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Behavior affects most aspects of ecological processes and rates, and yet modeling frameworks which effi-
ciently predict and incorporate behavioral responses into ecosystem models remain elusive. Behavioral
algorithms based on life-time optimization, adaptive dynamics or game theory are unsuited for large
global models because of their high computational demand. We compare an easily integrated, compu-
tationally efficient behavioral algorithm known as Gilliam’s rule against the solution from a life-history
optimization. The approximation takes into account only the current conditions to optimize behavior;
the so-called “myopic approximation”, “short sighted”, or “static optimization”. We explore the perfor-
mance of the myopic approximation with diel vertical migration (DVM) as an example of a daily routine,
abehavior with seasonal dependence that trades off predation risk with foraging opportunities in aquatic
environments. The myopic approximation proves to be arobust replacement for the life-history optimiza-
tion, deviating only up to 25% in regions of strong seasonality. The myopic approximation has additional
advantages in that it can readily accommodate density dependence and inter-annual variations, aspects
that can only be accessed in dynamic programming approaches with escalating computational costs.
Furthermore, the explanatory power of the myopic approximation is notably higher than when behavior
is not implemented, highlighting the importance for adaptive DVM behavior in ecological models where
techniques such as dynamic programming are simply too computational demanding to be implemented.
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1. Introduction

Life history strategies emerge from the integrated effects of the
moment-to-moment decisions taken by an individual organism
over its lifetime (Fisher, 1930; Aksnes and Giske, 1990; Houston
et al,, 1993). The decision schedules (McNamara and Houston,
2008; Fer6 et al., 2008) that best promote the reproductive suc-
cess of individuals are those that are most likely to be selected for,
and should be the most prevalent in natural populations (Lotka,
1925).

The reproductive success of an organism depends not only on
its own decisions, but also on the decisions of other organisms
- predators, prey, and competitors — as well as on environmen-
tal conditions which in turn are shaped partly by actions of
those same organisms. As a result, natural selection of behav-
ior and life history strategies is a dynamic game with density
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dependence. Although powerful theoretical frameworks have been
established to resolve this dynamics, for example adaptive dynam-
ics (Metz et al., 1996) and genetic algorithms (e.g. Hamblin, 2013),
these frameworks involve significant computational complexity
which yield them impractical to include in large-scale ecosystem
models.

There is a need to include behavior in ecosystem models, but this
requires simplified models for predicting behavioral responses. A
major simplification is obtained by ignoring density dependence
and game theoretic aspects, in which case the problem reduces to
life-history optimization: In an environment that fluctuates in a
specified way, how should an individual behave so as to optimize
life-time reproductive success? This question can be answered with
different computational methods such as dynamic programming
(Houstonetal., 1999; Mangel and Clark, 1988) or genetic algorithms
(Hamblin, 2013); the optimal solution should ideally be indepen-
dent of the computational approach (e.g. Joh et al., 2001; Strand
et al., 2002). Optimal strategies can be expected to vary strongly
with ontogeny as well as between seasons, in response to cycles of
food availability and predation risk (Varpe, 2012).
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Despite the simplification achieved by considering single-agent
optimization, these schemes remain computationally intensive
(Bellman, 1957). Thus, they are applicable in simple model set
ups but not as a dynamic component of ecosystem or biogeo-
chemical models. A case to illustrate this problem is diel vertical
migration (DVM) of zooplankton (Angel and Pugh, 2000; Pearre,
2003), which has implications for the structure and function of
marine ecosystems (Hays, 2003). It is also a behavior playing a
role in the oceans’ biogeochemistry, promoting the vertical trans-
port of particulate matter and dissolved gases (Bianchi et al., 2013).
The rationale for DVM can be found in a trade-off between feed-
ing at the surface and avoiding the attention of visual predators
(Zaret and Suffern, 1976; Lampert, 1989; Aksnes and Giske, 1993;
Fortier et al., 2001; Sainmont et al., 2013). The payoff of a specific
DVM behavior (when, how long and how deep to migrate) may be
expected to be a function of latitude, time of year, food availability,
predator abundance and the state of the zooplankter (Fiksen and
Giske, 1995; Fiksen and Carlotti, 1998); the optimality of which
can only be assessed when placed in the context of a full game
theoretic life history strategy. Thus, to produce an exact optimal-
ity model of DVM and its impact on, for instance biogeochemical
cycling on a global or ocean basin scale, is simply too intensive to be
feasible.

An alternative to the full life-history optimization is to base the
decision of habitat choice only on the current internal state (e.g.
hunger, size, lipid reserves) and the environment (Castellani et al.,
2013).Such a decision is in contrast to the life-history optimization
that integrates future events into behavior. A celebrated exam-
ple of such a decision rule is “Gilliam’s rule” (Gilliam and Fraser,
1987) stating that an organism should maximize the ratio between
growth and mortality. We refer to a decision that only considers the
current state of an organism and its immediate environment, with
norelation to past or future, as a “myopic” decision (Hutchinson and
Gigerenzer, 2005), sometimes referred to as “static optimization”
(Leonardsson, 1991). While myopic decisions are simple, intuitive
and quick to formulate, they are less than ideal, and we need to
know how well such decisions perform relative to alternatives in
terms of fitness.

It should be noted that the cost-accuracy trade-off in optimiza-
tion schemes is not just an issue in modeling, but may have a direct
analogy in nature. As with the complexity of modeling full lifetime
fitness, there is likely a significant overhead cost in maintaining the
genetic coding for life-time optimization rules. In addition, such
rules may actually be less proficient than those based on imme-
diate conditions, particularly in a stochastic environment (Giske
et al., 2003). Evolution will favor simple myopic approximations
that are quite robust in yielding behaviors with high success in
bringing organisms to produce many surviving offspring. Myopic
approximations to behaviors, based only on immediately avail-
able informations and cues (e.g. irradiance, temperature, foraging
success), have been shown to perform well in conservation ecol-
ogy when the problem was small and the time horizon was short
(Costello and Polasky, 2004; Wilson et al., 2006), or when the envi-
ronment is relatively stable.

Our aim here is to explore when a simple decision rule pro-
vides areasonable approximation to the optimal solutions achieved
from a full life-history optimization. First, we develop a rigorous
proof that Gilliam’s rule is a solution to the Dynamic Program-
ming problem when the environment is constant. We then explore
the validity of Gilliam’s rule when the environment is variable
(i.e. seasonal). Finally we discuss whether Gilliam’s rule would
be an approximation also in the game problem (i.e. taking den-
sity dependence into account and in uncertain environments).
This facilitates informed decisions on which algorithms to use
for including adaptive DVM behavior in more complex ecosystem
models.

2. Materials and methods

To simplify the DVM problem, we consider only two distinct
habitats: a surface habitat where food is plentiful, but where visual
predators are also efficient (the “arena”), and a deeper and darker
habitat without food but with much reduced risk from visual preda-
tors (the “refuge”). Our aim is to calculate the fraction of time t
an organism should spend in the arena as a function of the body
size and environmental conditions, assuming that it spends the
remaining fraction (1 — 7) in the refuge. In the following we iden-
tify the r which maximizes fitness measured as the expected future
reproductive effort. This is done with a single-agent optimization
approach, i.e. we ignore games and density dependence. Next, we
explore a specific case of a diel-migrating zooplankton in a seasonal
environment. We consider the state of an organism to be its indi-
vidual weight w. This state, along with time and behavioral choice
7, determines the instantaneous income energy g(w, t, ) and the
instantaneous mortality u(w, t, 7). We assume that energy is allo-
cated to growth in juveniles ({/(w) = 0 whenever w < wg, with wy
being the adult weight) while adults allocate all energy to reproduc-
tion (Y(w) = 1 whenever w > wy). The parameters and variables
are described in Table 1.

2.1. Dynamic programming

Dynamic programming (Bellman, 1957; Houston etal., 1999)isa
mathematical and computational technique for dynamic optimiza-
tion. In our context, its aim is to determine the optimal strategy 7 at
each point in time t and for each possible state w of the organism.
To this end, the core of dynamic programming is an equation gover-
ning the future reproductive output F(t, w) of an optimal individual
at time t and in state w:

F + max
0<t<1

g—F(l—W)g+wg—uF =0. (1)
w

Here, the over-dot indicates time derivative, F = OF/0t. The argu-
ments t, w and t are omitted from the functions F, ¥, u and g for
brevity. The term (0F/dw)(1 — ¥)g represents increase in fitness
due to growth and combines the growth rate (1 — i)g with the sen-
sitivity of fitness to animal size dF/dw. The term /g represents
immediate reproductive effort while the term —uF determines
expected loss of fitness due to mortality. The maximization in
this equation expresses a trade-off between avoiding mortality
(maximizing — uF), reproducing immediately (maximizing ¥/g) and
investing in growth thus facilitating future reproduction (maximiz-
ing (0F/0w)(1 — v)g); this maximization determines the optimal
strategy t for each time t and state w. The equation is solved numer-
ically by iteration backwards in time from a boundary condition
stating that the future reproductive output at any age is zero in the
distant future: F(oo, -)=0.

2.2. Myopic approximation

The dynamic programming Eq. (1) can be simplified when the
environment is constant (aseasonal): & = 1 = 0. It follows that the
fitness function (F) will not depend explicitly on time, F = 0, and
Eq. (1) simplifies to:

[max g—F(l —¥)g(t) + Yg(r) — u(r)F| =0 (2)
<7< w

Here we exclude the w arguments for brevity, but include the 7
argument to clarify which terms depend on instantaneous behav-
ioral choice. Since the mortality is always positive, u(t) >0 [nothing
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Table 1
List of symbols and parameters. The units used are liter (L), microgram carbon (g C), meter (m), individuals (ind), second (s) and days (d).
Descriptions Values Units
Symbols
F Future reproductive output Biomass
Ro Lifetime expected reproduction output Number of eggs
R Encountered food pgCd-!
w Weight ngC
P Probability to be alive
t Time d
& Standard metabolism pngCd!
g Available energy pngCd!
s Available energy at the surface pgCd-!
m Mortality rate d-!
Ip Total predation mortality rate d-!
s Predation mortality rate in the surface habitat d-!
M Predation mortality rate in the deep habitat d-!
v Ratio surface/deep predation mortality el s
Ny Density of fish Fish m—3
Cinax Maximum consumption rate pgCd-!
f Feeding level [0, 1]
fe Critical feeding level [0,1]
fmax Maximum feeding level possible [0, 1]
Tday Fraction of daylight per day [0,1]
Ts Fraction of time at the surface [0,1]
Le Individual length pm
¢ Latitude ’
Dy Depth of the deep habitat (individual size dependent) m
Vs Clearance rate Ld!
Parameters
We Egg weight 1 ngC
Wq Adult weight 1000 ngC
y Factor of reduction in critical feeding level and predation mortality during diapause 10
Ds Depth of the surface habitat 30 m
v Swimming speed coefficient 7200
o Assimilation efficiency 0.6
v Fraction of available energy allocated to reproduction 0,1

lives forever], and the maximum equals 0, we can divide with ¢ and
single out those terms that depend on t to obtain

oF g7 _
[aw(l - ww} max £ 3)

since [g—fv(l - ¥)+ ] =0
From Eq. (3) it follows that the optimal fraction of time in the
arena is given by Gilliam’s rule (Gilliam and Fraser, 1987):

T%(w) = arg max
O<t=<l1

gw, 1)
ok ®
Note that the optimal fraction of time t* is independent of the
reproductive effort v, so that e.g. both juveniles and adults should
follow Gilliam’s rule. Even though juveniles and adults differ in their
energy allocation strategy (juveniles grow; adults reproduce), the
myopic rule applies equally well for both life stages because it con-
cerns the energy gain, not the allocation (growth or reproduction).

Gilliam’s rule (4) may be adopted also in situations where there
is no life history argument supporting the optimization, for exam-
ple in situations where the environment changes. In that case, we
refer to the rule (4) as the myopic strategy. Myopic means short-
sighted and reflects that maximizing the ratio g/ does not take
future changes in conditions into account. In this case, we use the
symbol F*(w, t) to denote the resulting fitness of an animal which
follows the myopic strategy. This raises the question: how near is
F*(w, t) to F(w, t), or what is the loss of fitness by using the myopic
strategy? To examine this, we turn to a specific example of DVM in
a seasonally varying environment.

2.3. DVM in a seasonal environment

We consider a zooplankton (copepod) that has to make a deci-
sion on how to divide the hours of daylight between feeding at
the surface and seeking refuge in a deep, safe habitat. Encountered
food R(t, w) (cf. Appendix A) at the surface varies over the year.
Mortality risk from visual predators u, is influenced by light inten-
sity which vary over the year and over the daily cycle depending
on latitude. We assume the surface habitat to be as safe dur-
ing night-time as the deep habitat is at full daylight. It follows
then that the individuals should move to the surface to feed at
least during the night. The question which remains is how long
a time the individuals should reside at the surface during daytime
(Fig. 1).

The state of an individual during its life is characterized by its
weight w. Size is used to scale rates of search efficiency, maximum
consumption rate (Cmax) and standard metabolism (£). Predation
is from a herring-like predator (Huse and Fiksen, 2010), an abun-
dant and important visual predator of zooplankton. Fish visual prey
detection range and predation efficiency is affected by ambient
light radiance, prey size and contrast (Aksnes and Utne, 1997). Thus,
predation at the surface increases with prey body size as prey are
more easily detected by the visual predator. In the deep habitat,
predation rate decreases with size because individuals can swim
to deeper and darker habitats as their ability to swim increases
with size. The specific parameterization of food availability, day
length, physiological rates and predation mortality rely on pre-
viously published models described in Appendices A-C. Finally
during the winter, zooplankton migrate to the deep habitat to over-
winter safely and come out of dormancy when the next spring
bloom starts.
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Fig. 1. Schematic representation of the DVM issue. Zooplankton come to the surface
at dusk to enjoy the food availability while the visual predation efficiency is reduced.
At dawn zooplankton has the choice between finding refuge at depth or staying at
the surface to feed. The fraction of time zooplankton stay in the deep is 1 — ts.

2.3.1. Growth and mortality

The assumptions about environment and individual physiology
together with the behavioral decision determine available energy
and mortality at the surface (gs and us) and the deep ().

Available energy is determined by consumption, assimilation
efficiency and standard metabolism. We introduce the feeding level
(0 < f(t,w) < 1) to indicate the proportion of food ingested com-
pared to the maximum consumption (Cpax(w), cf. Appendix C). It
is described by a functional response type Il with the available food
reduced by the fraction of the time spent at the surface zs:

TsR

f= TsR + Crmax

(5)

Similarly, we introduce f. the critical feeding level (0 < f;(w) < 1)
as the minimum ingested food required to cover metabolic costs
(&(w), cf. Appendix C):

§

Cmax

fe (6)
where « is the assimilation efficiency. Available energy at the sur-
face is thus defined as:

gs = ACmax(f(ts = 1) — f¢). (7)

Predation mortality in the two habitats depend on environmen-
tal conditions (latitude and time of the year) and body size. We
assume that the surface habitat is located close to the phytoplank-
ton layer at a depth of Ds =30 m while the refuge depth is function
of the zooplankton swimming capacity. Assuming zooplankton can
swim the equivalent of one body length per second (Kigrboe et al.,
2010) over 2 h, the depth of the refuge is:

Dg = Ds 4 vLc(w) (8)

where the length L. of the individual is converted from its weight
(see Appendix D, Eq. (D.5), Rey-Rassat et al., 2002), and v is the

107"
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Fig.2. Predationrate as a function of the prey weight, at 140 Julian day and a latitude
of 70° N at the surface habitat (solid), and the refuge (dashed). The depth of the
surface habitat does not change with individual weight, therefore the predation
rate increase with the surface area of the prey. In contrast, larger individual can
swim deeper, and therefore the refuge become safer with the increase of individual
size.

swimming speed coefficient (v = 7200). The depth determines pre-
dation mortality in the surface and the deep habitats (Fig. 2).

The average growth and mortality during a day will be deter-
mined by the fraction of time spent in the two habitats and the
fraction of time with daylight 74,y. The individual will feed during
the night 1 — 74,y and during the fraction of the daylight whenitis at
the surface 75 — (1 — 7qay), while standard metabolism uses energy
irrespective of the habitat. Likewise, it will experience surface pre-
dationrates(us)while located at the surface habitat during daylight
hour 75 — (1 — t4,y) and reduced predation rate due to darkness (14)
during the night 1 — 74,y and in the deep habitat 1 — ;. The total
predation mortality rate is therefore:

Mp = ts(Ts — 1 + Tday) + Hd(2 — Tday — Ts) 9)
and the total available energy and mortality rate u are thus:
g = aCmax(f — f¢) (10)

U= o+ Mp (11)

where [ is a size and time-independent non-predation back-
ground mortality. Note that growth and mortality are both function
of size although no specific distinctions are made between juveniles
and adults. Finally, we assume that individuals will enter diapause
to overwinter when the maximum possible growth is negative, i.e.
when f(ts=1) —f- <0. During diapause individuals migrate to the
very deep habitat and reduce standard metabolism by a factor y.
Down there, they are even safer from predation than in the deep
habitat (we assume that the predation rate is also reduced by y,

such as pp = wq/y).

2.3.2. Simulation

The simulations with the two methods starts at the beginning
of the year, with a single individual starting with an initial body
mass wp=100 g C. We follow the development of the individual
weight, survival probability and reproductive output through a 10-
year simulation, long enough to avoid terminal effects on behavior
with the individuals following the dynamic programming decision
rule (Mangel and Clark, 1988). In the case of the dynamic pro-
gramming method, the optimal time individual should spend at the
surface has to be solved numerically, following Egs. (E.4) and (E.8)
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developed in Appendix E. The myopic approximation, however,
admits an analytical solution to Eq. (4):

* __ 1 v
T3 —m (fc+\/fc + fmax(1 = f¢) <1_v_1+td«3Y>> (12)

with 75 €[1 - Tgay, 1] during the spring bloom and 0 in diapause,
where fmax =R/Cmax is the maximum feeding level possible. The
comparability between the two methods numerical implementa-
tion is verified in a constant (aseasonal) environment, where the
two methods should (and do) predict the same behavior (see Fig. 7,
Appendix F).

The expected lifetime reproductive output Ry is used to com-
pare the two methods. Based on evolutionary reasoning this should
be maximized, and this is what the optimization does. The ques-
tion is how close the proximate myopic approach can come to this
baseline. For dynamic programming Ry = F(0, wg)/w, while for the
myopic decision Ry = F*(0, wg)/we is calculated as:

Ro = Wi P(t)yr(w(t))g(w(t))dt. (13)
e Jo

where the probability to be alive is found by solving P = —u(t)P.
There is no density dependence in the model.

3. Results

We compute the life-time reproductive value for three indi-
viduals: one following the optimal dynamic programming method
(individual DP), one following the myopic approximation method
(individual MA), and a third that does not migrate daily (null strat-
egy; individual Hg). The null strategy serves as a baseline when
DVM is not taken into account in the model. We first compare the
three individuals in detail in a 2-year simulation, where we set lat-
itude to 70° N (i.e. above the Arctic circle), and to 15 days feeding
season duration (Fig. 3). Note how poorly the null strategy indi-
vidual is doing compared to the other two individuals (panel e),
mainly because its survival decreases much faster than the other
two individuals (panel c).

Both migration strategies (DP and MA) predict that individ-
uals should come to the surface most of the day at the beginning
of the bloom (panel a) in order to maximize their consumption
(panel b), and growth (panel d), at the expense of their survival
(panel c). The myopic method predicts that individuals should
stay all day long, while dynamic programming predicts a short
migration to the deep. When the available food increases and con-
sumption approaches its maximum, both individuals reduce the
time spent at the surface to night-time duration (gray background,
panel a), thereby reducing their feeding below their maximum
potential (the lines are lower than the maximum consumption
in dark gray, panel b). Individuals following the three alternative
strategies mature at about the same age (panel d). The individuals
obeying Hg remains at the surface and get the maximum feed-
ing level but survival is much reduced compared to the migrating
individuals.

When the night gets too short to maintain a sufficient feeding
level, the migrating individuals commence feeding during part of
the daytime. During midnight sun, the adaptive strategy is to spend
more time at the surface (panel a). In this situation, individuals with
the optimal strategy DP spend a bit more time at the surface than
individual MA (panel e). When food becomes scarce, individual DP
prescribes a safer strategy than individual MA which maximizes
growth by spending all day feeding at the surface. As a consequence,
individual MA ends up with a lower survival probability but have
a longer reproductive period than individual DP and which partly
make up for the lower survival.
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Fig. 3. Comparison between individuals following dynamic programming (thick
dashed line), the myopic approximation (thin black line) and a non-migrating behav-
ior (grey line). The fraction of time the individual spend at the surface with night
length represented by the grey patch (a and b) and the maximum feeding level in
dark gray background (b). For clarity, we run the model for only 2 years in this case.
Weight at the start of the year is 100 pgC, the fish density is 10~ fish m~3 and the
latitude 70° N.

During winter, all individuals overwinter and slowly lose weight
due to metabolic maintenance. When the bloom starts the follow-
ing year, individual MA maximizes its growth to regain adult size as
fast as possible, while individual DP plays a safer strategy by retur-
ning to the surface to feed only at night. Both migration strategies
(DP and MA) predict that individuals should come to the surface
to feed only during the night when food is plentiful, but increase
their daytime feeding when the night gets too short. However, indi-
vidual MA plays it slightly safer than individual DP. Unlike MA, DP
optimizes with the benefit of knowing the future and disregard pre-
dation risk to maximize its remaining opportunity for reproduction
at the end of the season.
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Fig. 4. Influence of latitude and duration of the feeding season on the fitness of
individuals following the dynamic programming (a) and the myopic approximation
(b), along with the ratio myopic over the dynamic programming fitness (c). Running
time 10 years, fish density 10-% fish m~3. The open dots indicate the parameters
used to compute Fig. 5.

3.1. Latitude and feeding season duration

In a cyclic (seasonal) environment, one can expect differ-
ences to arise between the dynamic programming and the myopic
approximation methods, as individuals following the dynamic pro-
gramming method optimize their decisions considering their full
life time. Mainly, they have knowledge of the duration of the feed-
ing season and their future survival expectancy, and adapt their
behavior to this. When looking at the fitness distribution over the
latitudinal gradient in seasonal day-length (from the equator to the
pole), we see a general decrease in fitness, as individuals have to
take more risk to feed when the fraction of daylight hours increases
during the summer (i.e. latitude, Fig. 4).

The relationship is slightly more complex when looking at the
feeding season duration. In a short bloom, any extra days of feeding
increase fitness. However, as we keep the net annual production
constant in the system (describing a constant turn over of nutri-
ents, cf. Appendix A), food concentration drops and the peak level
decreases as the bloom become longer. When the bloom length
becomes long enough, individuals become food limited and they
have to spend more time at the surface. Furthermore, when the
bloom lasts over the summer, the fraction of daylight hours per
day decreases at the end of the bloom, and individual can forage
longer at low predation risk. Thus an alternation of increasing and
decreasing fitness is observed when looking at the feeding season
duration gradient, evident for both myopic and dynamic program-
ming decision rules (Fig. 4a and b).

When comparing the two strategy outputs, the larger differ-
ences are found in the short feeding season and at high latitude
(Fig. 4c). However, the decrease value of the ratio in high latitude
could be an artifact due to low fitness values, enhancing any existing
differences.
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0.9

0.8

Ratio

07
1072

107 107° 107°
Fish density (Ny, fish m3)
107" 10°
Predation at the surface (d™')

Fig. 5. Influence of the size independent background mortality (o), and fish den-
sity (Ny) on the fitness of individuals following the dynamic programming (a) and
the myopic approximation (b), along with the ratio myopic over the dynamic pro-
gramming fitness (c). The fish density affects the individuals as a function of their
size, but also as a function of the environment (latitude, time of the year). We used a
latitude of 70° N and a bloom width of 30 days for the calculation. The second x-axis
indicates the corresponding predation rate at the surface for an adult individual,
during the summer (at 140 Julian day). The open dots indicate the parameters used
to compute Fig. 4.

Overall, the difference between MA and DP individual fitness
is at most 25%, and is only evident in strongly seasonal situations
(high latitude with short feeding season).

3.2. Mortality

When increasing background mortality and fish density, indi-
vidual fitness decreases as expected (Fig. 5a and b). The highest
differences is found when the predation mortality is high, as
the myopic method often prescribe more risk than the dynamic
programming method at the beginning of the bloom, with conse-
quences for life-time fitness. When the fish density is lower than
106 fish m~3, the myopic approximation explains more than 90%
of the optimum fitness. When both the background mortality and
the fish density are high, the myopic approximation loses its power,
and drops to around 60% of fitness. This is in any case much higher
than the non-migrant strategy which for many cases only scores a
small fraction of the possible fitness (Fig. 6).

4. Discussion

We have provided a proof that Gilliam’s rule is indeed a solu-
tion to the full dynamic programming problem in the case where
the environment was constant (i.e. aseasonal). In the DVM example,
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the myopic approximation method seemed to perform well under
most of the parameter space studied, with only 10% differences
in predicted life-time reproductive output relative to the life-time
optimization. To put this in context, a relative fitness of 0.9 means
that the population of DP individuals will be double of the MA'’s
after 6.6 generations. This difference is minimal compared to the
internal ecosystem and environmental variability. The simplicity
and the low computer power needed by the myopic approximation
suggests this to be an efficient alternative to life-time optimization
methods such as dynamic programming or genetic algorithms. This
makes the myopic approximation well suited to be used for describ-
ing spatial behavior of higher trophic levels in large circulation
models or end-to-end models.

The myopic strategy was inferior to dynamic programming in
high latitude regions with short blooms and under high predation
pressures, with up to 25% differences between the two strategies.
In the presence of a short bloom, the myopic method fails to predict
the imperative to feed before the winter settles in, while dynamic
programming provides the perfect knowledge of the imminent
end of the bloom and copepods are then prudent enough to feed
and hence taking higher risks. The co-occurrence of the bloom
with mid-night sun at high latitude enhances this phenomena,
since the temporal bolt-hole with a safe feeding period is
removed.

This parameter space corresponds to the polar region, where
the high seasonality and high production produce a short intense
bloom that is sufficient to sustain a large concentration of fish (e.g.
Dommasnes et al., 2004), sea birds (e.g. Harding et al., 2009), jel-
lyfish and ctenophores (e.g. Purcell et al., 2010) and, even marine
mammals (e.g. Laws, 1977; Laidre et al., 2007). Zooplankton in this
area often display multi-year cycles (Conover, 1988) and there-
fore mortality rate could have a larger effect on the individual
than growth (e.g. Aksnes and Giske, 1990). Furthermore, in a short
feeding season environment, spawning time could have a larger
impact on the individual reproduction success than the number of
eggs produced (Varpe et al., 2007; Sainmont et al., 2014a). In such
systems, the myopic approximation should be used with care or
rules other than Gilliam’s rule should be considered.

In every point of the parameter space explored, the myopic
method prevailed over a non-migrating strategy (Fig. 6 and
Kristiansen et al., 2009). Indeed, even in the region where myopic
method was found significantly inferior to dynamic programming
(high latitude environments), the non-migration behavior scored
only around 40% of the optimal reproduction output against 75%
with the myopic methods under moderate predation rates. Thus,
including DVM is a requirement to capture growth, survival and
reproduction of zooplankton in a model. Hence, modelers are faced
with a choice as to how to include behavior in their large ecosys-
tem models. Behavior can, for instance, be hard coded, although the
fidelity of the resulting model hinges on how well the assumed pat-
terns capture the actual behavioral rationale. For example, a DVM
behavior which prescribes staying at the surface only during night
time (e.g. Andersen and Nival, 1991) would result in individuals
that starve unrealistically in presence of food availability at high
latitude during mid-night sun. Alternatively, a hard coded 50% time
foraging would induce a reduction of feeding opportunity in early
spring. In theses circumstances, implementing a myopic strategy
such as the one presented in this study is an attractive alternative
which yields realistic and near-optimal behavior without increas-
ing computational demands.

The importance of DVM was illustrated by a specific model of
a zooplankter in a seasonal environment. The specific results are
influenced by the assumptions of the model. Regarding mortal-
ity, we overestimate the predation rate at the surface as the light
level used in the daily calculation was at noon, which represent
the maximum light intensity of the day. In reality the light level is
varying over the day, and the inclination of the sun matters for the
light penetration depth. However, as the fish eyes efficiency satiate
at quite low light levels, this assumption would influence the fish
efficiency only at sunrise and sunset. The timing and depth of the
phytoplankton bloom was also assumed to be fixed, while it is a
function of the thermocline depth, wind pattern, turbidity and of
the light attenuation coefficient at the given place and time (Aksnes
and Giske, 1993; Sverdrup, 1953; Sakshaug et al., 1991; Aksnes and
Utne, 1997; Huisman et al., 1999). The 30 m depth, was then used
as a reference to compute the depth of the refuge habitat and thus
entered in the calculation of the surface and deep predation mortal-
ity rate. In the model, we do not consider temperature, even though
temperature is expected to differ between the surface and the
deep habitat. This difference could influence the metabolic cost and
therefore the growth the individual amongst the habitats. However,
the rules dictating behavior are based on the values of growth and
mortality, therefore the comparisons between the two methods are
independent of what governs these variables. We assumed that the
zooplankton had no food available in the deep, while they can par-
tially feed on marine snow or detritus as an alternative to the rich
phytoplankton bloom (e.g. Hansen et al., 1996). Finally, we assume
that there is no influence of the bloom on light attenuation. Thus,
while details of the model depend on a variety of specific assump-
tions, we nevertheless expect that the general results regarding
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the importance of resolving DVM (e.g. Pearre, 2003 and present
study) and the relative merit of the myopic approximation remain
robust.

Our model allows the choice between two alternative habitats.
However, the equations can easily be extended to n habitats, or
even a continuous water column. A specific representation of depth
position could be of particular interest for density-dependence and
add some prudence to the organisms (e.g. “state and prediction-
based theory” e.g. Railsback and Harvey, 2013), as the choice of
a particular habitat could also be driven by food competition or
seeking protection through numbers from predators.

In our calculation of the expected reproduction output fitness
measure, we assume that all the eggs have the same fitness value,
independent of the time of year they are born. However, mod-
eling studies have shown that eggs spawned prior to and at the
beginning of the season have a much higher fitness compared to
the offspring born at the end of the feeding season (Varpe et al.,
2007). Similarly, capital breeding has been shown to be a success-
ful strategy, especially in short feeding seasons (Sainmont et al.,
2014a), thus leading individuals to store reserves to be able to
spawn before the feeding season. Such capital breeding individ-
uals that have not yet reproduced are highly vulnerable to visual
predators, due to their large size and conspicuous storage reserves
(Hays et al., 2001; Sainmont et al., 2014b). Such individuals should
give higher priority to survival than to feeding opportunities, com-
pared to the prediction from Gilliam’s rule. We could thus expect
these individuals to favor deep distribution over any kind of migra-
tion. The change of priority over the life time can emerge in
dynamic programming optimization but are lacking in the myopic
approximation.

The main drawback of optimization procedures is the compu-
tational complexity, which necessitates simplifying assumptions.
Dynamic games between animals can be resolved with dynamic
programming, but at high computational cost (Houston et al.,
1999). Density dependence can not be easily implemented in
dynamic programming, since density dependence is typically for-
mulated forwards in time, while dynamic programming works
backwards. Density dependence could be accommodated by tech-
niques such as ideal free distribution (e.g. Giske et al., 1997) but
this also requires significant computational efforts. In contrast,
the myopic approach would integrate density in the current envi-
ronmental conditions at low computational cost. We therefore
expect that the myopic approximation utility improves in these
cases over the dynamic programming method, even though the
power of the myopic approach in such circumstances remain to
be shown.

Another simplification concerns the information available to the
animal and environmental stochasticity. Rapid fluctuations in the
environment, such as in food availability, can easily be modeled
with white noise and implemented in dynamic programming.
However, when including more persistent random fluctuations in
the environment, such as inter-annual variation in the timing of
the bloom, optimal behavior includes predicting future environ-
mental conditions. Although there exist theoretical approaches to
this problem (the information state machinery, e.g. Mangel and
Clark, 1988) computations are infeasible except in extremely sim-
plified situations. Furthermore, the optimization problem is more
than just a concern for modelers. The emergent behavior genet-
ically encoded for and presumably triggered by environmental
conditions and internal state is that which should be optimized in
terms of reproductive success. There is almost certainly a trade-off
involved in executing a perfectly optimal life history strategy, and
the costs of maintaining elaborate sensory ability, the apparatus
to react to environmental cues, and the genetic coding required to
pass this ability to future generations. All organisms are limited in
how well they can predict future environmental conditions (food

availability, temperature, predation risk) in different habitats and
the question arises as to how much organisms should invest in ideal
optimization schemes in the face of this uncertainty (Fawcett et al.,
2014). Simpler, less elaborate rules could have an evolutionary
advantage.

4.1. Conclusion

We have shown that resolving behavior is crucial for the
lifetime reproductive output of higher trophic levels. We have
shown that under certain conditions, the myopic strategy, Gilliam’s
rule, is optimal in constant environments, both for juveniles and
adults. Under varying conditions, the myopic approximation is a
reasonable alternative to more precise life time optimization meth-
ods as dynamic programming, when the environmental conditions
are not too harsh, i.e. not in high latitudes, for short feeding seasons
or under high predation mortality. For the modeler, the myopic
strategy can be used in regional or global bio-geochemical mod-
els where the focus is not on optimal behavior nor individual
state, when computational time is an issue, or when inter-annual
environmental variability or density dependence makes a com-
plete optimization intractable. For the organism, simple strategies
such as the myopic approximation may be selected for as a
robust and low cost response to the unpredictability of future
conditions.
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Appendix A. Food availability

The phytoplankton bloom is modeled as a Gaussian function
centered around the time T, with a width o and amplitude a =80,
000 g Cd~1. The food concentration is multiplied by the clearance
rate of an individual to arrive at the encountered food (function of
the time of the year t, and the individual weight w):

2
R(t, W)=Vsof/ﬁ exp(_(t_Tp) > pgC.L! (A1)

202

where Vs is the clearance rate (weight dependent, cf. Appendix C).
In moderate and high latitude, the phytoplankton bloom duration
is of the order of weeks, leaving zooplankton without food the rest
of the year.

Appendix B. Daylight cycle

We use the model by Forsythe et al. (1995). If t is the time of the
year (in day), and ¢ the latitude, then 74,y is the daylength.

P = arcsin(B cos(B; + 2 arctan(Bs tan(§(t — 6)))))

7(p/)sin(P) (B.1)

cos (rr(¢>/<p)cos(P))

1 .
Tgay(ty, L) =1— - arccos B4 +sin

with ¢ the latitude, B; =0.39795, 8, =0.2163108, B3 =0.9671396,
B4=0.0145, §=0.00860d~!, 6=186d and ¢ =180°.
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Appendix C. Individual conditions

The standard metabolism cost (£), the maximum consumption
(Cmax) and the search volume (V;) are all a function of the individual
weight (Levinsen et al., 2000; Saiz and Calbet, 2007).

£=kew?/* pgcd! (c.1)
Vs = kyw?7 Ld7! (C.2)
Cinax = kew®7  pgcd™! (C3)

with ke=0.07 pgC'4d~1,k, =15.8 x 10> pgC%7Ld""!, and
ke=1.68 ugC03d-1.

Appendix D. Visual predation

Fish predation efficiency is affected by the light condition
(brightness, clarity of the water), by its visual detection range and
by prey size. We use the predation model developed by Huse and
Fiksen (2010), assuming a herring type of predator. Herring are
abundantin the North Atlantic and are an important visual predator
of zooplankton. Predation rate function of the prey weight (w), Main
text Fig. 2). Predation rate follows the Holling type II functional
response:

G Ny 1

us(t, D, ¢,W):Qm (D.1)
with o the conversion factor from second to day (0 =86400ds™1).
The predation at the surface habitat is hence us(t, ¢)=uft, Ds, @),

and in the deep habitat j4(t, ¢)= ugt, Dg, @).

G = JTRJ?vf m3s! (D.2)
and Ry, the visual detection range, can be approximated by:

- I(t, D, ¢)
Rf ~ \/CCfAC(W)EM[M (D3)

when R;<0.05.

The predation rate (i is expressed in d-1, with Cy the clearance
rate of the fish, Ny the density of fish (fish m—3), h the handling
time (1), vy the fish swimming velocity (2 body length per second
-ms1), Cs the contrast (0.3, Utne-Palm, 2005), k. is equal to 5
wmol photon s—! m~2 (Aksnes and Utne, 1997).I(t, D, ¢) is the irra-
diance at a given time of the year, latitude and depth (Eq. (D.4)),and
function of Iy the irradiance at the surface at the given time and lat-
itude (Brock, 1981), the diffuse attenuation coefficient k=0.1m~!
(Huse and Fiksen, 2010), and depth D.

I(t, D, ¢) = Io(t, ) exp(—kD)

The image area of the copepods Ac is a function of the individual
weight, assuming a conversion from weight to length (Eq. (D.5),
Rey-Rassat et al., 2002) and that copepods width is 3 times smaller
than its length, and correcting the rectangular shape with a factor
of 0.75 (Eq. (D.6), Fiksen and Folkvord, 1999).

1..-2

pmol photons™ " m (D.4)

Le(w) =3.95w036  pm (D.5)

2
Ac(w) = 0.75%6 pwm? (D.6)

Appendix E. Dynamic programming numerics

Dynamic programming finds the optimal individual behavior as
a function of individual’s weight and time of the year. The optimal
time individuals should spend at the surface is calculated backward
starting from the end of the year with a null fitness for individuals
smaller than the maturity size, and a fitness proportional to their

weight when bigger. Time and individual weight are discretized,
and we ensure that the optimization is made within a discrete
weight cell (g0t < 0w). At each time step, the optimal fraction of
time individual should spend at the surface is calculated for all the
individual weight classes. At the end, we obtain a matrix of the best
individual behavior as a function of their weight and the time of the
year, which correspond to the best patch individuals should choose
to balance mortality and growth in order to optimize their expected
lifetime reproduction output within the set time horizon.

Before maturation (w < wg). F being the fitness measure, g the
growth rate (Main text Eq. (7)), and u the predation mortality rate
(Main text Eq. (11)), for each time step, we find s the optimal frac-
tion of time individual should spend at the surface to maximize the
fitness equation (e.g. Mangel and Clark, 1988):

OF OF

—+max |[—g—uF| =0 E.1

ot T {ng ’ } (E.1)

by dividing by F, and by passing in the log scale we have:

alOgF+max alogFg_M —0 (E2)
at Ts 8W

At any state w;, the present time is calculated relying on the
forward time information:

log F(t, w;) = log F(t + 1, w;) + max {alog Fg - ,u} ot (E.3)
Ts

ow

. dlog F log F(w;, 1,t+1)-log F(w;,t+1)
with B = Wi, g
The optimal t#, solution to Eq. (E.2) is:

. 1 (dlog F/ow)a
= Cnax (va e (=4
Spawning (w > wg). Once individuals reach maturity, they stop

growing, and allocate the energy surplus to reproduction. The fit-
ness function can then be written as:

%erax[gqu]:O (E.5)
8t Ts

Here g is no longer the growth rate but the energy accumulation
allocated to reproduction (Eq. (7) still apply). Dividing by F, we
have:

dlog F [ g

o +mre;1x F—y,} =0 (E.6)

The fitness at present time is thus calculated for each individual
weight w; as a function of the state at the forward time:

log F(t, w;) = log F(t+1,w,-)+mr?x {F(t%l,w,)_u ot (E.7)
The optimal t} is therefore found by:
N 1 o
‘[s = Cmax <_V5R + 7,“5(] — U)VSRF> (ES)

Appendix F. Constant environment

A simple verification of the myopic method can be done in
constant (fixed) environment. Indeed, in a fixed environment (i.e.
where the light regime and food abundance is constant), the myopic
method should predict the same strategy (i.e. the same fraction of
time at the surface t5) such as dynamic programming. We test the
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Fig. 7. Fraction of time individual should spend at the surface simulated with
dynamic programming (bold dashed line), and with the myopic methods (thin line)
represented at given time of the year for the range of individual weight. The thin
dotted lines represent the fraction of night-time per day.

similitude of the two optimization methods for different time of
the year over a range of state (i.e. individual weight, Fig. 7).
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