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the quite messy vertical distributions (fig. 5) bear clear
resemblances to those of natural fish populations (Staby
et al. 2011; Dypvik et al. 2012).

A second difference between our model and classical
optimization is that individuals with different long-term
(genetic) personality traits may have evolved different spa-
tial preferences (fig. 7). Attention is a third difference. It
is the physiological consequence of the global organismic
state (LeDoux 2012), which is typically not considered in
state-dependent (Mangel and Clark 1986; McNamara and
Houston 1986) optimization models. Attention allows
more intensive feeding or more efficient escapes but also
comes with a risk of neglecting the second-most-important
factor (fig. 4b). Finally, since our fish react only to near-
field perceptions, they may make mistakes in the sense of
behaviors that are suboptimal from a fitness perspective.

We have combined a general, individual-based modeling
approach with simple functional relationships that can eas-
ily be adapted and expanded to a variety of organisms and
scenarios. Experimental studies in several disciplines (Ger-
lai 2010; Kalueff et al. 2012; Martins et al. 2012) may
contribute to species-specific versions of figure 1 with
higher fidelity to nature and then yield specific, testable
predictions about individual and population behavior.

The pillars of our method are (1) the linkage of local
environmental information with genetics and physiolog-
ical states, (2) a general function for neuronal responses
that allows for individual variation, (3) restricted attention
as part of the physiological response, and (4) coupling of
proximate constraints in determining behavior, while the
behavior’s consequences are evaluated in terms of the ul-
timate and adaptive value. While fish in spatially explicit
models avoid danger by moving away (Werner and Gilliam
1984; Clark and Levy 1988; Hugie and Dill 1994; Rosland
and Giske 1994), our approach allows reduction in danger
by a shift of attention (fig. 4). The emotion system de-
termines how the sensory information is interpreted by
the organism and translates it into behavioral decisions.
The genetic basis for these response functions evolves or-
ganisms that are better adapted to their changing condi-
tions in their environment.

A model of behavior based in specific emotions may be
restricted to organisms with certain brain structures. How-
ever, while the phylogenetic emergence of emotion remains
unclear (Rial et al. 2008; Cabanac et al. 2009; Mendl et
al. 2011; LeDoux 2012) and some important cognitive
changes may have emerged in the terrestrial vertebrates
(Cabanac et al. 2009), dopamine, serotonin, and opioids
used in aggression, depression, reward, pleasure, and pain
in humans are highly conserved in evolution (Blenau and
Baumann 2001; Andretic et al. 2005; Mustard et al. 2005;
Iliadi 2009; Curran and Chalasani 2012). The appropriate
design question might therefore be how to accommodate

relevant survival circuits and behaviors for the particular
species studied (Panksepp 2005, 2011; LeDoux 2012). This
is fruitful ground for the collaboration between modelers
and empiricists (Kalueff et al. 2012).

Emotion as a Tool in Understanding Populations

During the past decade, population modeling has in-
creased in importance as a tool for understanding human
impacts on the environment (Purves et al. 2013). In most
population models, behavior is represented poorly, if at
all, simply because there is no easy way to model organisms
that shift between being constrained by physiology and
being constrained by conspecifics or are constrained by
both simultaneously. Indeed, it is a considerable problem
that until this article, we have lacked unifying mathe-
matical tools for studying populations of individuals with
behavior. Methods such as optimal-foraging theory, life-
history theory, game theory, and state-dependent life-his-
tory theory are excellent tools for finding optimal policies
for individuals when they are under a single dominant
constraint (physiology for state-dependent life history, ac-
tions of others in game theory, and life stage in life-history
theory). Here we have shown that the emotion system can
prioritize among competing constraints in modeled or-
ganisms, as in natural organisms. We found that individual
differences in neuronal responses (fig. 6) are important
for population ecology (fig. 7) and are maintained by fre-
quency-dependent selection (fig. 8) caused by the pro-
cesses leading from perception to behavior. Our method
is also a tool for studying populations with higher fidelity
to nature than is allowed by the established tools.
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