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A B S T R A C T

Strong seasonality of resources and predation risk act as bottom-up and top-down selection pressures in high-
latitudes, under which numerous behavioral and life history strategies evolve. Although such seasonal strategies
are well-documented among high-latitude marine zooplankton, it is difficult to separate the role of bottom-up
and top-down selection pressures in the evolution of seasonal strategies. Here, we present a model that allows
partitioning of bottom-up (i.e. food availability and temperature) and top-down (i.e. visual predation risk) se-
lection pressures to study how behavioral and life history strategies of high-latitude copepods evolve. In the
model, timing, amplitude and ontogenetic trajectories of diel and seasonal vertical migrations (DVM and SVM)
were defined as behavioral strategies. Body size, generation time and birth time comprised the life history
strategy. Numerous combinations of behavioral and life history strategies were hardwired to copepods re-
presenting three model species. In a given model environment, strategies were evaluated for growth, survival
and reproductive performances using a fitness estimate, which was heuristically maximized using a Genetic
Algorithm. Model simulations were performed in three seasonality regimes representing various levels of visual
predation risk from low- to high-Arctic. At lower visual predation risk, species-specific behavioral and life history
strategies were largely influenced by food availability and temperature. As visual predation risk increased, the
influence of bottom-up selection pressures diminished, and irrespective of the modelled latitude, all model
species employed largely similar strategies to counter the predation risk. Modest increase of visual predation risk
stimulated the diel vertical migration behavior. Further increase of visual predation risk was associated with
decrease of body size, which created a significant impact on the observed behavioral and life history strategies
through allometric processes. Our findings suggest that top-down selection pressures play a significant role in the
evolution of behavioral and life history strategies of high-latitude copepods.

1. Introduction

High-latitude pelagic environments are characterized by strong
seasonal oscillations of irradiance, which drives seasonal patterns of
temperature, primary production and predation risk. These impose
strong bottom-up and top-down selection pressures on pelagic in-
habitants (Hunter and Price, 1992; Power, 1992; Varpe, 2017) and
result in a wide range of behavioral and life history adaptations
(McLaren, 1966; Ohman, 1988; Conover, 1992; Szulkin et al., 2006;
Williams et al., 2017). Seasonal adaptations are usually linked with
trade-offs, as all adaptive traits cannot be simultaneously improved
without compromising each other, especially in seasonally resource-
limited environments with elevated predation risk (Stearns, 1989;

Fabian and Flatt, 2012; Varpe, 2017).
Seasonal behavioral and life history adaptations and associated

trade-offs are well-documented among marine zooplankton, and espe-
cially among the herbivore community (reviewed in Conover and
Siferd, 1993; Hagen and Auel, 2001; Varpe, 2012). These involve
adaptations to cope with both the productive and unproductive parts of
the year. During the productive season (spring–summer), zooplankton
tend to feed in the warmer, food-rich, near-surface waters to grow and
develop rapidly toward attaining sexual maturity (Hopkins et al., 1984;
Huntley and Lopez, 1992; Lee et al., 2003; Escribano et al., 2014).
However, residing in surface waters elevates the mortality risk through
visual predation. This is usually countered by diel vertical migration
(DVM), which is a behavioral strategy that trades off growth potential
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for survival (Lampert, 1989; Loose and Dawidowicz, 1994; Hays, 2003).
Further, structural growth of late developmental stages of many high-
latitude zooplankton is traded off to build up energy reserves (Lee et al.,
2006). Such trade-offs together with shorter productive season and
seasonal peaks of visual predation risk usually makes it difficult and/or
sub-optimal for relatively large zooplankton to attain sexual maturity
and reproduce within the same calendar year (Hirche, 1996b; Hagen,
1999; Kaartvedt, 2000; Varpe and Fiksen, 2010). Instead, as the un-
productive season (autumn–winter) approaches, zooplankton perform
seasonal vertical migrations (SVM) to deeper waters and overwinter
with minimal biological activity (i.e. diapause, Carlisle and Pitman,
1961; Hirche, 1996a).

The inability to maintain high biological activity during the un-
productive part of the year tends to increase the generation time
(Conover, 1988; Falk-Petersen et al., 2009) and consequently elevates
body sizes of most high-latitude zooplankton (Hall et al., 1976; Gillooly
et al., 2002). Further, as generation time and body size tend to relate
inversely with temperature, a generic south to north trend (increase) in
these traits can be predicted from lower- to higher-Arctic locations (see
Rohde, 1992; Blackburn et al., 1999). However, since both these traits
show plasticity to top-down selection pressures (Brooks and Dodson,
1965; Gillooly, 2000; Jeppesen et al., 2004), it is interesting to in-
vestigate how growth and reproductive advantages of a longer lifespan
and larger body size (McLaren, 1966) are traded off for survival at
elevated levels of size-dependent predation risk. In addition, as body
size dynamics (influenced by bottom-up or top-down selection pres-
sures) can directly influence physiological and behavioral activity
through allometric relationships (Brown et al., 2004), it is crucial to
study how these processes influence seasonal behavioral and life history
adaptations of high-latitude zooplankton.

Predominantly herbivorous zooplankton occupy a crucial trophic
position between primary producers and higher-order consumers, and
are well-suited for studying the influences of bottom-up and top-down
selection pressures (Hays et al., 2005). In the Arctic, three congeners of
Calanus, i.e. C. finmarchicus, C. glacialis and C. hyperboreus usually
dominate the herbivore biomass (Eiane and Tande, 2009). Despite the
largely similar morphologies, these three species exhibit diverse beha-
vioral and life history strategies that are plastic to environmental
variability (Table 1). Field investigations on the Arctic Calanus con-
geners are limited in their ability to partition the bottom-up and top-
down environmental drivers, largely due to difficulties of quantifying
and manipulating predation risk. Although laboratory experiments can
address this limitation (e.g. Zaret and Suffern, 1976; Bollens and Frost,

1991), it cannot reproduce the space (i.e. depth) and timescales (i.e.
multiple generations over seasonal cycles) through which most beha-
vioral and life history strategies evolve. In contrast, theoretical mod-
eling studies have shown promise in their ability to manipulate bottom-
up and top-down selection pressures (e.g. Fiksen and Giske, 1995;
Fiksen and Carlotti, 1998; Varpe and Fiksen, 2010; Ji et al., 2013b).
However, models with simultaneous improvements in spatial, temporal
and biological resolution are rare, mainly due to elevated computa-
tional demands. Consequently, most life history models of high-latitude
zooplankton are either not species-specific or often overlook the be-
havioral decisions made on daily basis (Bandara et al., 2018).

In this study, we present a high-resolution model (in terms of space,
time and species-specificity) of behavioral and life history strategies of
Arctic Calanus species. In the model, species-specific optimal behavioral
and life history strategies are artificially evolved in a deterministic
model environment, within which bottom-up (i.e. food availability and
temperature) and top-down (i.e. predation risk) selection pressures are
manipulated. By performing model simulations along environmental
gradients that offer varying levels of food availability, temperature and
predation risk, we aim to investigate (i) the dominant driver of beha-
vioral and life-history strategies of high-latitude copepods, and (ii) the
species-specific behavioral and life-history strategies that evolve along
the modelled environmental gradients.

2. Materials and methods

2.1. Model overview

The present model is an extension of our previous work Bandara
et al. (2018), in which we presented a high-resolution model that allows
artificial evolution of diel and seasonal vertical migratory strategies of
high-latitude copepods. However, the above model was based on a
generic high-latitude copepod with a fixed body size and a generation
time of one year. Therefore, we designed the present model to relax the
key assumptions of Bandara et al. (2018) by (i) making the model
species-specific, (ii) allowing plasticity of body size and generation
times and (iii) making improvements to the growth, survival and re-
production submodels.

The model consists of three entities: strategies, model organism and
the model environment (Section 2.2.1). Strategies are pre-defined diel
and seasonal behavioral patterns and life history attributes hardwired
to the model organism (Fig. 1, Table 2). The model organism represents
copepods belonging to three model species that represent high-latitude

Table 1
The inter-and intra-specific diversity of some life history traits/attributes of Calanus spp. Body mass estimates (adult stages) are from prosome length (PL) to dry mass
(DM) relationships published by Robertson (1968). Cited literature only serve as examples. See Falk-Petersen et al. (2009), and Bandara (2014) for an extensive
review on some of these life history traits.

Trait/attribute C. finmarchicus C. glacialis C. hyperboreus

Center of distribution North Atlantic[5,11] Arctic (shelf) [5,11] Arctic (oceanic) [11]

Body size
Length (mm PL) 2.2[4]–3.2[14,30,17] 3.0[14,17,25]–4.6[17,28] 3.9[17]–6.7[28]

Mass (µg DM) 204–557[3] 533–1742[3] 1016–5947[3]

Timing of reproduction In synchrony with pelagic bloom[8,16,31] Before or in synchrony with pelagic bloom[12,22,26,32] Before the pelagic bloom[6,7,12,26]

Reproductive strategy Income breeding[18] Income or capital breeding[32] Capital breeding[2,19]

Most common overwintering stages CIV[8,31,33]

CV[15,22,28]
CIV[23,17,29]

CV[13,21,24]
CIII[13,27]

CIV[6,7,29]

CV[20,25,28]

Females[13,21,29]

Most common generation times (years) 1[9,21,29] 1–2[10,23,24,29] 1–3[1,13,20,23,25]

[1] Conover (1965), [2] Conover (1967), [3] Robertson (1968), [4] Jaschnov (1972), [5] Fleminger and Hulsemann (1977), [6] Dawson (1978), [7] Matthews et al.
(1978), [8] Tande and Hopkins (1981), [9] Aksnes and Magnesen (1983), [10] Tande et al. (1985), [11] Conover (1988), [12] Smith (1990), [13] Hirche (1991),
[14] Unstad and Tande (1991), [15] Diel and Tande (1992), [16] Plourde and Runge (1993), [17] Hirche et al. (1994), [18] Hirche (1996b), [19] Hirche and Niehoff
(1996), [20] Hirche (1997), [21] Hirche and Kwasniewski (1997), [22] Melle and Skjoldal (1998), [23] Falk-Petersen et al. (1999), [24] Scott et al. (2000), [25]
Madsen et al. (2001), [26] Niehoff et al. (2002), [27] Astthorsson and Gislason (2003), [28] Hirche and Kosobokova (2003), [29] Arnkværn et al. (2005), [30] Daase
and Eiane (2007), [31] Madsen et al. (2008), [32] Søreide et al. (2010), [33] Hirche and Kosobokova (2011).
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Calanus spp. The model environment is a 1000-m deep one-dimensional
seasonal setting parameterized for irradiance, temperature, food
availability and predation risk in 1 m spatial resolution.

For a given model species in a given model environment, the model
initializes by seeding N (=2.5 × 106) eggs into random depths

(< 50 m) of the model environment at random times of the year. Each
seed is randomly assigned a behavioral and life history strategy that a
copepod follows throughout its lifespan, which can last up to three
years depending on the model species (Fig. 1, Table 1). Growth and
development, survival and reproduction of each copepod is simulated
in 1 h time intervals (Section 2.2.2). Five state variables are used to
trace the vertical position, body mass, size of the energy reserve, fe-
cundity and survivorship throughout the copepod’s lifespan. The si-
mulated strategies are evaluated by a fitness measure that integrates the
expected lifetime reproduction and survival performances (Section
2.2.3). The fitness is heuristically maximized using a Genetic Algorithm
(GA: Holland, 1975) to predict species-and environment-specific op-
timal behavioral and life history strategies (Section 2.2.4).

2.2. Model description

2.2.1. Entities
2.2.1.1. Strategies. Strategies are of two types: behavioral strategy and
life history strategy. The behavioral strategy (i.e. vertical strategy)
defines the timing, amplitude and the ontogenetic trajectories of DVM
and SVM (Fig. 1). These are represented by three evolvable (soft)
parameters. The timing and amplitude of DVM is defined by the

Fig. 1. The model overview. The behavioral strategy (vertical strategy) and some key aspects of the life history strategy are defined by seven evolvable free
parameters (cf. Table 2). These are hardwired to model copepods of three different species representing C. finmarchicus, C. glacialis and C. hyperboreus. For a given
model environment, a Genetic Algorithm heuristically optimize these parameters through a fitness function of growth, survival and reproduction, and predicts the
environment- and species-specific optimal behavioral and life history strategies.

Table 2
List of evolvable (soft) parameters optimized by the Genetic Algorithm. The
parameters β, δ and ε are proxies that define the behavioral strategy (vertical
strategy), while the rest define some key aspects of the life history strategy.
These evolvable parameters are hardwired to copepods spawned in different
times of the year (tB).

Term Definition Range Interval Unit

α Body size parameter 0–1 0.01 –
β Irradiance threshold parameter 10−7–1 ×10a µmol m−2 s−1

γ Energy allocation parameter 0–1 0.01 –
δ Seasonal descent parameter 0–1 0.01 –
ε Seasonal ascent parameter 0–1 0.01 –
η Generation time parameter 1–3 1 years
tB Birth timeb 1–8760 1 h

a Factor of 10 (i.e. 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1 and 1).
b The time of being spawned.
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irradiance threshold parameter (β), while those of SVM is defined by
the seasonal descent and ascent parameters (δ and ε, Table 2). The life
history strategy represents a collection of life history traits (i.e. birth
time, body mass, generation length, size at diapause onset, age and size
of sexual maturity, onset of spawning, breeding mode and fecundity)
and their size- or stage-specific variability (Fig. 1). From these, the birth
time, body size and generation length are represented by three
evolvable parameters (tB, α and η: Table 2). Other life history traits
emerge as the evolvable parameters are optimized in the model.

2.2.1.2. Model organism. The model organism characterizes hypothetical,
semelparous female copepods belonging to three model species: CF, CG
and CH. These represent predominantly herbivorous copepods C.
finmarchicus, C. glacialis and C. hyperboreus in terms of their body size,
behavior and life history strategies. Although these species are distributed
throughout the Arctic, only C. glacialis and C. hyperboreus are considered as
species with a true Arctic origin, where C. finmarchicus is a boreal species
that primarily inhabit the sub-Arctic and temperate parts of the North
Atlantic (Fleminger and Hulsemann, 1977; Conover, 1988). Calanus spp.
possess a 13-developmental stage ontogeny, which includes an embryonic
stage, six naupliar stages (NI–NVI), five copepodite stages (CI–CV) and the
sexually mature adult stage. Older developmental stages can store lipids,
which act as energy reserves to meet the metabolic demands during
diapause (Hirche, 1996a; Hagen and Auel, 2001). However, overwintering
stage composition, size of energy reserves and potential diapause duration

vary between species (Table 1 and see also, Falk-Petersen et al., 2009;
Maps et al., 2013). Reproduction of Calanus spp. usually occur in the
spring, but the timing and the degree of capital breeding (cf. Varpe et al.,
2009) vary between the three species (Table 1). C. hyperboreus has the
longest life cycle duration (usually 3 years) and largest body size, while the
relatively small C. finmarchicus and C. glacialis usually complete their life
cycles within 1 or 2 years (Table 1).

In this model, the model organisms act as carriers of pre-defined be-
havioral and life history strategies. Although the strategies vary with the
ontogeny of the model organism via allometric processes, the model as-
sumes that internal states and individual personalities cannot override the
strategies that the model organism follow throughout its lifespan (but see
Pedersen et al., 1995; Hays et al., 2005; Kralj-Fišer and Schuett, 2014).
This strategy-oriented construct of the model tends to overlook some
biological details at individual level, which leads to the lack of population
level responses, for instance in response to density dependence. Conse-
quently, the modelled behavioral and life history strategies do no show
quantitative feedbacks with the model environment (e.g. impact of grazing
on food concentration and duration of the productive season).

2.2.1.3. Model environment. The model runs in three 1000-m deep
artificial seasonal environments that roughly represent the expected
environmental variability along a latitudinal gradient extending from the
north Atlantic to the Arctic (ca. 60–80°N). These model environments do
not refer to specific geographic locations, but the modelled environmental

Fig. 2. Dynamics of modelled sea-surface irradiance (A, D, G), temperature (B, E, H) and food availability (C, F, I: as Chlorophyll-a biomass) in the three model
environments. The bottom depth is 1000 m, but the ordinates of lower panels are cropped due to the vertical homogeneity of those variables. See Appendix A for a
detailed comparison.
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variables were adopted from field measurements taken in this region
(Appendix A). Since water mass characteristics of this region (e.g. Swift,
1986) were not modelled for simplicity, the model environments represent
typical annual oceanographic characteristics of deep Arctic fjords
(reviewed in Cottier et al., 2010). The Environment-L characterizes the
lower end of the modelled latitudinal gradient (ca. 60°N). Here, the
modelled irradiance, temperature and primary production show
pronounced seasonal and vertical variability (Fig. 2A–C) but are
assumed constant between years. The modelled sea-surface irradiance
follows the global clear-sky horizontal irradiance formulations of Robledo
and Soler (2000), and peaks at ca. 1500 µmol m−2 s−1 (Fig. 2A). The
modelled temperature peaks at 15 °C in the summer and distributes evenly
across the surface mixed layer (Fig. 2B). The depth of the surface mixed
layer follows the seasonal pattern described by Mann and Lazier (2006),
and reaches a maximum of 500 m during the winter. Below the mixed

layer, temperature decreases with depth and converges to a minimum of
2 °C (Fig. 2B). The pelagic primary production extends from mid-February
to late-September, with a chlorophyll-a peak of 6 mg m−3 in mid-April
(Fig. 2C). We manipulated the environmental variables of Environment-L
to formulate two additional seasonal environments, i.e. Environment-M
(ca. 70°N, Fig. 2D–F) and Environment-H (ca. 80°N, Fig. 2G–I),
representing the mid-point and the higher end of the modelled
latitudinal gradient (Appendix A). For simplicity, we did not model the
sea ice dynamics at any of these higher-latitude environments.

2.2.2. Submodels
2.2.2.1. Growth and development. We used a species-specific formulation
to model the growth and development of the copepods, unlike the
predecessor model Bandara et al. (2018), which was based on the
generic growth formulation of Huntley and Boyd (1984), that tends to

Table 3
Definitions, values and units of the non-evolvable (hard) parameters used in the model. See Table 2 for a description of evolvable (soft) parameters.

Term Definition Value/Reference Units

a Assimilation coefficient 0.6[4] –
Ai,s,t Mass-dependent ingestion rate (at −2 °C) Eq. (2) µg C ind.−1 h−1

Ai,s,t,z Ingestion rate Eq. (4) µg C ind.−1 h−1

A’i,s,t,z Temperature-dependent ingestion rate Eq. (3) µg C ind.−1 h−1

bs Mass coefficient of ingestion Eq. (2), Table 4 –
Bi,s,t,z Metabolic rate Eqs. (14) and (15) µg C ind.−1 h−1

(Ba)i,s,t,z Active metabolic rate 1.5·Bb µg C ind.−1 h−1

(Bb)i,s,t,z Basal metabolic rate Eqs. (14) and (15) µg C ind.−1 h−1

cs Temperature coefficient of ingestion Eq. (3), Table 4 –
di,t Parameter for satiation food concentration 0.1–0.3 –
Ds,t,z Development time Eq. (6) h
Ft,z Ambient food concentration Fig. 2 µg C l−1

fs Mass coefficient of metabolism Table 4 –
Gi,s,t,z Growth rate Eq. (1) µg C ind.−1 h−1

gs Temperature coefficient of metabolism Table 4 –
Hi,t,z Survivorship Eq. (19) –
i Individual – –
It,0 Irradiance incident on sea surface Fig. 2 µmol m−2 s−1

It,z Irradiance at depth z Eq. (9) µmol m−2 s−1

Ít,z Remapped It,z 0.1–0.9 –
j Developmental stage 0–12 Egg–Adult
Ki,t Scalar for visual predation risk 10−6–10−2 –
Li,t Irradiance sensitivity parameter 1–2.5 –
ms Mass exponent of ingestion Eq. (2), Table 4 –
(Mn)i,t,z Non-visual predation risk 0.1·K –
(Ms)i,t Starvation risk Eq. (16) –
(Mv)i,t,z Visual predation risk Eq. (10) –
ns Temperature exponent of ingestion Eq. (3), Table 4 –
N No. of initial seeds 2.5 × 106 Strategies
os Mass exponent of metabolism Table 4 –
ps Temperature exponent of metabolism Table 4 –
qs Development time parameter-1 Table 4[1, 3] –
rs Development time parameter-2 Table 4[1, 3] –
Ri,s,t,z Fecundity Eq. (17) No. of eggs
s Species CF, CG, CH –
Tt,z Ambient temperature Fig. 2 °C
t Time 1–8760 h
tR Time of sexual maturity 1–8760 hour
tX Time horizon 1–8760 hour
Ui,t Cruising velocity Eq. (11) m h−1

Wc Structural body mass Fig. 4 µg C
(WE)s Species-specific unit egg mass Table 4 µg C
Wj Stage-specific critical molting mass Fig. 4 µg C
(Wj

max)i,s Stage-specific minimum Wj Fig. 4 µg C
(Wj

min)i,s Stage-specific minimum Wj Fig. 4 µg C
(WR)i,s,t,z Matter allocated for egg production Eq. (17) µg C
Ws Mass of the energy reserve – µg C
(Wx)i,s Catabolized structural mass (proportion of the maximum lifetime structural mass) 0.1–0.5 –
z Depth 1–1000 m
φ Termination condition of GA – –
ψ Water column light attenuation coefficient 0.06[2] m−1

Ωi,s Fitness Eq. (18) –
ω Weight for fitness 0 or 1[5] –

[1] Campbell et al. (2001), [2] Eiane and Parisi (2001), [3] Ji et al. (2012), [4] Maps et al. (2012), [5] Bandara et al. (2018).
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underestimate growth at lower temperatures (Kimmerer and McKinnon,
1987; Fiksen and Giske, 1995; Bandara et al., 2018). Here, we modelled
the somatic growth in carbon (C) units, where the growth rate (G, µg C
ind−1 h−1) was defined as the balance between assimilation and
metabolic rates (Pütter, 1920; Von Bertalanffy, 1938) as,

G a A B·i s t z i s t z i s t z, , , , , , , , ,= (1)

Here, the assimilation rate is a product of the ingestion rate (A, µg C
ind−1 h−1) and the assimilation coefficient (a) Huntley and Boyd
(1984), where B (µg C ind−1 h−1) is the metabolic rate (Section
2.2.2.2.6). Further, i is the individual, s is the species, t is time and z is
depth (definitions, units and references of all the terms are listed in
Table 3). At a hypothetical reference temperature −2 °C, the ingestion
rate relates with the structural mass (Wc, µg C) as,

A b W·( )i s t s c i t
m

, , ,
s= (2)

where b and m are species-specific mass coefficient and exponent of
ingestion (Table 4). The ambient temperature (T, °C) elevates the in-
gestion rate following the exponential function,

A A c n T· ·exp( · )i s t z i s t s s t z, , ,
'

, , ,= (3)

where A′ is the temperature-dependent (maximum) ingestion rate, and
c and n are species-specific temperature coefficient and exponent of
ingestion (Table 4). Parameter values for coefficients and exponents of
body mass and temperature were estimated following the growth model
of Maps et al. (2012) (Table 4, Appendix B). We used an asymptotic
function to represent the relationship between the ingestion rate and
ambient food concentration (cf. Holling, 1959) as;

A A
d F

d F
·

·
1 ·i s t z i s t z

i t t z

i t t z
, , , , , ,

' , ,

, ,
=

+ (4)

Here, the second product of the right-hand side of the equation
scales the temperature-dependent ingestion rate by the ambient food
concentration (F, µg C l−1) into a range of 0–1. This posits that on or
beyond a satiation food concertation (i.e. the upper asymptote) the
growth occurs at a maximum rate dependent only on ambient tem-
perature (Eq. (3)). The parameter d of Eq. (4) (selected
range = 0.1–0.3) defines the food concentration at which the asymp-
totic value of the above relationship is reached (Fig. 3A), and scales
with the structural mass (Fig. 3B) as,

d W0.3·( )i t c i t, ,
0.138= (5)

This produces size-specific satiation food concentrations in the
range of 75–125 µg C l−1 (Fig. 3A), which are comparable to those
estimated by Huntley and Boyd (1984), Campbell et al. (2001) and

Maps et al. (2012). Despite the variability of nutritional quality of algal
food over time and depth largely due to changes in phytoplankton
species composition, we used a fixed Chl.-a:C ratio of 0.030 in the
above growth estimations for simplicity (Båmstedt et al., 1991;
Sakshaug et al., 2009).

This growth submodel cannot be applied to first and second nauplii
stages (NI and NII) which do not feed, but utilize the reserves from the
embryo to meet energetic demands (Marshall and Orr, 1972;
Mauchline, 1998). Although catabolization of reserves may lead to loss
of body mass of non-feeding stages (Maps et al., 2012), for simplicity,
we assumed that the structural masses of NI and NII remain constant
during development.

The temperature-dependent development times (h) of eggs and non-
feeding NI and NII stages were estimated following a Bělehrádek
function (Corkett et al., 1986) as,

D q T r24·[ ·( ) ]s t z s t z s, , ,
2.05= + (6)

Here, species-specific values for the parameters q and r were
adopted from Campbell et al. (2001) and Ji et al. (2012) (Table 4).
While the eggs below the surface mixed layer (Fig. 2) remain stagnant
with time, the vertical position of eggs within the mixed layer were
determined using a uniformly random probability distribution. The
development of feeding stages (NIII–Adult, i.e. from stage j to j + 1,
where 3 ≤ j≤ 12) occurs only if the structural mass (Wc) exceeds a
stage-specific critical molting mass (Wj, µg C) as,

j
j W W
j W W

1 if ( ) ( )
if ( ) ( )i s

i s c i s t j i s

i s c i s t j i s
,

, , , ,

, , , ,
=

+ >

(7)

For each model environment, species-specific maximum and
minimum estimates of Wj (Wj

min and Wj
max) were estimated following

the growth model of Maps et al. (2012) (Fig. 4, Appendix B). To
maintain the intra-specific plasticity of body sizes in the model, we
introduced an evolvable parameter α (body size parameter,
range = 0–1, Table 2), which defines the stage-specific critical molting
masses of any given copepod as,

W W W W( ) ( ) [( ) ( ) ]·j i s j
min

i s j
max

i s j
min

i s i, , , ,= + (8)

Therefore, based on the parameter value of α, the ontogenetic body
mass trajectories of copepods tend to occupy a fixed fraction of the

Table 4
Species-specific coefficients and exponents of ingestion and respiration (esti-
mated from Maps et al., 2012, Appendix B), along with species-specific egg
masses and development time parameters. See Table 3 for term definitions.

Variable CF CG CH

bs 0.009283 0.01656 0.01319
ms 0.7524 0.7518 0.7516
cs 1.2382 1.1606 1.1833
ns 0.0966 0.0673 0.0761
fs 0.0008487 0.003292 0.001153
os 0.7502 0.7502 0.7502
gs 1.2956 1.1382 1.2065
ps 0.1170 0.0585 0.0849
(WE)s 0.23 µg C[2] 0.40 µg C[3] 0.56 µg C[4]

qs (eggs) 595[5] 839[6] 1495[6]

qs (NI) 388[5] 548[6] 974[6]

qs (NIII) 581[5] 819[6] 1461[6]

rs (eggs, NI, and NII) 9.11[1] 13.04[1] 13.66[1]

[1] Corkett et al. (1986), [2] Hirche and Bohrer (1987), [3] Hirche (1990), [4]
Smith (1990), [5] Campbell et al. (2001), [6] Ji et al. (2012).

Fig. 3. (A) The shape of the asymptotic function (Eq. (4)) at the higher (0.3)
and lower (0.1) ends of parameter d, which describes the dependency of in-
gestion rate on the ambient food concentration. (B) The power function (Eq.
(5)) through which parameter d relates with the structural mass (Wc). In the
panel A, the x-intercept of the upper asymptote is ca. 75 µg C l−1 for d = 0.3
and 125 µg C l−1 for d= 0.1. This is the satiation food concentration, above
which ingestion rate becomes solely temperature-dependent (Eq. (3)).
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Fig. 4. The species-specific maximum (Wj
max: upper line and points in each panel) and minimum (Wj

min: lower line and points in each panel) critical molting masses
estimated for each model environment. Based on the value of the evolvable body size parameter (α), stage-specific critical molting masses for a given copepod
occupies a fixed fraction between the minima and maxima, i.e. within the shaded area (cf. Table B.1 in Appendix B).
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environment- and species-specific ranges (Fig. 4, Table B.1 in Appendix
B).

2.2.2.2. Survival
2.2.2.2.1. Predation risk. We modelled the predation risk as a

probability function. Here, the depth-specific visual predation risk
relates with the downwelling irradiance (I) following Eiane and Parisi
(2001) as,

I I z·exp( · )t z t, ,0= (9)

where Iz and I0 are irradiance at depth z and surface at a given time, and
ψ is the attenuation coefficient for downward directed irradiance in the
water column. Although ψ changes over time and depth due to
dynamics of phytoplankton biomass and suspended particles in the
sea (Lorenzen, 1972; Baker and Lavelle, 1984), we assumed a constant
ψ value of 0.06 m−1 in this model for simplicity. To express the visual
predation risk (Mv) as a probability, we remapped the downwelling
irradiance (I) in a range between 0.1 and 0.9 (I′) so that visual
predation risk offers non-zero probability of survival at the highest
possible irradiance level, and non-zero probability of death at the
lowest level, expressed as,

M I K( ) ·v i t z t z i t, , , ,= (10)

Here, K is a variable that scales the visual predation risk to produce
hourly estimates of mortality.

The detection efficiency of visually orientating planktivores in-
creases with the size of their prey (Brooks and Dodson, 1965; Aksnes
and Giske, 1993; De Robertis, 2002; Aljetlawi et al., 2004). Most me-
trics of detection efficiency, such as predator visual range, reaction
distance and electivity index are modelled in a way that it increases

rapidly with the initial increase of prey size, while reaching a summit or
a plateau as prey size increases further (e.g. Zaret and Kerfoot, 1975;
Confer et al., 1978; Pastorok, 1981; Aksnes and Giske, 1993). This is
likely due to elevated handling time, prey escape responses and gape-
limitations driven by larger prey sizes (Werner, 1974; Fields and Yen,
1997; Devries et al., 1998; Kiørboe, 2011). We followed this logic and
modelled the size-dependent visual predation risk as an asymptotic
exponential relationship between the body mass (Wc) and K (Fig. 5A),
assuming that the largest developmental stage (adult female of CH) is
ca. 25 times more vulnerable to visual predation risk compared to the
smallest developmental stage (egg of CF). This scaling accounts for the
inclusion of C. hyperboreus in this model (CH), compared to our pre-
vious model of smaller C. finmarchicus and C. glacialis (Bandara et al.,
2018), which used a maximum 10-fold size-dependent visual predation
risk scaling.

We modelled the mortality risk imposed by the non-visual predators
(Mn) constant over time and depth (Eiane and Parisi, 2001). We chose
this representation for its simplicity, while acknowledging the facts that
in nature, non-visual predation risk is an entity that varies over space
and time, and may play a greater role in shaping-up of behavior and
evolution of life histories of high-latitude copepods (e.g. Bandara et al.,
2016). In their model, Eiane and Parisi (2001) assumed the non-visual
predation risk to account for 0.1% of the maximum visual predation
risk. We increased this proportion by an order of magnitude in the
predecessor model Bandara et al. (2018), since the 0.1% scale did not
have a notable effect on the survivorship of the modelled copepod. In
the present model, we assumed that the Mn accounts for 10% of the
maximum visual predation risk. This proportional increase of Mn

compared to Bandara et al. (2018) accounts for the elevation of the
body size of the modelled copepods (Figs. 4 and 5D), that tends to
produce more significant hydrodynamic disturbances (during swim-
ming) on which the detection efficiency of most tactile predators rely
on (Greene, 1986).

2.2.2.2.2. Diel vertical migration. We used the photoreactive
behavior as a proxy to estimate the timing and amplitude of DVM
(e.g. Kerfoot, 1970; Carlotti and Wolf, 1998). Here, an evolvable
parameter β (irradiance threshold parameter, Table 2) defines an
irradiance threshold, above which a negative phototactic response on
the vertical swimming behavior is induced (Båtnes et al., 2015; Cohen
et al., 2015). Consequently, at any given time, copepods occupy a depth
with an irradiance level (It,z) below β. From all possible depth bins that
satisfy the It,z < β condition, we assumed that copepods occupy the
depth that maximizes the growth potential (Eq. (1)). We predicted this
depth deterministically, assuming that copepods are neutrally buoyant
and swim vertically in the water column at a constant cruising velocity
(U, m h−1) obtained from Bandara et al. (2018) as,

U W8.0116·( )i t c i t, ,
0.4531= (11)

For simplicity, we further assumed that internal state-dependent
factors, such as hunger and satiation have a negligible influence on the
modelled DVM.

To represent the size- or stage-specific variability of DVM (e.g. Zaret
and Kerfoot, 1975; Huntley and Brooks, 1982; Hays, 1995; Eiane and
Ohman, 2004), we defined an irradiance sensitivity parameter (L, se-
lected range = 1–2.5) that relates positively with structural mass (Wc)
following an asymptotic exponential relationship (Fig. 5B). The size-
dependent increase of irradiance sensitivity causes the irradiance
threshold parameter (β) to decrease as,

L
· 1

i t i
i t

,
,

=
(12)

The minimum irradiance sensitivity thresholds produced by this
model (i.e. 1.4 × 10−7 µ mol m−2 s−1 for CF, 5.92 × 10−8 µ mol m−2

Fig. 5. Size-dependent relationships of (A) visual predation risk scalar K, (B)
irradiance sensitivity parameter L, and (C) the energy storage capacity (Eq.
(13)). The panel D provide a rough reference to how these size-specific patterns
can influence species-specific processes in different model environments.
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s−1 for CG and 3.2 × 10−8 µ mol m−2 s−1 for CH) agree with those
published for Calanus spp. by Båtnes et al. (2015).

2.2.2.2.3. Energy storage. Developmental stages CIV and CV of CF
and CG, and CIII, CIV and CV of CH can allocate an evolvable fraction γ
(energy allocation parameter, Table 2) from surplus acquisition to build
up an energy reserve. The reserve can occupy up to 70% of the
structural mass (Fiksen and Carlotti, 1998; Jónasdóttir, 1999). As a
consequence of the body size plasticity allowed in this model, it was
observed in the trial runs that copepods always followed the lowest
body mass trajectories and overwintered (see below) at a significantly
smaller size (Wc ca. 10 µg C for CF). This not only disagrees with the
body mass estimates of overwintering Calanus spp. (Båmstedt et al.,
1991; Pepin and Head, 2009), but undermines the concept that a
reasonable structural mass should be attained to allow space for the
lipid storage (Miller et al., 2000; Lee et al., 2006). Therefore, we
defined a minimal structural mass (Wc, µg C) below which no stores can
be maintained as,

W

W

G W

G W

( )

0 if ( ) 38

· · if 38 ( ) 159

· if ( ) 159

s i s t z

c i t

i s t z i W c i t

i s t z i c i t

, , ,

,

, , ,
1

1 exp((60 ( ) ) / 20) ,

, , , ,

c i t,
=

<

< <+

(13)

where Ws (µg C) is the mass of the energy reserve and G is the surplus
acquisition (i.e. the growth rate Eq. (1)). Here, energy storage capacity
exponentially increases from 38 µg C and approaches an asymptote at
159 µg C (Fig. 5C). These lower and upper Wc values were estimated
from lipid sac volume to body size relationships published by Miller
et al. (2000) and Vogedes et al. (2010).

2.2.2.2.4. Seasonal vertical migration. We used the state of the
energetic reserve as a proxy of timing of the SVM (Visser and
Jónasdóttir, 1999). Thus, copepods descend to an overwintering
depth when the stores account for an evolvable fraction δ (seasonal
descent parameter: Table 2) of the structural mass. For simplicity, we
made three general assumptions for selecting overwintering depths.
First, copepods always overwinter below the maximum depth of the
convective mixed layer (i.e. 500 m) to avoid being circulated back to
the surface (Visser and Jónasdóttir, 1999; Irigoien, 2004). Second, the
specific overwintering depth below the mixed layer is selected by a
gaussian distribution (mean = 750, SD = 50). Third, internal and
external environmental variability has no influence on the
overwintering depth selection. Although the third assumption does
not hold true in nature (e.g. Hirche, 1991; Kaartvedt, 1996; Astthorsson
and Gislason, 2003), we used it here for simplicity, because it was
shown by Bandara et al. (2018) that the use of an evolvable
overwintering depth parameter had little influence on the fitness and
phenology of the modelled copepod. After descending to overwintering
depths, copepods switch to a diapause state (Carlisle and Pitman, 1961;
Hirche, 1996b), where growth, development, vertical movements and
reproduction cease (see also Section 2.2.2.2.6). The diapause
terminates, and copepods ascend from overwintering depths upon
exhausting an evolvable fraction ε from the energy reserve (seasonal
ascent parameter, Table 2).

2.2.2.2.5. Generation time. We introduced an evolvable parameter η
(generation time parameter, Table 2) to represent the variability of
generation times commonly reported for Calanus spp. (Table 1). Here, η
can take the values of 1, 2 or 3, which indicates the generation time in
number of years. However, the present model does not allow generation

times < 1 years to be simulated due to a limitation of the fitness
function, given the strategy-oriented construct of the model (Section
2.2.3). This tend to constrain the evolutionary plasticity of generation
times observed for C. finmarchicus at lower latitudes (reviewed in
Conover, 1988; Melle et al., 2014). The generation time parameter (η)
shows species-specific patterns, where η = 1 for CF, 1 and 2 for CG and
1, 2 and 3 for CH (cf. Table 1). Generation times > 1 year are
characterized by several subsequent seasonal migrations, which
follow the same patterns of energy allocation, and same proxies of
ascent and descent described above. After the final diapause, copepods
do not allocate surplus acquisition to maintain energy reserves.

2.2.2.2.6. Metabolism. The metabolic rate (B, µg C) is the sum of the
basal metabolic rate (Bb) and the active metabolic rate (Ba). At the
hypothetical reference temperature of −2°C, Bb relates with the total
body mass (W=Wc + Ws) as,

B f W( ) ·( )b i s t s i t
o

, , ,
s= (14)

where f and o are mass coefficient and exponent of respiration
(Table 4). Ambient temperature elevates Bb following the exponential
function,

B B g p T( ) ( ) · ·exp( · )b i s t z b i s t s s t z, , , , , ,= (15)

where g and p are temperature coefficient and exponent of metabolism
(Table 4). Parameter values for above respiration coefficients and
exponents were estimated from Maps et al. (2012) (Appendix B). In
the model, Ba consists of the swimming cost (i.e. metabolic costs of
vertical migrations), which was assumed to be 150% of the Bb (Bandara
et al., 2018). During diapause, Ba is nullified (since copepods are
assumed stagnant) and the Bb is assumed to reduce by 75% in all species
(Maps et al., 2013).

2.2.2.2.7. Starvation. Metabolic demands that cannot be sustained
by food intake are balanced by energy reserves. In case of absent or
depleted energy reserves, structural mass is catabolized. This induces
mortality risk through starvation (starvation risk, Ms). However, we
assumed that copepods are tolerant to modest (< 10%) loss of
structural mass (Threlkeld, 1976). Structural catabolization beyond
this threshold causes the starvation risk to increase linearly and peaks
as 50% of structural mass is lost and causes death (Bandara et al., 2018)
as,

M
W

W W
W
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0 if ( ) 0.1
2·( ) if 0.1 ( ) 0.5
1 if ( ) 0.5

s i t

x i t

x i t x i t

x i t

,

,
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,

= <
(16)

Here, Wx (µg C) is the catabolized structural mass expressed as a
proportion of the maximum structural mass prior to structural catabo-
lization.

2.2.2.3. Reproduction. In this model, somatic growth of copepods
ceases after the final molt (e.g. Fiksen and Giske, 1995; Fiksen and
Carlotti, 1998; Varpe et al., 2007) and the matter gained through
feeding and/or catabolizing energy reserves is allocated for meeting
metabolic demands and reproduction. We modelled the energy input to
reproduction as a species-specific process. Here, the reproduction of CF
represents the pure income breeding strategy of C. finmarchicus
(Table 1), where the energy input is sourced solely from food intake.
Reproduction of CH represents the pure capital breeding strategy of C.
hyperboreus (Table 1), where the energy input is sourced entirely from
remaining reserves, by allocating a specific amount of carbon
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equivalent to the temperature-dependent growth rate (Eqs. (1)–(3))
from the remaining energetic reserve. CG represents an intermediate
and mixed reproductive strategy similar to that of C. glacialis (Table 1),
where energy inputs for reproduction may be sourced from both food-
intake and energy reserves. The fecundity (R) is estimated using the
matter allocated to egg production (WR, µg C) and the species-specific
unit egg mass (WE, µg C) as,

R
W

W
( )

( )i s t z
R i s t z

E s
, , ,

, , ,=
(17)

Here, WE varies with the species (Table 4), but we assumed that it is
not affected by environmental variability.

2.2.3. Fitness estimation
The performance of behavioral and life history strategies hardwired

to each copepod is estimated using a fitness function (Ω, Bandara et al.,
2018) that integrates the lifetime survival and reproductive outputs as,

H R· ·i s
t

t

i t z i s t z, , , , , ,
B

X
=

(18)

Here, ω is a binary weight that adjusts fitness (see below) and H is
the survivorship, i.e. the probability of survival from birth (tB) to a
given time horizon (tX), estimated as a function of visual and non-visual
predation risk and starvation risk (Mv, Mn and Ms) as,

H M M M1 [( ) ( ) ( ) ]i t z
t

t

v i t z n t z s i t, , , , , ,
B

X
= + +

(19)

The term ω in Eq. (18) accounts for the persistence of simulated
strategies from one generation to the next, assumed that all offspring of
a copepod inherit the behavioral and life history strategies (i.e. values
of evolvable parameters listed in Table 2) from the parent. This holds
true for all other parameters excluding the birth time (tB), which varies
depending on the timing of reproduction of the parent. Consequently,
from a series of eggs produced during a copepod’s lifespan, only those
born in the day of the year similar to the parent can inherit an identical
behavioral and life history strategy. Therefore, the value of the binary
weight ω is set to 1 if a copepod produces at least one egg with a similar
birth time in the following year(s) and vice versa. This fitness weighing
process therefore ensures that the modelled behavioral and life history
strategies are heritable across generations. Checking for persistence of
strategies is necessary because the model does not simulate the life
cycles of the offspring (hence the lack of population-level responses)
but evaluates fitness of the strategies hardwired to the parents. This
characteristic sets the fundamental difference between the present
strategy-oriented model and a classic individual-based model. One key
limitation of the strategy-oriented construct is that the fitness weighing
process knocks-out (i.e. ω= 0 and hence Ω = 0) any strategy that at-
tempts to reproduce within the same calendar year. This prevents life
cycles with generation times < 1 year to be simulated in our model.

2.2.4. Operational procedure
2.2.4.1. Initialization

2.2.4.1.1. Seeding. The model operates species- and environment-
specifically, i.e. simulations are performed separately for each model
species in each model environment. The model initializes with the
seeding of N (=2.5 × 106) eggs of a selected model species to the near-
surface waters (< 50 m) of a selected model environment (Fig. 6). At

the time of seeding (=time of birth, tB), each egg is assigned a pre-
defined behavioral and life history strategy by randomly picking values
for the evolvable soft parameters α, β, γ, δ, ε and η (Table 2) from a
uniform probability distribution. Five state variables are created to
trace the vertical position, structural mass, mass of the energy reserve,
survivorship and fecundity of each model copepod (Table 5).

Fig. 6. The two-step operational procedure of the model. At the initialization
step, N eggs are seeded and hardwired with randomly generated behavioral and
life history strategies. Their life cycles are simulated (symbolized by circled
letter S) to produce fitness estimates, which are used in the subsequent GA-
driven optimization step. The GA iteratively applies selection, recombination
and mutation steps until a termination condition (Φ) is satisfied to heuristically
estimate the optimal behavioral and life history strategies that maximize fit-
ness. As a measure of computational efficiency, fitness estimates associated
with different strategies are mapped into a reference library (RL), which is
updated at each iteration. Y: yes, N: no.
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2.2.4.1.2. Initial life cycle simulation. From the time of birth, the
model simulates growth and development, survival and reproduction of
each model copepod in 1 h timesteps covering the entire lifespan
(Fig. 6). The state variables are updated simultaneously. Once the
fitness of each copepod is estimated, basic outputs, i.e. the values of the
seven evolvable parameters (Table 2), time of seasonal descent and
ascent, structural and energy reserve masses at seasonal descent,
overwintering stage, age and size at sexual maturity, onset of
reproduction, total fecundity, breeding mode index, longevity and
fitness are logged/bookkept (see Table 5 for term definitions).

2.2.4.2. Optimization. A Real-Coded Genetic Algorithm (RCGA: Davis,
1989; Lucasius and Kateman, 1989; Herrera et al., 1998) is used to
derive environment- and species-specific heuristic estimates of the
optimal behavioral and life history strategies that maximize fitness
(Fig. 6). In the RCGA, the seven evolvable parameters (Table 2) are
considered as genes on a single chromosome. The optimization process
begins by selecting a mating pool of N chromosomes (parents) from the
initial seeds using a binary (two-way) deterministic tournament
(Goldberg and Deb, 1991; Miller and Goldberg, 1995). Genes of two
randomly selected parents from the mating pool are recombined
following the Laplace crossover method (LX, Deep and Thakur,
2007), which produces two offspring (recombinants). Genes of the
recombinants are mutated at a probability of 0.02 per-gene following
the Makinen, Periaux and Toivanen method (MPTM, Toivanen et al.,
1999).

The population of strategies resulting from the above recombination
and mutation operations comprises of N parents, whose fitness are
known and N offspring, whose fitness are not yet known (Fig. 6). Par-
ents with unique gene combinations are selected to construct a re-
ference library, which is updated at each iteration. Each offspring is
compared with those in the reference library to assess their fitness. The
fitness of offspring with similar gene combination to those in the re-
ference library are assigned in-situ, while the rest goes through a sub-
sequent life cycle simulation to determine fitness. Once the fitness of all

2N individuals are known, N survivors are selected following a round-
robin (all-play-all) tournament of size 10 (Harik et al., 1997; Eiben and
Smith, 2003). This process is repeated for a minimum of 400 iterations,
and terminated when the mean fitness of the population of strategies
shows no improvement for a 100 consecutive iterations thenceforth
(Eiben and Smith, 2003).

Although the basic outputs are logged during each iteration of the
model, the five state variables (Table 5) are not logged until the final
iteration. This is to avoid the extensive memory cost of keeping hourly
logs of five variables for 2.5 × 106 individuals living up to three years
(=26,280 h) for a minimum of 400 iterations. At the final iteration, the
model produces an extensive hourly log of the state variables, along
with stage-specific logs of surface time, DVM amplitude, food limitation
index and stage duration (Table 5).

2.3. Model development, execution and analysis

The model was developed, executed and analyzed using the R™
v.3.3.1 (R Core Team, 2016) and RStudio™ integrated development
environment (IDE) v.1.0.136 (RStudio Team, 2016), along with the
high-performance computing (HPC) packages Rcpp (Eddelbuettel et al.,
2011) and bigmemory (Kane et al., 2013).

A basic run (BR) with default values for model parameters (Table 3)
was performed for each model species in the Environment-L. To test the
influence environmental variables on the predicted behavioral and life
history strategies, we performed a sensitivity analysis following
Jørgensen and Bendoricchio (2001), which produces a sensitivity scores
(Sx) as,

S X X X
P P P

( )/
( )/x

BR M BR

BR M BR
=

(20)

where X is the predicted model output of the basic run (XBR) and the
modified run (XM) for a given change ( ± 25%) of input variable value
between the basic run (PBR) and the modified run (PM). Altogether, four
different input variables (i.e. food concentration, temperature, non-

Table 5
Description of the model outputs. Basic outputs are emergent properties of the model, which are logged at each model iteration. Stage-specific outputs are traced at
each developmental stage, where state variables are traced throughout the copepod’s lifespan at each timestep (=1 h). Stage-specific outputs and state variables are
logged only at the final iteration of the model.

Trait/attribute Units Description

Basic outputs
Time of seasonal descent and ascent Day of the

year
Separate estimates representing the timing of SVM, (i.e. the time of descent to overwintering depth and that of the ascent)

Size at seasonal descent µg C Structural and energetic reserve mass at the onset of seasonal descent
Overwintering stage – Developmental stage at overwintering
Overwintering depth m Depth at which the overwintering occursa

Onset of spawning Day of the
year

Time of first egg production

Age of sexual maturity d Time since birth to the first egg production
Size at sexual maturity µg C Structural mass at first egg production
Total fecundity No. of eggs No. of eggs produced during the lifetime
Breeding mode index – Proportion of capital breeding eggs (0 = pure income breeding, 1 = pure capital breeding)
Longevity d Expected lifespan

Stage-specific outputs
Surface time h Unified estimate representing the timing of DVM, i.e. the stage-specific mean no. of hours per day occupied in waters with

highest growth potential (usually the surface waters)
Amplitude of diel vertical migration m The vertical range corresponding to the above
Food limitation index – Stage-specific total no. hours with food-limited growth as a fraction of stage duration (0 = no food limitation, 1 = total

food limitation)
Development time d Stage duration, from egg to a given stage
State variables
Vertical position m Depth of occupation at a given time
Structural mass µg C Body mass without the energy reserves
Size of the energy reserve µg C Mass of the energy reserve
Survivorship – Probability of survival at a given time
Fecundity No. of eggs No. of eggs produced at a given time

a Not an emergent property of the model.
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visual and visual predation risks) were tested for sensitivity. At each
sensitivity run, only the desired input variable value was changed, and
all the other variables and parameters of the model were kept un-
changed from the BR. Sensitivity analysis was performed separately for
each model species.

By performing model runs along the modelled latitudinal gradient at
variable levels of visual predation risks we investigated how species-
specific behavioral and life history strategies emerge under the influ-
ences of bottom-up (i.e. temperature and food availability) and top-
down (predation risk) selection pressures (cf. Bandara et al., 2018).
Although the food concentration was constant across the model en-
vironments, the decreasing duration of the modelled productive season
and temperatures ensued a decreasing gradient of growth potential
from lower latitude Environment-L to higher latitude Environment-H
(Fig. 1, Appendix A). A gradient of visual predation risks was created by
varying the scalar K in between 10−6–10−2 (i.e. 10−6, 10−5, 10−4,
5 × 10−4, 10−3, 2.5 × 10−3, 5 × 10−3, 7.5 × 10−3 and 10−2). To
enhance visualization, we transformed the visual predation risk scalar
(K) to its fourth root (Ḱ). In these simulations, the non-visual predation
risk was set to 0.1% of the modelled visual predation risk.

As Genetic Algorithms produce heuristic estimates of the maximum

fitness, there is no guarantee that it will converge on the global max-
imum given a potentially diverse fitness landscape (Zanakis and Evans,
1981; Rardin and Uzsoy, 2001; Strand et al., 2002; Record et al., 2010).
Therefore, we replicated each model run 10 times with different
starting values for the evolvable parameters (Table 2) to check if the
algorithm converges on the same set of solutions. As the optimized
parameter values showed little variability between replicate runs
(< 7%), we used the mean of the replicates for each parameter for
analyses.

3. Results and discussion

3.1. Emergent strategies of the basic run

An annual life cycle was predicted for all model species in the basic
run (BR). However, the model-predicted optimal behavioral and life
history strategy of CF was different from the other model species.

The predicted optimal birth times for CF occurred in mid-June,
when the irradiance and the temperature of the model environment
(Environment-L) were at its peak, and the food concentration had de-
creased by ca. 50% compared to its annual maximum (Fig. 7A). This

Fig. 7. Some behavioral and life history traits/attributes of the three model species traced in the basic run at Environment-L (A–C, repetitive). To the left are
predicted lifetime variability of the vertical trajectories (E–G), structural and energetic reserve masses (I–K) and fecundity (M–O). To the right are stage-specific
attributes (D, H, L and P). Shaded regions of panels I–K represent the mass of energy reserve.
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seems counterintuitive, as the optimal birth time of CF coincided with
the annual maximum of visual predation risk (Eqs. (9) and (10)).
However, CF possessed the smallest body mass among all model species
(Fig. 4), and hence was the least vulnerable to visual predation risk
(Fig. 5A and D). In addition, due to the smaller size, CF became satiated
at lower food concentrations (Fig. 3) and suffered least from food-
limitation (Fig. 7L). Therefore, it is likely that the smaller body size of
CF allowed it to utilize higher summertime temperatures to grow and
develop faster (Fig. 7P).

The structural growth rate of the late developmental stages of CF
(CIV onwards) were reduced by two trade-off strategies. First, to
minimize the visual predation risk, relatively large developmental
stages had to periodically abandon food-rich near-surface waters to
perform DVM (down to 50–60 m, Fig. 7D and H). DVM leads to reduced
growth and development rates (Houston et al., 1993; Bandara et al.,
2018), as growth potential is traded off for survival (Lampert, 1989;
Hays, 2003). Second, in order to survive the winter, CIV and CV stages
had to allocate a fraction of surplus acquisition to build up energy re-
serves. The optimal energy allocation parameter (γ, Table 2) predicted
for CF in the BR was 0.1 (all optimized parameter values are archived in
Appendix C and their artificial evolution is demonstrated in Appendix
D), which translated to a 10% decrease in structural growth. Conse-
quently, CF had to graze toward the end of the productive season to
develop in to a pre-adult stage (CV) with sufficient energy reserves to
survive the winter (Fig. 7A and E). However, at the time of seasonal
descent (late-July: Fig. 7E), CF did not carry the maximum possible
amount of reserves that it could into diapause (Ws/Wc = 0.54; max-
imum = 0.70, Fig. 7I). The ascent from overwintering depths occurred
in late-January of the following year, before the primary production
had commenced, and while the other model species were still in dia-
pause (Fig. 7A, E–G). At the time of seasonal ascent, ca. 43% (59 µg C)
of CF’s energy reserve remained (seasonal ascent parameter, ε = 0.57:
Fig. 7I, Table 2 and Appendix C). However, the CVs emerging from
diapause required ca. 14 µg C to reach the size of a sexually mature
adult (Wc of overwintering CV ≈ 258 µg C; Wc at sexual maturity ≈
271 µg C, Fig. 7I). Therefore, it seems that CF ascended early from
diapause and used the post-overwintering surplus reserves to grow and
develop into sexually mature adult females by the onset of pelagic algal
bloom. Although this model-predicted seasonal behavior of CF some-
what resembles pre-bloom seasonal ascent and spawning patterns ob-
served for C. finmarchicus (e.g. Diel and Tande, 1992; Melle and
Skjoldal, 1998; Richardson et al., 1999), it doesn’t agree with the well-
established notion that the seasonal ascent of C. finmarchicus occurs
after those of C. glacialis and C. hyperboreus (e.g. Madsen et al., 2001;
Astthorsson and Gislason, 2003; Søreide et al., 2008; Bandara et al.,
2016). This discrepancy may have emerged due to differential en-
vironmental conditions presented in the model compared to their nat-
ural habitats. For example, in seasonally ice-covered waters, the earlier
seasonal ascent of C. glacialis allows it to feed on ice algae and spawn
earlier, so that the emergence of first-feeding nauplii (NIII) coincides
with the pelagic algal bloom (Søreide et al., 2010). However, the lack of
sea ice dynamics and ice-associated primary production doesn’t allow
this behavior to emerge in our model. Further, field data indicate that
the early (late-winter to early-spring) seasonal ascent of C. hyperboreus
is coupled with a prolonged egg production episode, which continues
several months into the productive season (e.g. Plourde et al., 2003). In
contrast, the egg production duration of CH in the BR of our model
often lasted for about one month (possibly due to overestimation of
capital allocation rates to egg production), and thus neutralizes any

adaptive advantage of an earlier seasonal ascent of CH in the BR.
Altogether, the behavioral and life history strategy of CF emerging

from the BR points to a life strategy that attempts to elevate develop-
ment rates by allocating more to structural growth at the expense of
energy reserves. This strategy is expected from a species which does not
use energy reserves for egg production, such as C. finmarchicus (Tande
et al., 1985; Niehoff et al., 2002; Madsen et al., 2008). It may also be
that CF in the BR attempted to attain sexual maturity and reproduce
within the same productive season. This resembles the life cycle of C.
finmarchicus in lower latitudes, where it completes several generations
per year (e.g. Fish, 1936; Lie, 1965; Matthews et al., 1978; Gislason and
Astthorsson, 1996; McLaren et al., 2001; Bagøien et al., 2012). As our
model does not allow generation times < 1 year to be simulated, the
ability to maintain multiple generations per year and its adaptive sig-
nificance in the modelled environments remains unclear.

The model-predicted birth times for CG and CH occurred between
mid-April and late-May, ca. 1 month earlier than CF. Unlike CF, CG and
CH did not employ early birth as a strategy to utilize the seasonal
temperature peak to attain higher growth rates. This was likely caused
by the increased vulnerability to visual predation risk and the higher
satiation food concentrations associated with their relatively large body
mass (Figs. 3 and 5A, D). Consequently, CG and CH were characterized
by slower growth rates, pronounced food limitation and 1.5–2 times
longer development times compared to CF (Fig. 7L and P). Their DVM
did not increase much compared to CF (Fig. 7D and H) possibly due to
occupying a time of the year with lower growth potential, which is in
line with observations and predictions of other empirical and modeling
work (e.g. Hardy and Gunther, 1935; Huntley and Brooks, 1982;
Andersen and Nival, 1991; Fiksen and Giske, 1995; Tarling et al., 2000;
Bandara et al., 2018). However, irrespective of the lower growth rates,
CG and CH descended to overwintering depths with maximum possible
energy reserves (Ws/Wc = 0.70, Fig. 7J, K). To attain such large reserve
loads, older developmental stages (CIII, CIV and CV) allocated up to
40% of the surplus acquisition to reserve build-up, while grazing until
the very end of the productive season (Fig. 7F, G).

CG and CH adopted a more conservative strategy that prepared
themselves for an upcoming overwintering period than striving toward
attaining sexual maturity. We interpret this conservative life strategy as
a classic adaptation to seasonality in the Arctic pelagic environments
(Conover and Siferd, 1993; Hagen and Auel, 2001). The tendency of CG
and CH to elevate energy reserves and overwinter as near-adult size CVs
possessed a significant pay-off in the following year, where post-over-
wintering surplus reserves could solely be allocated to egg production
(Fig. 7J, K). CG and CH ascended in mid-February with the com-
mencement of pelagic primary production (Fig. 7F, G). However, as the
food-availability until mid-April (peak bloom) was relatively low, CG
used the surplus reserves as capital for egg production (Fig. 7B, J, and
N). This agrees well with the egg production strategy described for C.
glacialis (Swift, 1986; Melle and Skjoldal, 1998; Niehoff et al., 2002;
Søreide et al., 2010) and is in line with the predictions of life history
models for copepods that combine income and capital breeding (e.g.
Varpe et al., 2009). The profitability of the mixed income and capital
breeding strategy of CG was such that its total fecundity was higher
compared to the other model species (Fig. 7M–O). The egg production
of CH ceased ca. 10 d before the peak pelagic bloom, as the reserves
were spent on producing nearly 1700 eggs (equivalent to capital input
of ca. 950 µg C, Fig. 7K, O). This agrees with the capital breeding
strategy described for C. hyperboreus (Dawson, 1978; Matthews et al.,
1978; Smith, 1990; Hirche, 1997; Scott et al., 2000; Niehoff et al., 2002;
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Hirche and Kosobokova, 2003). After spawning, the CH females lived
toward the end of the productive season without serving any adaptive
benefit (Fig. 7G, K, O). This hints at a possibility that if not constrained
by our model, these females could have acquired energy reserves and
probably spawned again in the following year. Such iteroparous
breeding has been commonly suggested for C. hyperboreus (Hirche and
Kwasniewski, 1997; Swalethorp et al., 2011; Hirche, 2013).

3.2. Sensitivity of emergent strategies to environmental variability

3.2.1. Food concentration
At a 25% higher food concentration (F= 225 µg C l−1 ≈ 7.5 mg

Chl.-a m−3), the predicted optimal birth time of CF occurred ca. 2 days

later compared to BR on June 18 (Fig. 8, Table 6). It seems that CF used
the higher food concentrations and temperatures later in the year to
speed-up structural growth, but allocated less to build up energy re-
serves, thus entered diapause with 3% less energy reserves compared to
BR (Ws/Wc = 0.52). Higher food concentration influenced the income
breeding egg production of CF, which was elevated by ca. 15% com-
pared to the BR.

The influence of elevated food concentration on CG and CH was
notably different from CF. The predicted birth times of CG and CH
occurred ca. 2 days earlier (Fig. 8, Table 6), and the growth allocation
parameter was ca. 11% higher compared to the BR. Further, ca. 2%
increment of structural mass of the overwintering CVs (cf.BR values in
Table 6) allowed a little extra space for energy storage at the maximum

Fig. 8. Graphical summary of the sensitivity analysis. Changes in the variable values (i.e. ± 25% decrease/increase) are on the horizontal dimension, whereas the
behavioral and life history traits tested for sensitivity are in the vertical dimension. Further details are provided in Table 6.
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Ws/Wc ratio of 0.7 (cf. Fig. 5C). Thus, it seems that the higher growth
potential led CG and CH to evolve larger energy reserves rather than
larger structural size. Consequently, the number of capital breeding
eggs increased for both model species, atop of which, CG produced
more income breeding eggs, using the higher food concentrations
(Table 6).

These findings point to how a small improvement in growth po-
tential caused different evolutionary pathways within the three model
species, largely driven by their contrasting breeding modes. Since there
was no added advantage of carrying extra energy reserves for the purely
income breeding CF, it directed the higher growth potential towards
accelerating structural growth, which likely reflect a short-term moti-
vation toward attaining sexual maturity within the same calendar year
(Roff, 1980; Sainmont et al., 2014; Barta, 2016). However, since the
duration of the productive season remained the same as BR (Fig. 2C),
SVM and diapause appeared to be inevitable for CF. On the other hand,
the capital breeding strategy of CG and CH made them use the elevated
growth potential as an investment that increased fecundity in the fol-
lowing year (Table 6, see also Varpe et al., 2009; Ejsmond et al., 2015).

At a 25% lower food concentration (F= 135 µg C l−1 ≈ 4.5 mg
Chl.-a m−3), the differences between the two emergent strategies of the
BR appeared to diminish. Here, the predicted optimal birth times of all
model species occurred ca. 12–15 d earlier in the year (Fig. 8, Table 6).
Due to lowered growth potential (owing to low temperature and food
concentration that occur earlier in the year: Fig. 2A–C), they occupied
more time in food-rich near-surface waters with reduced DVM and
grazed later into the productive season before descending to diapause
in late-August. Further, ca. 40% of the surplus acquisition was allocated
to building up of energy reserves. Irrespective of the breeding mode,
fecundity of all model species decreased by 5–11% (Table 6). Here, the
elevated energy reserves of the purely income breeding CF indicated a
shift towards a more conservative strategy. Storing additional reserves
compared to BR reflects the increased difference in the structural
masses of the overwintering CV and the adult, which was spanned by
allocating the post-overwintering surplus reserves to structural growth
in the following year (Table 6). This life history response of CF reflects
that of C. finmarchicus in Arctic locations, which can maintain viable
populations in cold and food-limited environments (e.g. Hirche and
Kwasniewski, 1997; Madsen et al., 2001; Arnkværn et al., 2005; Hirche
and Kosobokova, 2007; Bandara et al., 2016). Conversely, the elevation
of energy reserves at lower food concentrations allowed CG and CH to
produce more capital breeding eggs, which is a classic adaptation of
some high-latitude zooplankton occupying food-limited seasonal en-
vironments (Varpe et al., 2007, 2009).

3.2.2. Temperature
Temperature had the highest influence on the strategies emerging

from the BR (Fig. 8). A 25% temperature increase throughout the water
column (i.e. Tmax = 18.75 °C, Tmin = 2.5 °C) caused a delay in birth
times of all model species by 2–35 days (Table 6). This delay became
more pronounced in CG (16 d) and CH (27 d) compared to CF (2 d). The
delayed birth times of CG and CH likely allowed them to grow and
develop faster in the warmer waters of the late-spring and summer
(Fig. 2B). The elevated visual predation risk of inhabiting near-surface
waters during the period of seasonal irradiance peak (Fig. 2A) was
countered by performing pronounced DVM (Table 6). In all model
species, the predicted development times and sizes of the overwintering
stages and females decreased (Table 6). Instead of prioritizing structural
growth, all model species allocated more of the surplus acquisition to
building up of energy reserves and entered diapause with nearly full
lipid reserves (Ws/Wc > 0.69). This seems to be driven by the elevated
temperature at overwintering depths, which exhausts energy reserves
faster than those in the BR (2.5 °C vs 2.0 °C, cf. Eq. (15)). Consequently,
the number of capital breeding eggs decreased in CG and CH. However,
due to the elevated assimilation efficiency at higher temperatures (Eq.
(3)), income breeding appeared more profitable for CF and CG, which isTa
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shown by 15–20% increase of fecundity (Table 6). This suggests that in
a warmer ocean, C. finmarchicus would be more abundant in the high-
Arctic (see also, Beaugrand et al., 2002; Chust et al., 2014). Under si-
milar circumstances, the purely capital breeding strategy of C. hy-
perboreus could become disadvantageous, as energy requirements at
diapause elevate, and leave less reserves for egg production (Hirche,
1991, 1997; Maps et al., 2013). However, in a warmer ocean, C. glacialis
will compensate for the loss of fecundity through decreased capital
breeding by producing more income breeding eggs (see also Falk-
Petersen et al., 2007; Daase et al., 2013, Grote et al., 2015).

At 25% lower temperature throughout the water column (i.e.
Tmax = 11.25 °C, Tmin = 1.5 °C), all model species were born 2–27 days
earlier in the year and occupied more time in near-surface waters with
reduced DVM (Table 6). This reflects the longer time needed to develop
to diapause stage due to lower growth potential attained in colder
waters (Eqs. (1)–(3)). Further, grazing continued toward the very end of
the productive season (late August in most cases), and the over-
wintering CVs of all model species were ca. 2–4% larger than predicted
in the BR (Table 6). At the time of seasonal descent, CVs of CF had
partly filled energy reserves (Ws/Wc ≈ 0.51). This reflects the de-
creased diapause metabolic costs at lower temperatures (1.5 °C vs
2.0 °C, cf. Eq. (15)). In contrast, CG and CH entered diapause with full
energy reserves (Ws/Wc ≈ 0.70) and used the post-overwintering sur-
plus reserves to elevate capital breeding (Table 6). However, only the
purely income breeding CH had a ca. 10% fecundity gain, while CF and
CG suffered a 12%–15% loss of income breeding potential (and hence
the total fecundity, Table 6) due to decreased assimilation efficiency at
lower temperatures (Eq. (3)).

3.2.3. Predation risk
Compared to food concentration and temperature, a 25% change in

non-visual and visual predation risks had a negligible influence on the
emergent behavioral and life history strategies of the BR (Fig. 8). Al-
though low sensitivity of emergent strategies to non-visual predation
risk was also predicted by Bandara et al. (2018), the low sensitivity to
visual predation risk may be due to that it had operated on a larger
range than manifested in the sensitivity analysis (see below).

3.3. Emergent strategies under bottom-up and top-down selection pressures

3.3.1. Emergent strategies at low visual predation risk
At the lowest level of visual predation risk (K′ = 0.032), the species-

specific behavioral and life history strategies emerging from the model
were heavily influenced by the patterns of food availability and tem-
perature. Here, in each model environment, the predicted optimal birth
times of all model species occurred earliest in the year (Fig. 9C1–C9).
The DVM was less pronounced (Fig. 10A1–A9 and B1–B9), and hence
they suffered least from food-limitation (Fig. 10C1–C9). All model
species developed relatively slowly due to lower temperatures that
occurred earlier in the season (Fig. 2B, E and H), and developed to stage
CV with the highest structural and energy reserve masses possible
(Fig. 9B1–B9). These large CVs descended to overwintering depths
earlier in the year (Fig. 9A1–A9) for diapause. This was followed by an
earlier seasonal ascent and reproduction (Fig. 9C1–C9). At the onset of
reproduction, females were older compared to higher predation risk
levels (Fig. 9D1–D9) and their body masses were the highest
(Fig. 9E1–E9). The larger females of CF and CG could assimilate more
efficiently (Eqs. (1) and (2)) and produced the highest number of eggs

(Fig. 9F1–F6). The extensive energy reserves of larger overwintering
CVs of CG and CH were used for elevating capital breeding output
(Fig. 9F4–F9).

At the lowest level of visual predation risk, environment- and spe-
cies-specific patterns were also apparent. In CF, the birth times shifted
ca. 45 days later into the year from mid-April to early-June along the
modelled latitudinal gradient (Fig. 9C1–C3). This matched the timing of
the peak pelagic bloom in the three model environments (Fig. 2C, F and
I). Because of the decreasing gradient of growth potential encountered
along the modelled latitudinal gradient and the ca. 20% increase of the
size of the overwintering CVs (Fig. 9B1–B3), the timing of seasonal
descent shifted by ca. 78 days from late-June to early-September
(Fig. 9A1–A3). The timing of seasonal ascent and onset of reproduction
also followed an increasing trend along the modelled latitudinal gra-
dient and aligned with the time of the pelagic algal bloom (Figs. 2C, F
and I, and 9C1–C3). Because of delayed birth times and elevated de-
velopment times associated with lower temperatures modelled at
higher latitudes (Fig. 2B, E, H), the age of sexual maturity increased
along the modelled latitudinal gradient (Fig. 9D1–D3). Further, the size
at sexual maturity also increased by ca. 20% (Fig. 9E1–E3). However,
the increased size of the female could not compensate for the de-
creasing assimilation rates induced by lower temperature at higher la-
titude model environments, as the fecundity decreased by ca. 30%
(Fig. 9F1–F3). These findings suggest that CF timed its reproduction to
match the timing of the pelagic algal bloom along the modelled lati-
tudes. This has been a common observation for C. finmarchicus, and
reflects the strong dependency of its reproduction on the food avail-
ability (Tande and Hopkins, 1981; Aksnes and Magnesen, 1983; Hirche
and Kosobokova, 2003; Madsen et al., 2008).

Unlike CF, the birth times of CG and CH did not change much along
the modelled latitudinal gradient (Fig. 9C4–C9). At the lower latitude
Environment-L, predicted birth times of CG and CH roughly aligned
with the timing of the peak pelagic algal bloom (Figs. 2C, 9C4 and C7).
At higher latitude environments, their birth times were predicted ca.
7–25 days ahead of the peak algal bloom (Figs. 2F, I, 9C5, C6, C8 and
C9). These temporal offsets roughly align with the cumulative devel-
opment times estimated from eggs to first feeding NIII stage estimated
from Bělehrádek temperature functions (Eq. (6), Table 4), and reflect
the descriptions of capital breeding strategies of C. glacialis and C. hy-
perboreus in the Arctic, where egg production is timed in a way that first
feeding stages can feed under non-limiting food concentrations (e.g.
Hirche, 1997; Plourde et al., 2003; Arnkværn et al., 2005; Swalethorp
et al., 2011). The pre-bloom egg production of C. glacialis is usually
observed in seasonally ice-covered coastal habitats, such as shallow
seas and fjords (e.g. Kosobokova, 1999; Niehoff et al., 2002; Bandara
et al., 2016) and partly fueled by ice-associated primary production
(Søreide et al., 2010; Daase et al., 2013). However, despite the lack of
ice-associated primary production in our model the emergence of pre-
bloom spawning for CG, the C. glacialis alias is interesting.

In CG, the size of the overwintering CVs increased by ca. 25% along
the modelled latitudinal gradient (Fig. 9B4–B6). Given the lower tem-
peratures modelled at higher latitude environments (Fig. 2B, E and H)
these larger CVs had to graze toward the end of the productive season
to gain sufficient energy reserves for overwintering (Fig. 9A4–A6). The
timing of seasonal ascent and reproduction of CG showed ca. 60-d delay
along the modelled latitudinal gradient (Fig. 9A4–A6 and C4–C6) and
reflects the coupling of its reproduction with the timing of the pelagic
bloom (Fig. 2C, F and I) despite being a partly a capital breeder
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(Fig. 9G4–G6). Although capital breeding of CG accounted for an in-
creasing fraction of the total egg production along the modelled lati-
tudinal gradient (7–11%), the total fecundity decreased by ca. 21% due
to the reduced income breeding potential ensued by lower growth po-
tential sustained in higher latitude model environments (Fig. 9F4–F6).

The variability in the timing of SVM and reproduction was least
apparent for CH. Its timing of seasonal descent showed the least
variability along the modelled latitudinal gradient (i.e. ca. 30 days from
late-August to late-September, Fig. 9A7–A9), while the timing of sea-
sonal ascent and the onset of reproduction did not change
(Fig. 9C7–C9). This reflects the decoupling of CH’s reproduction from
the timing of pelagic bloom due to its purely capital breeding strategy.
The early-January seasonal ascent and the onset of reproduction pre-
dicted by our model for the highest latitude model environment (En-
vironment-H) occurs during the Arctic polar night with the pelagic algal
bloom several months away (Fig. 2G, I). This aligns with recent field
observations on the timing of seasonal ascent and reproduction in
several high-Arctic fjords in the Svalbard archipelago between 78° and
80°N (Daase et al., 2014; Błachowiak-Samołyk et al., 2015; Bandara
et al., 2016). Given the strict herbivory of the modelled copepods, the
viability of these early eggs remains questionable, as NIII emerges
within ca. 15 days (at −1.5 °C) after being spawned, which precedes
the pelagic bloom by few months and most of these early-born cope-
pods may starve to death. However, lower temperatures at Environ-
ment-H (range = −1.5 to 10 °C) tend to extend the reproductive
duration of CH as the capital allocation rate to egg production in our
model is temperature-dependent. Therefore, despite the unviability of
early-eggs, those spawned ca. 15–20 d ahead of the pelagic algal bloom
would survive. However, in nature, even these early-born copepods
may survive, since they can feed on alternative food, such as micro-
zooplankton and ice algae (cf. Runge and Ingram, 1991; Søreide et al.,
2008; Campbell et al., 2016).

Although we assumed K′ = 0.032 as a reference value for extremely
low visual predation risk, it had a notable influence on CH at the
Environment-H. Here, unlike the other model species, CH did not follow
the maximum potential ontogenetic body mass trajectory (Wj

max, cf.
Fig. 4I and Table B.1 in Appendix B with the optimized parameter va-
lues in Table C.1 in Appendix C). Consequently, the size of the over-
wintering CV and the size at sexual maturity predicted for CH was ca.
11% smaller compared to that predicted for Environment-M (Fig. 9B8,
B9, E8 and E9). As the size of the energy reserve was modelled as a
fixed (yet, evolvable) fraction of the structural mass, the decreased
structural mass translated to a ca. 15% decrease of fecundity (Fig. 9F8
and F9). This finding points to the fact that the adaptive advantage of a
larger body size can be highly sensitive to top-down environmental
selection pressures (see below).

3.3.2. Emergent strategies at elevated visual predation risk
As the visual predation risk increased from its baseline level of K′ =

0.032, the bottom-up influences described above diminished, and all
model species reacted to visual predation risk in more or less the same
manner. The elevated visual predation risk was countered by two
strategies; plasticity of behavior and the evolution of body size.

3.3.2.1. Plasticity of behavior: Diel vertical migration. DVM was used to
counter relatively modest levels of visual predation risk, i.e. 0.032 ≤K′
≤ 0.15. Here, feeding stages (NII and onwards) of all model species
reduced the time spent in warmer, food-rich near-surface waters by
descending to depths typically exceeding 100 m (Fig. 10A1–A9 and
B1–B9). As reduced surface time decreases feeding opportunities, diel
migrants suffered from increased food limitation (Fig. 10C1–C9), which
led to reduced growth rates that ultimately elevated development times
(Fig. 10D1–D9). To compensate for the DVM-induced loss of growth
potential, birth times of all model species shifted later into the year
(Fig. 9C1–C9), possibly to utilize higher temperatures that occur later in
the season toward attaining higher growth rates (Fig. 2B, E and H).

Consequently, they had to feed later into the productive season to fulfil
the energy requirements needed to survive the forthcoming
unproductive winter and descended to overwintering depths in late-
autumn (Fig. 9A1–A9). This late-birth strategy was sufficiently effective
that fecundity of all model species remained largely unchanged despite
the elevated DVM (Fig. 9F1–F9). An exception to this phenological shift
was observed for CH at the Environment-H. Here, the timing of birth,
SVM, reproduction did not change for the initial increase of visual
predation risk despite the predicted larger body size (Fig. 9A9, B9 and
C9). At Environment-H, the younger developmental stages (up to NVI)
of CH did not perform notable DVM (Fig. 9A9, B9). This was caused by
the early seasonal ascent and reproduction, which allowed the younger
developmental stages to elevate foraging efforts in near-surface waters
in a period with lower irradiance and hence lower light-dependent
mortality risk (cf. Fig. 2G).

Although DVM is a well-known behavioral response against ele-
vated visual predation risk (reviewed in, Lampert, 1989; Hays, 2003;
Brierley, 2014), the influence of DVM on the fitness and phenology of
high-latitude copepods has only been highlighted in recent modeling
studies (e.g. Bandara et al., 2018). Findings of the above study and
those of this investigation agrees well, but do not align with the argu-
ment that increased visual predation risk drives earlier seasonal des-
cents (e.g. Kaartvedt, 2000; Varpe and Fiksen, 2010) and diapause (e.g.
Ślusarczyk, 1995; Pijanowska and Stolpe, 1996) in marine calanoid
copepods and freshwater cladocerans. However, predator population
dynamics and the potential for utilization of alternative food sources
should be considered toward drawing stronger conclusions.

3.3.2.2. Evolution of body size. As the visual predation risk increased
further (0.15 ≤K′ ≤ 0.22), the trading-off of growth potential for
survival became unviable. This was caused by the inability to further
delay the birth times (Fig. 9C1–C9) in response to elevated DVM, as the
growth and development of later developmental stages became
constrained by the duration of the productive season. At this point,
the model predicted an evolution of body size (i.e. structural and energy
reserve masses, Wc and Ws) of overwintering stages. Here, instead of
overwintering as larger CV stages with full energy reserves, all species
entered diapause as CIV and CIII stages with 50%–90% lower structural
and energy reserve masses (Fig. 9B1–B9, see Fig. 4 and Table B.1 in
Appendix B for stage-specific critical molting masses). This strategy did
not notably reduce the DVM nor the food limitation effects ensued
(Fig. 10) but allowed the model species to reduce the predation risk
during the ca. 200–350 days long diapause, as in this model, predation
risk was not nullified even at greater depths (Eqs. (9) and (10)) (cf.
Bandara et al., 2018). The timing of reproduction of all species were
significantly delayed by this strategy, as the smaller overwintering
stages must use the post-overwintering surplus energy reserves or gains
from food intake to elevate their structural mass to attain sexual
maturity. This reduced the capital breeding potential of CG and CH.
Further, at K' ≥ 0.18, CG could not produce any capital breeding eggs,
and switched its reproductive strategy to pure income breeding
(Fig. 9G4–G6).

A further increase of visual predation risk, i.e. 0.22 < K′ ≤ 0.32
lead to lower body masses at each developmental stage (NIII onwards).
In the model, this was achieved by evolving smaller values for the body
size parameter α (Table 2). Modelled copepods with smaller body
masses reduced the vulnerability of their younger developmental stages
to visual predation, and hence the DVM was restored to the levels ob-
served at lowest level of visual predation risk (Fig. 10A1–A9, B1–B9 and
see also Fig. 5A, B). As the copepods could occupy more time on the
food-rich near-surface waters, the food limitation of younger develop-
mental stages also decreased (Fig. 10C1–C9). However, birth times did
not shift back to occur earlier in the year, probably reflecting the need
for the smaller-sized copepods to occupy warmer waters to elevate their
assimilation efficiency (see the allometric relationship in Eq. (2)).
Consequently, adult females attained sexual maturity at smaller
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structural masses, and the expected fecundity decreased dramatically
by 20–60% among income breeding CF and CG (Fig. 9F1–F6). As the
capacity to carry energy reserves decreases with body size (Fig. 5C), the
capital breeding capacity of CH was severely reduced, and its fecundity
decreased by ca. 40% at the lower latitude Environment-L, and ca. 96%
at the higher latitude Environment-H (Fig. 9F7–F9).

3.4. Concluding remarks

The artificial evolution of body sizes observed in this study re-
sembles the classic field observations of rapid evolution of intra and
inter-specific body sizes of zooplankton in response to size-selective
predation by planktivorous fish in smaller freshwater lakes (e.g. Brooks
and Dodson, 1965; Wells, 1970; Zaret and Kerfoot, 1975). We lack di-
rect observations of this in the Arctic, but such body size responses are
predicted from theory (e.g. Stearns et al., 2000) and likely to have
contributed to the body size variability across high-latitude Calanus
species where smaller species are abundant further south (Conover,
1988) where visual and thereby size-selective predation risk is more
efficient (Langbehn and Varpe, 2017; Kaartvedt and Titelman, 2018).
However, in our model, the body size evolved as the ‘last resort’, when
the increasing visual predation risk could not be countered with be-
havioral strategies (i.e. DVM). When the visual predation risk elevated
beyond the limits of behavioral toleration, it had dramatic con-
sequences on zooplankton life history traits, which appeared to easily
outweigh those induced in the bottom-up (Figs. 9 and 10). However, it
should be noted that the representation of predation risk in our model is
fairly simple, given the elevated computational demands of modelling
space and time in superior resolution. Toward an accurate representa-
tion of predation risk, biological properties such as, predator mor-
phology, physiology, behavior and population dynamics and physical
properties such as, sea-ice dynamics, turbidity, cloud cover and alter-
native sources of irradiance (e.g. moonlight) should be integrated in to
a model (e.g. Aksnes and Giske, 1993; Langbehn and Varpe, 2017).

Elevated visual predation risk obscured the apparent south to north
trends in ontogenetic body size patterns (Fig. 9E1–E9, cf. Fig. 4) leading
to increased overlap of body size ranges irrespective of the modelled
latitude (especially between CF and CG). Therefore, top-down selection
pressures, such as the presence of resident or seasonally migrating po-
pulations of planktivorous fish (e.g. Varpe et al., 2005; Renaud et al.,
2012) should be considered as an important factor when assessing the
potential for misidentifying coexisting C. finmarchicus and C. glacialis
populations using morphometric methods (e.g. Parent et al., 2011;
Gabrielsen et al., 2012).

At all scenarios tested, the annual life cycle was the only generation
time emerging in this model (η = 1). Upon further testing we found
that > 1-year generation times do emerge when the duration of the
pelagic productive season was cut down by ca. 40% under lower levels
of visual predation risk (K′ < 0.15). Therefore, it is likely that the in-
fluences of bottom-up selection pressures become more apparent in
higher-latitude seasonal environments where resource limitation and
year to year environmental variability is more pronounced (Roff, 1980;

Fiksen, 2000; Ji, 2011). Unlike the three copepods modelled in our
study, whose behavioral and life history strategies evolve in a de-
terministic environment, the flexibility of generation times is more
widespread among all three Calanus species (reviewed in Falk-Petersen
et al., 2009), especially given the unpredictable environmental condi-
tions encountered in their natural habitats (Broms et al., 2009; Ji et al.,
2013a, Hildebrandt et al., 2014). For example, the ability to diapause
for several consecutive winters (hence, < 1-year generation time)
would be a useful strategy for predominantly herbivorous copepods
inhabiting the ice covered waters of the high-Arctic, where timing and
duration of the productive season each year is uncertain (Falk-Petersen
et al., 2009; Daase et al., 2013).

Due to the difficulty of manipulation of bottom-up and top-down
selection pressures in field and laboratory experiments, mechanistic
modeling remains as a key tool in the investigation of behavioral shape-
up and life history evolution in planktonic animals. However, models
are often simple in construct and are based on numerous assumptions,
which oftentimes can deviate from the underlying natural phenomena.
We tested the reliability of some model assumptions (e.g. prescribed
food concentrations, temperature, predation risk levels and fixed model
parameters, such as assimilation coefficients) using sensitivity analyses
both in the present model and our predecessor model Bandara et al.
(2018). However, influences of other model assumptions, such as strict
herbivory, light- and size-dependent predation risk formulations and
the lack of sea ice dynamics and environmental stochasticity on the
model predictions remain to be tested in different modeling ap-
proaches. While these limitations provide the motivation to further
develop the current model, it also guides the readers through caution
while interpreting and extrapolating the present model predictions.

Bottom-up and top-down environmental variability are selection
pressures that operates interactively toward shaping-up of behavior and
evolution of life histories (Varpe, 2017). Consequently, there are con-
trasting perspectives about which selective force holds the primacy
(Hunter and Price, 1992; Power, 1992; Baum and Worm, 2009). Using a
model that allows partitioning the two selection pressures and artificial
evolution of seasonal strategies, we argue that top-down selective forces
are more significant in the evolution of behavioral and life history
strategies of high-latitude copepods.
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Appendix A. Summary of environmental variables of the modelled environments

The modeled irradiance was estimated following the global clear-sky horizontal irradiance model of Robledo and Soler (2000). A comprehensive
account of the irradiance submodel is provided in Bandara et al. (2018). Estimated irradiance over the modeled environments roughly agree with the
field estimates. Field estimates of temperature were adopted from Swift (1986), Ingvaldsen and Loeng (2009), Daase and Eiane (2007), Daase et al.
(2013), Bandara (2014), Bandara et al. (2016). Further, temperature and Chlorophyll-a biomass data collected during the UNIS AB820 (2012–2016)
cruise from Van Mijenfjorden, Isfjorden, Billefjorden, Kongsfjorden, and offshore stations around 78–81°N were used. Year-round field data (tem-
perature and Chlorophyll-a biomass observations) from Lofoten and Vesterålen regions were also obtained from mooring data via Boris Espinasse
(http://love.arctosresearch.net). Finally, temperature data from southern and southeastern Norwegian fjords (60–70°N) were also obtained fol-
lowing communications with Slawek Kwasniweski. These data were considered when deciding the seasonal maxima, minima of temperature and
maximum Chlorophyll-a biomass parameterizations.
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Appendix B. The growth and development submodel

Maps et al. (2012) have formulated a mechanistic model to describe growth and development of several high-latitude calanoid copepod species.
Their predictions include Calanus finmarchicus, C. glacialis and C. hyperboreus. At constant food concentration and constant temperatures, this growth
model performs well. However, in their model, somatic growth (µg C) is estimated as a function of development time.

In the above model, when temperature and food concentration vary over time, the development times tend to shift. For example, a copepod

Table A.1
Comparison between model environments. Cf. Fig. 2 in main text.

Parameter Attribute Env-L Env-M Env-H

Irradiance (µmol m−2 s−1) Min. 0 0 0
Max. 1500 1200 800
Time of Max. day 172

(June 21)
day 172
(June 21)

day 172
(June 21)

Temperature (°C) Min. 2 0 −1.5
Max. (°C) 15 12 10
Time of Max. day 181

(July 1)
day 203
(July 21)

day 212
(Aug 1)

Food availability (mg m−3 Chl.a) Min. 0 0 0
Max. 6 6 6
Time of Max. day 105

(April 15)
day 135
(May 15)

day 165
(Jun 15)

Productive
season (duration)

229 d 208 d 180 d

Fig. B.1. Comparison of species-specific development times estimated from Maps et al. (2012) and those of the present study at variable temperatures (10°, 5° and
0 °C) and a constant non-limited food concentration (300 µg C l−1). The stage specific maximum mass reached in the Maps et al. (2012) formulation were used as
critical molting masses for the present model. Development time estimates are from egg to a given stage. Data of non-feeding stages are not shown.
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performing DVM would encounter variable temperature and food concentrations on daily if not hourly basis. This variability of development times
causes large amounts of Carbon to be assimilated between the development stage j and j+ 1. We observed that copepods performing DVM attaining
unrealistic structural masses as a result (e.g. females with structural masses ca. 4 × 104 µg C at −1 to 10 °C and 0.01–180 µg C l−1). Due to this
limitation, we could not implement Maps et al. (2012) growth model as the growth submodel in our work. Another limitation of the above approach
is that the development rate becomes undefined at zero food concentration (see their Eqs. (8) and (9)). Although this allows the formulation that
Calanus spp. are omnivorous, in our study, strict herbivory is assumed. We believe that implementation of omnivory is a next step, especially given
that the complicated results such would render, and assumptions involved in modeling of another food source and its seasonality.

However, given the usefulness of the above growth model at constant temperature and food concentrations, we used it to parameterize a simple
growth model that we formulated (Eqs. (1)–(8) and (14) and (15)). The temperature and mass coefficients and exponents of our model were
estimated from the temperature and mass specific growth predictions (at satiation food concentrations) simulated by Maps et al. (2012)’s model.
Predicted development times of the above model and those predicted by ours at constant temperatures and food concentrations agrees fairly well
(Figs. B.1 and B.2). Further, at variable temperatures and food concentrations (such experienced by diel migrating copepods) our model produces
more meaningful estimates of body size, as development is a function of growth (the concept of critical molting masses, e.g. Fiksen and Giske, 1995;
Fiksen and Carlotti, 1998). The only down side to this is that we had to adopt a new evolvable parameter to describe the body mass trajectory.

The critical molting masses (Wj) were calculated from running the Maps et al. (2012) at minimum and maximum environmental specific
temperatures (see Table A.1 in Appendix A) under the non-limited food concentration of 180 µg C l−1. Here, the Wj

max is given by running the above
model at minimum temperature at non-limited food concentration. Wj

min was extracted in vice versa scenario (Table B.1).

Fig. B.2. Comparison of species-specific development times estimated from Maps et al. (2012) and those of the present study at variable food concentrations (300,
120 and 60 µg C l−1) and a constant temperature (10 °C). The stage specific maximum mass reached in the Maps et al. (2012) formulation were used as critical
molting masses for the present model. Development time estimates are from egg to a given stage. Data of non-feeding stages are not shown.
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Appendix C. Optimized parameters

See Table C.1.

Table C.1
Parameter values optimized in the model. Presented are mean values of the ten replicate runs. The birth time (tB) is the elapsed no. of hours (=temporal resolution of
the model) since 00:00 hrs. of 1st January in a typical 365-day calendar year. Although the generation time parameter (η) can take the values 1, 2 or 3, the model
always found the value 1 (=one year generation time) to be optimal.

Run ID Species ID Env. Optimized parameter value (mean of 10 replicate runs)

α β γ δ ε η tB (h)

BR CF L 1.00 981 0.10 0.54 0.57 1 3993
CG L 1.00 954 0.29 0.70 0.43 1 3481
CH L 1.00 902 0.36 0.70 0.29 1 2494

SA F+ CF L 1.00 970 0.19 0.52 0.49 1 4032
CG L 1.00 931 0.41 0.70 0.42 1 2448
CH L 1.00 872 0.33 0.70 0.29 1 2821

SA F− CF L 1.00 990 0.23 0.63 0.53 1 3660
CG L 1.00 969 0.32 0.70 0.44 1 3200
CH L 1.00 920 0.30 0.70 0.30 1 2227

SA T+ CF L 1.00 972 0.10 0.69 0.56 1 4032
CG L 1.00 922 0.33 0.70 0.45 1 3904
CH L 1.00 861 0.33 0.70 0.31 1 2868

SA T− CF L 1.00 973 0.13 0.51 0.47 1 3754
CG L 1.00 964 0.23 0.70 0.41 1 2868
CH L 1.00 914 0.10 0.70 0.28 1 2014

SA NVPR+ CF L 1.00 985 0.12 0.54 0.57 1 3918
CG L 1.00 952 0.27 0.70 0.43 1 3484
CH L 1.00 897 0.36 0.70 0.29 1 2465

SA NVPR− CF L 1.00 982 0.15 0.56 0.58 1 4098
CG L 1.00 960 0.28 0.70 0.42 1 3489
CH L 1.00 909 0.38 0.70 0.29 1 2549

SA VPR+ CF L 1.00 974 0.13 0.44 0.56 1 4010
CG L 1.00 932 0.27 0.70 0.43 1 3581
CH L 1.00 890 0.29 0.70 0.29 1 2557

SA VPR− CF L 1.00 988 0.16 0.54 0.56 1 3994
CG L 1.00 962 0.29 0.70 0.43 1 3415
CH L 1.00 912 0.22 0.70 0.29 1 2480

K′ = 0.032 CF L 1.00 1000 0.17 0.63 0.60 1 2616
K′ = 0.056 CF L 1.00 1000 0.22 0.55 0.65 1 3232
K′ = 0.10 CF L 1.00 991 0.10 0.54 0.57 1 3993
K′ = 0.15 CF L 1.00 980 0.48 0.55 0.50 1 4277
K′ = 0.18 CF L 1.00 924 0.83 0.46 0.73 1 4596
K′ = 0.22 CF L 1.00 900 1.00 0.36 0.94 1 4676
K′ = 0.27 CF L 1.00 959 1.00 0.34 0.99 1 4687
K′ = 0.29 CF L 0.70 974 1.00 0.34 0.99 1 4687
K′ = 0.32 CF L 0.50 997 1.00 0.34 1.00 1 4686

K′ = 0.032 CG L 1.00 1000 0.19 0.70 0.44 1 3527
K′ = 0.056 CG L 1.00 988 0.24 0.70 0.45 1 3420
K′ = 0.10 CG L 1.00 935 0.29 0.70 0.43 1 3481
K′ = 0.15 CG L 1.00 842 0.55 0.70 0.54 1 4077
K′ = 0.18 CG L 1.00 804 1.00 0.55 0.75 1 4522
K′ = 0.22 CG L 0.90 891 1.00 0.40 0.99 1 4609
K′ = 0.27 CG L 0.40 919 1.00 0.40 0.99 1 4610
K′ = 0.29 CG L 0.10 968 1.00 0.40 0.99 1 4610
K′ = 0.32 CG L 0.00 972 1.00 0.40 0.99 1 4610

K′ = 0.032 CH L 1.00 940 0.26 0.70 0.29 1 2714
K′ = 0.056 CH L 1.00 910 0.32 0.70 0.29 1 2592
K′ = 0.10 CH L 1.00 876 0.36 0.70 0.29 1 2494
K′ = 0.15 CH L 1.00 755 0.27 0.70 0.22 1 2682
K′ = 0.18 CH L 1.00 702 0.30 0.70 0.22 1 2628
K′ = 0.22 CH L 0.00 714 0.44 0.70 0.28 1 3547
K′ = 0.27 CH L 0.00 792 0.54 0.70 0.47 1 4306
K′ = 0.29 CH L 0.00 865 0.62 0.70 0.50 1 4448
K′ = 0.32 CH L 0.00 919 0.86 0.70 0.56 1 4421

(continued on next page)
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Table C.1 (continued)

Run ID Species ID Env. Optimized parameter value (mean of 10 replicate runs)

α β γ δ ε η tB (h)

K′ = 0.032 CF M 1.00 1000 0.10 0.70 0.37 1 3108
K′ = 0.056 CF M 1.00 1000 0.26 0.70 0.37 1 2997
K′ = 0.10 CF M 1.00 998 0.20 0.59 0.37 1 4176
K′ = 0.15 CF M 1.00 984 0.29 0.32 0.64 1 4435
K′ = 0.18 CF M 1.00 935 0.55 0.46 0.58 1 4782
K′ = 0.22 CF M 1.00 915 1.00 0.31 1.00 1 5032
K′ = 0.27 CF M 0.80 944 1.00 0.31 0.99 1 5039
K′ = 0.29 CF M 0.40 960 1.00 0.31 0.98 1 5039
K′ = 0.32 CF M 0.20 971 1.00 0.29 1.00 1 5049

K′ = 0.032 CG M 1.00 1000 0.31 0.70 0.36 1 3069
K′ = 0.056 CG M 1.00 1000 0.15 0.70 0.36 1 3346
K′ = 0.10 CG M 1.00 994 0.25 0.70 0.36 1 3196
K′ = 0.15 CG M 1.00 906 0.48 0.64 0.47 1 4141
K′ = 0.18 CG M 1.00 852 0.64 0.49 0.68 1 4779
K′ = 0.22 CG M 0.60 864 1.00 0.36 0.97 1 5009
K′ = 0.27 CG M 0.20 921 1.00 0.36 0.96 1 5010
K′ = 0.29 CG M 0.00 952 1.00 0.36 0.96 1 5011
K′ = 0.32 CG M 0.00 996 1.00 0.36 0.96 1 5010

K′ = 0.032 CH M 1.00 966 0.16 0.70 0.25 1 1988
K′ = 0.056 CH M 1.00 922 0.21 0.70 0.25 1 1907
K′ = 0.10 CH M 1.00 894 0.16 0.70 0.25 1 1988
K′ = 0.15 CH M 1.00 801 0.29 0.70 0.15 1 1742
K′ = 0.18 CH M 1.00 744 0.10 0.70 0.16 1 2040
K′ = 0.22 CH M 0.00 732 0.48 0.70 0.37 1 4209
K′ = 0.27 CH M 0.00 792 0.54 0.70 0.41 1 4575
K′ = 0.29 CH M 0.00 823 0.62 0.70 0.45 1 4751
K′ = 0.32 CH M 0.00 939 0.80 0.70 0.53 1 4886

K′ = 0.032 CF H 1.00 1000 0.10 0.70 0.29 1 3702
K′ = 0.056 CF H 1.00 1000 0.20 0.43 0.52 1 4042
K′ = 0.10 CF H 1.00 999 0.24 0.27 0.81 1 4445
K′ = 0.15 CF H 1.00 955 0.34 0.40 0.49 1 4383
K′ = 0.18 CF H 1.00 921 0.50 0.48 0.54 1 4940
K′ = 0.22 CF H 1.00 900 0.99 0.32 0.98 1 5352
K′ = 0.27 CF H 0.60 912 1.00 0.31 1.00 1 5365
K′ = 0.29 CF H 0.30 939 1.00 0.31 1.00 1 5365
K′ = 0.32 CF H 0.10 982 1.00 0.31 1.00 1 5365
K′ = 0.032 CG H 1.00 1000 0.19 0.70 0.34 1 3136

K′ = 0.056 CG H 1.00 1000 0.19 0.70 0.34 1 3136
K′ = 0.10 CG H 1.00 989 0.22 0.70 0.34 1 3079
K′ = 0.15 CG H 1.00 921 0.50 0.70 0.43 1 4226
K′ = 0.18 CG H 1.00 866 0.66 0.64 0.52 1 4998
K′ = 0.22 CG H 0.50 821 1.00 0.38 0.92 1 5365
K′ = 0.27 CG H 0.10 940 1.00 0.36 0.95 1 5374
K′ = 0.29 CG H 0.00 970 1.00 0.34 1.00 1 5389
K′ = 0.32 CG H 0.00 998 1.00 0.34 1.00 1 5390

K′ = 0.032 CH H 0.7 1000 0.1 0.7 0.13 1 2089
K′ = 0.056 CH H 0.7 940 0.1 0.7 0.13 1 2089
K′ = 0.10 CH H 0.7 909 0.1 0.7 0.13 1 2096
K′ = 0.15 CH H 0.7 845 0.1 0.7 0.13 1 2093
K′ = 0.18 CH H 0.7 788 0.1 0.69 0.13 1 2094
K′ = 0.22 CH H 0 720 0.41 0.7 0.19 1 1994
K′ = 0.27 CH H 0 770 0.58 0.7 0.43 1 4933
K′ = 0.29 CH H 0 913 0.66 0.7 0.45 1 5089
K′ = 0.32 CH H 0 946 0.86 0.7 0.49 1 5233

α: body size parameter, β: irradiance threshold parameter, γ: energy allocation parameter, δ: seasonal descent parameter, ε: seasonal ascent parameter, η: generation
time parameter, BR: basic run, SA: sensitivity analysis, F+/−: higher/lower food concentration, T+/−: higher/lower temperature, NVPR+/−: higher/lower non-
visual predation risk, VPR+/−: higher/lower visual predation risk, K′: forth-root transformed visual predation risk scalar (K0.25).
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Appendix D. Convergence of parameters and basic output variables in the RCGA in the basic run

See Figs. D.1 and D.2.

Fig. D.1. Convergence of absolute fitness and the seven evolvable parameters in the optimization process of the basic run. In each iteration, data are presented as the
mean of 2 × 106 simulated strategies. In all the modelled species (CF, CG and CH), the optimization process terminated at the generation 500. The birth time (tB) is
the elapsed no. of hours (=temporal resolution of the model) since 00:00 hrs. of 1st January in a typical 365-day calendar year. α: body size parameter, β: irradiance
threshold parameter, γ: energy allocation parameter, δ: seasonal descent parameter, ε: seasonal ascent parameter, η: generation time parameter.
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