Oecologia (2006) 149:328-339
DOI 10.1007/s00442-006-0454-8

COMMUNITY ECOLOGY

Environmental variation and the predator-specific responses
of tropical stream insects: effects of temperature and predation
on survival and development of Australian Chironomidae

(Diptera)

Brendan G. McKie - Richard G. Pearson

Received: 6 February 2006 / Accepted: 26 April 2006 / Published online: 8 June 2006

© Springer-Verlag 2006

Abstract The threat posed by predation varies among
predator species and with environmental context, and
prey species often adjust their responses accordingly.
We investigated such effects within an insect assem-
blage from a tropical Australian stream. These systems
are frequently subjected to catastrophic floods, often
suggested to reduce the importance of predation in
streams, and invertebrate faunas are characterised by
relatively broad environmental tolerances. Impacts of
the hunting predator Australopelopia prionoptera
(Diptera: Chironomidae) and an undescribed ambush
predator from the Polycentropodidae (Trichoptera) on
survival and development of two species of tubicolous
Chironomidae, Echinocladius martini (Orthocladiinae)
and Polypedilum australotropicus (Chironominae),
were assessed in laboratory microcosms. A further
experiment investigated how impacts of Australopel-
opia varied over a broad range of temperatures,
exceeding that experienced annually by the studied
populations. Neither predator impacted survivorship
for E. martini, but the presence of the polycentropodid
caused FE. martini to spend longer as larvae and
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reduced adult longevity, and adult females were
smaller-sized and had smaller oocytes. In contrast,
both predators reduced survivorship of P. australotrop-
icus, but only Australopelopia affected its development,
causing reductions in pupal duration and oocyte size.
The observed non-lethal impacts of predation reflect
the threat each predator is known to pose to each prey
species in situ. Impacts of predation varied little with
temperature, reflecting the broad thermal tolerances of
all study species. The predator-specific responses of the
prey species imply that predation is a significant selec-
tive force in tropical Australian streams, although fluc-
tuation in intensity of predation associated with
flooding may limit its importance for community struc-
ture and prey diversity at larger scales. Our results
indicate a more limited scope for environmental modi-
fication of predator—prey relationships in faunas char-
acterised by broad physiological tolerances.

Keywords Anti-predator mechanisms -
Developmental trade-off - Kairomone - Lotic -
Sublethal

Introduction

Aquatic animals are able to detect predators via chemi-
cal, mechanical or visual means, and often respond by
modifying their behaviour (e.g. reducing conspicuous
feeding activity), morphology (investing in defensive
structures) or life history (e.g. accelerating development
to escape a risky environment) in order to minimise the
risk of mortality (e.g. Hershey 1987; Laurila et al. 1998;
McPeek and Peckarsky 1998). Such mechanisms typi-
cally have costs (e.g. reduced feeding limits resource
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acquisition), and it is becoming increasingly apparent
that many prey species adjust the strength of their
responses according to the threat posed (Brodin et al.
2006, and references therein). For example, both
stonefly and trout predators cause reductions in
resource acquisition for lotic Baetis mayflies, but
nymphal development is extended in the presence of
the stonefly only, suggesting that the advantages of a
lengthened juvenile feeding stage outweigh the smaller
mortality risk posed by the stonefly, but not the greater
risk posed by trout (Peckarsky and MclIntosh 1998).
Because many individuals may respond to the presence
of a single predator, implications of such predator-spe-
cific responses for prey assemblage structure and
dynamics can be profound (Schmitz et al. 1997; Peacor
and Werner 2001; Miner et al. 2005). However, the dan-
ger posed by predation depends not only on the preda-
tor species, but also varies with environmental context
(e.g. Flecker and Allan 1984, Moore and Townsend
1998). An improved understanding of how such varia-
tion affects the responses of prey will yield insights into
how predators impact prey population dynamics, and
ultimately patterns of prey diversity and distribution
(Juliano 1996, McPeek and Peckarsky 1998).
Environmental variation can alter the balance of pre-
dation by affecting the behaviour and physiology of
either prey or predators (Flecker and Allan 1984;
Juliano 1996; Weetman et al. 1999). For example, pred-
atory activity of nymphal damselflies (Odonata: Zygop-
tera) appears retarded at higher temperatures due to an
increased requirement to ventilate (Thompson 1978).
When predators are so incapacitated, hardy prey can
escape restrictions that would normally be imposed on
their activity (Schmitz et al. 1997), with potential conse-
quences for trophic structure (Kishi et al. 2005). At
present, such effects have been documented for a small
number of lentic (e.g. Moore and Townsend 1998), lotic
(Kishi et al. 2005) and container-habitat (Juliano 1996)
freshwater faunas from temperate and boreal regions of
the world, and results may have limited applicability to
faunas subjected to differing environmental regimes
elsewhere. Predation has not previously been studied in
the tropical rainforest streams of northern Australia,
despite the notably high predator biomass that cha-
racterises these systems (Pearson et al. 1986; Pearson
1994), estimated to be 40% of total macroinvertebrate
biomass in one food-web reconstruction (Cheshire et al.
2005). Australian tropical streams are subject to a regu-
lar wet—dry seasonality, with extreme summer flood
events alternating with periods of stable low flow during
the winter (Pearson 1994), and are inhabited by inverte-
brate faunas tolerant of broad variation in environmen-
tal parameters including temperature (McKie et al.

2004), dissolved oxygen (Connolly and Pearson 2004),
and nutrient concentrations (Pearson and Connolly
2000). These characteristics have implications for the
potential role of predation, since widespread density-
independent mortality associated with extreme floods
may dilute the importance of predation as a selective
and structuring force (Hildrew and Giller 1994; Reice
1994), while the scope for environmental variation to
modulate predator—prey relationships may be limited
ina fauna characterised by broad environmental
tolerances.

The three experiments presented here investigated
lethal and non-lethal effects of predation on two species
of chironomid (Diptera) larvae, Echinocladius martini
Cranston (Orthocladiinae) and Polypedilum australo-
tropicus Cranston (Chironominae), from Australian
tropical rainforest streams, including consideration of
temperature effects on predator—prey relationships.
Experiments 1 and 2 investigated effects of predation by
the actively hunting tanypod chironomid Australopel-
opia prionoptera Cranston (hereafter referred to as
Australopelopia) on survival, development and fecun-
dity of the prey species, with effects of temperature
additionally investigated in experiment 1. Experiment 3
investigated prey responses to a retreat-building
ambush predator from the Polycentropodidae (Tri-
choptera)—genus “I” species “Australian Voucher
(AV)-7” (Cartwright 1998)—hereafter referred to as
“the polycentropodid”. Both prey species inhabit tubes
constructed using endogenously produced silk, afford-
ing some protection from predation (e.g. Dillon 1985;
Hershey 1987) but otherwise contrast strongly in habi-
tat use and behaviour. Polypedilum australotropicus
inhabits accumulations of decaying leaves in pools, and
builds robust tubes of particulate detritus which it venti-
lates using an undulatory body motion (McKie 2002),
whereas E. martini does not ventilate its tube, which is
constructed from silk only on cobbles and leaves in fast-
flowing riffle/hygropetric habitats. Behaviour of the two
predator species also contrasts. The free-roaming Aus-
tralopelopia detects its prey mainly by movement (B. G.
McKie, unpublished data), and can invade chironomid
tubes. It feeds either by engulfing its prey whole or, if
the prey is larger, by piercing the abdominal wall and
sucking the body contents (personal observations). The
polycentropodid is an ambush predator, and is too large
to invade chironomid tubes. It builds a flattened messy-
looking retreat using copious amounts of silk. When it
detects prey in contact with its retreat, it darts out and
seizes its victim with its mandibles (personal observa-
tions). Both predators occur with the prey species in
situ, but are more common in the hygropetric habitats
favoured by E. martini. In the stream inhabited by the
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studied population (see Materials and methods), mean
density of the polycentropodid and Australopelopia is
0.87 and 0.17 individuals cm™ of leaf material, respec-
tively, in hygropetric leaf packs, compared with 0.15
and <0.01 individuals cm™ in pools (B. G. McKie,
unpublished data). However, densities of predacious
Tanypodinae (comprising eight species including Aus-
tralopelopia) overall are higher in pools (0.98 individu-
als cm™? of leaf material) than in hygropetric packs
(0.61 individuals cm >, B. G. McKie, unpublished data).
E. martini remains are found frequently in the guts of
field-caught polycentropodids (found in 25% of dis-
sected polycentropodids), but are rare in the guts of A.
prionoptera and other tanypod chironomids (<0.1%
occurrence, McKie 2002). In contrast, P. australotropi-
cus remains are found more often in the gut contents of
field-caught tanypods (10% occurrence) than polycen-
tropodids (<0.1% occurrence, McKie 2002).

In all experiments, predators were caged so that
induced non-lethal life-history effects were separable
from direct mortality effects, and some experiments
included a free (uncaged) predator treatment also, to
quantify direct mortality effects. The experimental
treatments were predicted to have the following effects
on the prey species:

1. Free predators should impose significant mortality,
but may impact the prey species differentially
according to their hunting behaviour.

2. Preyreared in the presence of caged predators may
suffer adult size and fecundity deficiencies, indica-
tive of deficiencies in resource acquisition, and
prey also may lengthen the larval stage, extending
the feeding period to offset such deficiencies (e.g.
Ball and Baker 1996); alternatively, prey may
shorten the duration of the juvenile stages, to mini-
mise mortality risk prior to reproductive maturity
(e.g. Peckarsky et al 2001; McKie 2004).

3. Prey responses may reflect habitat use and differ-
ential vulnerability to the predators in situ.

4. Lethal and non-lethal impacts of Australopelopia
on prey survivorship and development should vary
with rearing temperature (e.g. Kishi et al. 2005),
unless the broad tolerances of all species involved
(McKie et al. 2004) militate against such effects.

Materials and methods
Animal collection and experimental set-up

Individuals of the prey and predator species were col-
lected from leaf packs in Birthday and Camp creeks
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(18°59'S, 146°10'E, 800-850 m above sea level), which
flow through tropical rainforest in the Paluma range,
northern Queensland (further details in McKie et al.
2005). Collection protocol is detailed in McKie et al.
(2004). The largest available predator individuals were
collected, whereas third instar prey larvae were tar-
geted (very small and more mature larvae were dis-
carded). Animals were transported to James Cook
University in Townsville for rearing in separate jars
(diameter 5 cm) within a controlled-environment cabi-
net. Each jar contained 100 ml of water from Birthday
Creek and five drops of a suspension of natural stream
particulate detritus (preparation detailed in McKie
2004). This material was used by the prey species for
food and in tube construction, and was supplemented
as necessary during the experiments. For experiment 1,
the cabinet was divided into two levels. On the top
level were 12 polystyrene troughs (60x20x16 cm),
within which the rearing jars were placed. Air-jets
placed in the corners of each trough blew air over the
jars, agitating the water surface. On the bottom level
were three polystyrene water baths (walls 3.5 cm
thick), each maintained at a different temperature (12,
18, or 26°C) using aquarium heaters. Each bath had
four outlets, with water pumped to four of 12 troughs
on the top level. Water returned by gravity from each
trough to the original bath. Rearing jars were divided
evenly among the 12 troughs, with the four troughs for
each temperature spread evenly through the cabinet.
Nocturnal temperatures were simulated by a 1.5°C
reduction at night. Incandescent bulbs provided light
from above, on a 12 h light—dark cycle. Minor gradients
in temperature (<1°C variation) were overcome by
rotating the jars daily at random through the replicate
troughs for each temperature. Similar apparatus was
used for experiments 2 and 3, except that all troughs
were maintained at 18°C.

Experiments 1, 2 and 3 were conducted from Sep-
tember to December 1998, October to December 2000
and May to July 2000, respectively. In experiment 1,
animals were exposed to one of three temperatures, 12,
18 and 26°C, representing a range slightly greater than
that observed annually at Birthday Creek (15-22°C),
but comparable to temperatures experienced by the
prey species over their geographic range (McKie et al.
2004). Animals were also exposed to three levels of
predation. One-third of jars contained no Australopel-
opia, a third contained one caged Australopelopia, and
the remainder contained one free (uncaged) Australo-
pelopia. In experiments 2 and 3, individuals of the
study species were exposed to one of two treatments,
one with a caged predator and the other without. Pre-
dators were always introduced on day 2, giving prey
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time to build tubes. Predator cages consisted of either
inverted 5-ml (Australopelopia cages) or 25-ml (Poly-
centropodid cages) vials closed with 63-pum netting (the
prey species were able to penetrate coarser mesh
sizes). Caged predators were fed chopped Lumbriculus
variegatus Miiller (Oligochaeta: Lumbriculidae) worm
fragments, which remain alive and active while regen-
erating into new individuals. All rearing jars contained
a cage with worms, regardless of whether they also
contained predators. Additional worms were added as
needed to ensure ongoing presence in all jars.

Animal collection was insufficient to allow a free
polycentropodid treatment as well-replicated as the
other treatments in experiment 3. Instead, vulnerabil-
ity of the prey species to the polycentropodid was
assessed via a small trial, conducted simultaneously
with experiment 3, in which E. martini and P. australo-
tropicus were exposed to uncaged polycentropodid
predators. Individuals were placed in separate jars con-
taining particulate detrital material and given a day to
construct tubes before exposure to the free predator.
Jars were checked daily, with the trial maintained until
all prey individuals had either been consumed or com-
pleted adult emergence (25 days).

Data collection

Jars were removed daily from the cabinet for inspec-
tion under a dissecting microscope, with each prey
individual’s status (larva, pupa and adult) recorded.
More frequent observations were unnecessary because
the prey species metamorphosed at night, and so days
were the appropriate units for assessing life-stage dura-
tions. Emerging adults in experiment 1 were left alive
for 1 day, to allow sclerotised parts to harden, and then
killed and preserved in 70% ethanol. Reared individu-
als in experiments 2 and 3 were kept alive as adults and
allowed to die naturally. The wings of emerged adults
were mounted on slides, with wing length measured
from the arculus to wing tip. Wing length of Chironom-
idae correlates with body mass, because of biophysical
links between mass and the wing area required for
flight (e.g. McLachlan 1986).

Fecundity characteristics were assessed in experi-
ments 2 and 3 only. Ovary dissection protocol is
detailed in McKie (2004). Egg production was assessed
by counting the number of oocytes per female. Chiron-
omid adult females are short-lived, essentially non-
feeding and, with the exception of some pestiferous
species, not known to produce multiple egg batches,
and so oocyte number is a robust index of fecundity
(Armitage et al. 1995). Oocyte maturity was classified
according to a scheme modified from that commonly

used by mosquito researchers (Table 1), and oocyte
size was assessed by selecting randomly six oocytes per
female and measuring their length and width, with
oocyte cross-sectional area calculated using the for-
mula for the area of an oval.

Analysis

Differences in the probability of individuals completing
pupal development (i.e. emerging successfully) under
the predation treatments were analysed using binary
logistic regression. For experiment 1, the effect of tem-
perature on hunting success (proportion of larvae
killed) of Australopelopia in the free-predator treat-
ment was assessed also using logistic regression, since a
high proportion of low expected cell values in two-way
contingency tables prevented robust log-linear analy-
ses of interactions between temperature and predation.
All individuals of both prey species that died in the
free-predator treatment were clearly killed by the
predator (see Results), obviating a need for compari-
son with control (no-predator) conditions.

Larval, pupal and adult duration data (recorded as
days spent in each state), along with wing-length and
oocyte number data, were investigated using ANOVA
where possible. Tested factors included predator pres-
ence, sex, and temperature, where relevant, with log or
square root transformation applied where necessary to
satisfy parametric assumptions. In cases where trans-
formation failed to normalise data, Mann-Whitney
U-tests were used. Data from animals that died before
pupation were not included in larval duration analyses,
whilst pupal duration analyses included data both from
adults that emerged successfully and pupae that died at
the water surface while emerging (easily discernable
as emerging pupae continue to float at the water

Table 1 Classification of oocyte maturity, based on the scheme
commonly used by mosquito researchers (Clements 1992). Shape
classifies changes in oocyte cross-sectional outline during matura-
tion, Yolk describes the progressive deposition of yolk granules,
Chorion classifies the development of a distinct outer layer (shell)

Maturity Shape Yolk Chorion
stage
IIa Small, round Absent Absent
11b Round Some yolk Absent
granules
present
Ila Elongation <33% Yolked Absent
commenced
I11b Elongation >33% Yolk Absent
advanced
v Oocyte >90% Yolked May be
egg-shaped present
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surface even if they die). In experiment 1, few
P. australotropicus exposed to free predators survived
to emergence (see Results), and so this treatment was
excluded from all P. australotropicus analyses except-
ing that for larval duration.

Oocyte cross-sectional area was analysed using
mixed-model ANOVA, with predator presence treated
as a fixed effect, and female individual (nested in pred-
ator presence) and the six oocytes measured per
female (nested in individual) as random effects. Varia-
tion in oocyte maturity was assessed using cross tabula-
tions with exact significance. Additionally, ANOVA
and cross tabulation analyses tested whether pupal
duration, a factor potentially influencing egg matura-
tion, contributed significantly to variation in oocyte
number and maturity. In experiments 2 and 3, most
individuals (>95%) completed pupation in either 2 or
3 days. Accordingly, the “pupal period” factor com-
prised two levels, long (encompassing all individuals
that took 3-4 days to complete pupation) and short
(for individuals completing pupation in 2 days). All
analyses were conducted using SPSS for Windows (ver-
sion 10.0.5, 1989-1999; SPSS, Chicago, IlL.).

Results
Survivorship

In experiment 1, survivorship differed according to pre-
dation for P. australotropicus (logistic regression
15=34.69, P<0.001), but not E. martini (y5=2.67,
P=0.26). Mortality of P. australotropicus was 82% in
the presence of free Australopelopia, greater than lev-
els observed in the caged- (28%) and no-predator
(19%) treatments. In contrast, mortality of E. martini
was 21% in the presence of free Australopelopia, only
slightly higher than in the caged- (15%) and no-preda-
tor (12%) treatments. All individuals of both species
that died under the free-predator treatment were
clearly killed by the predator, recognisable by remains
visible through the live predator’s abdomen wall, or by
an obvious incision wound when the prey was attacked
suctorially. All nine E. martini individuals that were
consumed were taken as larvae, whereas four of 26
consumed P. australotropicus individuals were taken as
pupae. The hunting success of Australopelopia on P.
australotropicus in the free-predator treatment
appeared greater at 18°C (100% prey individuals
eaten) than at either 12 or 26°C (73% of individuals
eaten), but this result was not significant at the 5%
level (logistic regression y3=5.10, P=0.078). Similar low
numbers of E. martini were killed by Australopelopia
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at all temperatures (y3=1.32, P=0.51). E. martini indi-
viduals taken by the predator survived for an average
of 5.0+1.5 (mean+SE) days after the introduction of
the predator, whereas consumed P. australotropicus
survived for only 3.54+0.8 days , with 39% taken within
1 day. There was no significant temperature effect on
prey survival time in the presence of free predators for
P. australotropicus (ANOV A F, 3=0.1, P=0.9). Insufficient
E. martini individuals were taken to test for tempera-
ture effects on survival time.

In experiment 2, the presence of caged Australopel-
opia affected survivorship for P. australotropicus (logis-
tic regression y3=4.18, P=0.041) but not E.martini
(x3=0.27, P=0.602). Mortality of P.australotropicus
was 18% in the caged-predator treatment, compared
with 3% in the no-predator treatment. This was almost
entirely attributable to elevated mortality during pupa-
tion, with 15% of larvae that survived until pupation in
the caged-predator treatment failing to complete adult
metamorphosis.

The presence of caged polycentropodids had no
effect on survivorship for either species (logistic regres-
sion E. martini x%:O.17, P=0.682; P. australotropicus
%5=0.517, P=0.475). However, survivorship differed
between species in the polycentropodid free-predator
trial (cross-tabulation y},=7.08, P=0.008), as seven of
ten P. australotropicus were taken by the predator,
whereas only two of 13 E. martini were taken. Most
P. australotropicus' deaths (five of seven) occurred
within the first 5 days of exposure.

Larval, pupal and adult duration

Sex was never significant in any analyses of larval dura-
tion, either alone or in interaction (all F<2.6, all
P>0.12), and is not fitted in larval duration analyses
presented here, allowing inclusion of individuals of
uncertain sex that died while undergoing pupal ecdysis.
In experiment 1, temperature significantly affected lar-
val duration for both species (ANOVA E. martini
F,1,=13.8, P<0.001; P. australotropicus F,,=5.73,
P=0.005), with shortened durations at higher tempera-
tures (mean+SE days E. martini at 12°C 14.9£1.5, at
18°C 9.11+0.9, at 26°C 5.840.6; P. australotropicus at
12°C 19.9+£2.6, at 18°C 11.4£1.3, at 26°C 6.740.6).
However, there was no effect of Australopelopia pres-
ence for either species (both F<1.5, P>0.24), nor any
interaction between temperature and predation (both
F<1.0, P>0.39). Similarly, the presence of caged Aus-
tralopelopia did not affect larval duration for either
species in experiment 2 (E. martini F=0.8, P=0.15,
P. australotropicus Fy =0.1, P=0.71). However, in
experiment 3, E. martini larval durations were longer
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for individuals reared in the presence of caged polycen-
tropodids (8.6+0.6 days) than in the no-predator treat-
ment (6.8£0.6 days, ANOVA F,5;=4.2, P=0.045). No
similar effects were apparent for P. australotropicus
(Fy66=0.2, P=0.667).

Pupal development proceeded faster at higher tem-
peratures for both species in experiment 1 (Fig.1;
ANOVA E. martini F,=278.6, P<0.001; P. australo-
tropicus temperature F,5=2292, P<0.001). Male E.
martini spent longer in the pupal state than females
(Fig. 1a; F; ¢;=50.3, P<0.001). Although this difference
appeared less apparent at 26°C (Fig. 1a), the tempera-
ture xsex interaction was not significant at the 5% level
(F,87=2.8, P=0.068). Sex did not affect pupal duration
for P. australotropicus (F;5=0.6, P=0.45). Pupal dura-
tion was unaffected by the presence of either caged or
free Australopelopia for E. martini (F,g,=0.4, P=0.68),
but P. australotropicus reared with caged Australopel-
opia spent less time in the pupal state (Fig. 1b; F} 5,=8.2,
P=0.006, insufficient larvae survived to test effects of
free-predators on pupal duration). All other interactions
between temperature, predation and sex were non-sig-
nificant (ANOVA all F<1.7, P>0.20). Pupal duration
was unaffected by the presence of caged predators for
either prey species in either experiment 2 (Mann—Whit-
ney U-test E. martini n=65, Z=—0.1, P=0.94;
P. australotropicus n=58, Z=—0.8, P=0.60) or experi-
ment 3 (E. martini, n=57, Z=—0.7, P=0.48; P. australo-
tropicus n=61, Z=—1.2, P=0.25). In all experiments, male
E. martini spent longer as pupae than females (data
from experiment 1 in Fig. 1a; other experiments similar).

Adult duration did not vary with the presence of
either free or caged Australopelopia for either species
in experiment 2 (ANOVA E. martini F, 5,=1.7, P=0.20;
P. australotropicus  F,5,=0.1, P=0.84). However,
E. martini adult longevity was reduced in the presence
of the polycentropodid (3.4+0.4 days) compared with
controls (4.4+0.3 days) in experiment 3 (ANOVA
F} 30=4.6, P=0.039). No similar effect was apparent for
P. australotropicus (F; 53=0.1, P=0.763). In both experi-
ments 2 and 3, P. australotropicus adult longevity was
greater for females (e.g. experiment 2 mean=4SE:
6.940.3 days) than males (4.1+0.2 days; ANOVA both
F>6.3, P<0.015). Sex was not significant for E. martini
in either study (both F<0.6, P>0.45), and there were no
interactions between sex and predator presence for
either species (all F<2.7, P>0.11).

Adult size and fecundity characteristics
In experiment 1, wing lengths were shorter for animals

reared at higher temperatures for both E. martini
(Fy76=44.9, P<0.001) and P. australotropicus (F, 5,=25.4,
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Fig. 1 Experiment 1: effects of temperature, Australopelopia
presence and prey sex, where relevant, on pupal duration for a
Echinocladius martini (pooled across predator treatments) and b
Polypedilum australotropicus (pooled across sexes). The
mean+SE and number of observations are plotted

P<0.001, Fig. 2). Wing length also differed according to
sex for both species (E. martini F)4=140.2, P<0.001;
P. australotropicus F 5;=5.6, P=0.022), but whereas
male E. martini (Fig.2b) had longer wings than
females, the reverse was true for P. australotropicus
(Fig. 2b). Australopelopia presence did not affect wing
length for either species (ANOVA all F<2.3, P>0.14),
and there were no significant interactions (all F<2.1,
P>0.13). Similarly, wing length was unaffected by Aus-
tralopelopia presence in experiment 2 (both species
F<0.5, P>0.48), but did differ according to sex (E. mar-
tini Fy5=102.3, P<0.001, P. australotropicus F, 5s=4.8,
P=0.033), with differences identical to those at 18°C in
Fig. 2. There were no interactions between predator
presence and sex (both F<0.5, P>0.48). In experiment
3, there was a significant interaction between predator
presence and sex for E. martini (predator presence
Fy 44=0.7, P=0.417, sex F,4=61.2, P<0.001; predator
presence xsex Fy,=4.1, P=0.048), with wing length of
females, but not males, reduced in the presence of
caged polycentropodids (Fig.3). P.australotropicus
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wing length did not vary according to either polycen-
tropodid presence or sex (all F<1.4, all P>0.25).
Predator presence affected neither oocyte number
(ANOVA all F<0.3, all P>0.57) nor oocyte maturity
(cross-tabulation all ¥3<3.3, all P>0.42) for either prey
species in experiments 2 and 3. Most E. martini oocytes
were in maturity category IIIb, with 20% in stage 1V,
while 80% of P. australotropicus oocytes were in matu-
rity categories IIb and Illa. Australopelopia presence
did not affect mean oocyte cross-sectional area for
E. martini [nested ANOVA predator presence Fj 3
=0.1, P=0.72; female(predator presence) Fj4)=57.6,
P<0.001], but oocytes were smaller for P. australotro-
picus exposed to caged Australopelopia (18.3+0.7 um)
compared with controls [26.5+1.2 pm; predator pres-
ence F;;=9.14, P=0.005; female(predator presence)
F33175=19.4, P<0.001]. In contrast, E. martini reared in
the presence of caged polycentropodid predators in
experiment 3 had smaller ovarioles (34.0+2.4 um) than

1.2 a) E. martini

15 14

21
21

0.8 1
0.6
0.4

0.2 4

0 T T

2 - b) P. australotropicus
1.8 - 8
16 6 y 10
1.4
1.2
14
0.8
0.6
0.4
0.2

o T T
12 18 26

Temperature (°C)

Wing length (mm)

Fig. 2 Experiment 1: effects of temperature and sex on adult
wing length for a E. martini and b P. australotropicus (pooled
across predation treatments). The mean+SE and number of
observations are plotted. Grey and black bars plot data for males
and females, respectively
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Fig. 3 Experiment 3: the effect of polycentropodid presence and
prey sex on adult wing length for E. martini. The mean+SE and
number of observations are plotted. Grey and black bars plot data
for males and females, respectively

those reared under the no-predator treatment
[53.943.2 um; predator presence F,,=4.48, P=0.047;
female(predator presence) Fy)05=23.93, P<0.001],
whereas  P. australotropicus  ovariole size was
unaffected [predator presence F),.=0.1, P=0.975;
female(predator presence) Fyg 37 = 10.9, P<0.001].

Oocyte number did not differ according to pupal
period in experiment 2 (ANOVA both species F<1.8,
P>0.19). However, E. martini oocyte maturity varied
according to pupal period (cross-tabulation ¥5=8.0,
P=0.020), with seven of 14 E. martini that completed
pupation in 3 days having oocytes in the most mature
category IV, whereas no individuals completing pupa-
tion in 2 days had oocytes in this category. No similar
effect was apparent for P. australotropicus (y3=0.07,
P=1.0). In experiment 3, pupal period had no effect on
oocyte number (both species F<1.0, P>0.30) or matu-
rity (y3<2.4, P>0.39).

Discussion

Differential vulnerability and the predator-specific
responses of the prey species

Sublethal effects of the predator species on the devel-
opment and morphology of their potential prey were
species specific. E. martini did not respond to the pres-
ence of Australopelopia, but its larval duration was
lengthened and adult duration reduced in the presence
of caged polycentropodids, with females emerging
smaller-sized and with smaller oocytes. In contrast, P.
australotropicus was unaffected by the presence of the
polycentropodid, but suffered higher pupal mortality,
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spent less time in the pupal state, and emerged with
smaller oocytes when reared in the presence of
Australopelopia. The occurrence of predator-specific
responses in other aquatic taxa varies among popula-
tions exposed to differing predation intensities
(MclIntosh and Peckarsky 1996; Rosenfeld 2000), and
can have a genetic component (Juliano and Gravel
2002; Brodin and Johansson 2004). Maintenance of
predator-specific responses by the prey species implies
that the types of predator studied here exert significant
selective pressure in Australian tropical streams, but
that the pressure imposed by each predator impacts
prey differentially in their favoured microhabitats.

Both prey species responded to the predator most
likely to pose a significant threat in situ, regardless of
their vulnerability in the laboratory. Unlike E. martini,
P. australotropicus ventilates its tube in both larval and
pupal stages (personal observations), rendering it vul-
nerable to tube-invading Tanypodinae, which are adept
at discerning chironomid tubes via these ventilatory
motions (B. G. McKie, unpublished data). The
responses of P. australotropicus to Australopelopia reflect
this vulnerability, apparent both in the laboratory and
in situ (McKie 2002). In contrast, P. australotropicus is
almost never found consumed by polycentropodids
sampled from pool leaf packs in which both species
occur (McKie 2002), despite its vulnerability in the lab-
oratory. The polycentropodid does not invade chirono-
mid tubes (B. G. McKie, unpublished data), and its
threat may be further limited in the pool habitat
favoured by P. australotropicus if the greater deposition
of sediment and lack of current retards its predatory
activity (Flecker and Allan 1984), obviating the need
for P. australotropicus to routinely respond to its pres-
ence. However, E. martini is commonly found in the
guts of field caught Polycentropodidae, including spe-
cies AV—7 (McKie 2002, and see Introduction), con-
trasting with its lack of vulnerability in the laboratory.
Densities of riffle-inhabiting chironomids and net-spin-
ning predacious caddisflies are often correlated in situ,
reflecting effects of caddis retreats on spatial complexity
(Englund and Evander 1999 and references therein),
and the responses of E. martini to the polycentropodid
presumably reflect the close association between these
species in hygropetric habitats in Australian tropical
streams (B. G. McKie, unpublished data). These results
demonstrate that species inhabiting running water envi-
ronments, and from a single family appearing as mor-
phologically uniform as the Chironomidae, possess
antipredator responses matching the threat posed by
different predator species in situ.

The observed effects of predator presence on adult
size, longevity and fecundity characteristics for the

prey species indicate inadequate resource (energy,
nutrient) acquisition and/or storage. Reduced adult
duration for E. martini reared with the polycentropo-
did suggests insufficient resource storage to support
prolonged adult life. Similarly, the smaller wings and
oocytes of E. martini females exposed to caged poly-
centropodids, and the smaller oocytes of P. australo-
tropicus reared with Australopelopia, indicate stored
resources were inadequate for maximal somatic and
reproductive growth. Reduced oocyte size was not
associated with changes to oocyte number or maturity,
and so appears attributable to restrictions in nutrients
available for allocation to each oocyte, though oocyte
growth may have been additionally limited by reduced
longevity for E. martini. Elevated pupal mortality for
P. australotropicus reared with caged Australopelopia
and lengthened larval development for E. martini
reared with the polycentropodid also may reflect defi-
ciencies in available resources. Other chironomids
(Ball and Baker 1996) and aquatic insect taxa (McPeek
and Peckarsky 1998) lengthen the larval stage when
foraging is constrained by the presence of predators, to
ensure sufficient resource acquisition for growth and
reproduction. Similarly, compromised survivorship for
chironomids (Ball and Baker 1995) and other inverte-
brates (Duvall and Williams 1995; Schmitz et al. 1997)
reared in the non-lethal presence of predators has been
attributed to changes in prey behaviour or develop-
ment, with associated deficiencies in nutrient intake.
Such effects also can reflect increased physiological
stress induced by the presence of predators, if impor-
tant physiological processes (e.g. digestion) are nega-
tively impacted (Stoks etal. 2005). Whether results
observed here are primarily attributable to reduced
feeding in the presence of predators (as observed for
other Chironomidae that limit foraging to minimise the
risk from predation; Koperski 1998), increased
resource expenditure on defensive structures (e.g. the
extremely long setae grown by some chironomids in
the presence of certain predators; Hershey and Dod-
son 1987), or some type of physiological stress remains
unknown.

Effects of predator presence on pupal duration

Selection should favour individuals that spend the
minimum period possible in vulnerable, non-feeding
life stages (Wassersug and Sperry 1977), and both
E. martini and P. australotropicus spent less time in the
non-feeding pupal state when subjected to increased
physical disturbance (McKie 2004). In this study,
P. australotropicus reared with caged Australopelopia
in experiment 1 spent less time in the pupal state, but
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E. martini pupal duration was not affected by the pres-
ence of either predator. The polycentropodid does not
invade chironomid tubes (B. G. McKie, unpublished
data), obviating a need for either species to respond to
its presence during pupation, since pupae only leave
their tubes on emergence. However, Australopelopia
does invade chironomid tubes, and was observed to
consume P. australotropicus pupae. Unlike the well-
sclerotised, spinose and inactive pupae of E. martini,
P. australotropicus pupae are soft-bodied and ventilate
their tubes (personal observations). Reducing pupal
duration limits the time available for Australopelopia
to detect these movements and attack. However,
P. australotropicus pupal duration was unaltered in
experiment 2, implying that the threat posed by Aus-
tralopelopia differed between the two studies. Austra-
lopelopia used in experiment 1 were large fourth
instars (identifiable both by size and integument pig-
mentation), but in experiment 2, less than 50% were
fourth instars, because fewer mature larvae were avail-
able in the source population at that time. Tanypods
are largely detritivorous when younger (Baker and
McLachlan 1979), and we observed that smaller caged
Australopelopia ate less of the provided live worm food
(personal observations). Aquatic prey often respond
differently to predators fed different diets (Laurila
et al. 1998; Turner 2000; Brodin et al. 2006), and differ-
ences in protein ingestion by large and small Australo-
pelopia, presumably causing differences in composition
of waste product kairomones, may explain the con-
trasting response of P. australotropicus between the
two Australopelopia experiments.

More individuals, both in this study and that of
McKie (2004), spent longer in the pupal state when the
mortality threat was minimal. This implies that reduc-
ing pupal duration is costly in some way, unless pupal
duration is not itself a plastic trait, but rather is depen-
dent on variation in some other aspect of development
or morphology, such as body size (Downie et al. 2004)
or larval duration (McKie 2004), neither of which
were affected for P. australotropicus in this study.
McKie (2004) hypothesised that individuals leaving
the pupal stage earlier may emerge with important
adult structures, such as gametes, less developed.
Since chironomid adults in situ are short-lived (Armit-
age etal. 1995), such delay in gamete maturation
could have fitness consequences. In this study, E. mar-
tini that spent less time in the pupal state were more
likely to have less mature oocytes (experiment 2). This
result seems not confounded with any effect of preda-
tion, since the presence of Australopelopia did not
affect any measured variable for E. martini. However,
for this hypothesis to be properly assessed females
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should be killed immediately upon emergence, before
ongoing oocyte maturation obscures potential
deficiencies arising solely from differences in pupal
development time.

The effect of temperature on predator—prey
relationships

Temperature little impacted predator—prey relation-
ships in experiment 1, reflecting the broad thermal
tolerances of all species involved (McKie et al. 2004).
The range of temperatures considered represents that
over which the prey species can survive and complete
development, and the observed eurythermic reaction
norms (e.g. the asymptotic responses over a broad
temperature range evident in Figs. 1 and 2) match
those observed previously (McKie et al. 2004, McKie
and Cranston 2005). Although there was weak evi-
dence that hunting success of Austrolopelopia was
reduced at 12 and 26°C, the time taken for Australo-
pelopia to locate and attack its prey did not vary with
temperature, and no interactions between tempera-
ture and predation were observed for any prey trait,
indicating that anti-predator mechanisms were
equally well implemented by the prey species at all
temperatures. The broad tolerances of Australopel-
opia limit the potential for thermal variation to
strongly impact its predatory behaviour, and only
lethal temperatures may induce the prey species to
alter behaviour in ways that increase their vulnerabil-
ity (e.g. the increased rates of tube abandonment
observed for E. martini at 32°C by McKie et al. 2004).
There appear to be no genuinely stenothermic Aus-
tralian Chironomidae, possibly a consequence of ther-
mal unpredictability in streams throughout Australia
(McKie et al. 2004, 2005). However, reaction norms
are not identical across species (McKie et al. 2004;
McKie and Cranston 2005), and thermal variation
could have cumulative impacts on predators and prey
over longer time scales than those considered here.
Nevertheless, if tropical Australian macroinverte-
brates are generally characterised by broader envi-
ronmental tolerances (e.g. Pearson and Connolly
2000; Connolly and Pearson 2004), then the scope for
environmental variation to modulate predator—prey
relationships may be limited. These results indicate
that the strong modifying effects of environmental
variation on freshwater predator—prey interactions
observed in temperate and boreal systems (e.g.
Thompson 1978; Moore and Townsend 1998; Kishi
et al. 2005) cannot necessarily be extended to systems
with environmental characteristics that favour evolu-
tion of broader physiological tolerances.
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Implications and conclusions

Extreme fluctuations in flow, such as those that cha-
racterise Australian tropical streams (Pearson 1994),
are often suggested to undermine the importance of
predation as a structuring force in some lotic communi-
ties through causation of widespread density-indepen-
dent mortality (e.g. Hildrew and Giller 1994; Reice
1994). However, the sublethal effects of predation we
observed have potential to influence individual fitness
and habitat use, especially where both predator and
prey are relatively sedentary. Because the polycentrop-
odid builds fixed retreats, an E. martini larva living in a
similarly fixed tube nearby should balance the risks of
prolonged exposure to the predator, including associ-
ated sub-lethal costs, against benefits of inhabiting the
more complex substrate engendered by polycentropo-
did retreats (potentially associated with enhanced
entrapment of particulate detritus, Englund and Evan-
der 1999) and the dangers of tube-abandonment and
costs of tube reconstruction (McKie 2004). The sub-
lethal consequences of exposure to retreat-building
predators observed here might explain some of the
remarkable within-population morphological varia-
tion documented for E. martini (McKie and Cranston
2005), if the extent of exposure varies widely among
individuals. In contrast, threatened P. australotropicus
may need to respond only briefly to the presence of the
more mobile Australopelopia, unless population densi-
ties of Australopelopia and other similar tube-invading
predators (Hershey 1987; Harkrider 2000) are high. In
Australian tropical streams, such a situation may occur
during the dry season, when populations grow without
hindrance from flooding for months (Pearson 1994), a
long period relative to the rapid life cycles of tropical
invertebrates. Concurrently, low rainfall causes reduc-
tions in the wetted area of stream channels, concentrat-
ing organism densities (Douglas et al. 1995; Rosser and
Pearson 1995), and potentially intensifying the impacts
of predators on their prey (e.g. Dudgeon 1993).
Broader extension of these results requires consider-
ation of factors that alter or obscure effects of small-
scale processes at larger scales (Peckarsky et al. 1997).
The lethal and non-lethal effects of predators on the
life history and morphology of individuals can influ-
ence prey demographics, and hence patterns of species
distribution (McPeek and Peckarsky 1998; Miner et al.
2005). However, to have a major influence, such effects
need to be pervasive within one generation of a prey
species, and persistent between generations. Austra-
lian tropical chironomids are multivoltine (McKie et al.
2004), and if predator pressure is intense only for part
of each year (during the dry season), then its lethal and

sub-lethal effects on prey life history may not accumu-
late sufficiently over multiple generations to threaten
population persistence in isolation (Peckarsky et al.
1997). Nevertheless, the potential for predation to
intensify in Australian tropical rainforest streams is
indicated by the high biomass and diversity of preda-
tors in these systems (Pearson etal. 1986; Cheshire
et al. 2005), and patchiness in the occurrence of impor-
tant predator guilds, such as insectivorous fish (often
absent from streams above waterfalls), is expected to
have consequences for prey assemblage structure
(Pearson 1994; Pusey and Kennard 1996). Further
study of predation in Australian tropical streams
should yield insights into the evolution of anti-predator
mechanisms in prey populations, and into how envi-
ronmental variation constrains predator regulation of
community structure in regions subject to regular abi-
otic disturbances.
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