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Synopsis A major grand challenge in biology is to understand the interactions between an organism and its environ-

ment. Behavior resides in the central core of this association as it affects and is affected by development, physiology,

ecological dynamics, environmental choice, and evolution. We present this central role of behavior in a diagram illus-

trating the multifaceted program emphasizing the necessity for understanding this nexus and to fully appreciate the

organism in its environment given the ongoing changes affected by contemporary human induced, rapid environmental

change (HIREC). We call for the consideration of educational and research focuses to concentrate on the interdisciplinary

role that behavior plays in the integration of biological processes.

Introduction

This article is one of a series on

Grand Challenges in Organismal

Biology. Previous articles in this

series have focused on the chal-

lenges in comparative endocri-

nology (Denver et al. 2009),

comparative physiology (Mykles

et al. 2010), ecomechanics

(Denny and Helmuth 2009), mi-

gration biology (Bowlin et al.

2010), value of integrative organ-

ismal research (Satterlie et al.

2009; Mykles et al. 2010), and or-

ganismal biology in general

(Halanych and Goertzen 2009;

Schwenk et al. 2009). The current

article addresses the issues of be-

havior and considers how this dis-

cipline fits into a multilevel,

multiscale, integrated view of or-

ganismal biology as discussed pre-

viously by Wake (2008) and

illustrated in Fig. 1. A key point

to which we will return to repeat-

edly is that behavior interacts re-

ciprocally with other inter-related

responses and outcomes. Behavior

is influenced by ‘proximate mech-

anisms’ (e.g., neuroendocrine, en-

docrine, and physiological states)

that are, in turn, influenced by

behavior. Behavior affects ecolog-

ical interactions (e.g., predation,

competition) that, in turn, affect

behavior. Evolution shapes behav-

ior and, in turn, behavior shapes

the path of evolution. A Grand

Challenge for animal behavior is

to understand the nature and

dynamics of these reciprocal in-

teractions, indicated here by two-

way or double-arrowed, feedback

loops (Fig. 1). We also emphasize

that a potentially unique and key

aspect of behavior is ‘choice’ per

se. While organisms typically ex-

hibit a broad range of responses
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(e.g., behavioral, physiological, or

induced morphological alter-

ations) that allow them to cope

with a current environment, be-

havior is the one type of response

that provides individuals flexibili-

ty for adjusting to the wide range

of environments in which they

live. A second general Grand

Challenge is thus to understand

how behavioral choice affects the

dynamics of the other feedback

loops indicated in Fig. 1. To illus-

trate, we focus on an issue of par-

ticular importance in the modern,

human-altered world—the Grand

Challenge of understanding be-

havioral variation and how it un-

derlies variation in ability to cope

with contemporary human in-

duced, rapid environmental

change (HIREC). We conclude

by noting that to address Grand

Challenges in behavior, it is

timely to put our ‘money where

our mouth is’ and support studies

that implement Tinbergen’s

classic Four (complementary)

Approaches to studying behavior

that take into account both ulti-

mate and proximate causation.

This then suggests the need for

training the next generation of be-

havioral biologists to think and

work more integratively than is

currently the case.

Grand Challenges for
behavior as a key
component of integrative
biology

Figure 1 outlines our view of how

behavior integrates with other sys-

tems in organismal biology, ecolo-

gy, and evolution. Throughout an

individual’s lifespan, genes, stimuli

from the organism, as well as the

surrounding environment, interact

reciprocally to affect gene expres-

sion in morphological and physio-

logical systems (including aspects

of neurobiology, neuroendocrinol-

ogy, endocrinology, and sensory bi-

ology) that influence the behavior

and that is expressed at a given age

or time (Bateson 2001, 2003; West-

Eberhardt 2003; Rutter 2007).

Organismal biologists often view

behavior as the outcome of mor-

phological and/or physiological

traits, such that the current

condition of those other traits

govern or constrain behaviors

(Benca et al. 2009; Leary 2009;

McCarthy 2010). In other words,

other systems in organismal biolo-

gy are often viewed as proximate

mechanisms that determine

behavior. We suggest, however,

that since behavior influences the

development and expression of

other phenotypic traits, it may be

more useful to view behavior as

part of an integrated system with

ongoing feedback loops. We fur-

ther suggest that behavior has two

key characteristics that allow it to

have a unique influence on the dy-

namics of the overall integrated

system.

First, behavioral responses typi-

cally occur faster, and are more

rapidly reversible, than are other

responses to environmental

change. More so than many other

traits, behavior depends on past

conditions as well as those current-

ly surrounding the individual. As a

result, the behavior expressed at a

given moment is as much an out-

come of the current conditions in

the surrounding environment as it

is an outcome of the current state

of the individual’s physiological

and morphological systems. Some

physiological traits, such as the en-

docrine responses to unpredictable

stimuli, can also change very rap-

idly, but most physiological and

virtually all morphological re-

sponses involve longer temporal

lags between changes in the outside

world and changes in phenotype.

For example, when Hammill et al.

(2010) exposed the hypotrich cili-

ate, Euplotes octocarinatust, to odor

cues from one of its main preda-

tors, Stenostomum virginianum,

they found that induced changes

in movement patterns associated

with behavioral defense occurred

much more rapidly than did in-

duced changes in body shape.

Second, because organisms often

exercise choice over their social or

physical environments, behavior

provides a way for individuals to

determine the external stimuli,

which will affect the subsequent

development and expression of

their own morphological, physio-

logical, and behavioral traits.

Fig. 1 An integrative view of organismal biology, ecology, and evolution that emphasizes

feedback loops between behavioral and other traits, ecology, and evolution. The large

box indicates interactions of behavior, expressed by an individual, with physiological,

morphological, and genomic traits and the external environment. This portion of the

loop includes ways that an individual can, via choice, affect the environment that shapes

the expression and development of its own phenotypes. In turn, the behavior expressed

by an individual has external impacts by influencing other organisms with which it lives

(species interactions and community structure) and, by its effect on fitness, alters the

future evolution of behavioral, and other traits.
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Thus, behavior is typically the first

response when organisms are con-

fronted by changes in the external

environment, and also, via choice

of environment, a way whereby or-

ganisms can influence the environ-

mental factors that affect the

development and expression of all

their traits. Behavior thus plays a

key role in shaping the develop-

ment and expression of integrated

responses to the environment.

Hence, a general Grand Challenge

is thus to better understand how

behavior interacts in feedback

loops with other types of responses

to environmental factors to form

an adaptive, integrated phenotype

and how this integrated response

interacts with ecology and evolu-

tion (Table 1).

Because behavior is both rapid

and reversible, it can play a spe-

cial role in an organism’s overall

dynamic response to environmen-

tal change, both within its lifetime

(within ecological timescales) and

across generations (evolutionary

timescales). Within one lifetime,

a wide range of induced physio-

logical, morphological, and behav-

ioral responses help an individual

cope with environmental change.

Across generations, a wide array

of developmental and heritable

mechanisms, including sexual re-

production, parental effects, geno-

mic imprinting, and cultural

transmission, can help popula-

tions adapt to changing environ-

ments. Because it is so labile,

however, behavior can affect the

expression and the evolution of

the suite of other mechanisms

that organisms use to cope with

altered or variable environments.

Indeed, in the presence of rapid

and unpredictable changes in the

environment, behavior may provi-

de a means of avoiding or reduc-

ing the impact of conditions that

would otherwise prove fatal. For

example, in the case of severe

storms or habitat degradation

that reduce opportunities to feed

or obtain shelter, organisms may

seek a refuge and ‘wait it out’ or

emigrate to other areas, and

escape the conditions altogether.

If, however, these ploys are unsuc-

cessful and the environmental

trauma persists, the neuroendo-

crine and endocrine systems regu-

lating the initial behavioral

response will have devastating ef-

fects in the long run on multiple

processes, including behavior, im-

munity, and metabolism, resulting

in increased mortality (Wingfield

and Ramenofsky 1999; Wingfield

and Sapolsky 2003; McEwen

2006). It is thus the initial behav-

ioral reaction to the acute distur-

bance upon which selection can

act. Therefore, organisms may

only have an opportunity to ex-

press other adaptive responses if

the initial response successfully

avoided the first perturbation

(Wingfield et al. 1998; McEwen

2006). In addition, if dramatic,

unpredictable changes in the envi-

ronment occur within the lifetime

of an individual, behavioral re-

sponses that are rapidly employed

clearly can be critical. Across

longer evolutionary time scales,

appropriate, immediate rapid

responses to environmental

change are often a pre-requisite

for the evolution of other traits.

Hence, a more specific challenge

is to better understand general,

fundamental principles about

how rapid, reversible behavioral

responses integrate with slower

changing, less reversible responses

to affect the fit between organism

and environment.

Behavior plays a key role in

ecological dynamics, as it involves

reciprocal interactions between

organisms and other species with

which they share an environment.

For example, a meta-analysis

found that prey behavioral re-

sponses to predators (e.g., re-

duced prey activity, increased use

of refuges, dispersal from habitats

with high risk) had as large, or

larger, quantitative effects on

prey populations (or on the re-

sources consumed by prey) than

did actual predation per se

(Preisser et al. 2005). Clearly,

one cannot understand predator–

prey interactions unless one un-

derstands the behaviors both of

predator and prey. Although it is

clear that behavioral variation is

important in explaining ecological

patterns, many conceptual, quali-

tative, or quantitative models in

ecology currently do not include

behavior (Gordon 2010). A

second specific challenge is to

better integrate the feedback loop

between ecology and behavioral

responses into our understanding

of ecological dynamics. Below, we

illustrate this point by discussing

how behavior helps explain

Table 1 Grand Challenges in behavioral biology

1 To understand how behavior interacts in feedback loops with other types of responses.

2 To build a stronger integrative understanding of ‘environmental choice’ and how it affects the development, evolution,

and ecology of morphological, physiological, and behavioral traits, and correlations among those traits.

3 To better understand, predict, and adaptively manage variation among organisms in their behavioral response to modern, HIREC.

4 To apply Tinbergen’s integrative, four-pronged approach to addressing the other three Grand Challenges.

5 To train a new generation of students to best tackle the above Grand Challenges.
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variation among species in their

ability to cope with modern,

HIREC.

As suggested above, behavior

and evolution have potentially

important reciprocal feedbacks

with one another. Past evolution

has shaped simple behavioral rules

(via physiological and cognitive

systems) that often result in adap-

tive behaviors across a wide range

of environments (McNamara and

Houston 2009). These evolved be-

havioral rules, however, can also

result in maladaptive behaviors

in evolutionary novel environ-

ments generated as a result of

human activities (Schlaepfer

et al. 2002). In turn, current be-

havior can shape future evolution

of behavior and of other traits.

Although the idea that behavior

(or more generally, phenotypic

plasticity) has major effects on

evolution is more than a century

old (Baldwin 1896), the impor-

tance of these effects (e.g., via be-

havioral compensation for

maladaptive morphological or

physiological traits, or genetic ac-

commodation and the Baldwin

effect) remains poorly studied.

Given that behavior and evolution

likely interact in an ongoing feed-

back loop, a third-specific chal-

lenge is to better understand

how past evolution has shaped

today’s behaviors and how these

behaviors, in turn, will likely

shape future evolution—of both

behavior and other traits.

In addition, as discussed in

more detail below, behavioral

choice of environments (niche-

picking) can help buffer individu-

als from some types of environ-

mental change, allow individuals

to maintain themselves in differ-

ent social or physical environ-

ments at different ages or life

stages, and allow different individ-

uals in the same population to

maintain themselves in different

environments at the same age

and life stage. To the extent that

these processes provide control

over the conditions in which or-

ganisms live and develop, they

can encourage suites of behavior-

al, physiological, and morpholog-

ical traits that are profoundly

different from those expected if

individuals had no control over

environmental factors that vary

over short spatial or temporal

scales (Stamps and Groothuis

2010b). Hence, a fourth-specific

challenge is to understand how

behavioral choice of environments

affects the development and ex-

pression of integrated suites of

morphological, physiological, and

behavioral traits.

Some of the points outlined

above have been discussed, or at

least touched upon, in earlier ar-

ticles in the Grand Challenges

series (Satterlie et al. 2009;

Schwenk et al. 2009; Denny and

Helmuth 2010). This is hardly

surprising, given the close links

between behavior and the research

areas discussed in those articles.

Other points considered in earlier

articles in this series are not dis-

cussed here, but apply equally

well to behavior. For instance, ge-

nomics and other ‘omics’ are cur-

rently generating great excitement

in many areas of biology, but

since issues and challenges associ-

ated with the ‘omics’ revolutions

have been addressed in earlier

Grand Challenges papers

(Satterlie et al. 2009; Schwenk

et al. 2009), we will not repeat

them here. With respect to behav-

ior, genomics (and the other

‘omics’) are powerful tools that

provide a way to study multiple

genes (gene networks), patterns

of gene expression, and physiolog-

ical systems that affect the behav-

iors that individuals express under

a given set of conditions, follow-

ing a given set of prior experi-

ences, at a given age and time.

However, it is important to note

that because behavior is the out-

come of a complex series of con-

tingent, ‘reciprocal’ interactions

between genes and experiential

factors that occur over the

course of development, ‘omics’

methods alone cannot fully

answer many of the most impor-

tant questions about behavior.

Studying ‘omics’ without consid-

ering these interactions is likely to

produce results of limited rele-

vance to free-living organisms, es-

pecially if experimental subjects

are raised and tested under labo-

ratory conditions that differ sub-

stantially from those in which

they evolved in nature (see also

Satterlie et al. 2009).

Environmental choice—a
unique challenge for
animal behavior

As noted earlier, although many

systems allow organisms to cope

with changes in environment

and improve function in a current

environment, behavior, in the

form of ‘environmental choice’

uniquely provides a way for an

animal to change the current con-

ditions in which it exists. In

nature, the abiotic (e.g. tempera-

ture, humidity, light, chemical

contaminants) and biotic (e.g.,

food, competitors, predators)

conditions in which an individual

lives and develops over the course

of its lifetime critically depend

upon its choices of habitat and

microhabitat. Similarly, the social

environment experienced by an

individual depends on its choice

of neighborhoods, groups, sex

ratios, mates, and other individu-

als with whom that individual in-

teracts on a regular basis. As

depicted in Fig. 1, choice plays a

dominant role in selection of the

environment. This involves both

spatial decisions (e.g., where to

forage, whether to join a large for-

aging group or a small one), and
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temporal decisions (e.g., at what

time of day to forage, when to

leave a juvenile flock and acquire

a territory in a neighborhood of

adults). Because the other boxes

in Fig. 1 (physiology, ecology,

evolution) all depend on the en-

vironments experienced by organ-

isms, environment choice is

crucial in determining how the

overall integrative dynamics play

out. Environmental choice has

thus aptly been termed behavioral

‘niche picking’ (Plomin 1977, see

also Stamps and Groothuis

2010a).

Although environment choice

clearly can play a critical role in

an integrated view of the ecology

and evolution of a wide range of

phenotypic traits, not just of be-

havior but also of other traits, our

understanding of choice remains

curiously fragmented. We do

know that different individuals

presented with the same array of

choices consistently make differ-

ent choices, and a few studies in-

dicate that preferences for habitat

features (Barker and Starmer

1999) or social group size

(Serrano and Tella 2007) are sim-

ilar in parents and their offspring,

although the extent to which

genes, parental effects and other

factors contribute to the heritabil-

ity of these preferences is current-

ly unclear. We also know that the

choices that individuals make are

not only related to their behavior,

but also to their physiological and

morphological traits. For instance,

within a population of three-spine

sticklebacks (Gasterosteus aculea-

tus) individuals that preferred a

stream habitat had morphological

features adapted to that type of

habitat, while individuals that se-

lected a lake habitat had morpho-

logical features better suited to

that type of habitat (Bolnick

et al. 2009). However, although

it is clear that free-living ani-

mals often have a choice of

environments in which to live

and develop, and although we

suspect that an individual’s

choice of physical or social envi-

ronments earlier in life encourages

the development of suites of be-

havioral, physiological, and mor-

phological traits suited to those

environments, thus far we lack ex-

perimental studies that address

this question. Indeed, to our

knowledge, no one has simulta-

neously studied the choices made

by different individuals and how

those choices affect the develop-

ment of multiple phenotypic

traits in those same individuals.

In principle, at least, environ-

mental choice could have pro-

found effects not only on the

development of a wide range of

morphological, physiological, and

behavioral traits, but also on the

evolution of those traits. In

the parlance of quantitative genet-

ics, if variation in preference of

environments has a genetic ba-

sis, choice can generate gene–

environment correlations (system-

atic differences among genotypes

in the environments that shape

their own development). In turn,

systematic differences across geno-

types in preferred developmental

environments would encourage

the development of integrated

phenotypes (including behavioral,

physiological, and morphologi-

cal traits) suited to those respec-

tive environments. That is, if

animals are permitted to exercise

environmental choice, variation

in environmental preferences

could generate phenotypic corre-

lations involving a wide range

of traits, without requiring ge-

netic correlations among those

traits. Over longer periods of

time, these sorts of links between

environmental choice and pheno-

typic adaptation to the chosen en-

vironment could pave the way

for the subsequent evolution of ge-

netic correlations between

morphological, physiological, and

behavioral traits, and to the types

of divergent specialization to

different environments that can

ultimately lead to speciation.

Although this logic seems com-

pelling, for most aspects of envi-

ronmental choice and most

phenotypic traits, including be-

haviors, potential links between

environmental choice and the de-

velopment and expression of phe-

notypic traits have not been well

studied. A second Grand

Challenge is thus to build a stron-

ger integrative understanding of

environmental choice and how it

relates to the development, evolu-

tion, and ecology of morphologi-

cal, physiological, and behavioral

traits, as well as to correlations

among those traits (Table 1).

Behavior and variation in
ability to cope with
HIREC

Several previous papers in the

Grand Challenges series have

stressed the critical importance

of understanding how organisms

respond to the global environ-

mental change that we refer to

here as HIREC. Major aspects of

HIREC include alterations of the

habitat (loss, degradation, and

fragmentation of habitat), spread

of exotic species and diseases, har-

vesting by humans, pollutants

(chemical, noise, and other abiot-

ic alterations), and climatic

change. Importantly, although

some organisms are doing badly

in the face of HIREC (e.g., threat-

ened or endangered species, spe-

cies of concern for conservation),

others are doing better than ever

(e.g., invasive pests, urbanized

species). A key question is how

to explain variation among spe-

cies, or among significant subsets

of individuals within species, in

their ability to cope with HIREC.

Given that HIREC is often very
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rapid, behavior is clearly a key

first step in an organism’s overall

response. Some organisms appear

to ‘get it’ and respond well behav-

iorally to humans and the envi-

ronmental changes we cause,

while others do not (see Sih

et al. 2010; Tuomainen and

Candolin 2010, for reviews). For

example, some animals avoid

humans even when we pose no

threat, whereas others are com-

patible with us (Frid and Dill

2002). Some prey exhibit appro-

priate anti-predator behavior in

response to exotic predators, but

others do not and thus suffer

heavy mortality (Sih et al. 2010).

Some herbivores thrive on exotic

plants that we provide (crops, or-

namental plants) but most have

not adopted these new resources

even though they could (Bossart

2003). Some organisms are shift-

ing the seasonal timing of key

events (onset of migration or re-

production) and thereby accom-

modate climatic change, but

others are not (Zlakevicious

et al. 2006; Rubolini et al. 2007;

Van Asch et al. 2007; Lyon et al.

2008; Both et al. 2009; Reed et al.

2009). Also, while some animals

cope well with habitat change,

others appear to exhibit strikingly

maladaptive habitat use in a

human-altered world; e.g., some

are attracted to novel, poor habi-

tats (‘ecological traps’) where they

have low fitness (Schlaepfer et al.

2002; Gilroy and Sutherland

2007). Why do some species ex-

hibit appropriate behavioral re-

sponses to HIREC while others

respond inappropriately? Perhaps

the most pressing Grand

Challenge facing behavioral biolo-

gists is to better understand, pre-

dict, and even adaptively manage

variation among organisms in

their behavioral response to

HIREC (Table 1).

HIREC is not only a pressing

problem in its own right, but it

provides an excellent way to illus-

trate the reciprocal interactions

between behavioral and other

traits, and between behavior, ecol-

ogy, and evolution discussed ear-

lier in this article. For example,

one approach to predicting re-

sponses to HIREC is based on

the feedback loop between past

evolution, current traits, and

future species’ persistence and

evolution, mentioned earlier in

this article. We begin here with

the intuitively attractive assump-

tion that a species’ current and

future evolutionary response to

HIREC might depend on the

extent to which novel, modern

environments match ‘the environ-

ment’ in which that species

evolved (Cox and Lima 2006; Sih

et al. 2010). In practice, this

might involve studying the behav-

ior of species in a ‘pristine’ envi-

ronment, chosen to represent the

environment in which that species

evolved, and to which it is pre-

sumably well adapted (e.g.

Boinski et al. 2005). One problem

with this approach, however, is

that for as long as there have

been humans, there has been

HIREC. Although the current

extent of HIREC may be unprec-

edented, HIREC per se is not new.

Humans have been altering eco-

systems for as long as we have

evidence. Anthropogenic fire and

clear cutting have been used ev-

erywhere to manage plant and

animal communities, agricultural

and urban environments altered

the landscape in ways that favor

and disfavor particular organisms,

and selective predation by

humans has altered faunas and

community structure before any

biologists began to measure

them. Humans and the organisms

that cohabit with us have been

adapting to human-induced

changes for tens of thousands of

years now, as have humans them-

selves. Even before hominids had

significant effects on ecosystems,

the ancestors of any species on

earth today experienced rapid

and dramatic changes in environ-

mental conditions. Hence, al-

though contemporary rapid

changes in climate and ecosystems

have generated new interest in the

study of how animals respond to

environmental change, these

changes also remind us that the

world has always been dynamic,

and that the ancestors of extant

species were able to persist

across millennia despite major

temporal and spatial fluctuations

in their environments. Thus, in-

stead of simply viewing responses

to HIREC as a result of a mis-

match between contemporary en-

vironments versus a single ‘past

environment’, it may be helpful

to consider phenotypic traits in

current species which allowed

them to utilize a range of envi-

ronments in the past. That is,

not only are we challenged to un-

derstand how current organisms

respond to environmental

change, but also to understand

how variation in environments

in the evolutionary past of a

given lineage led to the evolution

of mechanisms that may, or may

not, enable current members of

that lineage to cope with contem-

porary environmental change.

A simple idea based on this

perspective is that organisms that

have experienced more variable,

unpredictable environments in

the past should be more ready

(perhaps by being flexible general-

ists) to cope with HIREC. The

notion that generalists and more

flexible organisms should be

better able than inflexible, special-

ists to cope with novel environ-

ments is part of conventional

wisdom (Colles et al. 2009). For

example, both detailed experi-

mental work contrasting conge-

ners (Rehage et al. 2005) and

broad comparative surveys
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(Sol 2005; Sol et al. 2008) support

the notion that invasive or urban-

ized species tend to have more

flexible and innovative behaviors,

associated perhaps with having a

more complex nervous system (in

vertebrates, including a larger

neocortex or neostriatum), as

well as distinct neuroendocrine

and endocrine responses to stress

(Bonier et al. 2007), reduced par-

asite loads (Geue and Partecke

2008) and changes in migratory

tendencies (Partecke and

Gwinner 2007). Along similar

lines, there is evidence that species

that, on average, respond well to

HIREC might have a ‘personality

type’ or behavioral syndrome

(flexible, exploratory, bold, or ag-

gressive behavioral tendencies)

that make them particularly well

suited to cope with novel condi-

tions (Sih et al. 2004; Cote et al.

2010).

These simple ideas, however,

ignore the ‘devils in the details’

on which specific characteristics

of novel environments and their

match to specific aspects of a

range of past environments

might matter. Addressing these

devilish details brings us back to

the general challenge discussed

earlier, of understanding how be-

havior interacts with other re-

sponses to form an integrated

response to environments that

are changing on varying time

scales. Because behavior can re-

spond more quickly than do

many other responses to environ-

mental change, behavior is the key

initial reaction that can guide

subsequent developmental and

evolutionary responses. In turn,

to explain behavioral responses

when organisms are first exposed

to a novel environment, we need

to know about the cue–response

relationships that they use to eval-

uate and respond to environ-

ments, new or old. The

organism’s evolutionary history

may provide insights into the

structure of these cue–response

relationships. If the ‘new’ environ-

ment is fundamentally similar (in

the ‘eyes’ of the organism) to a

range of past environments, then

the organism should respond well

to HIREC. Whether this is the

case depends both on the similar-

ity of new versus past environ-

ments per se, and on how the

organism ‘sees’ the environment.

The challenge is to convert this

intuitive idea into a quantitative

science. A specific challenge is

thus to better understand the sen-

sory/cognitive ecology of organis-

mal responses to HIREC. What

simple behavioral rules do organ-

isms use to guide their behavior

(McNamara and Houston 2009)?

How have those rules been shaped

by their evolutionary history, and

how do those rules explain their

responses to HIREC?

For example, to understand

why some prey respond well to

an exotic predator while others

do not, we not only need to

know how similar the ‘exotic’

predator is to the range of preda-

tors with which that species

evolved, but also the cues that

prey use in evaluating danger.

Even if the exotic predator is not

similar to the native predator, if

prey use very general cues (rules)

to evaluate risk (e.g., avoid any

large, moving animal), they

might respond better to a novel

predator than if they rely on

more specific cues (e.g. olfactory

cues from particular taxa).

Similarly, to explain why an her-

bivore might feed on an exotic

plant, or why a parasite might

adopt a new host, we need to

know how similar the new plant

(or host) is to past plants (or

hosts), and we need to know the

cues that herbivores (or parasites)

use in evaluating suitability of

hosts. Along similar lines, to ex-

plain why some organisms are

shifting the timing of many

life-history stages such as migra-

tion and reproduction, as well as

less discreet events, such as species

interactions, in response to cli-

matic change (Yang and Rudolf

2010), it is vital to know what

cues organisms use for timing

such events (e.g. photoperiod,

temperature, a combination of

photoperiod� temperature, other

sets of environmental cues, or en-

dogenous rhythms). Notably,

many of these potential behavioral

responses to novel environments

involve environmental choice, in

space (e.g., choice of habitats or

microhabitats) or time (e.g., via

shifts in phenology). That is, the

Grand Challenge of understanding

environmental choice is a key part

of understanding variation within

and among populations and spe-

cies in response to HIREC.

If individuals respond well

enough to survive an initial expo-

sure to HIREC, then they may be

able to develop the many changes

in behavior subsumed under the

general category of ‘learning’. In

addition, in some taxa, including

humans of course, learning from

others (social learning) may allow

individuals to cope sufficiently

well to novel challenges without

directly suffering costs associated

with a poor initial response.

Another specific challenge is thus

to determine whether species’ dif-

ferences in learning can help ex-

plain inter-specific variation in

responses to HIREC. In turn,

this requires that we have a

better understanding of how or-

ganisms learn (individually or so-

cially) to cope with specific

aspects of HIREC, and how the

species’ evolutionary history has

shaped their learning tendencies

(Garcia et al. 1966). Even more

generally, a challenge is to under-

stand how behavior develops (in

coordination with other pheno-

typic traits) to cope with complex
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and dynamically changing abiotic

and biotic environments. Finally,

if individuals respond well

enough within a generation, then

the species has the opportunity to

‘evolve’ a more adaptive response

to HIREC. Hence, research focus-

ing on HIREC provides an oppor-

tunity to explore one of the

general challenges for behavioral

biology: building a stronger, the-

oretical, and empirical framework

to understand how behavioral

changes that occur within an ani-

mal’s lifetime influence the evolu-

tion of behavioral, and other,

traits. All of the above responses

become yet more complex when

we acknowledge that organisms

often face multiple stressors asso-

ciated with multiple aspects of

HIREC. For example, amphibian

declines have been associated

with loss of habitat, numerous

exotic enemies (predators, dis-

eases, and parasites), chemical

contaminants, elevated UV light,

and climatic change (Hayes et al.

2006; Lips et al. 2006; Blaustein

and Bancroft 2007). These envi-

ronmental stressors often likely

have synergistic negative effects.

For example, while some amphib-

ians can cope well with either

predators or low concentration

of pesticides, when they are ex-

posed to both, they show very

low survival (Relyea and Mills

2001; Rohr et al. 2006). Similar

negative synergistic impacts were

recently seen for predators and

for acidification of the oceans,

where coral reef fish exposed to

projected, elevated levels of acidi-

fication exhibited poor anti-

predator behavior that resulted

in very high-predation rates

(Dixson et al. 2010). Also, it is

valuable to appreciate the com-

plexity of predator–prey relation-

ships. For example, high risk of

predation by lynx (Lynx cana-

densi) affected foraging efficiency

in the prey, snowshoe hares

(Lepus americanus). Time budgets

devoted to vigilance reduced feed-

ing opportunities and mainte-

nance of health, resulting in

obvious measures of chronic

stress in the hares and ultimately

increased mortality (Boonstra

et al. 1998). Given that animals

face multiple stressors, both

novel and familiar, that select on

multiple traits, we expect animals

exposed to HIREC to often exhib-

it a mix of adaptive and maladap-

tive behavioral responses. The

more complex challenge is thus

to understand how these interact

to determine variation in ecologi-

cal persistence and future

evolution.

Concluding remarks—
invoking Tinbergen’s four
approaches

Many of the topics discussed

above and listed in Table 2 re-

invoke Tinbergen’s four comple-

mentary approaches to studying

behavior (Tinbergen 2005): devel-

opment, immediate causation,

functional significance (current

utility), and evolutionary history.

Although Tinbergen’s four

approaches are often taught to

students as a fundamental part

of an introduction to animal be-

havior, many research fields and

most research programs have not

felt a need to actually integrate

and apply them. For instance, be-

havioral ecologists usually focus

on questions about function and

sometimes consider recent evolu-

tion. However, many rarely con-

sider the physiological and

morphological mechanisms that

generate behavior, and even

more rarely consider how genes

and experiential factors interact

to contribute to the development

of behavior. The same, of course,

is true of other fields in behavior-

al biology, in particular, and or-

ganismal biology in general.

Although some behavioral geneti-

cists, physiologists, and endocri-

nologists have championed a

Table 2 Specific challenges in behavioral biology

1 To better understand how rapid, reversible behavioral responses integrate with slower changing, less reversible responses to

affect the fit between organism and environment.

2 To better integrate the feedback loop between ecology and behavioral responses into our understanding of ecological dynamics.

3 To better understand how past evolution has shaped today’s behaviors and how these behaviors, in turn, will likely shape

future evolution—of both behavior and other traits.

4 To understand how environmental choice affects the development and expression of integrated suites of morphological, physiological,

and behavioral traits.

5 To better integrate new methodologies (e.g., new ‘omics’, new computational methods) into studies of behavior.

6 To better understand not only behavioral responses to modern environments, but also how the mechanisms responsible for

those changes have been shaped evolutionarily by both past environments and past patterns of environmental change.

7 To better understand the sensory/cognitive ecology of organismal responses to HIREC.

8 To determine whether species’ differences in learning can help explain variation in responses to HIREC.

9 To better understand behavioral responses to multiple, conflicting environmental stressors.
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more integrative view of their

fields (Gwinner 1986; Sapolsky

1997; Wingfield 2008), most re-

searchers focus, naturally enough,

on narrower topics within their

own areas of training and exper-

tise. In contrast, we suggest that

many of the Grand Challenges

that pertain to behavior as well

as to other phenotypic traits will

benefit from perspectives that in-

tegrate all four approaches. Thus

one could say that the Fourth

Grand Challenge is to finally, reg-

ularly apply Tinbergen’s four

questions to attack other Grand

Challenges in behavior and oth-

er traits in organismal biology

(Table 1).

Ideally, this should be done

using the full range of both tradi-

tional and modern ‘sexy’ tools in-

cluding field studies, laboratory

experiments, molecular methods,

agent-based models, system

models, and other sophisticated

computational methods. While

some studies will follow Krogh’s

Principle to identify, develop and

focus on model systems

best-suited to a particular ques-

tion, the need to understand di-

versity will almost certainly

require parallel study of non-

model organisms. In part, this is

because a model species that is

ideal for studying one of

Tinbergen’s four questions need

not be amenable for studies of

the other three. As noted by ear-

lier Grand Challenges papers, a

practical first challenge will be to

both train a new generation and

re-tool the current generation of

behavioral scientists (Denver

et al. 2009; Halanych and

Goertzen 2009; Bowlin et al.

2010). However, we stress here

that these new scientists should

be trained to understand and

fully appreciate the importance

of all of Tinbergen’s four ques-

tions, so that they can engage

more fruitfully and productively

in interdisciplinary, integrative

studies. Simultaneously, we need

to build a stronger intellectual

social network of collaborations

and bridges across sub-disciplines.

More than ever, having a strong,

interdisciplinary, intellectual in-

frastructure, as well as financial

support from granting agencies,

will facilitate the exciting work

of making progress on the criti-

cally important and challenging

demands of understanding the or-

ganism in its environment. Thus,

we see the fifth and final Grand

Challenge as a call to train a new

generation of students to best

tackle the above issues with suc-

cess as the goal (Table 1).
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