental effects on copepod physiology and ecology and (2) consol-
idate our current estimates in well-constructed models that allow
us to assess our progress and make quantitative predictions about
resulting population dynamics.

Although we focus on variability in average climatology of pop-
ulation dynamics between regions, questions concerning the inter-
annual variability in recruitment timing and magnitude and effects
on predator populations are equally relevant. These questions fur-
ther necessitate spatially explicit descriptions of how the biological
and physical environment is affecting C. finmarchicus mortality
over time. To this end, census programs like the Atlantic Zone
Monitoring Program play a crucial role in providing the extensive
data necessary for such an endeavour and, moreover, should be ex-
panded to include estimates of larval C. finmarchicus abundance,
alternative food sources and high-frequency sampling (to accom-
modate the highly variable biological time-series) whenever
possible.
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