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Caddisfly behavioral responses to drying cues
in temporary ponds: implications for effects
of climate change

Jessica O. Lund1,2,4, Scott A. Wissinger1,3,5, and Barbara L. Peckarsky1,2,6

1Rocky Mountain Biological Laboratory, P.O. Box 519, Crested Butte, Colorado 81224 USA
2Departments of Zoology and Entomology, University of Wisconsin–Madison, Madison, Wisconsin 53706 USA
3Biology and Environmental Science Departments, Allegheny College, Meadville, Pennsylvania 16433 USA

Abstract: Aquatic organisms that live at high latitudes and elevations are especially vulnerable to climate-change-
induced alterations in snowpack, snowmelt, and evaporation rates, all of which affect basin filling and drying
dates. Extraordinarily early drying events in shallow ponds and wetlands at our study sites prompted us to
conduct 2 mesocosm experiments to document how proximate cues of drying modify agonistic behaviors among
larvae of the caddisfly, Asynarchus nigriculus. Larvae are mainly detritivores but can be extremely aggressive and
engage in mob cannibalism, perhaps to obtain a dietary supplement that hastens escape from drying basins. In
one experiment, we manipulated caddisfly density to simulate the effects of crowding during pond drying. In a
2nd experiment, we reduced water levels and manipulated a protein supplement that mimics the dietary benefits
of cannibalism. We quantified the effects of those manipulations on aggressive behaviors that are precursors to
cannibalism and on development time to pupation. Frequency and duration of agonistic encounters increased as
a function of larval density and, independent of density, were higher in drying than nondrying treatments,
especially in the absence of a protein supplement. Pupation occurred earlier in high- than low-density treatments
and earlier with than without a protein supplement. In contrast, the timing of pupation was not accelerated in
drying compared with nondrying treatments, which might reflect the extreme diel temperature fluctuations in
drying ponds, hence suboptimal growth conditions. Our findings provide evidence that declining water levels and
crowding serve as cues that enable caddisflies to adjust behavior and development in the face of habitat drying.
Early drying events observed in recent years may exceed the limits of this flexibility and portend the demise of
populations in temporary habitats that historically supported this species.
Key words: climate change, ponds, wetlands, drying, aggressive behavior, cannibalism, development time,
alpine ponds

Global temperatures are projected to continue to increase
during the next century, resulting in a dryer, warmer cli-
mate in many parts of the world (IPCC 2014). Climate-
change effects have been documented in a wide range of
standing and running freshwater habitats (e.g., Smol et al.
2005, Parker et al. 2008, Woodward et al. 2010). Negative
effects are predicted to be especially strong in arid environ-
ments where organisms in intermittent streams (Stanley
et al. 1997, Chessman 2015) and shallow standing waters
(Sim et al. 2013) should be especially vulnerable. Rapid and
dramatic changes also have occurred in shallow ponds and
lakes at high latitudes and high elevations where low hu-
midity, low water volumes, and high surface area-to-depth
ratios make them especially vulnerable to changes in snow-
pack and timing of snowmelt (e.g., Barnett et al. 2005,
Corcoran et al. 2009, Wissinger et al. 2016).

Animals in temporary habitats exhibit a wide array of
adaptations for surviving desiccation (reviewed by Strachan
et al. 2014a), and many should be especially responsive to
interannual variation in weather and long-term changes in
climate that affect basin hydroperiod. Individual responses
to drying are triggered by a variety of cues, such as photo-
period, temperature, and heating degree-days, water chem-
istry, and wetting and drying events. Those cues, in turn,
influence behaviors, aestivation, and life-cycle events in-
cluding diapause, egg eclosion, larval pupation, emergence,
and adult flight, which in concert facilitate survival and the
eventual completion of development (Williams 1996, 2006,
Wissinger 1999, Strachan et al. 2014b).

Some temporary-habitat specialists exhibit plasticity in
their response to seasonal, interannual, and long-term
changes in temperature and the duration of the wet–dry
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phases of pond hydroperiods (Baird et al. 1987, De Block
et al. 2008, Stoks et al. 2014). However, for many organ-
isms, the degree of flexibility is unknown. Moreover,
studies documenting species-specific life history, behav-
ioral responses such as movement to refuges, tolerance
to changing conditions (O2, temperature, crowding) as
habitats dry, and the abilities to endure desiccation and
recolonize (e.g., Walters and Post 2011, Chester and
Robson 2011, Chessman 2013, 2015) will be needed to
predict which species will be among the winners and
losers in the face of a changing climate (Rosset and Oertli
2011).

The cues that trigger developmental and behavioral
flexibility in aquatic invertebrates include increased tem-
perature (e.g., Harper and Peckarsky 2006), decreased wa-
ter volume or depth (e.g., Juliano and Stoffregen 1994),
changes in food availability, and combinations of those
cues (Johansson et al. 2001, De Block and Stoks 2004a, b,
Jannot et al. 2008). However, developmental flexibility in
response to changes in time constraints is not without
cost. For example, smaller body sizes associated with early
emergence reduce adult fitness (Loman and Claesson
2003, De Block and Stoks 2005). Moreover, animals ex-
posed to desiccation can have lowered survival (Wickson
et al. 2012 and reduced immune function (Gervasi and
Foufopoulos 2008). Population-level and fitness outcomes
associated with such costs can in turn influence commu-
nity structure and ecosystem function (Meyer et al. 1999,
Leberfinger et al. 2010).

In the central Rocky Mountains (western USA), long-
term shifts in snowpack, snowmelt, and spring tempera-
tures have led to increasingly erratic basin drying. Extraor-
dinarily early drying of shallow ponds at our long-term

study sites has led to cohort failures in a variety of aquatic
invertebrates, including those of the caddisfly Asynar-
chus nigriculus (Trichoptera: Limnephilidae), a species for
which such cohort loss has become increasingly frequent
(Greig and Wissinger 2010). Larvae of this temporary-
habitat specialist develop rapidly and synchronously dur-
ing and after snowmelt and emerge in early summer just
before the shallow, temporary basins they inhabit dry
(see Wissinger et al. 2003 for detailed life-history data).
Near the end of development, larvae are often crowded
into increasingly smaller and shallower pools where it is
easy to observe their frenetic foraging activities and
aggressiveness toward conspecifics, behavior that includes
cannibalism (Wissinger et al. 1996, 2004a). We have doc-
umented the population- and community-level conse-
quences of A. nigriculus cannibalism (Greig and Wis-
singer 2010), but we have not previously quantified how
proximate cues that signal impending drying affect ag-
gressive behavioral interactions (including cannibalism)
among larvae.

Our purpose was to quantify how crowding and de-
creased water level affect behavioral interactions among A.
nigriculus larvae. We were interested in separating the re-
sponse of larvae to decreased water levels per se from that
caused by the crowding that occurs as the wetted areas of
ponds shrink during drying. We separately manipulated
those cues in 2 experiments conducted in mesocosms adja-
cent to drying ponds. In the 1st experiment, we varied the
size of mesocosms to simulate the crowding that occurs in
natural basins as they shrink in size (Fig. 1A, B). Cannibal-
ism often has been observed as a response to an increase in
density (Fox 1975, Polis 1981), and we hypothesized that
agonistic interactions would increase as a result of crowd-

Figure 1. Photographs showing the difference in size of a temporary pond during drying at the Mexican Cut Nature Preserve on
27 June (A) and 30 June (B) 2012 (photo credit: JOL). Snowmelt fills the pond to the vegetated perimeter each spring. The entire
cohort of Asynarchus nigriculus larvae in this and dozens of nearby similar ponds perished in 2012 when the ponds dried before
larval development was completed.
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ing, which, in turn, would lead to increased cannibalism
and increased growth rates among survivors. In the 2nd ex-
periment, we varied water depth without changing larval
density and manipulated a dietary supplement to test
whether a combination of that particular drying cue and
protein limitation affects aggression among larvae. We hy-
pothesized that the threat of drying should increase aggres-
siveness among larvae and that protein supplementation
should allay aggression, especially under drying conditions.

METHODS
Study system

We conducted this study at The Nature Conservancy’s
Mexican Cut Nature Preserve (MCNP; lat 41.695888, long
−80.016244; elevation 3500 m) near the Rocky Mountain
Biological Laboratory in the Elk Mountains of Colorado
(USA). Multidecadal shifts in snowpack, snowmelt, sum-
mer precipitation, and air temperatures are well docu-
mented in this region (Clow 2010) as are the consequences
of these shifts for high-elevation plants (Anderson et al.
2012, Boggs and Inouye 2012) and animals (Inouye and
Barr 2006, Ozgul et al. 2010). Asynarchus nigriculus occurs
throughout the central Rocky Mountains at subalpine and
alpine elevations (Herrmann et al. 1986). The larvae are the
biomass-dominantmacroinvertebrate in short-duration tem-
porary ponds and wetlands at our study site and through-
out the region (Wissinger et al. 2003). High activity and
high foraging rates of larvae typically facilitate rapid, syn-
chronous development and emergence from vernal habi-
tats (<60 d). During the past 2 decades, drying events that
result in cohort failures of A. nigriculus subpopulations
have become increasingly frequent in temporary habitats
at our study sites. In 2012, snow depth was ∼50 cm lower,
snowmelt date 28 d earlier, and early summer precipita-
tion ∼12 cm less than the previous 10-y average across
the region (Skordahl 2013), measures that reinforce long-
term trends in those climate variables (Seager et al 2007).
By early June 2012, it became clear that all A. nigriculus
larvae in most temporary and many semipermanent
ponds at MCNP would die from desiccation before com-
pleting larval development. Thus, we were able to use
those larvae in the 2 mesocosm experiments described
below without compromising the 25 y of longitudinal
time-series data on the population dynamics of this spe-
cies. The relatively short-term nature of the experiments
(2 wk each in mid-June to early July) reflects the narrow
window during which late-instar larval behaviors can be
observed in the face of drying ponds in this rapidly devel-
oping species.

Larval density and aggression
We tested the hypothesis that A. nigriculus larvae re-

spond to the high densities that occur as pond area shrinks

during drying by becoming more aggressive and develop-
ing more rapidly. We created variation in larval density
while controlling for the number of individuals (153 larvae
per mesocosm). Three replicates of 3 different sizes of
plastic mesocosms were arranged randomly in an array in
an open meadow between 2 temporary ponds (MCNP
ponds 7 and 8 in Wissinger et al. 1999). This manipulation
mimicked the phenology in adjacent drying ponds—i.e.,
the same numbers of late-instar larvae were increasingly
concentrated into a smaller and smaller area. The bottom
surface areas of the containers (and densities) were as fol-
lows: 1.65 m2 (∼100 larvae/m2), 0.79m2 (∼200 larvae/m2),
and 0.25 m2 (∼ 600 larvae/m2). During drying in natural
ponds the area of benthic substrates decreases geometri-
cally (Fig. 1A, B), and larval densities can reach thousands
of larvae/m2. Thus, even the highest-density treatments in
our experiment are conservative compared with those we
observed in natural habitats. To separate crowding from
other drying cues, we maintained constant water depth in
each container by adding water from an adjacent pond as
necessary.

We added ∼1 cm depth of detritus (a mix of spruce
[Picea engelmannii] litter and sedge–grass [Carex aquat-
ilis and Deschampsia cespitosa]) to each mesocosm to
mimic the substrates and subsidies in caddisfly source
ponds, many of which have a thin veneer of organic sub-
strate overlying bedrock. As ponds dry and shrink in size,
the available area to forage decreases for a given number
of larvae. We added rocks and underwater branches as
surfaces for pupation and provided fine gravel so that
caddisfly larvae had access to material to prepare pupal
cases. Fourth- and 5th-instar caddisfly larvae (average dry
mass = 6.9 mg; instar metrics for this species were re-
ported by Wissinger et al. 2003) were collected from an
adjacent pond that we knew, based on phenological data,
would dry during the course of the experiment. The
source pond is part of series of ponds connected by over-
land flow during snowmelt and hence part of a meta-
population of this caddisfly.

Mob cannibalism in A. nigriculus typically occurs as the
culmination of a specific sequence of aggressive behav-
iors—the frenetic activity of late-instar larvae escalates
into fighting and is followed by mobbing of individuals
that are subsequently killed and consumed. In some in-
stances, attackers become secondary victims in these
mobs (Wissinger et al. 1996). To quantify the effects of
density on these behaviors, we followed 1 randomly se-
lected focal individual in each mesocosm and recorded
all behaviors during 5-min trials. We conducted multiple
trials/d on alternate days (4 replicates/d × 3 replicates ×
3 treatments) during the last 2 wk of June. Observers
were randomly assigned to record behaviors in different
replicate containers each day between 1000 and 1200 h
MDT. Behaviors observed were: 1) total time active, 2) en-
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counters with other individuals, 3) encounters that were
aggressive (foreleg wrestling, biting, case grazing, case de-
fense), 4) prolonged aggressive encounters, and 5) mob-
bing events (Table 1; modified fromWissinger et al. 1996).

Larval development times were recorded as time to pu-
pation (number of days from the start of the experiment to
pupation), indicated by sealed stone cases affixed to sub-
strates. We removed pupae from rock and branch sub-
strates daily. Pupae were transferred to emergence cham-
bers, but mass mortality in those chambers prevented us
from comparing emergence dates and adult body sizes as
originally intended. We did not estimate larval mortality
during the experiment because that would have required
disrupting the mesocosms and handling each larva, hence
potentially affecting larval behaviors. We terminated the ex-
periment at the end of 2 wk because accelerating pupation
rates began to cause densities to diverge among replicates.

All statistics were done in R (version 3.0.0; R Project for
Statistical Computing, Vienna, Austria). We analyzed the
effect of larval density on behaviors with 1-way analyses
of variance (ANOVAs) and subsequent post hoc Tukey’s
Honestly Significant Difference tests when the overall anal-
ysis was significant. Residual vs fitted values and quantile
plots indicated all dependent variables were normally dis-
tributed and met assumptions of the ANOVA. Two-way
ANOVA indicated no effect of observers or time of day
(over the 12-d experiment) on any of the behavioral var-
iables (p > 0.05). Thus, behaviors were averaged across
observers and observation times for the final analyses.
We plotted the total number of pupae as a cumulative
relative frequency curve for each treatment. Numeric inte-
gration under the curve of each replicate was analyzed
with ANOVA to evaluate differences in pupation rates
among treatments. Lower numeric integration values rep-
resented later pupation, and higher numeric integration val-
ues represented earlier pupation: i.e., treatments in which

early pupating larvae made a greater contribution to the
curve area resulted in a higher value. We used a χ2 test to
compare observed number of pupae in each treatment to
values expected by random chance.

Water depth as a drying cue independent of density
We conducted a subsequent 2nd experiment in the

0.25-m2 containers (described above) to evaluate whether
larvae can detect decreasing water levels (or some associ-
ated variable, such as salinity or temperature) indepen-
dent of the crowding associated with reduced pond area.
All containers initially contained ∼11 cm of pond water.
We then reduced the water level to ∼2 cm depth in 4
replicates of a “drying” treatment by removing water on
alternate days over a 2-wk period to reflect a rate com-
parable to changes observed in natural basins. We com-
pared larval behaviors in this drying treatment to those
in a nondrying (∼11 cm depth on all dates) treatment
(4 replicates). Because larvae might detect chemical cues
associated with drying, we measured total dissolved sol-
ids (TDS) daily in drying and nondrying treatments with
a handheld TDS meter (HM Digital model TDS-3, Culver
City, California). We could detect no differences among
replicates or between treatments (always <10 mg/L), a
result that is not surprising given the extremely low ionic
concentrations at this remote, high-elevation site (snow-
melt water on quartzite bedrock; for extensive water-
chemistry data see Harte et al. 1985, Wissinger and White-
man 1992). We also measured maximum and minimum
daily temperature in the mesocosms because previous in-
vestigators have shown that water temperatures in drying
habitats fluctuate more than in permanent habitats as a
result of the exaggerated diel oscillations (30°C) in air
temperatures at high elevations (Jannot et al. 2008).

We added 2 similarly sized rocks and 1 submerged
spruce branch as substrates for pupation. We lined the

Table 1. Ethogram of measured and calculated behaviors of caddisfly larvae.

Behavior Description

Recorded

Time active Time spent crawling or interacting during 5-min observations

Encounters Physical encounters with another individual

Aggression Aggressive physical encounters (proleg wrestling, case shaking, biting)

Prolonged
aggressions

Aggressive physical encounters lasting >3 s

Mobbing Cannibalistic mobbing events (involving ≥5 larvae)

Calculated

Proportion of aggressive
encounters

Proportion of total encounters that were aggressive

Time aggressive Time spent engaging in aggressive encounters = number of short
aggressions (×1 s) + number of prolonged aggressions (×3 s)
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bottom of each tank with 60 ± 10 g (mean dry mass ± SE)
of spruce litter and 14.7 ± 2.4 g of mixed sedge–grass and
added ∼75 cm2 of gravel and fine pebbles as pupal case
material. We added fifty 4th-instar A. nigriculus larvae (av-
erage dry mass = 4.41 mg) to each mesocosm to achieve a
density of ∼200 larvae/m2, comparable to densities sam-
pled in the source ponds. We removed pupae daily and
transferred them to separate pupation chambers.

Wissinger et al. (2004b) and Jannot et al. (2008) found
that protein supplementation had a positive effect on fit-
ness correlates including development time, adult body
size, and larval survival. We tested whether protein sup-
plementation affects larval aggression and cannibalism
and whether supplementation interacts with drying in a
factorial design. We replicated each of the 4 treatment
combinations (drying × supplementation) 4 times. In each
supplementation container, we applied a high protein–fat
supplement (Tubifex: minimum crude protein 50%, crude
fat 5%; Wardley, Secaucus, New Jersey) once weekly by
evenly distributing 684.6 ± 11.7 mg of freeze-dried Tubi-
fex worms on the detritus. We used the same focal animal
and scanning behavioral protocols and response variables
described above in the density experiment (Table 1).

We used 2-way ANOVA to test the separate and inter-
active effects of water level and protein supplementation
on larval behavior. Residual vs fitted values and quantile
plots indicated all dependent variables were normally dis-
tributed and met assumptions of ANOVA. We also used
2-way ANOVAs to test for observer bias and changes in
larval behaviors over time (6 observations/d for each ex-
perimental unit). We conducted a paired-difference t-test
to compare the diel fluctuation in temperature in drying
vs nondrying treatments.

We plotted the total number of pupae as a cumulative
relative frequency curve for each treatment. We analyzed
the numeric integration under the curve of each replicate
with ANOVA to evaluate differences in pupation rates
among treatments. A lower numeric integration value in-
dicates later pupation and a higher numeric integration
value indicates earlier pupation. We used a χ2 test to com-
pare observed number of pupae in each treatment to val-
ues expected by random chance.

RESULTS
Effects of density on larval interactions and pupation

Density did not affect overall activity during focal ani-
mal observations (1-way ANOVA: F2,6 = 2.12, p = 0.20)
because larvae were moving nearly all of the time under
all experimental densities. However, the total number
of encounters of the focal animal with other individ-
uals increased with larval density (1-way ANOVA: F2,6 =
9.04, p < 0.001) and resulted in a significant difference
in encounters between the highest and 2 lower densities
(Fig. 2A). Encounters that escalated into aggression (1-way

ANOVA: F2,6 = 7.42, p = 0.02) and duration of aggressive
encounters (1-way ANOVA: F2,6 = 10.39, p = 0.01) also
increased with larval density (Fig. 2B, C). The number of
mobbing incidents among A. nigriculus larvae (39 in total)
increased from low to high larval density, but this result
was only marginally significant (1-way ANOVA: F2,6 =
4.65, p = 0.06).

By the end of the experiment, 323 pupae were recov-
ered from the mesocosms (pooled across replicates within
treatments): 45 at low density, 84 at intermediate den-
sity, and 194 at high density. The distribution of pupae
observed across treatments could not be attributed to
differences in the initial number of larvae (all treatments
started with the same number), and this distribution was
different than expected by random chance (χ22df = 35.23,
2-tailed p < 0.0001). The 1-way ANOVA based on nu-
meric integration of the cumulative relative frequencies
for each mesocosm indicated that pupation phenology
differed among the 3 larval densities (F2,6 = 24.93, p =
0.001; Fig. 3). In summary, more larvae pupated, and
they pupated earlier at high than at low densities.

Effects of decreasing water level on larval interactions
and pupation

Drying and protein supplementation did not affect over-
all activity levels of A. nigriculus larvae (2-way ANOVA,
drying: F1,14 = 1.02, p = 0.33; protein: F1,14 = 0.32, p = 0.58;
drying × protein: F1,14 = 0.01, p = 0.91) or the total num-
bers of encounters among larvae (2-way ANOVA, drying:
F1,14 = 3.14, p = 0.10; protein: F1,14 =2.45, p = 0.14; drying ×
protein: F1,14 = 0.27, p = 0.62; Fig. 4A). However, the pro-
portion of encounters that were aggressive was higher in
drying than nondrying treatments and in treatments with-
out protein added than those with protein added (Fig. 4B).
The interactive effect of supplementation on the propor-
tion of aggressive encounters among larvae was not signif-
icant (2-way ANOVA, drying: F1,14 = 5.76, p = 0.04; protein:
F1,14 = 4.92, p = 0.05; drying × protein: F1,14 = 0.68, p = 0.43;
Fig. 4B).

During focal animal trials, the total time that larvae
spent interacting aggressively was higher in drying than
nondrying treatments and higher without than with a pro-
tein supplement (Fig. 4C). That result was driven largely by
the drying/no-supplement treatment, in which larvae spent
much more time interacting aggressively with conspecifics
compared with the other 3 treatments. This difference was
reflected in the significant drying × protein supplementa-
tion interaction term (2-way ANOVA, drying: F1,14 = 6.41,
p = 0.03; protein: F1,14 = 6.29, p = 0.03; drying × protein:
F1,14 = 4.95, p = 0.05; Fig. 4C). We observed 5 mobbing
events, all of which occurred in the drying/no-supplement
treatment.

As is typical in natural ponds, the number of larvae
declined in all treatments during the experiment, in part
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as a result of pupation. At the end of the drying experi-
ment, 154 A. nigriculus pupae had been removed (repli-
cates were pooled within treatments; drying +/−protein:
22/11, nondrying +/−protein: 57/64). A χ2 test revealed
that the results were significantly different than expected
by random chance. Fewer individuals pupated in the dry-
ing than the nondrying treatments, and protein supple-
mentation did not affect the number of individuals that
pupated (χ2 test, all treatments: χ23df = 52.49, 2-tailed p <
0.0001; protein treatments: χ21df = 1.361, 2-tailed p =
0.24; drying treatments: χ21df = 50.29, 2-tailed p < 0.0001;
Fig. 5A). Numeric integration of the cumulative relative
frequencies to evaluate differences between the dates of
pupation revealed no difference in the phenology of pu-
pation among treatments (1-way ANOVA, F1,14 = 0.30,
p = 0.82; Fig. 5B). Drying resulted in fewer individuals
pupating by the end of the experiment but did not affect
the timing of pupation.

Daily temperature fluctuations were greater in dry-
ing than nondrying treatments (paired-difference t-test,
t12df = 2.4, p = 0.02). On average, daily temperatures fluc-
tuated 4°C more in drying than nondrying mesocosms,

and in several instances toward the end of the experi-
ment >10°C more in drying than nondrying treatments.
On many days, daily fluctuations in drying treatments
were >30°C (from <5 to >30°C).

Figure 3. Cumulative relative frequency of pupae over time
for each larval density treatment.

Figure 2. Mean (±1 SE) total number of encounters (A), proportion of total encounters that were aggressive (B), and number of
seconds spent aggressively interacting with other individuals (C) observed per 5-min focal observation for each larval density treat-
ment. Bars with the same letters are not significantly different.
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DISCUSSION
Early drying, crowding, and cannibalism

Crowding into smaller and smaller pool sizes as a con-
sequence of habitat drying—and hence higher and higher
densities—could be a cue detected by aquatic organisms
that live in temporary habitats. We found that: 1) number
of encounters, 2) proportion of encounters that escalated
into aggressive behaviors (proleg wrestling, biting, case
grazing, and case shaking to eject case-grazing conspe-
cifics), 3) duration of sustained aggression, and 4) number
of mobbings of caddisfly larvae increased with density.
These results provide new evidence that the frequency
and nature of aggressive behaviors in this species in-
crease with crowding. Our study also provides quanti-
tative evidence for previous anecdotal observations re-
ported for natural ponds and experiments in which we
studied population-level outcomes of cannibalism (Wis-
singer et al. 1996, 2004a).

Density-dependent aggression and cannibalism are well
documented among carnivores (Fox 1975, Polis 1981), in-
cluding aquatic invertebrates that live in temporary hab-
itats (Johansson and Rowe 1999, De Block and Stoks
2004a, Rossi et al. 2011). In contrast, the caddisflies in our

study usually obtain most of their nutrition from micro-
bially colonized vascular plant detritus. Cannibalism in
noncarnivores typically occurs between life stages that
present minimal risk to the cannibals (e.g., larvae eating
eggs; Richardson et al. 2010). Here, aggression and canni-
balism occur between larvae of similar size, and we know
from previous studies that potential costs of reciprocity
are extremely high; e.g., attackers injured in cannibalistic
mobs become secondary victims (Wissinger et al. 2004a).
Cannibalism should evolve only if benefits (e.g., eliminate
competitors, gain nutrition) outweigh costs (e.g., injury
or death, disease transmission; Elgar and Crespi 1992, Ni-
shimura and Isoda 2004. Thus, our results raise the ques-
tion: what are the benefits of aggressive behaviors that
escalate to cannibalism in this and other species that live
in temporary habitats?

One hypothesis for the evolution of cannibalism in de-
tritivores that live in temporary waters is that it provides
a high-energy, high-protein food supplement that accel-
erates development. This “life-boat strategy” (sensu De
Block and Stoks 2004a, b) should be especially important
for noncarnivorous taxa. Comparison of the protein and
energy contents of different aquatic food sources empha-

Figure 4. Mean (±1 SE) total number of encounters (A), proportion of encounters that were aggressive (B), and duration of
aggressive encounters (C) during 5-min focal observations in drying and protein supplementation treatments. Bars with the same
letters are not significantly different.
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sizes that animal material (15–28 mg/kJ protein, 20–33 kJ/g
gross energy) is a high-quality nutritional resource com-
pared with detritus, even after microbial conditioning (1–
20 mg/kJ protein, 5–10 kJ/g gross energy; Bowen et al.
1995, also see Cargill et al. 1985).

The behavioral responses to protein supplementation
in the drying experiment are consistent with this hypoth-
esis; i.e., agonistic behaviors (proportion of encounters
that escalate into aggressive encounters, duration of ag-
gressive interactions) were lower in treatments with than
without an alternative protein supplement. Moreover, pro-
tein supplementation increased the number of larvae that
pupated by the end of the experiment in drying and non-
drying treatments. Thus, our results provide a behavioral
explanation for outcomes of previous experiments in which
nutrient supplementation accelerated pupation and led to
emergence of larger adults (Wissinger et al. 2004b). Can-
nibalism in damselflies that live in temporary waters also
increases with time constraints and food limitation and
has multiple life-history consequences including acceler-
ated larval development (De Block and Stoks 2004b).

The hypothesis that cannibalism (and carnivory in gen-
eral) can provide a nutritional boost to accelerate larval
development of noncarnivores also could explain the many
reports of animal material in the diets of late-instar detriti-
vores (MacNeil et al. 1997), including detritus-shredding
caddisflies (e.g., Anderson 1976, Giller and Sangpradub
1993). In the context of climate change, our results sug-
gest that density-dependent aggression is a proximate
mechanism by which temporary-habitat animals can re-
spond to a shortening of the wet phase of basin hydro-
periods. Cannibalism is well described for other groups of
invertebrates that inhabit temporary habitats, including
microcrustaceans (e.g., Rossi et al. 2011), odonates (e.g.,
Fischer 1961a, b, Fincke 1994), dytiscid beetles (Juliano

and Lawton 1990, Culler and Lamp 2009), aquatic hemip-
terans (e.g., Klingenburg and Spence 1996), and mosqui-
toes (e.g., Sherratt and Church 1994). However, direct ex-
perimental tests that link the propensity for cannibalism
(and intraguild predation) to threat of drying are lacking
and would be a promising avenue for future research on
the generality of cannibalism as a life-boat strategy in tem-
porary waters.

We also observed a positive developmental response
to increased larval density—i.e., pupation was earlier in
high- than low-density treatments, despite the potential
for intense intraspecific competition. This outcome may
suggest that high densities of larvae signal deteriorating
environmental conditions and, thus, stimulate acceler-
ated development. The nutritional benefits associated
with cannibalism also might underlie these results be-
cause higher levels of aggression and probability of can-
nibalism occurred in the high-density treatments. The
number of mobs during our behavioral trials and anec-
dotal observations of cannibalism events between trials
was low, but only a few observed incidences of canni-
balism can have dramatic effects on growth and mortal-
ity when extrapolated in time and space (Fox 1975, Polis
1981). Whatever the mechanism, the time-of-pupation
response indicates that this species responds behavior-
ally and developmentally to the changes in density that ac-
company pond drying.

Responses to decreasing water level
In many tests of the effect of drying on behavior and

life-history traits of aquatic insects and amphibians, the
effects of experimentally decreased water water levels are
confounded by covarying changes in density levels (De
Block and Stoks 2005, Gomez-Mestre et al. 2013; but see
Wickson et al. 2012). Our study provides evidence that,

Figure 5. Total number of pupae (A) and cumulative relative frequency of pupae over time (B) in drying and protein treatments.
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independent of changes in density, the number of encoun-
ters between caddisfly larvae that escalate to aggressive in-
teractions and the duration of those aggressive interactions
are higher in drying than nondrying treatments. This dif-
ference was especially striking in drying treatments that
did not receive a protein supplement. Many more larvae
pupated by the end of the experiment in nondrying than
in drying treatments, and that difference was most striking
when larvae were given a protein supplement. Most of the
pupae recovered from the mesocosms assigned to this ex-
perimental treatment died in emergence chambers, so we
could not (as originally planned) directly measure the adult
fitness consequences and tradeoffs associated with these
behavioral and life-history outcomes (as in Stevens et al.
2000, De Block and Stoks 2005, Jannot 2009). However,
in previous studies with this species, we showed that this
same protein supplement had a positive effect on survival,
emergence time, adult body mass, and female fecundity
(Wissinger et al. 2004b). Those results combined with the
behavioral data presented here support the hypothesis that,
independent of density, much of the aggression among late-
instar A. nigriculus larvae in drying pools is associated with
obtaining a protein supplement (i.e., cannibalism) that sub-
sequently accelerates development and ultimately affects
adult fitness.

The puzzling lack of a developmental response to dry-
ing that we observed for A. nigriculus has been observed in
a number of drying studies with aquatic invertebrates. For
example, habitat drying resulted in little or no acceleration
or an actual decrease in development of microcrustaceans
and odonates (Fischer 1960, De Block and Stoks 2005) and
mosquitoes (Juliano and Stoffregen 1994). This type of re-
sult is in contrast to an accelerated response of amphibian
larvae to the threat of drying (e.g., Laurila et al. 2002,
Loman and Claesson 2003). In some cases, the counterin-
tuitive result for aquatic invertebrates can be attributed to
a concomitant increase in density or food limitation (De
Block and Stoks 2005). However, in our study and in a
previous study with a different species of high-elevation
caddisfly (Limnephilus externus) (e.g., Jannot et al. 2008),
neither density nor food limitation is easily invoked as an
explanation for the observed decelerating growth and de-
velopment.

One explanation offered by Jannot et al. (2008) was
that the expected growth response to the threat of desic-
cation is constrained by deteriorating growing conditions
in shallow, drying ponds—specifically by the extreme diel
temperature fluctuations at high elevations. Clear, shallow
water, intense solar radiation, and low humidity at high
elevations lead to rapid heating and evaporation of ponds
during the day and rapid cooling at night (Dillon et al.
2006). At low temperatures, insects decrease activity lev-
els and foraging rates (De Block and Stoks 2003, Van
Doorslaer and Stoks 2005). Modest increases in tempera-

ture accelerate aquatic insect development (Ward and
Stanford 1982, Sweeney 1984), but at extremely high temper-
atures, metabolic rates increase and digestion and growth
efficiencies decrease (e.g., Gallepp 1977, Iversen 1979). Thus,
at high elevations, suboptimal physiological temperatures at
night (too cool) and during the day (too warm) may con-
strain the ability of caddisflies to increase growth rates in
drying basins. Because growth is often coupled with devel-
opment time prior to metamorphosis (e.g., Rowe and Lud-
wig 1991, Lytle 2002), a reduction in growth should increase
time to pupation. Testing whether the negative developmen-
tal response to drying in this and previous studies in drying
ponds reflects a tradeoff or coupled response to other life-
history and fitness correlates would be fruitful topics for fu-
ture studies (e.g., Rudolf and Rodel 2007, Shama and Rob-
inson 2009).

Coda: climate change and limits to flexibility
Shallow, temporary aquatic habitats are extremely vul-

nerable to the effects of climate change because even
slight changes in temperature, evaporation, and precipita-
tion can have dramatic effects on when and for how long
they hold surface water (Sim et al. 2013, Tuytens et al.
2014). The results presented here combined with those of
other studies provide evidence that animals living in those
habitats may detect cues related to habitat drying and
respond with an attempt to complete life cycles in deteri-
orating environments. That flexibility notwithstanding,
during the course of our mesocosm experiments, we
observed the desiccation of hundreds of thousands of
caddisfly larvae and innumerable other temporary pond
specialists (SAW, personal observation). These extraordi-
narily early drying events exceed limits of organismal flex-
ibility (also see Smol and Douglas 2007, Wickson et al.
2012). When intermittent streams are adjacent to perma-
nent reaches (e.g., Murphy et al. 2010, Robson et al. 2013)
or temporary ponds are part of a cluster of basins that
include relatively permanent waters, recolonization from
dispersal after extreme drying events can be rapid (e.g.,
Brendonck et al. 2014). However, for populations in iso-
lated temporary waters, complete cohort failures are likely
to result in local extirpation. The focal animal in our study
is the only macrodetritivore in subalpine temporary ponds
in this region, and in the absence of functional redundancy
(as in Boersma et al. 2014), local extinctions should lead to
the loss of the multiple ecosystem processes (e.g., Klemmer
et al. 2012) associated with breakdown of vascular plant
detritus by this species.
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