
To br ing t radi t ional comparat ive physiology in to 
l ine wi th contemporary evolu t ionary biology,
physiologists over the past decade or so have been
using a more theoret ical and hypothesis-dr iven
approach to evolu t ionary quest ions in physiological
research . H istor ical ly, many studies in comparat ive
physiology proposed post-hoc adapt ive stor ies to
expla in the funct ional significance of a physiological
t ra i t after elucida t ing i ts mechanist ic basis.
However, many cr i t ics of the adapta t ionist
programme have highl ighted tha t there are many
al ternat ives to adapt ive scenar ios [1,2], including
genet ic dr ift , past select ion , genet ic correla t ions and
histor ical a t t r ibutes [3]. T he st rength and success 
of th is new evolu t ionary approach to comparat ive
physiology is reflected by the diversi ty of studies 
tha t a re producing a deeper understanding of the
evolu t ion of physiological systems (e.g. Refs [4–6],
reviewed in Ref. [7]).

The beneficial acclimation hypothesis
One of the best examples of this new approach to
physiological research has been the experimental
analysis of the adaptive significance of physiological
A C C L IM A T IO N [8–12] (see G lossary). Tradit ionally,
accl imation has been defined as the adjustment of
physiological t raits in response to changes in a single
environmental variable in the lab [13], whereas
A C C L IM A T IZA T IO N refers to physiological responses to
environmental variables in the field [13]. Physiologists
often assumed that all accl imation changes to the
phenotype enhanced the physiological performance or
fi tness of an individual organism in the environment

in which those changes were induced. Adaptive
arguments were often formulated after identifying 
the funct ional role of the phenotypic modification and
usually involved logical arguments that showed how
the phenotype enhanced reproduct ive success, growth
or survival. This long-held assumption , now referred
to as the beneficia l accl imation hypothesis (B A H) [8],
has recently received a significant amount of
experimental interrogation .

T he B A H has been tested predominant ly by
examining the accl imatory responses of ectotherms to
temperature. T he hypothesis predicts that animals
accl imated to a par t icular temperature have
enhanced performance or fi tness at that temperature
in comparison with animals accl imated to other
temperatures. However, to the surprise of many
comparat ive physiologists, a l l empir ical
examinat ions of the B A H so far have rejected i ts
general i ty [8,10–12]. T hese studies have
demonstrated that the phenotypic changes
(P H E N O T YPI C PL AST I C I T Y) that occur in organisms during
development in different thermal environments do
not a lways lead to an increased fi tness in that
environment when compared with the fi tness of
organisms raised at other temperatures. 

In the fi rst test of the B A H , Leroi et a l . [8] exposed
genet ically ident ical l ines of the bacter ia Escher ichia
col i to ei ther 32°C or 41.5°C for 24 h (~6.7 cell
generat ions d−1 a t 37°C) and then competed the two
groups at both exposure temperatures (F ig. 1). T he
B A H was used to predict that the 32°C group would
outcompete the 41.5°C group at 32°C , and vice versa
at 41.5°C . However, bacter ia grown up at 32°C
outcompeted the 41.5°C-group at both temperatures,
and so the B A H was rejected (F ig. 1). In a more
extensive test of the B A H , Bennet t and Lensk i [9]
raised E . col i at 22, 27, 32, 37 or 40°C and then
competed the different accl imat ion groups against
each other a t each temperature. As in the previous
study, many groups were outcompeted at their
‘accl imat ion’ temperature by bacter ia ra ised at other
temperatures (benefi t for accl imat ion was found in
only seven out of the 12 comparisons). Again , these
results were used to reject the general i ty of the B A H .

Gibert and co-workers [14] recent ly out l ined
another experimental test of the B A H . T hey raised
D rosophi la me l anogaster from two different
populat ions at 18, 25 or 29°C and then tested the
walk ing speed of each developmental group at each
temperature. T he B A H was used to predict that fl ies
would walk faster a t their actual developmental
temperature than would fl ies developed at other
temperatures. However, in contrast with their
predict ions, fl ies reared at 25°C walked faster a t a l l
other temperatures than did those raised at 18 or
29°C , and the B A H was again rejected.

Acclimation or developmental plasticity?
We suggest that the empir ical studies discussed here
are nei ther direct nor complete tests of the funct ional
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benefi t of thermal accl imat ion , as defined from
tradit ional physiological studies of accl imat ion .
Rather, we suggest these studies are elegant analyses
of the A D APT I V E SI G N I F I C A N C E of D E V E L OPM E N T A L

PL AST I C I T Y . Accl imat ion responses studied by
tradit ional comparat ive physiologists differ
substant ia l ly to the developmental plast ici ty
examined by Leroi et a l . [8], Bennet t and Lensk i [9]
and G iber t et a l . [14]. H istor ically, comparat ive
physiologists considered accl imat ion as a reversible
response by an organism to changes (often seasonal)
in a single environmental var iable [13]. By contrast ,
developmental plast ici ty deals with the ent ire suite 
of phenotypic changes that occur as a result of
differences in the developmental environment , not
just the faculta t ive physiological responses of an
organism (accl imat ion).

Because of the highly sensit ive nature of
organisms during the ear ly stages of development ,
small var ia t ions in the developmental environment
can lead to a cascade of phenotypic changes [15–17].
Besides accl imat ion responses, developmental
plast ici ty can ar ise from the direct biophysical effects
of the environment , and can be detr imental, neutral
or beneficia l. E nvironmental factors that lead to these
unavoidable, and often nonreversible phenotypic
changes include temperature [18], oxygen tension
[19–21], nutr i t ion [22,23] and density of conspecifics
[24]. For example, M atschak et a l . [19] found that
temperature-induced changes in muscle cellular i ty
during embryonic development of the A t lant ic salmon
Sa lma sa la r were par t ly due to restr icted oxygen
availabil i ty a t higher temperatures ra ther than to
faculta t ive responses to temperature. T he egg capsule
of embryonic salmon can act as an oxygen barr ier,
part icular ly a t higher temperatures when there is an
increased oxygen demand. I r reversible changes in 
the size and number of muscle fibres occur a t high
developmental temperature as a direct consequence
of a constraint in oxygen availabil i ty. T hese high-
temperature-induced developmental changes in
muscle cellular i ty are clear ly not faculta t ive
accl imat ion responses.

Obliga tory developmenta l changes are
par t icular ly prevalent fol lowing exposure to st ressful
condi t ions, but their effects are often subt le.
Hoffmann and H ewa-K apuge [18] dist inguished the
rela t ive contr ibut ions of different types of phenotypic
change fol lowing exposure to h igh temperatures in
the parasi t ic wasp Tr ichogramma nr. brassicae.
Impor tant ly, they found tha t some but not a l l
phenotypic changes dur ing development were 
the resul t of facul ta t ive accl imat ion responses.
Hoffmann and H ewa-K apuge [18] in i t ia l ly observed
that adul ts of T. nr. brassicae exhibi ted an increased
resistance to st ressful tempera tures fol lowing
exposure to 33°C as pupae, but tha t these changes
were accompanied by deleter ious fi tness effects.
T hey suggested tha t these fi tness decreases ei ther
reflected a genera l cost of increasing resistance to

st ressful tempera tures (accl imat ion response) or
were associa ted wi th direct phenotypic effects
ar ising from damage or developmenta l constra in ts
caused by the h igh temperatures.

To test this idea , the authors examined whether
the increased resistance to high temperatures in 
T. nr. brassicae could occur without any of the
observed decreases in fi tness [18]. Pupae of 
T. nr. brassicae were exposed to 33°C for 2, 3 or 4 h d−1

for four days [18]. For each t reatment group, there
was an increase in adult resistance to higher
temperatures. However, fi tness decreased only in 
the groups exposed to 33°C for 3 or 4 h d−1. T hus,
decreases in fi tness fol lowing exposure to high
temperatures were clear ly not caused by the
increased resistance to st ressful temperature
(accl imat ion) but ra ther to ei ther general damage to
the phenotype or developmental constraints imposed
by the high temperatures. Increased resistance to
temperature without fi tness costs has also been
observed in the egg parasi toid T. carverae in both
laboratory and field experiments [25].

E xposing organisms to stressful condit ions
confounds any analysis of the B A H (Box 1). Besides
accl imat ion responses possibly a imed at minimizing
the stress of the environment , pathological damage 
to the phenotype also occurs. In spite of these
confounding effects, several analyses of the B A H 
have incorporated stressful condit ions [8,9,26,27].
Metabolic costs and general phenotypic damage 
could overwhelm any posit ive accl imat ion responses
in a st ressful environment and the B A H might be
incorrect ly rejected. Rather than comparisons among
organisms raised under st ressful condit ions for
analyses of the B A H , Woods and H arr ison [27]
advocate examining the costs and benefi ts of specific
accl imat ion responses.

Not a l l developmenta l ly inevi table changes to the
phenotype a re caused by st ressfu l condi t ions. I n the
spec if ic case of tempera ture, i t is doubtfu l tha t every
physiologica l process tha t is affected by tempera ture
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Fig. 1. Experimental investigation of the Beneficial Acclimation
Hypothesis (BAH) by Leroi et al. [8]. The BAH was rejected in this case.



can ‘acc l imate’ to differen t tempera tures. T h is 
wi l l inevi tably lead to phenotypic differences
between organisms from differen t developmenta l
tempera tures tha t a re simply due to the di rect
effects of tempera ture on these developmenta l
pa thways [17,19–21]. T hese phenotypic changes 
a re cer ta in ly not those tha t were t radi t iona l ly
descr ibed as acc l imat ion responses by compara t ive
physiologists, bu t a re undoubtedly inc luded in the
studies of Leroi et a l . [8] and Bennet t and Lensk i [9].
T hus, previous ana lyses of the B A H  using
developmenta l plast ic i ty a re confounded by
inc luding severa l types of phenotypic plast ic i ty. 
A more compel l ing exper imenta l ana lysis of the
benefi t of acc l imat ion would be based a round the
concept of acc l imat ion tha t t radi t iona l compara t ive
physiologists were cr i t ic i zed for assuming was
a lways benefic i a l .

Exploring the BAH using competing hypotheses
I n two addi t iona l studies explor ing the B A H , both
H uey and Ber r igan [11] and H uey et a l . [12]
advoca ted a st rong inference approach to 
examin ing quest ions rela t ing to the thermal
acc l imat ion of ectotherms. T hei r approach involved
test ing among compet ing hypotheses tha t ma ke
differen t predict ions as to how developmenta l
tempera ture influences the thermal sensi t iv i ty of
performance (Box 2).

H uey and Ber r igan [11] and H uey et a l . [12] 
then used the da tasets of severa l previous studies,
such as tha t by Zwaan et a l . [28], to compare the
hypotheses. Zwaan et a l . [28] ana lysed the effect 
of developmenta l tempera ture on adul t longevi ty 
in D . me l anogaster and found tha t fl ies ra ised a t
in termedia te tempera tures survived longer as
adul ts than did those fl ies ra ised a t cool or h igh
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Woods and Harrison [a] addressed whether the acclimation of
Manduca sexta caterpillars to water stress was beneficial.

•  Treatments
Larvae were raised from the first instar on low- (69%) or high-water
(80%) artificial diets. After reaching the fifth instar, growth rates for
both groups were measured on the same or opposite diet for 36 h.
Several determinants of larval water budget were also recorded.

•  Results
Caterpillars raised on high-water diet grew faster than did those
raised on low-water diet when tested on both diets. Thus, no
benefit for previous exposure to low-water diet was observed.
However, larvae responded to short-term hydric stress (low-water
diet) by minimizing water excretion by increasing rectal water
absorption, and to long-term hydric stress by significantly
reducing faecal water excretion.

•  Conclusions
The authors concluded that, under current usage, the 
beneficial acclimation hypothesis (BAH) had to be rejected in
this case. However, we suggest that phenotypic damage owing
to hydric stress confounds any analysis of the benefits of
acclimation.

Do the lower growth rates of larvae raised on a low-water 
diet (when tested on both diets) reflect pathological 
phenotypic changes owing to stress OR a lack of beneficial
acclimation? We suggest that the pathological effects of chronic
stress might overwhelm any possible beneficial acclimation
responses.

Reference
a Woods, H .A . and H arr ison , J . F. (2001) T he beneficia l accl imat ion hypothesis

versus accl imat ion of specific t ra i ts: physiological changes in water-stressed
M anduca sexta caterpil lars. Physiol . Zool . 74, 32–44

Box 1. Experimental analysis of the BAH under stressful conditions

This set of competing hypotheses is as suggested by Huey and
Berrigan [a], and Huey et al. [b].
Beneficial Acclimation Hypothesis (BAH): organisms acclimated
to a particular environment have enhanced performance or
fitness in that environment relative to organisms acclimated to
other environments [c].
Optimal developmental Temperature Hypothesis (OTH):
organisms raised at intermediate temperatures have higher
relative fitness across all temperatures than do organisms raised
at high or low temperatures. The OTH was suggested as an
alternative to the BAH by Zamudio et al. [d], Huey and Berrigan [a]
and Huey et al. [b].
Cooler is Better Hypothesis (CBH): organisms raised at cool
temperatures have higher relative fitness across all
temperatures than do organisms raised at intermediate or 
high temperatures. The CBH is based on the assumption 
that the larger size of cool-developed organisms is 

sufficiently advantageous to outweigh any benefits of
acclimation [b].
Warmer is Better Hypothesis (WBH): organisms raised at high
temperatures have higher relative fitness across all temperatures
than do those raised at intermediate or cool temperatures. The
WBH is the reciprocal of the CBH of Huey et al. [b].

References
a H uey, R .B . and Berr igan , D .A . (1996) Test ing evolut ionary hypotheses of

accl imat ion . In Animals and Temperature: Phenotypic and E volutionary
Adaptation . Soc iety for E xper imenta l B iology Seminar Ser ies (Johnston , I .A .
and Bennet t , A . F., eds), pp. 205–237, C ambridge U niversi ty Press

b H uey, R .B . et a l . (1999) Test ing the adapt ive significance of accl imat ion: a
strong inference approach . Am . Zool . 39, 323–336

c Leroi, A .M . et a l . (1994) Temperature accl imat ion and competi t ive fi tness: an
experimental test of the beneficia l accl imat ion assumption . Proc. N atl . Acad .
Sc i . U . S . A . 91, 1917–1921

d Zamudio, K .R . et a l . (1995) B igger isn’t a lways bet ter: body size, temperature
and male terr i tor ia l success in D rosophi la me l anogaster . Anim . Behav.
49, 671–677

Box 2. Set of competing hypotheses



tempera tures, regardless of the tempera ture a t
which the adul t fl ies were kept . T hese da ta were
used by H uey and Ber r igan [11] and H uey et a l . [12]
to aga in reject the genera l i ty of the B A H  in favour 
of the opt imal developmenta l tempera ture
hypothesis (O T H).

However, as with the previous analyses of the
B A H , we suggest this experimental design is a lso
confounded by several different types of plast ici ty
underlying the phenotypic changes, not just
accl imat ion responses. We consider that , in this
context , the O T H , cooler is bet ter hypothesis (C B H)
and warmer is bet ter hypothesis (W B H) al l deal
specifically with the adapt ive consequences of the
developmental environment , regardless of the source
of phenotypic changes. However, the B A H refers only
to the faculta t ive physiological responses of the
organisms and is thus only one specific type of
phenotypic plast ici ty. We suggest that the O T H , C B H
and W B H are not mutually exclusive to the B A H . 
For example, i t is possible that the developmental
constraints imposed on the phenotype by some
temperatures are so great that the overal l
performance is dominated not by the accl imat ion
responses (if they occur), but by these phenotypic
inevi tabil i t ies. In other words, there might be an
opt imal temperature for development that is
determined solely by the unavoidable changes to 
the phenotype that occur in the different thermal
environments. T his, of course, says nothing about 
the rela t ive meri t of the ‘accl imat ion’ changes in 
each environment .

Conclusions and future directions
Previous empir ical tests of the B A H have elegant ly
demonstrated the evolut ionary significance of
thermally induced developmental plast ici ty [8,9],
especia l ly with the advent of a r igorous experimental
design test ing several competing hypotheses [11,12].
Important ly, these studies of the B A H have forcefully
made the point that accl imat ion changes cannot just
be assumed to be beneficia l, but this is a hypothesis
that must be r igorously tested. However, we believe
that a detai led empir ical examinat ion of the adapt ive
significance of more t radit ional measures of
physiological accl imat ion is now required to test the
B A H . We challenge comparat ive physiologists to
develop new invent ive experimental designs to
explore the benefi ts and costs of the more t radit ional
accl imat ion responses. However, th is wil l not be 
easy and using anything less that a close correla te 
of fi tness to test the hypothesis, such as survival,
reproduct ive success or competi t ive abil i ty, would be
less than desirable. Previous empir ical tests of the
B A H have certainly set a benchmark for examining
the adapt ive significance of phenotypic plast ici ty,
regardless of the source of phenotypic var ia t ion .

One entertaining possibil i ty for future tests of the
B A H would be to examine the thermal accl imation 
of reproduct ive performance, especia l ly in a system
where females discr iminate between displaying
males. For example, in a species where females are
choosy about their mates, females could be given the
opportunity to discr iminate between cool- and warm-
accl imated males at various temperatures. The abil i ty
to at tract and procure a female might depend on
characters such as swimming performance, aerobic
capabil i t ies and general act ivi ty, a l l of which have
been shown to accl imate to temperature in a variety of
taxa [13]. In this specific case, the B A H would predict
that , a t high temperatures, females would find the
warm-accl imated males more at tract ive than they
would the cool-accl imated males and vice versa at cool
temperatures. E ven more compelling would be the
inclusion of males that had been raised at different
temperatures, so the relat ive merits of developmental
plast ici ty could be compared with the more reversible-
type accl imation responses. We suggest that future
tests of the B A H should investigate tradit ional types
of accl imation using the protocols developed for
analysing developmental plast ici ty.
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Acclimation: any facultative modification in a physiological trait in response to changes in 
an environmental variable in the lab. Changes can be in response to the developmental
environment or long-term environmental shifts during the later stages of the life history of an
organism (more traditionally studied). Responses can be beneficial, neutral or negative.
Acclimatization: facultative modifications in a physiological trait in response to changes in
one or more environmental variables in the field.
Adaptive significance: (in context of plasticity) fitness advantages and disadvantages associated
with the expression of phenotypic plasticity across a range of environments. Fitness
consequences can be positive, negative or neutral.
Developmental plasticity: phenotypic changes induced by variation in the developmental
environment. Changes can include facultative responses by the organism (e.g. acclimation)
or unavoidable biophysical consequences of the environment (obligatory and/or
pathological).
Phenotypic plasticity: environmentally induced variation in morphology, physiology and/or
behaviour of an organism.

Glossary
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Over the past 20 years, the study of behavioral
interact ions between predator and prey has shed much
light on prey behavior, and it is now clear that almost
any aspect of prey decision-making (from foraging
behavior to mate choice) can be influenced by the risk 
of predation [1–3]. A growing literature also suggests
that nonlethal interact ions between predator and prey
(those driven by prey avoidance of predation) might be
an important component of predator–prey interact ions

in general [4–8]. Work on behavioral predator–prey
interact ions therefore provides an important bridge
between the studies of behavior and ecology.

In spi te of these many advances, our
understanding of behaviora l predator–prey
in teract ions is l imited by a simple oversight: we
vir tua l ly forgot about the behavior of predators!
H istor ical ly, we have been so focused on prey
behavior tha t we (myself included) became
comfor table wi th t rea t ing predators as unresponsive
‘black boxes’ ra ther than par t icipants in a behaviora l
in teract ion . T his oversight has not only led to an
incomplete view of behaviora l in teract ions between
predators and prey, but has a lso obscured an ent i re
class of such in teract ions tha t occurs a t la rge spat ia l
scales. My goal is to explore some of the insights
gained from put t ing predators back in to behaviora l
predator–prey in teract ions.

How were predators removed from the interaction?
T he removal of predators from the behavioral
predator–prey interact ion is apparent in the
ubiquitous ‘fixed-r isk ’ assumptions of constant a t tack
rates over t ime and patch-specific r isks of predat ion
(e.g. Ref. [9]); such assumptions imply that predators
are not influenced by prey behavior. As few would
argue for the str ict val idi ty of this assumption , 
why were predators relegated to the sta tus of
unresponsive ent i t ies? In many ways, the fixed-r isk
approach (i.e. the assumption of unresponsive
predators) was a sensible star t ing point .
C haracter izing predat ion r isk as an environmental
constant seemed reasonable given that predators can
str i ke opportunist ically and could be anywhere a t a
given t ime. M athematical convenience might have
also played a role: models of ant ipredator decision-
mak ing are much simpler under an assumption of
fixed r isk than they are when both predator and prey
are al lowed to respond to one another. F ur thermore,
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Putting predators
back into behavioral
predator–prey
interactions
Steven L. Lima

In the study of behavioral predator–prey interactions, predators have been
treated as abstract sources of risk to which prey respond, rather than
participants in a larger behavioral interaction. When predators are put back 
into the picture by allowing them to respond strategically to prey behavior,
expectations about prey behavior can change. Something as simple as allowing
predators to move in response to prey movements might not only (radically)
alter standard expectations of prey behavior, but might also reveal new classes
of behavioral phenomena that occur at large spatial scales. Similar revelations
undoubtedly await many well-studied aspects of the behavioral interaction
between predator and prey. Most examples studied to date, both theoretical and
empirical, require attention from this ‘predatory’ perspective. Putting predators
back into the picture will be challenging, but doing so might change the way in
which biologists think about predator–prey interactions in general.
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