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Abstract Different environments are expected to exert differential selective pressures,

often generating distinct sets of traits in organisms inhabiting different geographic regions.

Starvation endurance is an important trait for organisms in harsh (i.e., extreme climate and/

or biotically poor) and unpredictable environments. This is especially true for sit-and-wait

predators, such as antlions, which experience stronger fluctuations in prey arrivals than do

actively searching predators. We conducted an experimental comparison of starvation

endurance in pit-building antlions, originating from semi-arid and hyper-arid environ-

ments. We hypothesized that individuals from the climatically harsher and biotically poor

environment (i.e., hyper-arid) should be better adapted to endure long starvation periods.

Additionally, we posited that faster-growing individuals are expected to be more sensitive

to starvation because of their need to sustain higher metabolic rates. We found that antlions

originating from the semi-arid region maintained higher activity levels, which led to

slightly higher mass loss rates during starvation, but enabled faster recovery when food

supply was renewed. Conversely, antlions originating from the hyper-arid region had lower

activity levels, consistent with their lower rate of mass loss during starvation, but this came

at the expense of decreased response to prey and lower growth rate when food became

available again. Each strategy holds its advantages for coping with long starvation periods,

and we cannot say decisively which strategy is better. Results from both regions were

consistent with the predictions of the growth compensation phenomenon: antlions that

were fed less frequently pre-starvation grew at faster rates when food supply was renewed.

Our study demonstrates that individuals originating from different environments adopt

different strategies in order to endure starvation, exemplifying antlions’ ability to com-

pensate for mass lost during starvation.

Ron Rotkopf and Yehonatan Alcalay contributed equally to this work.

R. Rotkopf (&) � Y. Alcalay � E. Bar-Hanin � E. D. Barkae � O. Ovadia (&)
Department of Life Sciences, Ben-Gurion University of the Negev, 84105 Be’er-Sheva, Israel
e-mail: rotkopf@post.bgu.ac.il

O. Ovadia
e-mail: oferovad@bgu.ac.il

123

Evol Ecol (2013) 27:1129–1144
DOI 10.1007/s10682-013-9644-0



Keywords Clinal variation � Growth compensation � Life-history � Local adaptation �
Myrmeleontidae � Trade-off

Introduction

Different environments are expected to exert differential selective pressures, often gen-

erating distinct sets of traits in organisms inhabiting different geographic regions (Endler

1986, 1977; Hoffmann et al. 2005; Hoffmann and Watson 1993). To experimentally

explore this assertion, common garden or reciprocal transplant experiments have been

frequently conducted, during which a limited set of individual traits were quantified (e.g.,

Mousseau 2000; Read 1999; Reznick and Travis 2001). Such experiments have found

differences in body size between latitudes within the same species (e.g., Atkinson 1994;

Atkinson and Sibly 1997; Heinze et al. 2003), and have also generated the prediction that

individuals originating from stressful environments should exhibit more phenotypic plas-

ticity (or G 9 E effect), because their habitat is characterized by a larger inter-annual

variation (David et al. 2004; Maynard-Smith 1993; Petru et al. 2006; but see Scharf et al.

2008a).

Common garden and transplant experiments are very useful for studying genetic and

phenotypic differences between populations originating from different geographic

regions (Reznick and Travis 2001). However, inter-population variation in behavior or

physiology often can be discerned only when the organism is exposed to environmental

stress, shedding light on rarely-discussed aspects of local adaptation (Allan and Pannell

2009; Gilchrist et al. 2008; Hoffmann et al. 2005; Huey et al. 2002). For instance, when

facing prey shortage, animals may reduce their metabolic rates to a minimum level

possible and wait for some future improvement. Alternatively, they may keep their

current metabolic rate (or even increase it) and search actively for a more prey-rich hab-

itat (Gutman et al. 2007; Wang et al. 2006). These two strategies are definitely context-

dependent: Reducing metabolic rate is possibly preferred under low food abundance or

stochastic conditions, but increasing activity is preferred under rich or more predictable

conditions (e.g., Scharf and Ovadia 2006), where prey shortage might be perceived as a

localized event.

Body size is an important morphological trait, with implications for physiology, which

in turn affects behavior, survival, mating success and fecundity (Blanckenhorn 2000;

Fairbairn et al. 2009). Differences in body size between climatic regions may be a result of

differences in relative growth rate or the length of the developmental period (e.g., Atkinson

1994; Atkinson and Sibly 1997; Heinze et al. 2003). Individual variation in relative growth

rate should be strongly linked to starvation endurance (Gotthard et al. 1994; Scharf et al.

2009; Stoks et al. 2006). Specifically, faster-growing individuals are expected to be more

sensitive to starvation because of their need to sustain higher metabolic rates (e.g., Scharf

et al. 2009), although contrary examples do exist (Leggatt et al. 2003; Sundström and

Devlin 2011).

Under natural conditions, differences in growth rate between individuals might arise due

to sheer luck (e.g., Harwood et al. 2001), genetics (e.g., De Block et al. 2008b; Read 1999;

Tracy 1999), or plastic responses to environmental conditions (Via et al. 1995). It has been

traditionally assumed by life-history theoreticians that juvenile growth rates are maximized

and that variation in this trait is due to the quality of the environment (Roff 1992; Stearns

1992). However, there is a large body of evidence showing that juvenile growth rates may

vary adaptively both within and between populations (Gotthard 2000), implying that high
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growth rates may be associated with costs, such as developmental instability (Dmitriew

and Rowe 2005), reduced pupal size (Gotthard 1998), and increased risk of starvation

during subsequent periods of food stress (Dmitriew and Rowe 2011).

In different environments, distinct developmental strategies should be preferred (Roff

2002). Under harsh (i.e., extreme climate and/or biotically poor) or stochastic conditions it

is better for an organism to reach its final size as quickly as possible, by increasing growth

rate and/or shortening the developmental period, possibly resulting in a smaller final body

size (Roff 1992; Stearns 1992). Furthermore, under acute food shortage, faster-growing

animals, characterized by higher metabolism, are expected to lose mass faster and survive

for shorter time periods than slow-growing animals. The safer route, which is expected to

be preferred under richer and more stable conditions, should be a slower growth rate and a

larger final body size (Roff 2002).

Individual variation in starvation endurance is strongly correlated with environmental

conditions (Arnett and Gotelli 2003; Griffiths et al. 2005). This is especially true in sit-and-

wait predators, which suffer from fluctuations in prey arrivals much more than do actively

searching predators (Arnett and Gotelli 2003; Riechert 1992). Sit-and-wait predators are

inherently constrained in their abilities to avoid stressful conditions (e.g., high tempera-

tures and hunger) because of their low mobility levels. However, theory predicts that

compared with widely foraging predators, sit-and-wait predators should better cope with

stressful conditions (Huey and Pianka 1981; Perry and Pianka 1997).

When feeding resumes after an episode of starvation, a variety of species exhibit growth

compensation (Metcalfe and Monaghan 2001), or accelerated growth to compensate for the

lack of growth during the starvation period (e.g., Dmitriew and Rowe 2005; Jespersen and

Toft 2003; Jobling 2010; Stoks et al. 2006). Here, we use the term compensatory growth or

growth compensation to indicate the relative growth rate when an animal is fed post-

starvation, even if said growth rate is lower than the animal’s growth rate when it is fed

regularly.

In this research, we conducted an experimental comparison of the responses to star-

vation in pit-building antlions originating from semi-arid and hyper-arid climatic regions.

These regions differ climatically, e.g., temperature, rainfall and relative humidity

(Table 1). Furthermore, similar to other arid systems (e.g., Lightfoot and Whitford 1991;

Whitford et al. 1995), the increase in annual precipitation from the hyper- to the semi-arid

region of Israel is strongly associated with increased plant productivity (Abramsky 1988;

Dall’Olmo and Karnieli 2002) and insect diversity (Sogavker 2004) (Table 1). To the best

of our knowledge, our study is the first attempt to contrast the starvation endurance of

individuals originating from semi-arid and hyper-arid environments, in animals in general,

and insects in particular.

We tested for the existence of a trade-off between growth rate and starvation endurance

in Cueta lineosa Rambur, 1842 (Neuroptera: Myrmeleontidae) larvae, and examined

whether this trade-off differs between individuals originating from the semi and hyper-arid

habitats. We thus treat growth rate as a proximate factor, which is expected to be strongly

affected by prey encounter rate (i.e., feeding rate). Our working hypothesis was that there

should be a trade-off between growth rate and starvation endurance, i.e., larvae exhibiting

higher growth rates should lose more mass during a prolonged starvation period. However,

this pattern of increased mass loss in fast-growing individuals should be less pronounced

among individuals originating from hyper-arid habitats, which are better adapted to long

starvation periods associated with low prey abundance, combined with the more stochastic

prey arrival rate characterizing their habitat-of-origin.

Evol Ecol (2013) 27:1129–1144 1131

123



T
a

b
le

1
R

ep
re

se
n
ta

ti
v
e

b
io

ti
c

an
d

ab
io

ti
c

ch
ar

ac
te

ri
st

ic
s

o
f

th
e

se
m

i-
ar

id
(B

e’
er

-S
h
ev

a)
an

d
h
y
p
er

-a
ri

d
(s

o
u
th

er
n

A
ra

v
a)

cl
im

at
ic

re
g
io

n
s

R
eg

io
n
/

p
o

p
u

la
ti

o
n

Ja
n

u
ar

y
te

m
p

er
at

u
re

(�
C

)

A
u

g
u

st
te

m
p

er
at

u
re

(�
C

)

A
n

n
u

al
p
re

ci
p
it

at
io

n
(m

m
)

A
n

n
u

al
P

re
ci

p
it

at
io

n
C

.V
.

(%
)

A
n

n
u

al
n

o
.

o
f

ra
in

y
d

ay
s

([
0

.1
m

m
)

A
v

er
ag

e
h

u
m

id
it

y
(%

)
N

o
rm

al
iz

ed
d

if
fe

re
n

ce
v
eg

et
at

io
n

in
d
ex

(N
D

V
I)

*

A
n

n
u

al
p

la
n

t
co

v
er

(%
)*

*
A

n
t

sp
ec

ie
s

ri
ch

n
es

s*
*
*

B
e’

er
-S

h
ev

a
1

1
.2

2
5

.7
2

0
4

3
0

4
1

6
0

0
.1

0
–

0
.1

1
3

0
.3

9

S
o

u
th

er
n

A
ra

v
a

1
5

.7
3

3
.4

3
2

[
4

0
1

0
.6

3
5

0
.0

0
–

0
.0

7
6

.2
5

A
lo

n
g

th
e

so
u

th
-t

o
-n

o
rt

h
g

ra
d

ie
n
t

in
Is

ra
el

,
th

er
e

is
a

g
en

er
al

d
ec

re
as

e
in

th
e

m
ea

n
an

n
u

al
te

m
p

er
at

u
re

,
an

d
an

in
cr

ea
se

in
th

e
an

n
u

al
p

re
ci

p
it

at
io

n
an

d
re

la
ti

v
e

h
u

m
id

it
y

(G
o

ld
re

ic
h

2
0

0
3
).

T
h

e
in

cr
ea

se
in

an
n

u
al

p
re

ci
p

it
at

io
n

fr
o

m
th

e
h

y
p

er
-

to
th

e
se

m
i-

ar
id

re
g

io
n

o
f

Is
ra

el
is

st
ro

n
g

ly
as

so
ci

at
ed

w
it

h
in

cr
ea

se
d

p
la

n
t

p
ro

d
u
ct

iv
it

y
(A

b
ra

m
sk

y
1

9
8

8
;

D
al

l’
O

lm
o

an
d

K
ar

n
ie

li
2

0
0

2
)

an
d

in
se

ct
d

iv
er

si
ty

(S
o

g
av

k
er

2
0

0
4
)

*
(N

D
V

I:
0

.0
0
–

0
.0

7
v

s.
0

.1
0
–

0
.1

1
;

D
al

l’
O

lm
o

an
d

K
ar

n
ie

li
2

0
0

2
);

*
*

(6
.2

v
s.

3
0

.3
%

;
A

b
ra

m
sk

y
1

9
8

8
);

*
*

*
(5

v
s.

9
sp

ec
ie

s
o

f
an

ts
;

S
o

g
av

k
er

2
0

0
4
)

1132 Evol Ecol (2013) 27:1129–1144

123



Materials and methods

Study species and habitats-of-origin

We collected Cueta lineosa Rambur, 1842 (Neuroptera: Myrmeleontidae), larvae from the

loessial plains near Be’er-Sheva (N31�160, E34�500, semi-arid climate; Table 1) and from

the southern Arava, near Samar (N29�490, E35�020, hyper-arid climate; Table 1) and

brought them to the laboratory. Occurring mainly in the Israeli Negev desert, C. lineosa

also exists in several small populations located in central and northern Israel, but is

restricted to light soils, such as loess (Simon 1988). This species is a habitat specialist: its

performance declines when placed in coarse-grained soils (Barkae et al. 2012). Cueta

lineosa is mainly found in open microhabitats exposed to direct sunlight. The larvae

develop through three instar stages, and emerge after pupation as short-lived, weak-flying

adults, measuring up to 32 mm in length (Simon 1988).

All required permits and approvals for this work were obtained from Israel’s Nature and

National Parks Protection Authority, permit no. 2010/37830. In compliance with all the

relevant laws and regulations prevailing in Israel, self-regulation and accountability of

local programs by an Institutional Animal Care and Use Committee (IACUC) are not

applicable for the use of invertebrates in research (Israel’s Animal Welfare Act 1984).

Experimental procedures

We collected fresh antlions in the field and kept them separately in round plastic cups

(10.5 cm diameter, 7 cm height) filled with 3 cm of loess. We fed the antlion larvae with

mealworms twice a week until the beginning of the experiment (habituation period). Antlions’

natural food consists of various arthropods, especially ants. However, mealworms are a viable

substitute for natural prey, as is exemplified by antlions’ ability to grow, develop and complete

their life cycle within 1 year, as under natural field conditions, when fed with mealworms

(Scharf et al. 2008a). Throughout the experiment, antlion larvae were kept in the lab at a room

temperature of 22 ± 3 �C (mean ± 1 SD) and a 12:12 h light:dark schedule. The experiment

comprised three time periods: (1) Feeding: We randomly divided antlion larvae originating

from each of the two climatic regions into three experimental groups (n = 30 per group per

climatic region, a total of 180 antlions) having similar body size distributions. The body mass

of the antlions at this point was 0.0039 ± 0.0003 and 0.0092 ± 0.0006 g (mean ± 1 SE) for

those originating from the hyper-arid and semi-arid regions, respectively. It is important to

note that such differences in body mass are consistent with the expectations of the temper-

ature-size rule (Atkinson and Sibly 1997). Indeed, two-fold differences in body mass between

populations were also found in another pit-building antlion species, Myrmeleon hyalinus

(Scharf et al. 2008a). Over 4 weeks, we fed the antlions in these three experimental groups at

different frequencies (two mealworms per week, one mealworm per week or one mealworm

per fortnight) in order to create a gradient of growth rates. All three feeding frequencies are

below the maximum intake ability of the antlions, which can consume several mealworms a

day when available, but all three frequencies enable positive growth rate and maintenance of a

normal life cycle. (2) Starvation: We starved the larvae for 2 months. (3) Compensation: We

fed the antlions three times over the course of 1 week.

A control group was regularly fed (one mealworm per week) throughout the whole

experiment. We measured body mass and pit diameter periodically throughout the

experiment. Pit diameter is regularly used in antlion studies as an indicator of foraging

effort (reviewed in Scharf and Ovadia 2006). A larger pit is more likely to trap prey
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(Farji-Brener 2003; Griffiths 1980; Wilson 1974), but maintaining a larger pit is costly

(Lucas 1985), because the pit often has to be rebuilt due to wind and sand-throwing by

nearby antlions (Barkae et al. 2010).

At the beginning of the experiment (before the separation into feeding treatments) and

at the end of the starvation period, we fed one pre-weighed mealworm to each antlion in

order to measure response time to prey (i.e., time from the placement of a mealworm inside

the pit until the antlion made an attempt to subdue it) and growth efficiency (i.e., con-

version of prey mass to predator mass). We measured growth efficiency by dividing the

difference in antlion body mass before and after feeding by the prey body mass
antlion massafter feeding�antlion massbefore feeding

prey mass

� �
(Scharf et al. 2009). We measured response time

to prey and growth efficiency for the first feeding in the compensation period, and weighed

all the antlions again after the third feeding, to calculate relative growth rate over the entire

compensation period. We also noted the percentage of antlions that responded to prey, as

non-responsiveness indicates lower activity levels. An antlion that did not respond to prey

within 60 s of its introduction was defined as ‘‘unresponsive’’. Larvae were weighed

throughout the experiments to ±0.1 mg (CP224S, Sartorius AG, Goettingen, Germany).

We calculated relative growth rate according to the common formula
ln Masst2ð Þ�ln Masst1ð Þ

Dt

� �

(e.g., Gotthard 2000; Gotthard et al. 1994). The time periods were: feeding (28 days),

starvation (54 days), and compensation (8 days).

Statistical analyses

We analysed pit diameter and relative growth rate (or mass loss, with initial body mass as a

covariate) using a two-way repeated measures ANCOVA with region and feeding treat-

ment as between-subjects explanatory variables and initial body mass as a covariate.

Similarly, the regularly-fed control group was analysed using a one-way repeated measures

ANCOVA with region as a between-subjects explanatory variable and initial body mass as

a covariate (feeding treatment is not applicable for this group). As mentioned above,

growth efficiency was measured at the beginning of the experiment (before the separation

into feeding groups) and at the end of the starvation period. Because feeding treatment is

not applicable for the first measurement, we carried out two separate ANOVAs. Specifi-

cally, the first measurement was analysed using a one-way ANOVA with region as an

explanatory variable, while the second was analysed using a two-way ANOVA with region

and feeding treatment as explanatory variables. Growth efficiency of the regularly-fed

control group was analysed using a one-way repeated measures ANOVA with region as a

between-subjects explanatory variable. These analyses were conducted in STATISTICA,

v8.0 (StatSoft, Ltd., Tulsa, OK, USA). To test for differences in survival and response

times, we used the Cox proportional hazard model, i.e., time-to-event analysis (Kalbfleisch

and Prentice 2002), with region, feeding treatment (except for the first response time

measurement as well as for the analyses of the regularly-fed control group), initial body

mass and the respective interaction terms as covariates. This statistical analysis was per-

formed using S-PLUS 2000 (MathSoft, Inc., Cambridge, MA, USA).

Results

Pit diameter of starved antlions originating from the semi-arid region was significantly

larger than that of those originating from the hyper-arid region (Two-way repeated
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measures ANCOVA using initial body mass as a covariate: F1,75 = 3.99, P = 0.049;

Fig. 1). In addition, in both regions pit diameter increased with body mass, however, this

pattern was more pronounced in the semi-arid region (Two-way repeated measures

ANCOVA: F1,75 = 26.34, P \ 0.001; Body mass 9 Region interaction). Notably,

throughout the entire range of overlapping body masses between the two regions, pit

diameter of antlions from the semi-arid region was larger than that of those from the hyper-

arid region. Antlions from the semi-arid region also showed a dramatic increase in pit

diameter at the beginning of the feeding period (Two-way repeated measures ANCOVA:

F6,450 = 3.022, P = 0.007; Time 9 Region interaction). When examining the second

month of the starvation period, antlions originating from the semi-arid region showed a

marginally higher increase in pit diameter than those originating from the hyper-arid region

(Two-way repeated measures ANCOVA: F1,111 = 3.86, P = 0.052; Time 9 Region

interaction). In the regularly-fed control group, initial pit sizes were similar for both regions.

In antlions from the hyper-arid region, pit sizes increased dramatically in the first 2 weeks

and decreased gradually in the remainder of the experiment, while in antlions from the semi-

arid region, pit sizes increased gradually throughout the experiment. However, from week 4

until the end of the experiment, pit sizes were similar for both regions (One-way repeated

measures ANCOVA: F5,80 = 6.11, P \ 0.001; Time 9 Region interaction; Fig. 1).

Time-to-event analysis (i.e., Cox proportional hazard model) indicated that at the

beginning of the experiment, antlions originating from the semi-arid region responded to

prey faster, and at higher percentages, than those originating from the hyper-arid region

Fig. 1 Pit diameter (mean ± 1 SE) was larger in antlions (C. lineosa) originating from the semi-arid region
(Two-way repeated measures ANCOVA using initial body mass as a covariate: F1,75 = 3.99, P = 0.049),
which also showed a dramatic increase in pit diameter at the beginning of the feeding period
(F6,450 = 3.022, P = 0.007; Time 9 Region interaction). Pit diameter increased during the feeding period
(weeks 1–4), and decreased during the first month of the starvation period (weeks 4–8). When examining the
second month of the starvation period, antlions originating from the semi-arid region showed a marginally
higher increase in pit diameter than those originating from the hyper-arid region (F1,111 = 3.86, P = 0.052;
Time 9 Region interaction). In the semi-arid control group, the last measurement is missing

Evol Ecol (2013) 27:1129–1144 1135

123



(Z = 4.86, P \ 0.001; Fig. 2a). When fed for the first time after the starvation period, this

difference between regions was still significant (Z = 6.22, P \ 0.001; Fig. 2b). Addi-

tionally, antlions that were fed more frequently during the feeding period were less

responsive to prey after starvation (Z = 2.81, P = 0.005; Fig. 2b) and this pattern was

consistent between regions (non-significant Region 9 Feeding treatment interaction;

Z = 0.635, P = 0.530). In the control group, we found no significant differences in

response time to prey between regions, neither at the beginning (Z = 1.04, P = 0.3) nor at

the end (Z = 1.63, P = 0.1) of the experiment.

At the beginning of the experiment, there was no difference in growth efficiency

between regions (One-way ANOVA: F1,171 = 0.32, P = 0.572; Fig. 3). When fed after the

starvation period, growth efficiency was higher in antlions originating from the semi-arid

region, compared to those originating from the hyper-arid region (Two-way ANOVA:

F1,118 = 17.47, P \ 0.001; Fig. 3). Antlions that were fed more frequently during the

feeding period tended to have a lower growth efficiency when fed post-starvation, but this

trend was only marginally significant (Two-way ANOVA: F2,118 = 2.81, P = 0.064). In

addition, the interaction between region and feeding treatment was not significant (Two-

way ANOVA: F2,118 = 0.14, P = 0.874). In the control group, no differences in growth

efficiency were found at the beginning of the experiment, but at the end of the experiment,

antlions originating from the semi-arid region showed higher growth efficiency than those

originating from the hyper-arid region (One-way repeated measures ANOVA: F1,37 =

8.21, P = 0.007; Time 9 Region interaction).

Antlions originating from the semi-arid region showed a higher relative growth rate

during the feeding period, a faster rate of mass loss during the starvation period, and a

higher relative growth rate during the compensation period (Two-way repeated measures

ANCOVA using initial body mass as a covariate: F2,228 = 12.47, P \ 0.001; Time 9

Region interaction; Fig. 4). In addition, antlions that were fed more frequently during the

feeding period had a lower relative growth rate during the compensation period (Two-way

repeated measures ANCOVA: F4,228 = 7.63, P \ 0.001; Time 9 Feeding Frequency

interaction; Fig. 5). We repeated the analysis for the starvation and compensation periods,

using the body mass at the beginning of the starvation period as a covariate, but the results

were qualitatively identical to the previous analysis. In the control group, growth rates

were similar between regions during the regular feeding period, but higher in antlions from

the semi-arid region during the compensation period (One-way repeated measures

ANCOVA: F1,37 = 6.58, P = 0.015; Time 9 Region interaction).

Time-to-event analysis (i.e., Cox proportional hazard model) indicated that the mor-

tality rate of antlions originating from the semi-arid region tended to be lower than that of

those originating from the hyper-arid region, but this trend was not significant (Z = -1.78,

P = 0.076). When examining the number of surviving antlions at the end of the experi-

ment compared to the number of antlions that were present at the beginning of the star-

vation period, the totals were 81/89 and 40/75 for the semi-arid and hyper-arid regions,

respectively. This difference in survival is accounted for by the effect of initial body mass

(Z = 5.42, P \ 0.001). Specifically, every increase of 1 mg in the initial mass led, on

average, to a decrease of 37.6 % in the mortality probability of individuals. As expected,

each additional prey item consumed by antlions during the feeding phase led to a mar-

ginally non-significant decrease of 7 % in their mortality rate (Z = -1.67, P = 0.094). In

the regularly-fed control group, no differences in survival were found between regions

(Z = -0.05, P = 0.960). As in the starved groups, higher initial body mass improved

survival rates (Z = -2.36, P = 0.018). Specifically, every increase of 1 mg in the initial

mass led, on average, to a decrease of 47.7 % in the mortality probability of individuals.

1136 Evol Ecol (2013) 27:1129–1144

123



Discussion

Our study illustrates that antlions originating from different climatic regions vary in their

behavior and life-history. Specifically, antlions originating from the semi-arid habitat

maintained higher activity levels, as exemplified by their larger pit sizes. These higher

activity levels enable faster recovery when food supply is renewed, as is evident from the

(a)

(b)

Fig. 2 Response to prey at the
beginning of the experiment
(a) and after starvation (b). Solid
lines indicate antlions originating
from the hyper-arid region;
dotted lines indicate antlions
originating from the semi-arid
region. Antlions originating from
the semi-arid region were more
responsive to prey in both
measurements (beginning:
Z = 4.86, P \ 0.001; after
starvation: Z = 6.22, P \ 0.001).
High pre-starvation feeding
frequency led to decreased
response to prey after the
starvation period (Z = 2.81,
P = 0.005)
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higher growth efficiency and faster relative growth rate of the semi-arid group after the

starvation period. The control group from this region also utilized the increased prey

supply during the compensation period better than the hyper-arid control group, as is

evident from its higher relative growth rate. Antlions from the semi-arid region also

increased their pit size after a prolonged starvation (before food supply was renewed),

indicating an ‘‘optimistic’’ approach to the chances of future prey encounter. Antlions

originating from hyper-arid habitats had lower activity levels (i.e., construct smaller pits).

This lower activity level may be economic in terms of energy use and lower rate of mass

Fig. 3 Growth efficiency
(mean ± 1 SE). At the beginning
of the experiment, there was no
difference in growth efficiency
between regions (F1,171 = 0.32,
P = 0.572). When fed after the
starvation period, growth
efficiency was higher in antlions
originating from the semi-arid
region, compared to those
originating from the hyper-arid
region (F1,118 = 17.47,
P \ 0.001)

Fig. 4 Relative growth rate by
climatic region (mean ± 1 SE).
During the feeding phase,
relative growth rate was higher in
antlions originating from the
semi-arid region. During
starvation, the rate of mass loss
was higher in antlions originating
from the semi-arid region, but
they also gained mass at a higher
rate during the compensation
period (Two-way repeated
measures ANCOVA using initial
body mass as a covariate:
F2,228 = 12.47, P \ 0.001;
Time 9 Region interaction)
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loss, but this comes at the expense of reduced response to prey, lower growth efficiency

and lower growth rate when food is available again. In fact, their growth efficiency was

near zero in their first prey encounter post-starvation, indicating perhaps some sort of

starvation-induced torpor. A similar pattern of reduced growth efficiency was also found in

antlions originating from the hyper-arid region, which were regularly fed throughout the

experiment (i.e., control group). We interpret this to mean that these antlions were satiated,

and thus unable to efficiently exploit large quantities of prey. However, starved antlions

from the hyper-arid region did manage to return to higher activity levels as feeding con-

tinued and attain a positive growth rate. In addition, after the reduction in pit size brought

about by starvation, pit sizes remained small, indicating a ‘‘pessimistic’’ forecast of future

conditions. These antlions are adapted to more extreme temperatures and less abundant

prey, and therefore they are expected to hold a strategy fit for the worst-case scenario. It is

not a clear decision which strategy is better for prolonged starvation periods—the antlions

from the hyper-arid region show more economic energy use (smaller pits and slower mass

loss rate), but reduced ability to utilize prey resources when they become available, and

lower survival due to their smaller body size. Therefore, our original hypothesis, predicting

that antlions from the hyper-arid region would be better adapted to starvation, was

somewhat refuted.

Our results agree with starvation studies on Drosophila, in which xeric species had

lower metabolic rates than mesic species (Marron et al. 2003). However, it remains unclear

to what extent geographical variation in starvation endurance, as detected in our study and

in Drosophila studies, reflects differences in natural selection acting on this trait rather than

correlated responses to selection on other traits (Rion and Kawecki 2007). Results from

previous research raise an additional possibility of a trade-off between hunting ability and

starvation endurance, as was found in the wolf spider Pardosa pseudoannulata (Iida 2005).

A similar, albeit macro-evolutionary trade-off may be apparent when comparing C. lineosa

and the closely-related pit-building species, M. hyalinus Olivier, 1811 (Neuroptera:

Myrmeleontidae). The latter species was found to capture prey more efficiently, and this

may come at the expense of reduced starvation endurance, compared to C. lineosa (Barkae

et al. 2012; Rotkopf et al. 2012).

Fig. 5 Relative growth rate by
feeding frequency
(mean ± 1 SE). Antlions that
were fed more frequently before
entering starvation had a lower
relative growth rate during the
compensation period (Two-way
repeated measures ANCOVA
using initial body mass as a
covariate: F4,228 = 7.63,
P \ 0.001; Time 9 feeding
frequency interaction)
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Growth compensation is a common phenomenon occurring when individuals deprived

of prey renew their access to resources and then show accelerated growth (Metcalfe and

Monaghan 2001; Stoks et al. 2006). For example, damselflies (genus Lestes) after a

transient period of starvation as larvae, showed full compensation in body mass at

emergence, although this sometimes came at the expense of a reduced investment in

immune response and energy storage (De Block et al. 2008a). Our results are consistent

with the predictions of the growth compensation (i.e., animals that experience low food

abundance have the potential for accelerated growth when abundant food is encountered)

phenomenon: in antlions from both climatic regions, the relative growth rate during the

compensation period is negatively correlated with the amount of food encountered prior to

starvation. Notably, this pattern of increased growth rate during the compensation period

was also evident among antlions from the semi-arid region that were regularly fed

throughout the experiment (i.e., control group). These findings suggest that there are

genetic differences in growth compensation potential between antlions from these two

climatic regions. It is also possible that these differences in potential growth rate are

affected by the antlions’ prey encounter rate during their early life stages (in the field),

setting higher potential growth rates for antlions from the semi-arid region due to expe-

rience, as well as genetics. Furthermore, our results may have much broader implications

for understanding individual variation in a key fitness component, namely body size.

Specifically, the rarely-explored trade-off between growth rate before starvation and

compensation ability post-starvation, investigated in this study, is important in determining

an organism’s final body size, especially when food supply is unpredictable.

It has been long accepted that animals are selected to maximise growth rates (Gotthard

2001; Stearns 1992), especially when their growing period is time-limited (e.g., De Block

and Stoks 2004). However, recent evidence shows that there are various costs associated

with growing fast (Gotthard 2000; Gotthard et al. 1994; Lewis 2001; Metcalfe and Mo-

naghan 2003; Stoks et al. 2006). Here, we provide evidence that fast-growing animals

perform worse under some conditions. Indeed, starvation endurance did not seem to be

affected by growth rate, as antlions in the three feeding treatments lost mass at the same

rate during starvation, but in the compensation period there was a significant advantage for

the slow-growing group, which compensated best. These results are inconsistent with a

similar experiment conducted with another antlion species, M. hyalinus (Scharf et al.

2009), in which antlions that were fed more frequently lost more mass during starvation,

but exploited prey better when feeding was renewed. M. hyalinus and C. lineosa co-occur

over large areas in Israel’s Negev and Arava deserts, but they differ in their habitat and

micro-habitats preferences. Specifically, C. lineosa is restricted to fine-grained soils (e.g.,

loess) and is found in open microhabitats, exposed to direct sunlight (Simon 1988). M.

hyalinus, on the other hand, is more abundant in the coarse-grained soils, which are known

to be more productive in the southern part of Israel, in accordance with the inverse texture

hypothesis (Noy-Meir 1973). Furthermore, M. hyalinus is found only in the shade, under

trees or large bushes (Scharf et al. 2008b; Simon 1988). In arid habitats, temperature and

relative humidity are dramatically affected by shade (Buxton 1924). Areas exposed to

direct sunlight are characterized by both high temperature and low relative humidity, while

shaded areas, albeit in desert climates, experience lower temperatures and higher relative

humidity (Lucas 1989). The temperature tolerance of an organism, through behavioral or

physiological responses, is expected to be a crucial factor in its habitat and microhabitat

choices, and also affect its mechanism of response to starvation (Chown and Gaston 1999;

Sisodia and Singh 2010). To this end, both the habitat and microhabitat preference of M.

hyalinus imply that this species is adapted to relatively benign conditions and higher prey
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abundance. Conversely, C. lineosa likely experiences higher temperatures and lower prey

abundance, and thus can benefit from adopting a strategy enabling it to endure starvation

and still exploit prey efficiently when it becomes available.

In conclusion, our study demonstrates that individuals originating from different cli-

matic regions adopt different strategies in order to endure starvation. Such differences may

be the result of either fixed genetic differences (e.g., Futuyma and Peterson 1985) or

developmental events occurring early in the life-cycle as a response to local environmental

conditions (Applebaum and Heifetz 1999; Bateson et al. 2004; Mousseau and Dingle

1991). Previous studies have shown that starvation endurance and the rate of mass loss are

tightly correlated with respiration rates (e.g., Stoks et al. 2006). Specifically, in response to

low prey abundance, insects reduce their metabolic rate and thus are able to resist star-

vation better and to reduce the rate of mass loss (e.g., Harshman and Schmid 1998). We

suggest that this reduced metabolic rate is reversible, and that the best strategy for star-

vation endurance is to reduce metabolic rate during starvation, but still retain the ability to

increase metabolic rate and utilize prey efficiently when it becomes available. Antlions are

unique in their extremely low metabolic rates, compared to other insects, and even when

compared to other sit-and-wait predators, such as spiders. This strategy may not be

applicable for insects with higher metabolic rates, which will not be able to survive such

long periods of starvation. Future directions for this research should include an exploration

of the physiological and molecular mechanisms underlying C. lineosa’s starvation

endurance, and examine differences in these mechanisms between several populations

originating from different regions along a climatic gradient. These mechanisms could

include cuticle lipid composition and permeability to water loss (Gibbs 1998, 2002),

differences in metabolic rates and metabolic fuel utilization (e.g., Kalra and Gefen 2012),

and different expression levels of genes involved in distinct physiological pathways

mediating sugar and fat metabolism, and cell growth (Zinke et al. 2002).

References

Abramsky Z (1988) The role of habitat and productivity in structuring desert rodent communities. Oikos
52:107–114

Allan E, Pannell JR (2009) Rapid divergence in physiological and life-history traits between northern and
southern populations of the British introduced neo-species, Senecio squalidus. Oikos 118:1053–1061

Applebaum SW, Heifetz Y (1999) Density-dependent physiological phase in insects. Annu Rev Entomol 44:
317–341

Arnett AE, Gotelli NJ (2003) Bergmann’s rule in larval ant lions: testing the starvation resistance
hypothesis. Ecol Entomol 28:645–650

Atkinson D (1994) Temperature and organism size - a biological law for ectotherms. Adv Ecol Res 25:1–58
Atkinson D, Sibly RM (1997) Why are organisms usually bigger in colder environments? Making sense of a

life history puzzle. Trends Ecol Evol 12:235–239
Barkae ED, Scharf I, Subach A, Ovadia O (2010) The involvement of sand disturbance, cannibalism and

intra-guild predation in competitive interactions among pit-building antlion larvae. Zoology 113:
308–315

Barkae ED, Scharf I, Abramsky Z, Ovadia O (2012) Jack of all trades, master of all: a positive association
between habitat niche breadth and foraging performance in pit-building antlion larvae. PLoS ONE
7:e33506

Bateson P, Barker D, Clutton-Brock T et al (2004) Developmental plasticity and human health. Nature
430:419–421

Blanckenhorn WU (2000) The evolution of body size: what keeps organisms small? Q Rev Biol 75:385–407
Buxton PA (1924) Heat, moisture, and animal life in deserts. Proc R Soc Lond B Biol Sci 96:123–131
Chown SL, Gaston KJ (1999) Exploring links between physiology and ecology at macro-scales: the role of

respiratory metabolism in insects. Biol Rev (Cambridge) 74:87–120

Evol Ecol (2013) 27:1129–1144 1141

123



Dall’Olmo G, Karnieli A (2002) Monitoring phenological cycles of desert ecosystems using NDVI and LST
data derived from NOAA-AVHRR imagery. Int J Remote Sens 23:4055–4071

David JR, Gibert P, Moerteau B (2004) Evolution of reaction norms. In: DeWitt TJ, Scheiner SM (eds)
Phenotypic plasticity: functional and conceptual approaches. Oxford University Press, Oxford, pp 50–63

De Block M, Stoks R (2004) Life-history variation in relation to time constraints in a damselfly. Oecologia
140:68–75

De Block M, McPeek MA, Stoks R (2008a) Stronger compensatory growth in a permanent-pond Lestes
damselfly relative to temporary-pond Lestes. Oikos 117:245–254

De Block M, Slos S, Johansson F, Stoks R (2008b) Integrating life history and physiology to understand
latitudinal size variation in a damselfly. Ecography 31:115–123

Dmitriew C, Rowe L (2005) Resource limitation, predation risk and compensatory growth in a damselfly.
Oecologia 142:150–154

Dmitriew C, Rowe L (2011) The effects of larval nutrition on reproductive performance in a food-limited
adult environment. PLoS ONE 6:e17399

Endler JA (1977) Geographic variation, speciation, and clines. Princeton University Press, Princeton, NJ
Endler J (1986) Natural selection in the wild. Princeton University Press, Princeton, NJ
Fairbairn DJ, Blanckenhorn WU, Szekely T (2009) Sex, size and gender roles: evolutionary studies of sexual

size dimorphism. Oxford University Press, Oxford
Farji-Brener AG (2003) Microhabitat selection by antlion larvae, Myrmeleon crudelis: effect of soil particle

size on pit-trap design and prey capture. J Insect Behav 16:783–796
Futuyma DJ, Peterson SC (1985) Genetic variation in the use of resources by insects. Annu Rev Entomol

30:217–238
Gibbs AG (1998) Water-proofing properties of cuticular lipids. Am Zool 38:471–482
Gibbs AG (2002) Lipid melting and cuticular permeability: new insights into an old problem. J Insect

Physiol 48:391–400
Gilchrist GW, Jeffers LM, West B, Folk DG, Suess J, Huey RB (2008) Clinal patterns of desiccation and

starvation resistance in ancestral and invading populations of Drosophila subobscura. Evol Appl
1:513–523

Goldreich Y (2003) The climate of Israel. Kluwer Academic/Plenum Publishers, New York, NY
Gotthard K (1998) Life history plasticity in the satyrine butterfly Lasiommata petropolitana: investigating

an adaptive reaction norm. J Evol Biol 11:21–39
Gotthard K (2000) Increased risk of predation as a cost of high growth rate: an experimental test in a

butterfly. J Anim Ecol 69:896–902
Gotthard K (2001) Growth strategies of ectothermic animals in temperate environments. In: Atkinson D,

Thorndyke M (eds) Environment and animal development. BIOS Scientific, Oxford, pp 287–304
Gotthard K, Nylin S, Wiklund C (1994) Adaptive variation in growth rate: life history costs and conse-

quences in the speckled wood butterfly, Pararge aegeria. Oecologia 99:281–289
Griffiths D (1980) Feeding biology of ant-lion larvae—prey capture, handling and utilization. J Anim Ecol

49:99–125
Griffiths JA, Schiffer M, Hoffmann AA (2005) Clinal variation and laboratory adaptation in the rainforest

species Drosophila birchii for stress resistance, wing size, wing shape and development time. J Evol
Biol 18:213–222

Gutman R, Yosha D, Choshniak I, Kronfeld-Schor N (2007) Two strategies for coping with food shortage in
desert golden spiny mice. Physiol Behav 90:95–102

Harshman LG, Schmid JL (1998) Evolution of starvation resistance in Drosophila melanogaster: aspects of
metabolism and counter-impact selection. Evolution 52:1679–1685

Harwood JD, Sunderland KD, Symondson WOC (2001) Living where the food is: web location by linyphiid
spiders in relation to prey availability in winter wheat. J Appl Ecol 38:88–99

Heinze J, Foitzik S, Fischer B, Wanke T, Kipyatkov VE (2003) The significance of latitudinal variation in
body size in a holarctic ant, Leptothorax acervorum. Ecography 26:349–355

Hoffmann AA, Watson M (1993) Geographical variation in the acclimation responses of Drosophila to
temperature extremes. Am Nat 142:S93–S113

Hoffmann AA, Shirriffs J, Scott M (2005) Relative importance of plastic vs genetic factors in adaptive
differentiation: geographical variation for stress resistance in Drosophila melanogaster from eastern
Australia. Funct Ecol 19:222–227

Huey RB, Pianka ER (1981) Ecological consequences of foraging mode. Ecology 62:991–999
Huey RB, Carlson M, Crozier L et al (2002) Plants versus animals: do they deal with stress in different

ways? Integr Comp Biol 42:415–423
Iida H (2005) Trade-off between hunting ability and starvation tolerance in the wolf spider, Pardosa

pseudoannulata (Araneae : Lycosidae). Appl Entomol Zool 40:47–52

1142 Evol Ecol (2013) 27:1129–1144

123



Jespersen LB, Toft S (2003) Compensatory growth following early nutritional stress in the Wolf Spider
Pardosa prativaga. Funct Ecol 17:737–746

Jobling M (2010) Are compensatory growth and catch-up growth two sides of the same coin? Aquac Int
18:501–510

Kalbfleisch JD, Prentice RL (2002) The statistical analysis of failure time data, 2nd edn. Wiley, Hoboken,
NJ

Kalra B, Gefen E (2012) Scorpions regulate their energy metabolism towards increased carbohydrate
oxidation in response to dehydration. Comp Biochem Physiol, A: Comp Physiol 162:372–377

Leggatt RA, Devlin RH, Farrell AP, Randall DJ (2003) Oxygen uptake of growth hormone transgenic coho
salmon during starvation and feeding. J Fish Biol 62:1053–1066

Lewis DB (2001) Trade-offs between growth and survival: responses of freshwater snails to predacious
crayfish. Ecology 82:758–765

Lightfoot DC, Whitford WG (1991) Productivity of creosotebush foliage and associated canopy arthropods
along a desert roadside. Am Midl Nat 125:310–322

Lucas JR (1985) Metabolic rates and pit construction costs of 2 antlion species. J Anim Ecol 54:295–309
Lucas JR (1989) Differences in habitat use between two pit-building antlion species: causes and conse-

quences. Am Midl Nat 121:84–98
Marron MT, Markow TA, Kain KJ, Gibbs AG (2003) Effects of starvation and desiccation on energy

metabolism in desert and mesic Drosophila. J Insect Physiol 49:261–270
Maynard-Smith J (1993) The theory of evolution, 3rd edn. Canto, Cambridge
Metcalfe NB, Monaghan P (2001) Compensation for a bad start: grow now, pay later? Trends Ecol Evol

16:254–260
Metcalfe NB, Monaghan P (2003) Growth versus lifespan: perspectives from evolutionary ecology. Exp

Gerontol 38:935–940
Mousseau TA (2000) Intra- and interpopulation genetic variation. In: Mousseau TA, Sinervo B, Endler JA

(eds) Adaptive genetic variation in the wild. Oxford University Press, Oxford, pp 219–250
Mousseau TA, Dingle H (1991) Maternal effects in insect life histories. Annu Rev Entomol 36:511–534
Noy-Meir I (1973) Desert ecosystems: environment and producers. Annu Rev Ecol Syst 4:25–51
Perry G, Pianka ER (1997) Animal foraging: past, present and future. Trends Ecol Evol 12:360–364
Petru M, Tielborger K, Belkin R, Sternberg M, Jeltsch F (2006) Life history variation in an annual plant

under two opposing environmental constraints along an aridity gradient. Ecography 29:66–74
Read AF (1999) Geographic variation in life-history traits of the ant lion Myrmeleon immaculatus: evo-

lutionary implications of Bergmann’s rule. Evolution 53:1180–1188
Reznick D, Travis J (2001) Adaptation. In: Fox CW, Roff DA, Fairbairn DJ (eds) Evolutionary ecology:

concepts and case studies. Oxford University Press, Oxford, pp 44–57
Riechert SE (1992) Spiders as representative ‘sit-and-wait’ predators. In: Crawley MJ (ed) Natural enemies:

the population biology of predators, parasites and diseases. Blackwell, Oxford, pp 313–328
Rion S, Kawecki TJ (2007) Evolutionary biology of starvation resistance: what we have learned from

Drosophila. J Evol Biol 20:1655–1664
Roff DA (1992) The evolution of life histories: theory and analysis. Chapman & Hall, New York, NY
Roff DA (2002) Life history evolution. Sinauer Associates, Sunderland, MA
Rotkopf R, Barkae ED, Bar-Hanin E, Alcalay Y, Ovadia O (2012) Multi-axis niche examination of eco-

logical specialization: responses to heat, desiccation and starvation stress in two species of pit-building
antlions. PLoS ONE 7:e50884

Scharf I, Ovadia O (2006) Factors influencing site abandonment and site selection in a sit-and-wait predator:
a review of pit-building antlion larvae. J Insect Behav 19:197–218

Scharf I, Filin I, Golan M, Buchshtav M, Subach A, Ovadia O (2008a) A comparison between desert and
Mediterranean antlion populations: differences in life history and morphology. J Evol Biol 21:162–172

Scharf I, Hollender Y, Subach A, Ovadia O (2008b) Effect of spatial pattern and microhabitat on pit
construction and relocation in Myrmeleon hyalinus (Neuroptera: Myrmeleontidae) larvae. Ecol
Entomol 33:337–345

Scharf I, Filin I, Ovadia O (2009) A trade-off between growth and starvation endurance in a pit-building
antlion. Oecologia 160:453–460

Simon D (1988) Ant-lions (Neuroptera: Myrmeleontidae) of the coastal plain: systematical, ecological, and
zoogeographical aspects with emphasis on the coexistence of a species guild of the unstable dunes, vol
PhD. Tel-Aviv University, Israel

Sisodia S, Singh BN (2010) Resistance to environmental stress in Drosophila ananassae: latitudinal vari-
ation and adaptation among populations. J Evol Biol 23:1979–1988

Sogavker U (2004) The relationship between productivity and ant-species richness at regional and local
scales. M. Sc. Thesis, Ben-Gurion University of the Negev, Be’er-Sheva, Israel

Evol Ecol (2013) 27:1129–1144 1143

123



Stearns SC (1992) The evolution of life histories. Oxford University Press, Oxford
Stoks R, De Block M, McPeek MA (2006) Physiological costs of compensatory growth in a damselfly.

Ecology 87:1566–1574
Sundström LF, Devlin RH (2011) Increased intrinsic growth rate is advantageous even under ecologically

stressful conditions in coho salmon (Oncorhynchus kisutch). Evol Ecol 25:447–460
Tracy CR (1999) Differences in body size among chuckwalla (Sauromalus obesus) populations. Ecology

80:259–271
Via S, Gomulkiewicz R, Dejong G, Scheiner SM, Schlichting CD, Vantienderen PH (1995) Adaptive

phenotypic plasticity—consensus and controversy. Trends Ecol Evol 10:212–217
Wang T, Hung CCY, Randall DJ (2006) The comparative physiology of food deprivation: from feast to

famine. Annu Rev Physiol 68:223–251
Whitford WG, Martinez-Turanzas G, Martinez-Meza E (1995) Persistence of desertified ecosystems:

explanations and implications. Environ Monit Assess 37:319–332
Wilson DS (1974) Prey capture and competition in the ant lion. Biotropica 6:187–193
Zinke I, Schutz CS, Katzenberger JD, Bauer M, Pankratz MJ (2002) Nutrient control of gene expression in

Drosophila: microarray analysis of starvation and sugar-dependent response. EMBO J 21:6162–6173

1144 Evol Ecol (2013) 27:1129–1144

123


	Slow growth improves compensation ability: examining growth rate and starvation endurance in pit-building antlions from semi-arid and hyper-arid regions
	Abstract
	Introduction
	Materials and methods
	Study species and habitats-of-origin
	Experimental procedures
	Statistical analyses

	Results
	Discussion
	References


