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The interactive effects of temperature and food
consumption on growth of larval Arctic cod
(Boreogadus saida): A bioenergetic model

Carmen L. David™?*, Rubao Ji?, Caroline Bouchard®#, Haakon Hop>,
and Jeffrey A. Hutchings'®’

Understanding larval growth, mediated by the interaction of early life traits and environmental conditions, is
crucial to elucidate population dynamics. We used a bioenergetic model as an integrative tool to simulate the
growth of Arctic cod (Boreogadus saida) larvae and to test the sensitivity of modeled growth to temperature
and food quantity and quality. The growth was computed as the energy gained through food consumption
minus the energy lost through respiration and other metabolic processes. We extended a previously published
bicenergetic model to cover the full range of larval length and used a simplified feeding module. This
simplification allowed us to build a predictive tool that can be applied to larval Arctic cod at a large
spatial scale. Our model suggested that with subzero temperatures in the High Arctic, larvae need to
increase food consumption in order to reach the observed length-at-age in late summer. The modeled
growth agreed well with the field observations in the High Arctic but was 2-3 times higher than the
laboratory-derived growth rate, probably due to differences in food type and selective mortality. Our
study reveals important knowledge gaps in our understanding of larval cod growth in the High Arctic,
including the lack of empirical estimations of daily ration and respiration for larvae under the natural
habitat temperatures.
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1. Introduction ice, especially during its early life stages (Graham and Hop,

Understanding the factors determining Arctic cod (Boreo-
gadus saida) recruitment is a key element in predicting
the response of the species to climate change in different
parts of its circumpolar distribution. The Arctic cod is
integral to Arctic ecosystems because of its high biomass
and its importance as a food source for seabirds, fish, and
marine mammals, especially in the High Arctic (Mecklen-
burg and Steinke, 2015; Mueter et al., 2020). The life cycle
of Arctic cod is intimately connected to sea ice, suggesting
a particular vulnerability of this species to changes in sea
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1995; Bouchard et al., 2017). Larval growth rate could
directly influence survival probability during early life and,
thus, recruitment to the adult population. Temperature
and food consumption are the most important extrinsic
factors of Arctic cod larval growth (Thanassekos et al.,
2012; Koenker et al., 2018), but determining their relative
importance and their interactive effects remains a great
challenge, especially for wild larvae.

The reproductive strategy of Arctic cod includes a very
long hatching season, extending from January to July
(Bouchard and Fortier, 2008, 2011). Larvae from the same
region and year but with different hatch dates can expe-
rience very different environmental conditions during
their development, resulting in different growth and sur-
vival rates (Bouchard and Fortier, 2008, 2011). In region—
years with environmental conditions allowing for the sur-
vival of winter hatchers, favored by increased food avail-
ability and lower predation, these individuals have an
important advantage over the summer hatchers (Bouchard
et al., 2017; LeBlanc et al., 2020). Despite slower growth
during the first weeks of life resulting from low tempera-
ture, a longer growth season maximizes their prewinter
weight and lipid reserves, important assets to surviving
the first winter (Sogard, 1997; Copeman et al., 2020).
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Temperature and food availability in the natural habi-
tat affect larval Arctic cod growth by regulating their bio-
energetic balance between the food intake and metabolic
losses. However, the interaction or combined effects of
temperature and food on growth remain unclear. Studies
on larval fish at low temperatures have found that growth
rates documented in the laboratory can be higher than
those observed in the wild (see examples in Clarke and
North, 1991; Icelandic Atlantic cod Gadus morhua in
Bjornsson, 1999). A key difference between laboratory and
natural settings could be the food environment in terms
of both quantity and quality. If optimal food conditions
are not met by larval Arctic cod in the wild, then answer-
ing the question of whether temperature imposes an
upper limit on the growth from the spatial distribution
data alone is difficult (Clarke and North, 1991; Eriksen et
al., 2020). Laboratory measurements of metabolic rates,
such as respiration, heart rate, and feeding, suggest that
larval Arctic cod exhibits a broader thermal tolerance than
what is realized in their natural habitat (Drost et al., 2016;
Kent et al., 2016). Therefore, to consider temperature as
the determining factor of their natural habitat range is too
simplistic. The challenge resides in considering the limita-
tions imposed by both temperature and food on meta-
bolic rates in order to be able to model larval growth at
comparable levels to what is observed in the wild.

For larval Arctic cod, the relative sensitivity of growth
to temperature and food consumption has not been
directly compared over the full range of values observed
in the field. A modeling study by Thanassekos and Fortier
(2012), which used a bioenergetic model to simulate larval
growth at different temperatures and food levels, pre-
dicted growth rates within the observed range in the field,
but only for larvae smaller than 12 mm. Recent experi-
mental work on early larval development in relation to
temperature has revealed a growth optimum of 3°C-6°C
(Koenker et al., 2018), surprisingly higher than estimated
optimal temperatures derived from field observation data
(Bouchard and Fortier, 2011). While the higher tempera-
ture optimum for growth might hold true for larger larvae
(i.e, >12 mm) and juveniles, previous studies reported
that temperatures above 3.5°C result in poor hatching
success and larval deformities (Sakurai et al., 1998; Kent
et al., 2016). Moreover, direct comparisons between any
kind of model predictions of growth patterns and
observed growth of larvae in natural or seminatural envir-
onments are lacking for larval Arctic cod.

In the present study, we adapt and expand the bioener-
getic model originally developed by Thanassekos and For-
tier (2012) to cover the full-size range of larval Arctic cod
and to test its applicability over different High Arctic re-
gions. The model is used as an integrative tool for investi-
gating the effects of temperature and food consumption on
Arctic cod larval growth in order to understand the differ-
ences between experimental work and field observations.
We hypothesize that (1) variations of 1°C-2°C at the lower
temperature range can lead to large differences in size-at-
age of larval Arctic cod by the end of their first summer and
that (2) both food quantity, in terms of fraction of maxi-
mum daily ration consumed, and food quality, in terms of
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energetic content of prey, are equally important in driving
the observed variability of growth rates. This study will help
us understand how the Arctic cod larval growth is affected
by the interactions of early life history traits (e.g., hatching
timing and size-at-hatch) and environmental conditions
(e.g., temperature and food availability), which represents
an important step in predicting how this Arctic species will
respond to ongoing environmental changes.

2. Materials and methods

2.1. Sampling and aging of wild larval Arctic cod
Previously published length-at-age data of age-0 Arctic cod
were estimated from otolith measurements of pelagic lar-
vae and juveniles sampled in late summer and early fall
between 2003 and 2015 in four regions of the Arctic
Ocean (Bouchard and Fortier, 2011, 2020), for a total of
14 region—years. Fish were sampled from August 14 to
October 8, standard length (SL) of fresh individuals mea-
sured, and otoliths extracted. A total of 1,092 fish were
aged by otolith analysis (Table 1).

The sampling was conducted in three regions of the
North American Arctic (Baffin Bay, Beaufort Sea, and
Kitikmeot region) and one region of the Siberian Arctic
(Laptev and East Siberian Sea, hereafter referred to as
Laptev Sea). All sampled regions are located north of the
Arctic Circle and ice-covered most of the year, with some
spatiotemporal differences in timing of sea-ice retreat,
ranging from May to September. Daily sea surface temper-
ature (SST) in these regions ranges from near freezing
—1.8°C immediately under ice cover to about a maximum
5°C in summer (Figures 1 and S1-54).

Daily SST fields were downloaded from the Estimating
the Circulation and Climate of the Ocean Consortium
(https://www.ecco-group.org/home.cgi; ECCO2 cube92
SST data set; Menemenlis et al., 2008) in each region—year,
covering the estimated months of hatching and larval
growth (from February 1 until September 15). The four
regions were delimited geographically to include all Arctic
cod sampling stations, as described in Bouchard and For-
tier (2011) and LeBlanc et al. (2020).

2.2. Bioenergetic model

Bioenergetic models compute growth rate as a balance
between food consumption (energy gain) and metabolic
losses (respiration, excretion, and other losses through activ-
ity), both of which are affected by fish size and temperature
(Brett, 1979; Railsback and Rose, 1999). These models can be
used to synthesize metabolic processes and infer ecological
relationships between fish and their environment (Ricker,
1979; Kitchell and Breck, 1980; Roy et al., 2004).

Here, we adapted a bioenergetic model (BEM hereafter)
from Thanassekos and Fortier (2012; TF2012 model here-
after) to simulate Arctic cod larval growth over time and to
quantify the effect of temperature and food consumption
on larval growth. The model assumes that (1) daily con-
sumption is a constant proportion of maximum consump-
tion, (2) egestion and excretion are constant fractions of
consumption, (3) energy content of fish and prey are con-
stant, and (4) the ratio between active metabolic rate and
basal standard metabolic rate is fixed. A major difference
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Table 1. Arctic cod data used for parameter fitting and model validation. DOI: https://doi.org/10.1525/

elementa.2021.00045.t1

Number of Mean + SD
Region Year Sampling Date Fish Aged SST? Reference
Baffin Bay 2005 August 14-September 19 71 -1.40 + 0.34 Bouchard and Fortier (2011)
2006 September 4-23 128 -1.21 + 0.31 Bouchard and Fortier (2011)
2008 September 9-18 90 -1.10 + 0.76 Bouchard et al. (2017)
Beaufort Sea 2005 September 2—14 38 0.69 + 136 Bouchard and Fortier (2011)
2010 August 15-24 197 1.78 + 1.04 Bouchard et al. (2017)
2011 September 10—October 2 184 1.21 + 0.83 Bouchard et al. (2017)
2014 August 18-September 9 80 0.30 + 0.97 Bouchard et al. (2017)
Kitikmeot 2005 August 27-30 32 -1.33 + 0.16 Bouchard et al. (2017)
2006 September 25-27 12 -1.23 + 0.28 Bouchard et al. (2017)
2011 October 6-8 23 -0.98 + 0.39 Bouchard et al. (2017)
2015 August 15-September 23 29 -1.39 + 0.29 Bouchard et al. (2017)
Laptev Sea 2003 September 3-11 170 -0.97 + 0.81 Bouchard and Fortier (2008)
2005 September 14-21 196 -0.97 + 0.95 Bouchard and Fortier (2008)
2007 September 18-30 169 -0.64 + 1.27 Bouchard and Fortier (2011)

Sea surface temperature (SST; Estimating the Circulation and Climate of the Ocean Consortium) shows average and standard
deviation (SD) over the period April 15 to September 15 by region—year.

between our model and the TF2012 model is in the esti-
mation of food consumption. First, a simplified formula,
rather than a full forage module, was used in our estima-
tion of consumption due to the lack of experimental data
and associated parameter uncertainties. The simplified for-
mula is similar to one used by Kitchell and Breck (1980)
and Roy et al. (2004). The simplified consumption estima-
tion in our model does not require input from field ob-
servations of prey data, which are not available for the
entire growth season in large parts of the Arctic. Second,
we revised the fraction of nauplii in the diet used in the
TF2012 model, which was estimated for larvae <12 mm in
length, and extended the formulation to the full age-
0 length range (4-50 mm). To ensure the applicability of
our model at the pan-Arctic scale, we validated our results
with length-at-age estimations from otolith measure-
ments from four High Arctic regions covering multiple
sampling years (Table 1). The model predictions remain
restricted to the High Arctic until further validation can be
made with data on larval Arctic cod from more southern
and warmer geographic areas.

Throughout this article, the length of fish refers to the
fresh standard length (SL, mm) unless specifically stated
otherwise. The conversion of wet weight (W) to SL in the
model is based on the regression Wg = 0.0055 SL(cm)*"*,
provided by Geoffroy et al. (2016).

2.2.1. Growth rate
The weight-specific growth rate (G, g g ' d), here defined
as daily weight change per unit of fish weight, can be

calculated based on the following energy-budget equa-
tion:

G:C-/I—R'(f;;c[-i-SDA), (1)

where C(g g ' d") is the weight-specific consumption rate
and A is the assimilation efficiency, representing the pro-
portion of consumption remaining after egestion and
excretion (Hop et al.,, 1997). R (g g' d') is the weight-
specific rate of respiration and basal standard metabolism,
fact 1s @ proportional increase in respiration due to activity,
and SDA is the specific dynamic action. These terms are
explained in detail in the sections below.

2.2.2. Consumption
The weight-specific consumption rate (C, g g*' d7') is
given by the formula:

C = Cpa P, (2)

where G,y is the maximum weight-specific consumption

rate at weight (W) and P is defined as a proportion (rang-

ing from 0 to 1) of Cya The maximum weight-specific

consumption rate at weight (Cnay g g ' d7') is defined as:
CD

Cmax =d;- WbL : T)- i )
“ ST (CDﬁsh> ®

where a. = 0.0337 and b. = —0.2862 were estimated from
the maximum daily ration formula:

logMDR = 1.5272 + 0.7138 -log,, W/,  (4)
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Figure 1. Sea surface temperature (SST) in the High Arctic in May 2020. White polygons indicate the regions of
Arctic cod samples used in this study: (a) Baffin Bay, (b) Beaufort Sea, (c) Kitikmeot, and (d) Laptev Sea (Table 1). SST
data were downloaded from the National Oceanic and Atmosferic Administration (NOAA) data server ERDDAP,
Estimating the Circulation and Climate of the Ocean (ECCO) Consortium, ECCO2 cube92 SST data set (Menemenlis
et al., 2008). DOI: https://doi.org/10.1525/elementa.2021.00045.f1

experimentally determined for a size range of fish from
juvenile to adult (weighing 3.99-59.19 g) at 0°C
by Hop et al. (1997). The initial formula log,q MDR
(mgprey d') was written in its exponential form, con-
verted to grams and divided by fish weight (W) to obtain
the formulation MDR (gyeygion 'd ') = a, - W, here
corresponding to consumption as a function of fish
weight.

The temperature function for the consumption fiT) was
estimated by Thanassekos and Fortier (2012) from gut
content volume (V) of field-captured Arctic cod larvae. The
functional response was fitted as the regression of V/V;,.x
to temperature and standardized to 1 (where V;,.x is the
maximum prey volume at larval length at 1-mm intervals),
resulting in:

0943 +0.155- T —0.103- T, T < 0.7°C
s ={ REASHE)

The ratio of calorific density of prey (CDpey) to calorific
density of larvae (CDgg,) was added to express the effi-
ciency of energy conversion from prey to fish tissue
(Thanassekos and Fortier, 2012). By adding this ratio, the
consumption becomes an expression of the proportional
daily increase in fish weight (gsisn grisn ' d7'), eliminating
the energy units. The calorific density of prey changes as
larger larva selectively feed on larger prey, gradually

switching from a mixed diet of copepod nauplii (CD,;) and
eggs (CD,) to copepod nauplii alone:

CDyyey = npl - CD,, 4 (1 — npl) - CD,. (6)

The fraction of nauplii (npl) in the diet was estimated
from gut content of larvae <12 mm by Thanassekos and
Fortier (2012; Table 2; Figure 2). In addition to nauplii,
larvae >15 mm gradually include copepodites in their
diet; however, nauplii remain the dominant items in the
diet of larvae <25 mm (Bouchard and Fortier, 2020). As
both groups have similar calorific density, we did not spe-
cifically include the copepodites but assume that they are
part of the diet as larvae increase in size and improve their
swimming ability. Gradual increase in swimming speed
with the size of both larvae and a larger prey would result
in little difference in the outcome of any encounter as
long as a size ratio of 1/10 is maintained (Fiksen and
MacKenzie, 2002). Hence, the balance between energetic
expenses of foraging, including failed attempts on larger
prey, and energetic gain on captured prey would presum-
ably be maintained.

The parameter Pin Equation 2 was defined by Roy et al.
(2004) as the proportion of Cyay possible for a larva at
agiven temperature and prey availability (PA, Gprey Sfish ' d '),
where P = PA/Cpax. When PA < Cyax, consumption C
becomes a fraction of G Increased PA leads to higher
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Table 2. Values of parameters used in the bioenergetic model. DOI: https://doi.org/10.1525/elementa.2021.00045.t2

Parameter Description (Unit) Symbol Baseline Value Reference
Proportion of food consumption P 0.73 This study
Assimilation efficiency A 0.8 Hop et al. (1997)
Cmax allometric factor a. 0.0337 Hop et al. (1997)
Ciax allometric exponent b, —0.2862 Hop et al. (1997)
Calorific density of Arctic cod (cal g™') CDy 1,327 Hop et al. (1997)
Calorific density of nauplii (cal g™') CD, 1,716 Thanassekos and Fortier (2012)
Calorific density of eggs (cal g™') CD, 475 Comita et al. (1966); Mauchline (1998)
Fraction of nauplii in diet npl 1-7019851-0.34) This study
Length at yolk exhaustion (mm) Lyex 85 Michaud et al. (1996)
Oxycalorific coefficient (cal g 0,7") Qox 3,234 Hop and Graham (1995)
VO, allometric factor a, 0.0355 Hop and Graham (1995); Holeton (1974)
VO, allometric exponent b, —-0.1699 Hop and Graham (1995); Holeton (1974)
Specific dynamic action SDA 0.375 Hop and Graham (1995)
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Figure 2. Variation in length-at-age of Arctic cod larvae with increasing fraction of copepod nauplii in the diet.
To simulate growth, the fraction of copepod nauplii in the diet was estimated to be either a fixed value (0.6, 0.8, and
1) or adaptative (eq.), as a function of larval standard length (SL) in millimeter. The estimation of this function (eq.) is

shown in the inset panel with red line, for which fhapii = 1-€

—0.198(

SL=034) This function was fitted using the

regression fraupii = —0.0042 SL* + 0.1055 SL + 0.1961, provided by Thanassekos and Fortier (2012), based on
field estimations of gut content of larva <12 mm length (lower left portion of the black line), with the
assumption that larva >15 mm feed exclusively on copepod nauplii and other larger prey (Bouchard and Fortier,
2020), for which fhaupiii = 1 (upper right portion of the black line). DOI: https://doi.org/10.1525/

elementa.2021.00045.f2

consumption until Preaches 1, as further increases cannot
be ingested due to physiological constraints. For yolk-sac
larvae, P is equal to 1, as yolk reserves constitute

endogenous resources for feeding, hence maximum daily
consumption is assumed. Because the conversion of calo-
ric content from prey to fish biomass does not have
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relevance for yolk-sac larvae, which rely on endogenous
feeding, the term CDpey/CDsish Was excluded from the
Cmax formulation (Equation 3) for the duration of the yolk
sac. When Arctic cod larvae reach a length of >8.5 mm,
they are considered to have entirely lost their yolk
reserves (Michaud et al., 1996) and to rely exclusively on
exogenous feeding, with consumption rate computed as
a fraction P of the maximum consumption C,,,. We use
this simplification in the BEM by replacing a complicated
foraging module with a single parameter P. Treated as an
unknown, in the absence of data on PA, the parameter
P can be determined by fitting the model to field
observations.

2.2.3. Respiration and metabolic losses

The weight-specific standard respiration rate (R, g g”' d")
is modeled as a function of weight and temperature,
adjusted by the ratio of the oxycalorific coefficient (Qoy)
to calorific density of fish larva (CDggp):

oy L

R=ay W fD) )
where parameters a, = 0.0355 and b, = —0.1699 were
estimated by combining a weight-specific respiration
equation with a temperature-dependent respiration equa-
tion, the latter becoming the temperature function for the
respiration f(T) in Equation 7. For f{T) formulation, oxygen
consumption rates, reported as VO, (g0, ggsn ' h™'), were
shown to increase linearly with temperature:

The oxygen consumption rates were measured for
5-month acclimated fish at temperatures of 0.4°C-2.7°C
and standardized to a 10-g fish for comparison (Hop and
Graham, 1995), using the following formula:

VOs10) = VOyw) - w /107, 9)

in which the weight exponent B = 0.8301 originates from
the weight-specific equation estimated by Holeton (1974)
at a constant subzero temperature of —1.5°C for Arctic cod
in the weight range of 0.6-122.0 g:

log,, /O,y = 0.8301 - log,, /" — 1.0485. (10)

Solving Equation 9, in which VO, (1o is replaced with
f(T) expression as in Equation 8, VO, ) (g0, ¢”' h™") can
be written as a function of both weight and temperature
and becomes the R expression in Equation 7. To this for-
mulation, the oxycalorific coefficient (Q,y, cal g 0,7") was
added to convert weight units of O, into calories, which
divided with the calorific density of fish larva (CDgsp) will
translate respiration into proportional daily loss in weight
(Sish Grish - d7), thus using the same units as consump-
tion and solving the main energy-budget equation (Equa-
tion 1). The oxycalorific coefficient was estimated
considering the respiration substrate for feeding Arctic
cod with a diet mainly on Calanus copepods (Hop and
Graham, 1995, and references therein).

Because the weight-specific respiration was estimated
for resting fish, an additional increase is required to
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reproduce an active metabolism. When larvae are foraging,
the standard metabolism is elevated, estimated by a factor
of 2.0 for larval Atlantic cod (Lough et al., 2005); assuming
that Arctic cod larvae are foraging during the daytime (12
of 24 h), the standard respiration rate was increased by
a factor of f,c = 1.5. The additional energy expended on
all activities of the body incidental to the ingestion, diges-
tion, absorption, and assimilation of a meal was quantified
by the SDA and was expressed as daily proportional
increase in respiration by Hop and Graham (1995), where
SDA = 0.375.

2.4. Parameter fitting and model validation

To find the best value of the parameter P, expressing the
proportion of the maximum daily food consumption,
length-at-age data from otolith measurements from four
Arctic regions were used. Each of the individual region—
year data sets shown in Table 1 (we used 10 of the 14, as
the year 2005 was not used in parameter fitting but kept
for a second independent validation) was randomly split
in two (60%, 40%) for either fitting parameter P or for
model validation, respectively. The choice of 60%—40%
was made gradually to increase the statistical power for
fitting P of some limited data sets, which had only few
data points. Improving the fitting of the parameter P ulti-
mately led to an increase in modeling efficiency (EF), as
explained in the next paragraph. For each region—year, the
model was initialized with the minimum larval length
sampled in that respective region—year and run for the
number of days to cover the growth of the oldest larvae
(i.e., age in days of the oldest larvae minus the age of the
youngest). The model used regionally averaged tempera-
ture (as showed in Table 1), and a range of P values from
0.5 to 0.9 (at 0.01 intervals) were tested.

For each value of P tested, an EF metric was calculated
based on the formula EF = 1 = Zly, — y,|*/ Zly, — yul®
(Mayer and Butler, 1993), where y, are the length-at-age
values observed, y, are the values predicted, and y,, is the
mean of observation values. The P value with the highest
EF was selected for the respective region—year. Then, using
this value of P, the model was run again, and EF was
calculated, using the second subset kept for model valida-
tion, representing 40% of the data in that respective
region—year. Due to high uncertainty in the daily location
of the sampled larvae, which in the High Arctic is on the
order of a few hundred kilometers over the growth period
(Eriksen et al., 2020; Vestfals et al., 2021), the choice was
made to use regionally averaged temperature for model
simulations. Moreover, different hatching cohorts can also
experience different temperatures, such as early hatcher
versus late summer hatcher. To override the growth differ-
ences arising from different hatching cohorts, the second
choice made in this regard was to use an average temper-
ature over the growth period of the dominant cohort, that
is, the April hatchers (mean SST values between April 15
and September 15, shown in Table 1).

We acknowledge the potential errors associated with
using an average temperature to simulate growth over few
months. Therefore, we used an additional data set, which
is the year 2005 in all four High Arctic regions (four
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region—year data sets), to evaluate the model efficiency in
predicting growth for different hatching cohorts using
daily temperatures. For this validation, an average value
of P was used per region and growth was initialized with
four larval lengths, 4, 5, 6, and 7 mm, covering the hatch-
ing size variability of larval Arctic cod (Ponomarenko,
2000). The model was run using regionally averaged daily
temperatures from the ECCO2 model (Menemenlis et al.,
2008) and simulating larval growth with different daily
hatching dates, starting from February 15. All simulations
ended on September 15. EF was calculated for each
region, using the predicted lengths within the same age
interval as observations.

2.5. Sensitivity analysis

The model sensitivity analysis was conducted to assess the
relative importance of parameters to the modeled growth
rates. Here, we focus the analysis on the temperature and
the parameters related to food quantity (P) and quality
(ie., CDy,, CD,, CDy). Sensitivity analysis for the full list of
parameters can be found in Supplemental Material (Texts
S2 and S3). First, we quantified the sensitivity of growth
rate to variation in model parameters through individual
parameter perturbations (IPP; Bartell et al., 1986). Each
parameter value was varied +20% of the baseline value
at a time while the other parameters were held constant
(Table 2). For temperature to be representative of the
High Arctic regions, a reference temperature of 0°C was
chosen which then was varied + 1°C. Variation in larval
length after 30 days of growth, initialized with a size at
hatch of 6 mm, was compared to a reference larval length
simulated using the nominal values of all parameters. The
relative change in modeled length (L,,) from the reference
(Lref) was estimated as the ratio AL = (L, — Lref)/Lres
Second, we applied a global sensitivity analysis in which
all parameters were varied simultaneously, each randomly
selected from a normal distribution. We implemented this
method by using Latin Hypercube Sampling (van Griens-
ven et al., 2006) and determined the relative contribution
of each parameter variation to prediction error (Bartell et
al., 1986). Normal distributions were assigned to the para-
meters included in the IPP analysis by using the nominal
values as the mean and their +20% variation as the min-
imum and maximum values (Table 2). Values were drawn
randomly from the distributions to create a set of param-
eter values in each model simulation. Each parameter
distribution was sampled 300 times, resulting in a data
set 300 x 6 (five parameters and modeled larval length).
The data set was analyzed statistically by calculating Pear-
son correlations between simulated larval length and each
parameter. The relative contribution of each parameter to
prediction error was estimated by multiple linear regres-
sion and a bootstrapping method. We repeated the anal-
ysis for two sizes of larva (SL of 6 and12 mm).

2.6. Variations in food quantity and quality

Different simulation scenarios were cross-tested in which
(1) food quantity and (2) food quality were modified. The
change in food quantity was simulated by using a fraction
of maximum daily food consumption of P = 0.6 which
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then was reduced to P= 0.3.The alteration in food quality
was implemented in the model by using either a diet based
on a Calanus nauplii caloric content of 1716 cal g ' (Table
2) or a diet based on Artemia nauplii of 1,295 cal g
(equivalent to 20.9 k] g~' according to Vanhaecke et al.
(1983), considering 1 cal = 4.1868 ] and a water content
of 74%). In all scenarios, the BEM was initialized with
a length-at-hatch of 6 mm and used a constant temper-
ature of 0°C during growth. The resultant modeled length-
at-age was compared among different scenarios, informed
by both field measurements and laboratory experiments.

3. Results

3.1. Parameter P variability and model validation
Within the same region, the best values estimated for the
parameter P were in good agreement across the years
(Table 3). Higher average P per region of 0.85 and 0.82
were estimated for Baffin Bay and Kitikmeot region, the
two regions with the coldest temperatures, followed in
decreasing order by Laptev Sea with 0.70 and Beaufort
Sea with 0.60. The implementation of these values of P
in the validation runs resulted in an EF between 0.6 and
0.97, with the lowest values associated with the region—
years having the lower number of observations, irrespec-
tive of region (Table 3). This association was also notice-
able in the visual comparison of observations versus
predicted values of length-at-age (Text S1, Figures S5-
S14).

Modeled length-at-age estimated using a fixed value of
P per region and a constant temperature, averaged over
the years, was well within the range of observations based
on otolith measurement from four Arctic regions, when
compared to individual regressions fitted per region and
year (Figure 3).

When daily temperatures were used to simulate growth
of larvae with different hatching dates, starting from Feb-
ruary 1, the model responded well to the seasonal changes
in temperature (Figure 4, showing only monthly cohorts),
with EF falling between 0.44 and 0.94, except for the
Beaufort Sea. The model performed poorly in Beaufort Sea,
where the growth patterns seemed more distinct between
different monthly cohorts (Figure 4). The modeled
lengths-at-age in Beaufort Sea were underestimated for
the early hatchers with longer growth period and over-
estimated for the late hatchers. For the other regions,
higher EF per each region in the 2005 validation simula-
tions was correlated to different lengths-at-hatch, namely,
4 mm for Baffin Bay (EF = 0.80), 6 mm for Kitikmeot
region (EF = 0.94), and 7 mm for Laptev Sea (EF =
0.76; Table S1).

3.2. Sensitivity of growth to model parameters

Modeled growth was sensitive to the group of parameters
involved in food consumption, when these were individ-
ually varied with +20% of their nominal values (Figures
5 and S15, Text S2, Table S2). The fraction P of C,.x and
CD,, resulted in a proportional change in length (AL) of
+ 0.08 after 30 days of growth, while CDyinduced a similar
but negative response in AL of 0.08 and 0.05, respectively.
The lower changes were induced by the temperature and
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Table 3. Fitting the parameter for proportion of consumption (P) and model validation. DOI: https://doi.org/10.1525/
elementa.2021.00045.t3

Region Year Nf P Nv EF

Baffin Bay 2006 76 0.85 52 0.611
Baffin Bay 2008 54 0.85 36 0.657
Beaufort Sea 2010 118 0.60 79 0.794
Beaufort Sea 2011 110 0.61 74 0.730
Beaufort Sea 2014 48 0.60 32 0.681
Kitikmeot 2006 7 0.85 5 0.591
Kitikmeot 2011 272 0.85 182 0.971
Kitikmeot 2015 355 0.76 237 0.838
Laptev Sea 2003 102 0.69 68 0.791
Laptev Sea 2007 101 0.70 68 0.809

Nf = number of observations used for parameter fitting; P = proportion of maximum daily food consumption; Nv = number of
observations used for model validation; EF = modeling efficiency.
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Figure 3. Fraction of the maximum daily ration P, Estimation of the parameter P was done by region—year based on
data from otolith measurements of larval Arctic cod (see Bouchard and Fortier, 2011, for details). Regressions based on
otolith measurement data are shown by continuous line and bear the name of the respective region in the legend of
each panel. The model output using a P value of 0.60, 0.71, 0.82, and 0.85, indicated by P and solid line, was
initialized with a length at hatch (L_ini) estimated from otoliths regressions, averaged over the years indicated in
the legend, and using an average field surface temperature (T) as shown in each panel (Table 1). Data points represent
the field observations of length-at-age in the respective region—year. DOI: https://doi.org/10.1525/
elementa.2021.00045.f3
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Figure 4. Length-at-age for multiple hatch-date cohorts in 2005. Growth was simulated with the bioenergetics

model. Simulations were initialized with a length at hatch of 6 mm and different hatch dates (shown in the legend)
and used daily SST starting from the hatch date until September 15, 2005, averaged per region. Data points
(“observations” in the legend) represent length-at-age of fish caught in 2005 in the four regions and aged by
otoliths measurements (Table 1). Number of fish aged per region in 2005 is shown in parentheses. For each
region, the value of P used in the model is indicated and the modeling efficiency estimated. DOI: https://doi.org/

10.1525/elementa.2021.00045.t4

CD, with a proportional AL from the reference length
<0.01 when the parameters values were increased
(Figure 5B). When the values were lowered, however,
the most sensitive parameter was temperature, result-
ing in negative AL of 0.13 of the reference length
(Figure 5B).

When a global sensitivity analysis was applied to test
the combined effect of the temperature and food-related
parameters, the same group of parameters sensitive to the
IPP induced the largest changes in model output (Figures
6A-E and S16-S18, Text S3). When both temperature and
food-related parameters were varied, with values ran-
domly drawn from a normal distribution, modeled larval
length by the BEM showed a significantly negative trend
across the temperature range tested (Figure 6A, Loess
regression line). Among food-related parameters, P and
CD,, showed a significantly positive linear effect on mod-
eled length (Figure 6B and D). Each parameter contrib-
uted between 10% and 39% of the overall response
variance (R* = 77%, metrics were normalized to sum

100%), with CD, and P having the largest contribution
(Figure 6F).

When metabolic rates of larvae were simulated over the
range of temperatures found in the High Arctic and tested
in experiments (up to 9°C; Koenker et al., 2018), growth
rates were more sensitive to and increased sharply across
the negative temperatures, followed by the gradually
decreasing trend due to increase in respiration at higher
temperatures (Figure 7A). At negative temperatures,
growth rates were less sensitive to variations in the pro-
portion P of the maximum daily ration (P = 0.73 and
+20% range for values of P = 0.58-0.87). Modeled
growth fell within the range of laboratory estimates at
higher temperatures, considering variations in the param-
eter P At temperatures <3°C, our modeled growth rates
were 2—3 times higher than laboratory estimates. To main-
tain a positive growth rate, a larva of 12-mm length re-
quires a minimum value of P = 0.12-0.15 over the
negative temperatures (Figure 7B). For the positive tem-
peratures, the minimum value of P required for positive
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Figure 5. Sensitivity analysis by individual parameter
perturbation (IPP). (A) Length-at-age from different
model outputs following the IPP analysis, in which
parameter values were increased by 20% their
nominal values and the temperature used was 1°C. In
all simulations, larval growth was initialized with a size-
at-hatch of 6 mm and used a temperature of 0°C. Ref
represents larval length over a 30-day period of growth
using the nominal values of all parameters. (B) The ratio
of change in larval length from the reference length
(Ref) after 30 days of growth, when each individual
parameter was varied +20% at the time, and low/
high temperatures were set at —1°C and 1°C. The
parameters are ordered from higher to lower
sensitivity (left to right). DOI: https://doi.org/10.1525/
elementa.2021.00045.f5

growth increased linearly with temperature from 0.12 at
0°C to 0.45 at 10°C.

3.3. Sensitivity of modeled growth to food quantity
and quality

Modeled length by the BEM for a 30-day-old larva was in
the upper range of field estimates and 1.5-4.5 mm higher
than the growth observed in laboratory experiments
(Figure 8). When yolk reserves were present, which lasted
about 6-13 days at 0°C, depending on the length-at-
hatch, the model overestimated growth. This output is
in comparison with previous observations of yolk-sac dura-
tion in Arctic cod larvae from hatching until complete
absorption, which lasts about 20 days at 1°C (Aronovich,
1975; Graham and Hop, 1995). In the post-yolk period,
variations in modeled growth and resultant length-at-age
were related to both changes in food quantity (through

David et al: Modeled growth of larval Arctic cod

variations of P) and quality (through variations in caloric
density of prey). When a 25% lower caloric diet based on
Artemia nauplii (1,295 cal g”'; Vanhaecke et al., 1983) was
simulated instead of a richer Calanus nauplii diet (1,716
cal g''; Thanassekos and Fortier, 2012, and references
therein), which is implicitly used in the BEM, a 10%
decrease in length-at-age resulted in the model output.
This value remains higher than laboratory observations
on larval Arctic cod growth. Reducing the daily ratio of
food consumption in the model by 50% resulted in sim-
ilar growth rates as laboratory estimates.

4. Discussion

4.1. The effect of food consumption on growth

The sensitivity analysis of the model parameters indicated
that those describing the feeding process are responsible
for the largest changes in model predictions, a finding
consistent with other bioenergetic models (Lough et al.,
2005; Kristiansen et al., 2007). This finding is due, first, to
order-of-magnitude higher food consumption rates com-
pared to respiration rates and metabolic losses. Higher
sensitivity in our modeled growth related primarily to
variations in the proportion P of the maximum daily
ration (Cpax)- Second, the energy of prey ingested by the
larvae is not only a matter of quantity but also of food
quality, reflecting the energetic conversion efficiency from
prey to fish tissue (Stottrup, 2000).

In the BEM formulation, the energetic conversion effi-
ciency was included as a ratio of the caloric content of
Calanus nauplii/copepodites as prey to the caloric con-
tent of fish (Thanassekos and Fortier, 2012). At a lower
energetic content of food, this ratio is reduced, hence
less energy is gained. A diet of enriched Artemia nauplii,
commonly used in laboratory experiments as food source
for fish larvae (Graham and Hop, 1995; Koenker et al.,
2018), has about 25% lower caloric content than a diet
comprised of Calanus nauplii and copepodites (Van-
haecke et al., 1983; Sorgeloos et al., 2001), the dominant
food source for larval Arctic cod in the High Arctic (Kohl-
bach et al., 2017; Bouchard and Fortier, 2020). Simulat-
ing this reduction in the caloric intake in the model
resulted in a 10% decrease in the length of the early-
feeding larvae at 30 days posthatching. Variation in
growth related to food type has also been observed in
yearling (age 1+4) Arctic cod. Fish fed Calanus copepods
had significantly higher growth rate compared to other
food sources such as Themisto amphipods or capelin fi-
lets (Hop et al., 1997). Such diet differences may have
important consequences for larval development. The
consequences of poor nutrition during larval develop-
ment may be obvious, for example, through lower
growth and survival, deformities or malpigmentation
(Shields et al., 1999; Payne and Rippingale, 2000), but
in many cases, the consequences may be obscure, as in
effects on temperature tolerance or limited growth dur-
ing later life stages (Stottrup, 2000).

First-feeding Arctic cod larvae consume mainly cope-
pod eggs and nauplii (80% of the stomach content) for
the first days to weeks, switching gradually to a diet that
includes copepodites with increased larval ability to
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Figure 6. Pearson correlation between larval length with temperature and food-related parameters. Modeled

larval length after 3 days of growth given variations in temperature and food-related parameters (A—E). Larval length
was initialized with 12 mm. Linear regressions are shown in black and loess regression (locally weighted smoothing)
in red. Random values for temperature were drawn by Latin Hypercube Sampling from a uniform distribution (min. =
-1.8°C, max. = 1°C) and for the other parameters from normal distributions around their mean + 20%. (F)
Percentage of variance (% of R?) in a multiple regression model on larval length explained by variation in model
parameters related to food quality and quantity and temperature with 95% confidence intervals. Model parameters,
using variation in values drawn from a normal distribution by Latin Hypercube Sampling, were used as explanatory
variable in the regression model, and larval length, simulated with the bioenergetics model, was used as response

variable. Results were normalized to sum 100% (R* = 71.66%). DOI: https://doi.org/10.1525/

elementa.2021.00045.f6

capture larger prey size (Walkusz et al., 2011; Bouchard
and Fortier, 2020). A ratio of 1/10 was suggested between
larva attack speed (10 SL s estimated for Atlantic cod)
and prey escape speed (100 SL s™') in the calculation of
capture success (Fiksen and MacKenzie, 2002). This ratio
simulates a prey-size preference of <5% of larval body
length, in agreement with observations on Arctic cod diet
by Bouchard and Fortier (2020) and on Atlantic cod diet
by Munk (1997). As long as this ratio is maintained, swim-
ming speed of both predator and prey would increase with
size, resulting in little difference in the outcome of any
encounter; hence, the balance between energetic spend-
ing on foraging and energetic gain on prey captured
would presumably be maintained (Folkvord, 2005; Lough
et al., 2005).

At high prey density, feeding success increases while
the time spent foraging decreases, hence less energy spent

(Puvanendran and Brown, 1999; Monk et al., 2006). We
assumed an average daily feeding ration over the growth
season mediated through the parameter P, which was fit-
ted to best simulate the observed growth of wild larvae in
four High Arctic regions, which represent the survivors at
the end of summer. Our model output reflected well field
observations, even though it relied on a fixed P value per
region—year; hence, it did not account for the spatiotem-
poral variations in prey density. In reality, suboptimal
prey concentrations during the first feeding result in
slower growth, which cannot be sustained for more than
2-3 weeks, resulting in higher mortality (Monk et al.,
2006; Kristiansen et al., 2007; Koenker et al., 2018). There-
fore, isolated records on positive growth are not necessar-
ily indicative of longer term consequences or survival in
a patchy prey environment (Laurel et al., 2018). While it
seems intuitive, larval growth is not always correlated with
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Figure 7. Modeled metabolic rates and laboratory-
derived growth rate with temperature. (A) The
effect of temperature on metabolic rates (consumption,
G, and respiration, R) and growth (GR) estimated by the
bioenergetics model (BEM). Simulations are showed for
a larval fish of 12-mm length. Modeled growth rate,
shown by a red line, used an average value of P = 0.73;
the uncertainty around the line indicates variations
induced by changes in P value within the range of
+20%. BEM uses an expression of temperature
limitation provided by the experimental work of Hop et
al. (1997), as used in the model presented by Thanassekos
and Fortier (2012); see Equation 3 for Cand Equation 7 for
R. Lab uses a growth model regression from Koenker et al.
(2018). (B) The minimum value of P required to maintain
a positive growth rate over the range of temperatures
shown by black line for a larval fish of 12-mm length.
The linear regression equation for temperatures >0°C is
provided. The shade around the line indicates the
minimum P value for the full length range of feeding
larvae (8.5-27 mm). DOI: https://doi.org/10.1525/
elementa.2021.00045.f7

prey density in the natural habitat (Michaud et al., 1996).
Increasing prey density, on the other hand, can lead to
better survival because larvae prioritize their predator
avoidance while still maintaining growth (Fiksen and Jor-
gensen, 2011). Therefore, predicting survival, unlike
growth, needs to consider the patchiness of prey and pre-
dators in the natural environment as well as larval behav-
ior related to predator avoidance.

David et al: Modeled growth of larval Arctic cod

4.2. The effect of temperature on growth
Environmental temperature is the most important vari-
able affecting metabolic rates of fish larvae (lkeda,
2016). In theory, larval growth increases with temperature
as long as prey occur at sufficient density to offset the
increased metabolic costs (Clarke, 2006). In our BEM, food
consumption increases asymptotically with temperature,
based on estimations by Thanassekos and Fortier (2012)
on the temperature effect on stomach fullness in wild fish
larvae, while respiration increases linearly, reaching a max-
imal modeled growth at an optimum temperature of
0.7°C. Laboratory estimates, on the other hand, indicate
an optimal growth temperature of 5°C (Koenker et al.,
2018).The large difference in optimum temperature is not
only a result of model formulation but also represents an
image of data used in model parametrization. Wild larvae
sampling covered only a spatiotemporal snapshot of the
High Arctic, while experimental work has its own limita-
tions, such as temperature range, duration, or acclimation
potential. These aspects should be kept in mind in model
evaluation and comparison. When the same temperature
range will be covered by field sampling and experimental
work, then different model formulations can be better
tested and compared.

Modeled growth by BEM in all four High Arctic regions
was sensitive to variations in temperature as small as 1°C.
As a result, the model predicted different growth curves
for larvae with different hatch dates. This aspect is impor-
tant to consider, as the model needs to capture accurately
the seasonal increase in temperature from near freezing at
the beginning of the hatching period to barely above zero
when simulating growth of larvae in the High Arctic. How-
ever, field observations on wild larval growth were limited
to High Arctic regions, while similar observations from
warmer regions remain scarce. Laboratory experiments
concur with the increase growth with temperature, but
their key limitation resides in the difficulty of simulating
the lower thermal range observed in the natural habitat,
that is, the subzero temperatures (Graham and Hop, 1995;
Koenker et al., 2018). Nevertheless, laboratory experi-
ments emphasized the need to account for both species-
and stage-specific differences in the thermal response of
growth models (Koenker et al., 2018). Consequently, mod-
els are useful for bridging these thermal gaps between
field and laboratory observations.

4.3. Interacting effects of food consumption

and temperature

While the relationship between respiration and tempera-
ture is relatively well known in fish, suggesting a positive
and monotonic increase, close to exponential in shape
(Clarke, 2006), estimations of food consumption with
temperature remain scarce. This relationship is even more
important to define, as variations in food consumption
with temperature can largely dictate the optimum ther-
mal window and growth patterns in fish larvae, as shown
in our model. At higher than optimum temperatures for
growth, exponential increase in respiration rates results in
hyperventilation (Drost et al., 2014, 2016), while food
uptake is increasingly used to cover the exponentially
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Figure 8. Length-at-age of posthatching larvae compared among bioenergetic model (BEM) simulations, field

measurements and laboratory experiments. The BEM projected growth (with an initial length-at-hatch of 6 mm),
using a constant temperature of 0°C and a ratio of maximum daily food consumption P = 0.6 in the upper panels (A
and B) and P = 0.3 in the lower panels (C and D). FieldGR uses a constant growth rate of 0.20 mm d™' based on
otoliths measurements by Bouchard and Fortier (2011; range of 0.18-0.21 mm d™'). Field30 shows a boxplot of
30-day-old larval length, estimated from regional length-at-age regressions. Lab1GR uses a quadratic equation as
a function of temperature from Koenker et al. (2018), which here at T= 0°C growth rate becomes 2.35% body weight
d™"; Lab2GR uses a growth rate of 0.061 mm d™', estimated by Graham and Hop (1995) at 1.5°C. Left column (A and
C) shows simulated growth by BEM using a diet based on Calanus copepod caloric content (1,716 cal g'') and the right
column (B and D) using a diet based on Artemia nauplii (1,295 cal g”'; Vanhaecke et al. (1983), which was the food
source used in both laboratory experiments LablGR and Lab2GR. DOI: https://doi.org/10.1525/

elementa.2021.00045.f8

higher metabolic demands, finally resulting in declining
growth rates (Brett, 1979).

Surprisingly, observations on immature adult Arctic
cod (age 1+ and 2+) indicated that growth rate did not
vary significantly over the temperature range 0°C-8°C,
while respiration was strongly affected by temperature
(Kunz et al,, 2016). This finding implies that fish could
have indeed compensated for increased respiration with
higher food uptake. This assumption fits our results on the
minimum proportion P of the maximum daily ration
required to maintain positive growth. Nevertheless, this
strategy for growth would then suggest that at least imma-
ture adult Arctic cod have the physiological potential to
expand their distribution southward into warmer areas,
given that enough food is available in the environment
to compensate for increasing metabolism related to high-
er temperature. Although when the narrow range of ther-
mal tolerance of Arctic cod juveniles overlapped with that
of subpolar fish (e.g., saffron cod Eleginus gracilis), growth
and lipid accumulation exceeded that of their southern

congeners only at water temperatures <2°C (Laurel et al.,
2016; Copeman et al., 2020), indicative of limiting factors
of Arctic cod distribution other than temperature and
food availability (probably food type and quality). This
compensatory strategy for growth would further imply
that at low temperature, Arctic cod require less food than
at higher temperature or than southern competitor spe-
cies to maintain similar growth rates, thus presenting an
advantage in the High Arctic (Laurel et al., 2018).
Generally, fish larvae from cold ecosystems are believed
to require less food than larvae from warm ecosystems
(Portner et al., 2005). This strategy does not concur with
our modeled growth in four Arctic regions, which showed
that larger daily ration (mediated through parameter P)
was needed in regions with lower temperature to repro-
duce the field-observed growth. A limitation in our mod-
els arises from the data used for parameter fitting and
validation, which was restricted to the High Arctic region,
north of the Arctic Circle, with a surface temperature
range from -1.8°C to 5°C at best (Figures 1 and
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S1-S4). Furthermore, larvae are more thermally sensitive
than juvenile and adult Arctic cod (Drost et al., 2016;
Laurel et al., 2017) and could have a different strategy for
optimal growth or for survival, upon which we can only
speculate. Clear, however, is that these larvae have an
adaptation potential that makes them thrive at near-
freezing temperature.

Ultimately, the combined effects of increasing meta-
bolic demands with temperature and compensation with
food consumption are not only a matter of food quantity
but of energetic gain. At low temperature, fish have lower
metabolic demands, spend less energy foraging but have
high energetic gain when a diet of lipid-rich Arctic prey is
consumed (Kohlbach et al., 2016, 2017). Therefore, even
when PA is limited, low temperatures could still yield the
highest growth for Arctic cod in the High Arctic. Our
model indicated that growth was less sensitive to varia-
tions in P at negative temperatures, implying that a rela-
tively constant growth could be maintained despite
spatiotemporal variations in PA, likely because at low tem-
peratures, slow digestion limits food intake (Hop and
Tonn, 1998). At high levels of available prey, maximum
growth is normally expected to occur at higher tempera-
tures (Lough et al., 2005). This dynamic response of met-
abolic processes to temperature agrees with laboratory
and field observations on the growth of other fish species
(Brett and Groves, 1979, Otterlei et al., 1999). For Arctic
cod larvae, however, such growth dynamics remain spec-
ulative because of the lack of direct observations.

4.4. Modeled growth

Modeled growth rates in larval Arctic cod resulted in sim-
ilar rates to those observed in the wild and estimated from
otolith microstructure (Bouchard and Fortier, 2011; Bou-
chard et al,, 2017), except for the yolk-sac period when
growth was overestimated by the model, predicting
a shorter duration (Graham and Hop, 1995; Kent et al.,
2016). Of interest is that the experimental work published
to date on the growth of larval Arctic cod reported lower
growth rates than those estimated by our model or
observed in the wild at similar temperatures (Graham and
Hop, 1995; Koenker et al., 2018; Bender et al., 2021). Our
BEM might overestimate larval growth compared to labo-
ratory settings for two reasons. First, food quality is better
in nature (by 25% higher caloric content), with a variety of
lipid-rich prey being available in the High Arctic (Kohlbach
et al., 2016). Second, the model was adjusted using data
from wild age-0 fish collected between August and Octo-
ber; that is, the survivors of the larval cohorts remaining
after selective mortality likely removed the smaller-at-
hatch and slower growing individuals from the population
through predation and starvation (Peck and Hufnagl,
2012; Jorgensen et al., 2016). Selection for large size-at-
hatch has been documented in larval Arctic cod (Pepin et
al.,, 2014), while selection for fast growth is likely to occur
among larvae hatching at the same time. Faster growth in
wild larvae compared to reared larvae has been observed
in other species, notably Atlantic cod (Finn et al., 2002;
Folkvord, 2005).
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To date, we are unaware of bioenergetic models of
larval Arctic cod other than the one presented by Thanas-
sekos and Fortier (2012), which derived daily ration esti-
mates from immature adults in the absence of data on
larvae. In the absence of accurate field prey data, model
approximations can be informative despite their limita-
tions, in the same way as experimental work that uses two
fixed settings of prey density (low vs. high scenarios) over
the growth period (Koenker et al., 2018). Given the vari-
ability in model validation studies and the uncertainty in
model inputs (such as oxycalorific equivalents and the
energy content of predators and their prey, among others),
testing models at all empirically defensible thermal, size,
and feeding levels, even in the laboratory, may not be
possible. Our models, based on average daily values of P
and regional temperatures, might have masked the poten-
tial for patchiness in prey concentration and temperature
that could potentially boost Arctic cod consumption and
growth or, on the contrary, lead to starvation.

Feeding behavior continues to be a difficult process to
model and questions related to prey preference and for-
aging are particularly challenging (Fiksen and MacKenzie,
2002). Equations including individual foraging behavior
(Kristiansen et al., 2007; Peck and Daewel, 2007) and
depth-varying conditions (Fiksen and MacKenzie, 2002)
or coupled biophysical simulations on match—mismatch
feeding dynamics (Kristiansen et al., 2009) would perhaps
account for small-scale variability in prey abundance and
temperature. The increased accuracy in predicting growth
provided by more sophisticated schemes, however, would
come at higher computational cost. Moreover, field obser-
vations of prey data are required for such simulations,
which are largely unavailable in the High Arctic, especially
during the ice-covered period, therefore limiting the
capacity of such a model to resolve, for example, the
impact of hatch dates on the growth trajectory of different
cohorts at a circum-Arctic scale. Alternatively, prey data
could indeed be estimated from biochemical NPZD (nutri-
ent, phytoplankton, zooplankton, and detritus) or ecosys-
tem models, which come, however, with additional
prediction errors that need to be considered. Thus, the key
advantage in simplifying the feeding processes in a bioen-
ergetic model, such as the BEM presented here, relies on
the possibility to be further applied at larger spatial scales
to test larval growth dynamics with limited input data.

5. Conclusions
The bioenergetic model presented here provides a robust
description of the general pattern in larval Arctic cod
growth, synthesizing metabolic processes that are of both
theoretical and practical importance to modelers and phy-
siologists. With limited information on feeding behavior and
underlying relationships between metabolic processes and
temperature, BEM proved useful in estimating growth of
larval Arctic cod, well within the range of field observations.
Modeling the variability of individual growth and its
determining factors can considerably increase our under-
standing of Arctic cod recruitment, population dynamics,
and response to environmental changes. Our model al-
lowed us to test hypotheses with only limited information
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at hand on prey availability or feeding dynamics and to
identify crucial knowledge gaps, such as the need for esti-
mating daily ration with larval weight and temperature
and yolk-consumption dynamics. Further consideration
should also be given to different types of food used in
experimental work. Aquaculture feed typically is lower in
quality than Arctic copepods and may lead to suboptimal
growth even with high availability. Ultimately, using mod-
eling tools to bridge gaps between laboratory and field
studies can prove crucial in expanding our understanding
of important species in Arctic seas.
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