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Abstract. Phenotypic plasticity may enable organisms to optimize their phenotypes in
environments that are heterogeneous over time or space. For example, inducible defenses
are favored for prey populations faced with variable predation risk. We studied the impact
of brook trout (Salvelinus fontinalis) on the development of defensive morphological char-
actersin larvae of the mayfly, Drunella coloradensis, both in natural streams and in a series
of experiments carried out in streamside, circular, flow-through chambers. Drunella larvae
in natural streams with trout had longer caudal filaments per unit body size and relatively
heavier exoskeletons than Drunella in fishless streams. Female larvae that developed in
fish streams were also significantly smaller and less fecund at metamorphosis than those
living in fishless streams, suggesting a possible fitness cost associated with development
of morphological defenses. However, timing of metamorphosis of Drunella larvae to the
adult stage did not differ between fish and fishless streams.

Larvae originating from fish and fishless streams were reared and exposed to water with
fish cues or fishless control water for three weeks (1998) or until they developed black
wing pads, i.e., just before emergence (1999). In both experiments waterborne fish cues
induced the development of relatively longer caudal filaments, but only in Drunella orig-
inating from sites without fish. Waterborne fish cues had no effect on Drunella growth
rates, behavior, or size at emergence. Drunella originating from fish streams had significantly
lower mortality when exposed to predation by trout than Drunella originating from fishless
streams. Caudal filament length appears to enhance survival, as Drunella with intact caudal
filaments had lower predation rates than Drunella with their tails artificially shortened. This
study provides evidence of chemically induced morphological plasticity that could reduce
predation rates of these mayflies in natural stream environments.
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INTRODUCTION

The environment not only establishes the relation-
ship between the phenotype of an individual and its
fitness, but also plays arole in determining the optimal
phenotype (Scheiner 1993, Via 1994, Scheiner and Ber-
rigan 1998, Schlichting and Piggliuchi 1998). However,
there may not be one optimal phenotype for organisms
living in environments that vary over time and space.
In such heterogeneous environments organisms may
evolve phenotypic plasticity to optimize morphology,
behavior, or life-history traits under variable conditions
(Bradshaw 1965, Stearns 1992, DeWitt et al. 1998,
VanBuskirk and Relyea 1998).

Variable predation risk is one important example of
environmental heterogeneity for prey individuals faced
with the problem of optimizing their phenotypes. Pred-

Manuscript received 24 May 2000; revised 9 February 2001;
accepted 20 February 2001; final version received 24 September
2001.

4 Present address: National Board of Fisheries, Laboratory
of Stream-Water Ecology, Brobacken, SE-814 94 Alvkarleby,
Sweden.

ators not only affect prey abundance, species, or size
composition (Brooks and Dodson 1965, Sih et al. 1985,
Kerfoot and Sih 1987, Carpenter 1988), but also influ-
ence prey behavior, life histories, and morphology
(Lima and Dill 1990, Wellborn et al. 1996, Bronmark
et al. 1997, Lima 1998, McPeek and Peckarsky 1998).
Examples of prey traits that have been shown to evolve
under selection pressure from predators are prey cryp-
sis (Endler 1986), distasteful chemistry (Schultz 1988),
and morphological defenses (Harvell 1990, Bronmark
and Miner 1992).

While many defensive traits are constitutive (fixed),
environmentally induced morphological defenses have
been described in a variety of organisms including
plants (Karban 1993), bryozoans (Harvell 1984, 1990),
cladocerans (Dodson 1984, Havel 1987, Tollrian and
Harvell 1999), barnacles (Reimer and Tedengren
1996), gastropods (Lively 1986, Appleton and Palmer
1988), fish (Bronmark and Miner 1992, Bronmark and
Pettersson 1994, Pettersson and Bronmark 1997), and
amphibians (McCollum and Leimberger 1997, Van
Buskirk and Relyea 1998). While induction of behav-
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Fic. 1. Drunella coloradensislarvaein adorsal view showing structures measured for the morphometric analysis. Arrows
indicate (A) head capsule width, (B) body length, (C) caudal-filament length, (D) dorsal spine VI length, and (E) lateral

spine X1 length. Illustration by Ming Huang.

ioral defenses of insect prey is common (Kohler and
McPeek 1989, Douglas et al. 1994, Forrester 1994,
Mclntosh and Peckarsky 1999), examples of predator-
induced morphological defenses in insects are rare. In
one example, the presence of yellow perch (Perca flu-
viatilis) induced the growth of longer abdominal spines
in a dragonfly larva (Leucorhinia dubia) compared to
spines of individuals living in fishless ponds (Johans-
son and Samuelson 1994, Arngvist and Johansson
1998).

We know very little about how phenotypes are ex-
pressed or how natural selection affects phenotypic
plasticity in unmanipulated natural populations living
in heterogeneous environments (Arnqvist and Johans-
son 1998, Pettersson 1999). Most studies of phenotypic
plasticity and inducible morphological defenses have
been conducted in the laboratory where single envi-
ronmental factors have been manipulated (see Schlicht-
ing and Piggliuchi [1998] and Tollrian and Harvell
[1999] for reviews). Our knowledge about the ontogeny
of phenotypic plasticity in animals is even more lim-
ited, because the relationship between organismal de-
velopment, plasticity, and environmental heterogeneity
can be very complex. Several different environmental
variables can affect morphological characters, physi-
ology, behaviors, and life-history strategies (Schlicht-

ing and Pigliucci 1998). Therefore, studies are needed
that observe phenotypic plasticity in natural systems,
where all environmental variables are integrated, and
test the phenotypic responses of organisms to single
variables in controlled experiments.

The magjor goals of this study were to determine
whether defensive morphological characters of mayfly
larvae living in stream environments could be induced
by the presence of brook trout, and the costs (if any)
associated with developing these defensive structures.
Harvell (1990) proposed four factors as prerequisites
for the evolution of inducible defenses: (1) prey should
have access to reliable cues for detecting predators; (2)
the defense should be effective; (3) predation pressure
should be variable but sometimes strong; and (4) the
defense should be costly (see also Pettersson 1999). In
this study we addressed all four of these factors.

METHODS
Sudy organisms

Larvae of mayfliesin the family Ephemerellidae pos-
sess morphological charactersthat have been suggested
to decrease predation risk (Peckarsky 1980, Soluk
1990). For example, larvae of Drunella coloradensis
(L.) (Ephemeroptera: Ephemerellidae) (Fig. 1) have
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well-developed lateral and dorsal abdominal spines,
thick exoskeletons, and long caudal filaments. Larvae
of this species are common in high-altitude streams of
western Colorado. The main predators in these streams
are brook trout (Salvelinus fontinalis), and predatory
stoneflies (Peckarsky 1985, McPeek and Peckarsky
1998). The ability of trout to disperseislimited in some
streams by waterfalls or other physical obstacles, re-
sulting in environmental heterogeneity with fish pres-
ent or absent in different stream reaches (Peckarsky et
al. 2000, 2001). Drunella larvae emerge to the adult
stage and reproduce in late August and September in
East River valley, Colorado (J. Dahl, personal obser-
vation). Most larval growth occurs during the summer
when stream water temperatures warm and trout activ-
ity is highest (B. L. Peckarsky, unpublished data).

Field study

This study was performed in the East River and it
tributaries at ~2900 m elevation near the Rocky Moun-
tain Biological Laboratory (RMBL) in Gunnison Coun-
ty, Colorado, USA. To determine whether natural var-
iation in defensive morphology of mayfly larvae was
associated with presence or absence of brook trout, we
conducted a two-year field survey in sites where trout
distributions were known. We collected Drunella colo-
radensis larvae at weekly intervals at 8 stream reaches
during July 1998 and 10 stream reaches from late June
through mid-September 1999 to establish the ontogeny
of development of defensive characters.

Stream reaches (sites) were selected that contained
abundant populations of Drunella larvae. Reaches
ranged from 0.5-10 m wide, and lengths of reaches
sampled (10-30 m) were chosen so that the areas sam-
pled were ~100 m? at all sites. Some sites contained
reproductive populations of brook trout (Salvelinus
fontinalis), and others were completely fishless as a
result of barriers to fish dispersal (waterfalls >1 m
high). In 1998 we sampled four sites in streams where
trout occurred over the entire stream (East River, Cop-
per Creek, Rustlers Gulch, and Quigley Creek), and
four sites in two streams where trout only occurred in
the lower reaches but not in the upper reaches (L ower
and Upper Rock Creek and Lower and Upper Gothic
Creek). In the 1999 field survey we added two sites
from one more stream that was fishless in its upper
reaches but had trout in the lower reaches (Upper and
Lower Bradley Creek). (See Peckarsky et al. [2000] for
a map of sites.)

Presence or absence of fish was established by elec-
trofishing. All sites had been fish or fishless since at
least 1994 (Peckarsky et al. 2001). Sites differed in
other physical and biological factors that could influ-
ence growth and development of mayflies (Peckarsky
et al. 2001). However Peckarsky et al. (2001) found
no linear combination of environmental variables (el-
evation, stream width, discharge, conductivity, degree-

JONAS DAHL AND BARBARA L. PECKARSKY

Ecology, Vol. 83, No. 6

days, and nutrient chemistry) that separated streams
with and without fish.

Morphometric analyses—We preserved Drunella
larvae in 70% ethanol and brought them to the labo-
ratory where we determined developmental stages (as
in Delucchi and Peckarsky 1986) and measured mor-
phological characters, size at emergence, and female
fecundity. We dry-weighed final-instar (stage |V—with
black wing pads) females and males from the three
streams that had both fish and fishless sites (Rock
Creek, Gothic Creek, and Bradley Creek). When may-
flies develop black wing pads (stage 1V) they have
ceased feeding and growing and will metamorphose
within 24 h (Peckarsky et al. 2001). We also collected
black-wing-pad females to determine the relationship
of body size to fecundity. We measured body length,
dissected each female and counted the number of eggs,
and then weighed each female together with her eggs.
Dry mass was obtained by drying each individual at
60°C for 3 d, and weighing them to the nearest 0.01
mg on a Cahn microbalance (Cahn Instruments, Cer-
ritos, California, USA).

We measured five structures on all collected mayflies
using a binocular dissecting microscope equipped with
an ocular micrometer. Measurements included head
width, body length, length of the middle caudal fila-
ment, length of the lateral 1X spine (hereafter called
“lateral spine’’), and length of the dorsal VI spine
(hereafter called ““dorsal spine’) (Fig. 1).

Error estimates for each variable were obtained by
making 20 measurements of each parameter for 20 in-
dividuals for each year and calculating their deviation
from the first measurement. These deviations were then
divided by the first measurement and averaged to de-
termine a percentage error.

We used analysis of covariance with body length as
a covariate to characterize the variation in alometry
of abdominal spine and caudal-filament morphology of
Drunellain natural populations and in experiments. We
first tested the assumption of homogeneity of slopes
between treatments (fish or fishless). If there was no
significant interaction between the treatment and re-
lationship between body length and a morphological
character (i.e., slopes of allometric relationships were
the same for fish and fishless Drunella), further anal-
yses of main effects were conducted using nested
MANCOVA (with site as arandom factor nested within
stream type) unless we only had one character to an-
alyze, in which case we used univariate nested AN-
COVA. Site means for each date were used as the unit
of replication in these analyses, and we used site (type)
for the error degrees of freedom. Also, differences be-
tween fish and fishless streams for Drunella size at
emergence and timing of emergence (emergence date)
were analyzed using one-way nested MANOVA. In all
cases, significant multivariate tests were followed by
univariate analyses on individual response variables to
determine the significant source(s) of variation.
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Investment in exoskeleton.—We also determined
whether variation of Drunella investment in protective
exoskeleton per unit body mass was associated with
the presence or absence of trout. In August 1999 we
collected Drunella with black wing pads from five sites
with fish (East River, Copper Creek, Lower Rock
Creek, Lower Gothic Creek, and Rustlers Gulch) and
from two fishless sites (Upper Rock Creek and Upper
Gothic Creek). Individuals were placed in separate cir-
cular stream chambers (described in Induction exper-
iments, below) until they emerged, at which time we
measured the length of the exoskeleton and then dry-
weighed the exoskeleton (N > 15 individualsfrom each
stream). Investments in exoskeletons were compared
between individuals collected from fish and fishless
streams by one-way nested ANOVA of mass of exo-
skeleton per unit body length of exoskeleton.

Experiments

Asamechanistic test of whether predator cues (trout)
could induce morphological differentiationin Drunella
larvae we conducted two rearing experiments. The first
experiment (1998) determined whether fish chemical
cues could induce the development of defensive mor-
phological characters. In the second experiment we
tested whether defensive morphology could be induced
in later larval development, and whether defensive
morphology affected Drunella size at metamorphosis
and female fecundity. To test the effectiveness of mor-
phological defenses, we compared mortality during
predation trials in artificial streamside channels be-
tween Drunella originating from fish and fishless
streams, and between Drunella with intact caudal fil-
aments and artificially shortened filaments. Finally, we
compared behavior of Drunella from fish and fishless
streams to determine whether presence of trout induced
defensive behaviors.

Induction experiments.—Experiments were carried
out in a stream-side system of circular flow-through
chambers (15-cm diameter) (described and illustrated
in Peckarsky and Cowan [1991]) using natural stream
water from a fishless first-order tributary of the East
River near RMBL. Chambers were shaded by a white
portable greenhouse (Weatherport). These experiments
were conducted from July to August 1998 and from
August to September 1999. Waterborne fish cues orig-
inated from a plastic 100-L holding container where
two brook trout were held (size range: 100—130 mm
total length). Trout were fed a mixed mayfly diet in-
cluding Drunella larvae for the duration of the exper-
iments. Water was gravity-fed from the holding tank,
divided, and distributed (dripped) into the appropriate
stream chambers for the entire experiment. Fishless
water was similarly dripped into control chambers.

Drunella larvae used in these experiments were ob-
tained from fish and fishless streams and reared in either
fish or fishless water in a completely cross-classified
design. Twenty individuals from each stream were pre-
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served for measurement of initial length, body mass,
and defensive morphological structures. Then five lar-
vae originating from either a fish or fishless site were
placed into each chamber and exposed to waterborne
fish cues or fishless control water (four treatments: fish
or fishless Drunella X fish or fishless water). The mea-
surement of morphological characters followed the
same procedure as in the analyses of morphological
differences in the field survey. Chamber means were
used as the unit of replication for statistical analysis.
Effects of fish cues on growth rates (1998 and 1999),
size at emergence (1999), and emergence date (1999)
were analyzed using two-way ANOVA (1998) or
MANOVA (1999) (fish cue treatment X and origin of
individuals).

1. 1998 experiment.—Drunella larvae used in this
experiment were obtained from the upper (fishless) or
lower (fish) sections of Rock Creek and were in late
stage Il (wing pads wider than long) or early stage 111
(wing pads longer than wide) (Delucchi and Peckarsky
1986). The purpose of the experiment was to determine
whether fish cuesinduced the devel opment of defensive
structures in either population. We replicated each
treatment five times. We started the experiment on 17
July and ended it on 10 August.

2. 1999 experiment.—Drunella larvae used in the
1999 experiment were collected from either Upper
Rock Creek (fishless) or from Copper Creek (fish) and
were in middle to late stage I11. The goals of this study
were to determine whether defensive structures could
be induced late during mayfly development, and wheth-
er predator cues would affect size at emergence, growth
rates, or development of Drunella. We used 10 repli-
cates of each treatment, starting the experiment on 17
August and ending it on 15 September after the last
Drunella developed black wing pads.

Predation trials.—We conducted predation trials to
determine whether Drunella from fish and fishless
streams differed in vulnerability to trout predation. Ex-
periments were carried out in 16 flow-through cattle
tanks with length X width dimensions of 1.21 X 0.68
m, providing a water surface area of 0.823 m?. Tanks
were |ocated beside the East River, a trout stream, and
received gravity-fed water from a fishless first-order
stream on the east side of Gothic Mountain at RMBL.
We created circular flow by partially dividing tanks
with a central baffle, and using two water jets facing
in opposite directions on each side of the tanks. Water
drained from mesh windows in a center standpipe in
each tank. Current velocity was similar among tanks
(31.9 = 2.2 cm/s), but heterogeneous within tanks
(range: 12-58 cm/s), depending on the closeness to the
water jets. Ten large rocks were evenly distributed
within each tank. (See Peckarsky and Mclntosh [1998]
for an illustration and more information about the sys-
tem.)

Predation trials were conducted three times during
Drunella larval development (early, 6-7 July; middle,
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23-24 July; and late, 23—24 August 1999). In each
experiment, Drunella from a fishless site (Upper Rock
Creek) and from a fish site (Copper Creek) were ex-
posed to trout predation: (1) 20 Drunella from a fish
stream plus one brook trout (n = 5 replicates), (2) 20
Drunella from a fishless stream plus one brook trout
(n = 5), (3) 20 Drunella from a fish stream and no
trout (n = 3), and (4) 20 fishless Drunella plus no trout
(n = 3). Dueto the limited number of cattle tanks (16),
we chose an unbalanced design with more replication
of the predation treatments than the control treatments.
Each experiment ran from 1600 to 0900 next morning
(17 h). Sizes of trout were 107.3 = 3.9 mm, 125.9 +
5.9 mm, and 124.5 + 4.4 mm total length (means + 1
sb), respectively, for these three trials. When the ex-
periments were completed, trout were removed and the
remaining Drunella were counted. The losses of Dru-
nella from controls were subtracted from losses in pre-
dation treatments to correct for non-predator mortality.
The numbers of individuals consumed by trout were
compared between Drunella originating from fish and
fishless streams using a two-way ANOVA. Sizes of
Drunella used in the predation trials did not differ be-
tween treatments at any date (N = 20 replicates, means
+ 1 sp: 7-8 July, 5.20 = 0.93 mm [fish] vs. 4.60 =
0.46 [fishless], t = 1.96, P = 0.09; 22-23 July, 7.09
+ 0.71 mm [fish] vs. 7.00 = 0.86 mm [fishless]; 24—
25 August, 10.68 + 1.02 [fish] vs. 10.24 + 1.18 [fish-
less]). However, sizes of Drunella increased from the
first to the last predation trial.

During the third predation trial, we conducted be-
havioral observations, both during the evening (1900
hours) and at night (0200 hours). We made observa-
tions at night using dim red light from flashlights cov-
ered with red acetate, and during the day by staying
motionless, neither of which appeared to affect Dru-
nella or trout behavior. The objective of these obser-
vations was to compare drift rates and numbers of in-
dividual mayflies visible on rocks among treatments.
We measured Drunella per capita drift in the tanks by
counting the number moving in the water column
through a cross-section of each tank over 5 min. We
measured number of visible Drunella on rocks by vi-
sually searching every rock in each tank. We used one-
way MANOVA to compare drift rates and visible num-
bers of Drunella originating from fish and fishless
streams using only control treatments without trout,
where densities of Drunella remained constant.

On 5 September one additional experiment was con-
ducted to test directly whether longer caudal filaments
protected Drunella from trout predation. We used Dru-
nella from a fish stream (Copper Creek) and clipped
50% off all three caudal filaments from half of the
individuals using a dissecting scissors. We handled the
other half in a similar manner as a sham control, but
left their caudal filamentsintact. Clipped and unclipped
larvae were then exposed to one brook trout in cattle
tanks (size of trout was 126.0 = 5.0 mm total length),
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and numbers of Drunella consumed were compared to
controls with no trout using two-way ANOVA as
above. Four treatments were used in this experiment;
(1) 20 Drunella with intact filaments plus one trout (n
= 4 replicates), (2) 20 Drunella with reduced filaments
plus one trout (n = 4), (3) 20 Drunella with intact
filaments and no trout (n = 4), and (4) 20 Drunella
with reduced filaments and no trout (n = 4). The body
length of Drunella used in this experiment was 10.12
+ 1.24 mm (mean * 1 sD).

RESULTS
Field survey

Secondary eyes develop in male Drunella during the
larval stage I11, which enabled us to distinguish males
from females in 1999, but not in 1998. Thus, males
and females were analyzed separately only in 1999.
Error estimates for measurements ranged from 0.50%
to 1.00%, demonstrating that measurement error was
not a significant source of variability in this study.

In the ANCOVA of 1998 morphometric data, the
slopes of the relationships between body Iength and
dorsal spinelength differed between Drunellafrom fish
and fishless streams (F, ,, = 4.76, P = 0.04). Since the
length of the dorsal spines of Drunella increased with
body length faster in fish than fishless streams, we were
unable to analyze main treatment effects on spine
length. However, the slopes did not differ between fish
and fishless streams for the relati onships between body
length and caudal filament length (F,,, = 0.004, P =
0.10) or lateral spine length (F,,, = 0.10, P = 0.75).
Subsequent tests of main effects in the nested MAN-
COVA showed that both caudal filaments (Fig. 2A) and
lateral spines (Table 1) were relatively longer in fish
streams than in fishless streams.

Separate analyses of females and males in 1999 re-
moved much of the variability observed in the 1998
morphometric data (Fig. 2). The slopes did not differ
between fish and fishless streams for the relationships
between body length and length of caudal filaments,
lateral spines, or dorsal spines (females, F,;, < 0.03,
P > 0.86, for all three characters; males, F, 5, < 3.06,
P > 0.09, for all three characters). Thus, we were able
to test for main treatment effects on all three structures.
Nested MANCOVASs showed that both males and fe-
males developed relatively longer caudal filaments in
the presence of trout (Fig. 2B, Table 2) but there was
no effect of fish on abdominal spines (Figs. 3 and 4,
Table 2).

Thus, data from both surveys showed that the caudal
filaments of Drunella were relatively longer in streams
with fish compared to fishless streams. Furthermore,
the 1999 data suggest that divergence in defensive mor-
phology of Drunella between fish and fishless streams
had already occurred by the time we began sampling
in late June (i.e., pattern already evident in smaller
individuals—see Figs. 2B and 3). The 1999 data also
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Fic. 2. The alometric relationship between body length
and caudal-filament length in natural Drunella populations
sampled in natural streams, the East River and its tributaries,
Gunnison County, Colorado, USA. Each point (replicate) rep-
resents the mean of individuals collected on each date at each
site. (A) July 1998: fish streams—East River, Cooper Creek,
Rustlers Gulch, Quigley Creek, Lower Rock Creek, and L ow-
er Gothic Creek; fishless streams—Upper Rock Creek and
Upper Gothic Creek. (B) June, July, August, and September
1999: same streams asin 1998 plus fish stream L ower Bradley
Creek and fishless stream Upper Bradley Creek. For 1999
data, the x-axis (body length) roughly approximates time.
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suggest that defensive morphological responses were
similar in both males and females.

There was no significant difference in the timing of
emergence of Drunella between fish and fishless
streams during the 1999 survey (nested ANOVA: F,,
= 1.00, P = 0.42). All individuals were at stage Il
when we started sampling in June. Thefirst black-wing-
pad Drunella individuals were found in Upper Rock
Creek (fishless) and East River (fish) (18 August) fol-
lowed by Lower Rock Creek (fish), Quigley Creek
(fish), Upper Gothic Creek (fishless), Rustlers Gulch
(fish), and Lower Gothic Creek (fish) (24 August). The
last black-wing-pad Drunella were found in Copper
Creek (fish) (26 August), Upper Bradley (fishless), and
Lower Bradley (fish) (28 August).

The size at emergence (black-wing-pad individuals)
of females was significantly smaller in fish sites than
in fishless sites (nested ANOVA; F,, = 15.76, P =
0.05) (Fig. 5), and there was a tendency for males to
emerge at smaller sizes from fish streams (nested AN-
OVA; F,, = 4.82, P = 0.16) (Fig. 5).

As has been reported for other mayflies (Sweeney
and Vannote 1981), smaller females produced fewer
eggs (Fig. 6). The number of eggs produced per female
can be predicted from body mass of black-wing-pad-
stage femal es using the equation: egg number = 239.40
+ 61.39x (r2 = 0.72, n = 20 replicates).

Investment in exoskeleton.—Individuals originating
from fish streams had significantly heavier exoskele-
tons per unit body length than individuals from the
fishless sites (nested ANOVA: F,5 = 9.09, P = 0.003)
(Fig. 7). These data suggest that Drunella from fish
streams allocate more resources to exoskeletons than
do those from fishless streams.

Experiments

Induction of morphological defenses, 1998.—If de-
fensive caudal filament and spine morphology is in-
duced by chemical cues from trout, we expected to see
apattern in our experiments similar to the one observed
in nature. Similar to thefield datafrom 1999, the slopes
of the relationships between Drunella body length and
lengths of caudal filaments, lateral spines and dorsal
spines did not differ among treatments (fishless, F, ¢ <
1.68, P > 0.24; fish, F;4 < 0.70, P > 0.39 for all
characters). However, further analyses of main treat-
ment effects of the MANCOVA showed that relatively

Results of nested MANCOVA and univariate nested ANCOVA tests for effects of

presence/absence of trout on caudal-filament length and length of abdominal spines of Dru-

nella in the 1998 field survey.

Response Wilks'

Test variables lambda F P
MANCOVA 3,14 0.518 4.34 0.02
ANCOVA caudal filament 1, 16 13.19 0.002

lateral spine IX 1, 16 6.16 0.025

Note: Body length was used as covariate in the analyses.
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TaBLE 2. Results of nested MANCOVA and univariate nested ANCOVA tests for effects of
presence/absence of trout on caudal-filament length, ventral spine I X length, and dorsal spine

VI length (see illustration, Fig. 1).

Response Wilks'
Test variables df lambda F P
Females
MANCOVA 3, 26 0.24 26.42 <0.001
ANCOVA caudal filaments 1,28 70.91 <0.001
lateral spine IX 1, 28 0.42 0.52
dorsal spine VI 1, 28 1.48 0.23
Males
MANCOVA 3, 26 0.47 9.66 <0.001
ANCOVA caudal filaments 1, 28 25.79 <0.001
lateral spine IX 1, 28 0.78 0.38
dorsal spine VI 1, 28 2.17 0.15

Note: Body length was used as covariate in the analyses.
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Fic. 3. The alometric relationship between body length
and caudal-filament Iength for females and males in the nat-
ural Drunella populations sampled during June-September in
1999. Streams sampled are indicated in the Fig. 2B legend.
Each point (replicate) represents the mean of individuals col-
lected on each date at each site. The x-axis (body length)
roughly approximates time.

longer caudal filaments were induced by waterborne
cues only in Drunella originating from fishless streams
(Fig. 8A, Table 3). In Drunella originating from the
fish site, morphological defenses did not differ between
individuals reared with and without fish cues (Table 3).
Growth rate was not affected by fish cues or origin of
larvae (two-way ANOVA; F, x < 0.06, P > 0.52), nor
was there any interaction between treatment and origin
of larvae (Fy,6 = 3.31, P = 0.09).

Induction of morphological defenses and body size
at emergence, 1999.—Similarly, the analyses of the
1999 experiment showed no significant effect of treat-
ments on the allometric relationship between body
length and caudal-filament Iength or abdominal-spine
lengths (no significant interaction terms). Analysis of
the main effects showed, as in the 1998 experiment,
that fish cues induced longer caudal filaments per unit
body Iength in both males and femal es originating from
fishless streams (Fig. 8B and C, Table 4), but treatments
had no effects on Drunella originating from the fish
stream.

In contrast to the field data, there were no significant
treatment effects on the size (either length or mass) at
emergence for either males or females originating from
either fish or fishless sites (two-way ANOVA: F,x <
0.36, P > 0.55 for all comparisons). Similarly, there
were no significant differences in growth rate between
treatments for males or females originating from fish
or fishless sites (two-way ANOVA: F,;;, < 0.10, P >
0.75 for al comparisons). Finally, there were no treat-
ment effects on Drunella emergence date (one-way
ANOVA: Fy ;6 < 1.17, P > 0.29 for al comparisons).

Predation trials: fish vs. fishless Drunella—Trout
consumed fewer Drunella originating from the fish site
than from the fishless site in all three experiments (Fig.
9) (two-way ANOVA: fish vs. no fish, F,,, = 38.78,
P < 0.001). There was also a significant time effect in
the analysis (F,,, = 12.21, P = 0.003), but no inter-
action between predator treatment and time (F,,, =
1.96, P = 0.16). The time effect indicates that trout
consumed fewer Drunella later in the summer, possibly
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because Drunella size and defensive morphology in-
creased over time.

Univariate ANCOVASs of the Drunella used in these
predation trials showed that Drunella from fish streams
had relatively longer caudal filaments in all three ex-
periments (7-8 July, F,3 = 5.54, P = 0.03; 22-23
July, F,5, = 6.84, P = 0.018; 24-25 August, F, 3, =
20.93, P = 0.003). Furthermore, neither lateral spine
length nor dorsal spine length differed between fish
and fishless Drunella on any date (F,5, < 1.52, P >
0.23 in all cases).

Behavioral observations showed that Drunella had
very low drift rates, and were rarely observed on rocks
during the day or night. Both of these behaviors (drift-
ing and residing on the exposed surfaces of rocks)
would make them more vulnerable to visually feeding
trout (number of individuals drifting in 5 min per tank,
fish Drunella 0.42 = 0.22, no fish Drunella 0.40 *=
0.20; individuals seen on rocks, fish Drunella 0.26 =
0.20, no fish Drunella 0.28 + 0.12). There were no
effects of origin of Drunella on these behaviors of in-
dividuals. Per capita drift and numbers of Drunella
exposed did not differ between individual s originating

from fish and fishless streams. We could not test the
effects of trout on these behaviors because Drunella
individuals were consumed during the trout treatments,
resulting in unknown population sizes in the tanks dur-
ing the observations.

Predation trial: fish Drunellawith intact vs. reduced
caudal filaments.—Drunella originating from the trout
stream with intact caudal filaments had significantly
lower mortality from trout predation compared to Dru-
nella from the same site with reduced caudal-filament
length. On average 0.25 * 0.19 individuals with intact
caudal filaments were consumed, while 1.50 = 0.25
individuals with reduced tails were consumed in 17 h
(means = 1 sb; Fy¢ = 9.58, P = 0.02). The reduction
of caudal-filament length had no effect on Drunella
survival during the experiment as all individualsin the
controls were recaptured alive.

DiscussioN

Two years of field data showed a clear pattern of
variation in defensive structures of Drunella colora-
densis larvae. In sites that contained brook trout, Dru-
nella had longer caudal filaments and allocated more
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Fic. 5. Dry massof mature larvae (black-wing-pad stage)
of Drunella coloradensis females and males from fish and
fishless stream sites in the East River watershed (Colorado,
USA) in 1999. Data are means = 1 sE.

body mass to exoskeletons compared to Drunella in
fishless sites. Results of two different rearing experi-
ments suggest that chemical cues from trout induced
developmental differentiation in defensive characters
of Drunella larvae. Larvae originating from a fishless
stream and reared in water carrying environmental cues
from brook trout developed longer caudal filamentsrel-
ative to their body length than larvae from the same
stream reared without predator cues.

The induction of longer caudal filamentsin Drunella
was graded, in the sense that caudal filaments were
present in all environments, but became longer in en-
vironments containing trout. Such graded plasticity is
much less apparent than discrete polymorphisms (e.g.,
spines or no spines) and, therefore, may be potentially
overlooked. We suspect that these more subtle phe-
notypic responses to variable environments could be
more widespread than previously thought (Harvell
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1990, Arngvist and Johansson 1998, Schlichting and
Pigliucci 1998).

The phenotypic plasticity observed in this study
meets most of the prerequisites proposed by Harvell
(1990) for the evolution of inducible defenses. First,
to express the optimal antipredator phenotype, prey
must have reliable cues by which to obtain information
on the local predator regime. Induced defenses in
aquatic systems are often triggered by waterborne
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until they emerged. Data are means *= 1 SE.
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chemical cues released by the predator or by injured
conspecifics (Havel 1987, Dodson 1989, Adler and
Harvell 1990). The recognition of predators through
chemical stimuli has been reported for a large number
of freshwater invertebrates (Dodson et al. 1994), in-
cluding mayflies (Peckarsky 1980, Peckarsky and Mc-
Intosh 1998). Recognition of predators through chem-
ical cues may be particularly important for prey with
poorly developed visual acuity (Dodson et al. 1994),
or when the predator is cryptic or adopts a ‘“‘sit and
wait” strategy (Malyushina et al. 1991, Mathis and
Smith 1992). Mayfly larvae lack well-developed com-
pound eyes (Needham et al. 1935), and brook trout are
ambush predators that spend most of their time mo-
tionless behind cobbles in complex habitats and attack
prey at short distances (Fausch and White 1981). There-
fore, it may be advantageous for Drunella and other
stream invertebrates to use chemical cues to detect the
presence of trout (see Dahl et al. 1998).

Second, an induced defense must be effective (Har-
vell 1990). Induced defensive morphology may explain
why Drunella from fish streams had a lower mortality
during the predation trials compared to Drunella orig-
inating from fishless streams. The presence of spines
isawidely adopted antipredator morphology (Edmunds
1974), and spines and caudal filaments have been
shown to be effective defenses for insects against pred-
ators (Otto and Sjostrom 1983, Johansson and Sam-
uelsson 1994, Arngvist and Johansson 1998). Predatory
fish have difficulty handling and swallowing dragon-
flies with longer spines (Johansson and Samuelsson
1994). Defensive spines also provide protection for
Daphnia from predation by sunfish (Tollrian 1994,
Swaffar and O’ Brian 1996), sticklebacks (Hoogland et
al. 1957, Reist 1980), and crucian carp (Bronmark and
Miner 1992, Bronmark and Pettersson 1994, Nilsson
et al. 1995, Bronmark et al. 1999) (see also Tollrian
and Harvell [1999] for more examples). Furthermore,
Soluk (1990) showed that another species of ephem-
erellid was more susceptible to stonefly predation im-
mediately after molting, supporting the notion that
higher investment in exoskeleton by Drunella in trout
streams may be an effective defense.

An alternative explanation of the results from pre-
dation trials may be that behavioral differences be-
tween mayfliesin fish and fishless streams caused naive
mayflies to be more susceptible to predation by trout.
However, behavioral observations during the predation
trials did not support this explanation, since we ob-
served no differences in drift rates or proportions of
individuals residing on exposed substrates between
Drunella from fish and fishless streams. Drunella from
both streams had very low drift rates, which should
generally reduce their exposure to trout predation.
Since per capita drift rates were similar between pop-
ulations, we could not attribute higher predation rates
on inexperienced Drunella to behavioral differences.

The effectiveness of the induced morphology is fur-



1630 JONAS DAHL AND BARBARA L. PECKARSKY

TaBLE 3. Results of MANCOVA and univariate ANCOVA tests for effects of presence/
absence of trout cues on caudal-filament length, and length of abdominal spines of Drunella
in the 1998 induction experiment.

Ecology, Vol. 83, No. 6

Response Wilks'
Test variables df lambda F P
Drunella from fishless stream
MANCOVA 3,5 0.26 8.46 0.017
ANCOVA caudal filament 1,7 19.75 0.003
lateral spine IX 1,7 1.64 0.24
dorsal spine VI 1,7 0.87 0.87
Drunella from fish stream
MANCOVA 3,5 0.48 1.78 0.26

Note: Body length was used as covariate in the analysis.

ther substantiated by the observation that experienced
Drunella individuals with artificially reduced caudal
filaments had significantly higher rates of trout pre-
dation than those with intact caudal filaments. This
result provides the strongest evidence that longer cau-
dal filaments function as a protection against trout pre-
dation. The exact mechanism for the increased capture
success of mayflies with reduced caudal filaments is
unknown. One hypothesis is that longer caudal fila-
ments increase the perceived size of the prey, especially
as Drunella postures like a scorpion when a predator
approaches, similar to other ephemerellids (Peckarsky
1987, Peckarsky and Penton 1988). This posture should
also make it more difficult for a fish to consume Dru-
nella. We suspect that longer caudal filaments and
heavier exoskeletons may increase handling time and
escape probability during the predation event similar
to the crucian carp—northern pike system (Nilsson et
al. 1995).

Third, inducible defenses are thought to be favored
when sel ection pressure exerted by predatorsisvariable
(Harvell 1990, Tollrian and Harvell 1999). Higher rates

of attack and more uniform predator impacts favor the
evolution of constitutive defenses (Tollrian and Harvell
1999). We suspect that temporally and spatially vari-
ablerisk of predation from trout in the East River (Col-
orado, USA) and its tributaries maintains morpholog-
ical plasticity in these Drunella populations. Although
little is known about Drunella dispersal, they have
winged adults that oviposit in both fish and fishless
streams, subjecting them to spatial variation in risk of
predation. Although the presence or absence of trout
among streams has been constant for at least seven
years in this system (Peckarsky et al. 2001), trout den-
sity is temporally variable (B. L. Peckarsky and A. R.
Mclntosh, unpublished data). Furthermore, we suspect
that the presence or absence of fish in these streams
may be more variable over longer time periods (de-
cades, centuries). The risk of mortality in high-altitude
streams from severe physical conditions such as floods,
avalanches, droughts, and freezing has been shown to
severely affect other fish species (Seegrist and Gard
1972, Harvey 1987).

Fourth, there is usually assumed to be some fitness

TABLE 4. Results of MANCOVA and univariate ANCOVA tests for effects of presence/
absence of trout cues on caudal-filament length and length of abdominal spines of Drunella

in the 1999 induction experiment.

Response Wilks'
Test variables df lambda F P
Drunella from fishless stream
MANCOVA
Females 3,14 0.35 8.53 0.002
Males 3,15 0.25 14.88 <0.001
ANCOVA
Females caudal filament 1, 16 29.21 <0.001
lateral spine IX 1, 16 0.12 0.73
dorsal spine VI 1, 16 0.26 0.62
Males caudal filament 1, 17 49.58 <0.001
lateral spine IX 1, 17 0.35 0.56
dorsal spine VI 1, 17 3.61 0.07
Drunella from fish stream
MANCOVA
Females 3,10 0.56 2.64 0.11
Males 3,14 0.78 1.30 0.31

Note: Body length was used as covariate in this analysis.
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cost when induced morphological defenses are ex-
pressed (Harvell 1990, Clark and Harvell 1992), be-
cause allocation of resources to defensive structures
may result in fewer resources available for growth,
reproduction, or longevity (Stearns 1992). A number
of mechanisms by which inducible morphological de-
fenses may result in direct fitness costs have been sug-
gested (see DeWitt et al. [1998] and Tollrian and Har-

PREDATOR-INDUCED MORPHOLOGY IN MAYFLIES

1631

vell [1999] for reviews). However, several previous
studies have been unable to detect such costs; and re-
cent theoretical work suggests that under certain con-
ditions, inducible defenses can evolve even in the ab-
sence of costs (Spitze 1992, Karban 1993, Adler and
Karban 1994, Tollrian 1995, Padillaand Adolph 1996).
Nonetheless most studies have reported costs associ-
ated with morphological defenses in a wide variety of
species (Bradshaw 1965, Lively 1986, Harvell 1992,
Pettersson and Bronmark 1997, Schlichting and Pig-
liucci 1998, Tollrian and Harvell 1999).

Our field data show a clear cost for Drunella females
inhabiting fish streams. Females emerging from fish
streams were significantly smaller, and thereby less fe-
cund, than females emerging from fishless streams,
which could be attributed to the cost of producing mor-
phological defenses. In contrast to the pattern in the
field, we did not observe effects of trout chemicals on
Drunella growth rates or size at emergence in exper-
iments, even though these cues induced defensive mor-
phology. Therefore, no costs of induction of defensive
morphology were observed in these experiments. We
suspect that either costs are initiated earlier in ontog-
eny, or that other environmental cues present in natural
streams, but not rearing chambers, combined with pred-
ator cues to cause Drunella females to emerge at small-
er sizes from trout streams than from fishless streams.
It is also possible that developing the entire set of de-
fensive characters in the field contributed to fitness
costs in natural populations, while the development of
only the longer caudal filaments in experiments was
less costly. Further studies are needed to separate these
mechanisms and to understand the causes of these fit-
ness costs to Drunella of living in fish streams.

If there are costs of expressing defensive morpho-
logical traits, we would expect such defensesto be most
pronounced during stages where benefits are largest
(see Tollrian and Harvell [1999] for a review). For
example, defensive traits in Daphnia vary during on-
togeny and are most pronounced during stages when
individuals are more exposed to predation (Vourinen
et al. 1989, Harvell 1990, Parjeko and Dodson 1990,
Tollrian and Harvell 1999). Drunella larvae are prob-
ably most vulnerableto predators|atein their ontogeny,
since salmonids become more active throughout the
summer and are generally large-size-selective preda-
tors (Newman and Waters 1984, Bechara et al. 1993,
Dahl 1998a, Peckarsky et al. 2001). The induction ex-
periments showed that fish cues elicited the change in
caudal-filament morphology in stage 111 and stage IV
Drunella; and our field data suggest that this differ-
entiation was already present by late June when larvae
werein stage |l. Drunella reproducein late August and
early September in the East River system and eggs
develop for two weeks before hatching (Needham et
al. 1935). They overwinter as stage | (no wing pads)
larvae, and begin to grow and develop after snow melt
(B. L. Peckarsky, unpublished data). We suspect that
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differentiation of defensive morphology begins after
the spring runoff recedes, and therisk of trout predation
increases (Peckarsky et al. 2001), thereby protecting
the later, more vulnerable developmental stages.

Other insects have been shown to speed up their
development rates to avoid predation (Bradshaw and
Johnsson 1995, Arnqvist and Johansson 1998). These
life-history shifts may also be accompanied by fitness
costs. Peckarsky et al. (2001) found that while densities
of Baetis bicaudatus were not reduced in streams with
brook trout, the presence of trout induced life-history
shifts in these mayflies. With trout present, Baetis in-
creased their development rates, but emerged at smaller
sizes compared to Baetis inhabiting fishless streams.
However, our study provided no evidence that the
smaller size of Drunella emerging from fish streams
was caused by an induced accel eration of development,
since time of emergence was not different between fish
and fishless streams. Thus, in Drunella we conclude
that trout induced morphological defenses rather than
altering behavioral or life-history traits.

Stream ecol ogists have debated the issue of whether
predatory fish can explain patterns of invertebrate dis-
tribution and abundance. Although extensive empirical
and theoretical work has been conducted, the results
are equivocal (see Cooper et al. [1990] or Wooster et
al. [1997] for reviews). Most studies have focused on
effects of fish on prey densities or biomass. However,
to better understand processes producing patterns in
streams, we must look beyond measures of abundance
(Dahl 1998b). This and other studies show clearly that
the effects of predators are not only mediated through
prey mortality, but they are also mediated through prey
traits, such as behavior, physiology, morphology, and
life history (Werner 1991, Peacor and Werner 1997,
McPeek and Peckarsky 1998). By affecting different
traits, predators can have important consequences to
prey populations as well as other members of com-
munities (Werner and Anholt 1996, Peacor and Werner
1997).

ACKNOWLEDGMENTS

We thank the many people who helped us complete the
field work: Chester Anderson, Robbie Ayres, Rachel Clark,
Tilde Dahl, Simon Dahl, Andrea Encalada, Alison Horn, Bry-
anHorn, A. J. Jenkins, Angus Mclntosh, Marge Penton, Maria
Sandell, Tracy Smith, Jen Smith, Alex Smith, Magnus Ster-
nudd, Esteban Suarez, Brad Taylor, and Carrie Williams. We
also thank Emily Bernhardt, Chris Caudill, Andrea Encalada,
Drew Harvell, Steve Kohler, Kate Macneale, Andy Mc-
Collum, Peter Mclntyre, Brad Taylor, David Lytle, and Simon
Hsu for constructive comments on previous versions of this
manuscript. Financial support was received from the Swedish
Natural Science Research Council (STINT) to J. Dahl and
NSF grant (DEB 96-29404) to B. Peckarsky.

LITERATURE CITED

Adler, E R., and C. D. Harvell. 1990. Inducible defenses,
phenotypic variability and biotic environments. Trends in
Ecology and Evolution 5:407-410.

Adler, E R., and R. Karban. 1994. Defended fortresses or
moving targets? Another model of inducible defenses in-

JONAS DAHL AND BARBARA L. PECKARSKY

Ecology, Vol. 83, No. 6

spired by military metaphors. American Naturalist 144:
813-832.

Appleton, R. D., and A. R. Palmer. 1988. Water-borne stimuli
released by predatory crabs and damaged prey induce more
predator-resistant shellsin amarine gastropod. Proceedings
of the National Academy of Sciences, (USA) 85:4387—
4391.

Arngvist, G., and F Johansson. 1998. Ontogenetic reaction
norms of predator-induced defensive morphology in drag-
onfly larvae. Ecology 79:1847-1858.

Bechara, J. A., G. Moreau, and D. Planas. 1993. The impact
of brook trout (Salvelinus fontinalis) on an experimental
stream community: the role of spatial and size refugia.
Journal of Animal Ecology 62:451—-464.

Bradshaw, A. D. 1965. Evolutionary significance of phe-
notypic plasticity in plants. Advances in Genetics 13:115—
155.

Bradshaw, W. E., and K. Johnsson. 1995. Initiation of meta-
morphosis in the pitcher-plant mosquito: effects of larval
growth history. Ecology 76:2055-2065.

Bronmark, C., J. Dahl, and L. A. Greenberg. 1997. Complex
trophic interactions in freshwater benthic food chains. Pag-
es 55-88 in B. Streit, T. Stédler, and C. M. Lively, editors.
Evolutionary ecology of freshwater animals: concepts and
case studies. Birkhauser Verlag, Berlin, Germany.

Bronmark, C., and J. G. Miner. 1992. Predator-induced phe-
notypical change in body morphology in crucian carp. Sci-
ence 258:1348-1350.

Bronmark, C., and L. P. Pettersson. 1994. Chemical cuesfrom
piscivores induce a change in morphology in crucian carp.
Oikos 70:396—-402.

Bronmark, C., L. P. Pettersson, and A. P. Nilsson. 1999. Pred-
ator-induced defenses in crucian carp. Pages 203-217 in
R. Tollrian and C. D. Harvell, editors. The ecology and
evolution of inducible defenses. Princeton University
Press, Princeton, New Jersey, USA.

Brooks, J. L., and S. |I. Dodson. 1965. Predation, body size,
and composition of plankton. Science 150:28-35.

Carpenter, S. R. 1988. Complex interactions in lake com-
munities. Springer-Verlag, New York, New York, USA.

Clark, C. W,, and C. D. Harvell. 1992. Inducible defenses
and the allocation of resources: aminimal model. American
Naturalist 139:521-539.

Cooper, S. D., S. J. Walde, and B. L. Peckarsky. 1990. Prey
exchange rates and the impact of predators on prey pop-
ulations in streams. Ecology 71:1503-1514.

Dahl, J. 1998a. The impact of vertebrate and invertebrate
predators on a stream benthic community. Oecologia 117:
217-226.

Dahl, J. 1998b. Theimportance of predation in benthic stream
communities. Dissertation. Lund University, Lund, Swe-
den.

Dahl, J., P A. Nilsson, and L. B. Pettersson. 1998. Against
the flow: chemical detection of downstream predators in
running waters. Proceedings of the Royal Society of Lon-
don, B 265:1339-1344.

Delucchi, C. M., and B. L. Peckarsky. 1989. Life history
adaptations of insectsin atemporary stream. Journal of the
North American Benthological Society 8:308-321.

Dewitt, T. J,, A. Sih, and D. S. Wilson. 1998. Costs and
limits to benefits as constraints on the evolution of phe-
notypic plasticity. Trends in Ecology and Evolution 13:77—
81.

Dodson, S. I. 1984. Predation of Heterocope septentrionalis
on two species of Daphnia: morphological defenses and
their cost. Ecology 65:1249-1257.

Dodson, S. |. 1989. Predator-induced reaction norms.
BioScience 39:447-452.

Dodson, S. I., T. A. Crowl, B. L. Peckarsky, L. B. Kats, A.
P Covich, and J. M. Culp. 1994. Non-visual communi-



June 2002

cation in freshwater benthos and zooplankton. Journal of
the North American Benthological Society 13:268-282.

Douglas, P L., G. E. Forrester, and S. D. Cooper. 1994. Ef-
fects of trout on the diel periodicity of drifting in baetid
mayflies. Oecologia 98:48-56.

Edmunds, M. 1974. Defense in animals: a survey of anti-
predator defenses. Longman Harlow, Essex, UK.

Endler, J. A. 1986. Defense against predators. Pages 109—
134 in M. E. Feder and G. V. Lauder, editors. Predator—
prey relationships. University of Chicago Press, Chicago,
Illinois, USA.

Fausch, K. D., and R. J. White. 1981. Competition between
brook trout (Salvelinus fontinalis) and brown trout (Salmo
trutta) for positionsin aMichigan stream. Canadian Journal
of Fisheries and Aquatic Sciences 38:1220-1227.

Forrester, G. E. 1994. Influence of predatory fish on the drift
dispersal and local density of stream insects. Ecology 75:
1208-1218.

Harvell, C. D. 1984. Predator-induced defense in a marine
bryozoan. Science 224:1357-1359.

Harvell, C. D. 1990. The ecology and evolution of inducible
defenses. Quarterly Review of Biology 65:323-340.

Harvell, C. D. 1992. Inducible defenses and allocation shifts
in a marine bryozoan. Ecology 73:1567-1576.

Harvey, B. C. 1987. Susceptibility of young-of-the-young-
year fishes to downstream displacement by flooding. Trans-
actions of the American Fisheries Society 116:851-855.

Havel, J. E. 1987. Predator-induced defenses: areview. Pages
263-278 in W. C. Kerfoot and A. Sih, editors. Predation:
direct and indirect impacts on aquatic communities. Uni-
versity Press of New England, Hanover, New Hampshire,
USA.

Hoogland, R. D., D. Morris, and N. Tinbergen. 1957. The
spines of sticklebacks (Gasterosteus and Pygosteus) as
means of defense against predators (Perca and Esox). Be-
haviour 10:205-237.

Johansson, F, and L. Samuelsson. 1994. Fish induced vari-
ation in abdominal spine length of Leucorrhinia dubia
(Odonata) larvae. Oecologia 100:74—79.

Karban, R. 1993. Costs and benefits of induced resistance
and plant density for a native shrub, Gossypium thurberi.
Ecology 74:9-19.

Kerfoot, W. C., and A. Sih. 1987. Predation: direct and in-
direct impacts on aquatic communities. University Press of
New England, Hanover, New Hampshire, USA.

Kohler, S. L., and M. A. McPeek. 1989. Predation risk and
the foraging behavior of competing stream insects. Ecology
70:1811-1825.

Lima, S. L. 1998. Nonlethal effects in the ecology of pred-
ator—prey interactions—What are the ecological effects of
anti-predator decision making? BioScience 48:25-34.

Lima, S. L., and L. M. Dill. 1990. Behavioural decisions
made under the risk of predation: areview and prospectus.
Canadian Journal of Zoology 68:619—640.

Lively, C. M. 1986. Predator-induced shell dimorphism in
the acorn barnacle, Chthamalus anisopoma. Evolution 40:
232-242.

Malyushina, G. A., A. O. Kasumyan, and E. A. Marusov.
1991. Ecological aspects of chemical signals in fish. Jour-
nal of Ichthyology 31:1-7.

Mathis, A., and R. J. E Smith. 1992. Avoidance of areas
marked with chemical alarm substances by fathead min-
nows (Pimephales promelas) in a natural habitat. Canadian
Journal of Zoology 70:1473-1476.

McCollum, S. A., and J. D. Leimberger. 1997. Predator-in-
duced morphological changes in an amphibian: predation
by dragonflies affects tadpole color, shape, and growth rate.
Oecologia 109:615-621.

Mclintosh, A. R., and B. L. Peckarsky. 1999. Criteria deter-

PREDATOR-INDUCED MORPHOLOGY IN MAYFLIES

1633

mining behavioural responses to multiple predators by a
stream mayfly. Oikos 85:554-564.

McPeek, M., and B. L. Peckarsky. 1998. Life histories and
the strength of species interactions: combining mortality,
growth, and fecundity effects. Ecology 79:867-879.

Needham, J. G., J. R. Traver, and Y. C. Hsu. 1935. The
biology of mayflies. Comstock, Ithaca, New York, USA.

Newman, R. M., and T. E Waters. 1984. Size-selective pre-
dation on Gammar us pseudolimnaeus by trout and scul pins.
Ecology 65:1535-1545.

Nilsson, P A., C. Bronmark, and L. B. Petterson. 1995. Ben-
efits of a predator induced morphology in crucian carp.
Oecologia 104:291-296.

Otto, C., and P. Sjostrom. 1983. Cerci as antipredatory at-
tributes in stonefly nymphs. Oikos 41:200-204.

Padilla, D. K., and S. C. Adolph. 1996. Plastic inducible
morphologies are not always adaptive: the importance of
time delaysin astochastic environment. Evolutionary Ecol -
ogy 10:105-117.

Parjeko, K., and S. I. Dodson. 1990. Progress towards char-
acterization of a predator/prey kairomone: Daphnia pulex
and Chaoborus americanus. Hydrobiologia 198:51-59.

Peacor, S. D., and E. E. Werner. 1997. Trait-mediated indirect
interactions in a simple aquatic food web. Ecology 78:
1146-1156.

Peckarsky, B. L. 1980. Predator—prey interactions between
stoneflies and mayflies: behavioral observations. Ecology
61:932-943.

Peckarsky, B. L. 1985. Do predaceous stoneflies and siltation
affect the structure of stream insect communitiescolonizing
enclosures? Canadian Journal of Zoology 63:1519-1530.

Peckarsky, B. L. 1987. Mayfly cerci as defense against stone-
fly predation: deflection and detection. Oikos 48:161-170.

Peckarsky, B. L., and C. A. Cowan. 1991. Consequences of
larval intraspecific interference to stonefly growth and fe-
cundity. Oecologia 88:277—288.

Peckarsky, B. L., and A. R. Mclntosh. 1998. Fitness and
community consequences of avoiding multiple predators.
Oecologia 113:565-576.

Peckarsky, B. L., and M. A. Penton. 1988. Why do Ephem-
erella nymphs scorpion posture: a ‘‘ghost of predation
past’’ ? Oikos 53:185-193.

Peckarsky, B. L., B. W. Taylor, and C. C. Caudill. 2000.
Hydrologic and behavioral constraints on oviposition of
stream insects: implications for adult dispersal. Oecologia
125:186-200.

Peckarsky, B. L., B. W. Taylor, A. R. Mclntosh, M. A.
McPeek, and D. A. Lytle. 2001. Variation in mayfly size
at metamorphosis as a developmental response to risk of
predation. Ecology 82:740-757.

Pettersson, L. B. 1999. Phenotypic plasticity and the evo-
lution of an inducible morphological defence in crucian
carp. Dissertation. Department of Ecology, Lund Univer-
sity, Lund, Sweden.

Pettersson, L. B., and C. Bronmark. 1997. Density-dependent
costs of an inducible morphological defence in crucian
carp. Ecology 78:1805-1815.

Reimer, O., and M. Tedengren. 1996. Phenotypical improve-
ment of morphological defenses in the mussel Mytilus ed-
ulis induced by exposure to the predator Asterias rubens.
Oikos 75:383-390.

Reist, J. D. 1980. Selective predation upon pelvic phenotypes
of brook sticklebacks, Culaea inconstans, by northern pike,
Esox lucius. Canadian Journal of Zoology 58:1245-1252.

Scheiner, S. M. 1993. Genetics and evolution of phenotypic
plasticity. Annual Review of Ecology and Systematics 24:
35-68.

Scheiner, S. M., and D. Berrigan. 1998. The genetics of phe-
notypic plasticity. VII. The cost of plasticity in Daphnia
pulex. Evolution 52:368-378.



1634

Schlichting, C. D., and M. Pigliucci. 1998. Phenotypic evo-
lution: a reaction norm perspective. Sinauer Associates,
Sunderland, Massachusetts, USA.

Schultz, J. C. 1988. Plant responses induced by herbivores.
Trends in Ecology and Evolution 3:45-49.

Seegrist, D. W., and R. Gard. 1972. Effects of floods on trout
in Sagehen Creek, California. Transactions of the American
Fisheries Society 101:478-482.

Sih, A., P H. Crowley, M. A. McPeek, J. W. Petranka, and
K. Strohmeier. 1985. Predation, competition and prey com-
munities: areview of field experiments. Annual Review of
Ecology and Systematics 16:269-311.

Soluk, D. A. 1990. Postmolt susceptibility of Ephemerella
larvae to predatory stoneflies: constraints on defensive ar-
mour. Oikos 58:336-342.

Spitze, K. 1992. Predator-mediated plasticity of prey life his-
tory and morphology: Chaborus americanus predation on
Daphnia pulex. American Naturalist 139:229-247.

Stearns, S. C. 1992. The evolution of life histories. Oxford
University Press, Oxford, UK.

Swaffar, S. M., and W. J. O’'Brian. 1996. Spines of Daphnia
lumholtzi create feeding difficulties for juvenile blue sun-
fish (Lepomis macrochirus). Journal of Plankton Research
18:1055-1061.

Sweeney, B. W., and R. L. Vannote. 1981. Ephemerella may-
flies of White Clay Creek: bioenergetics and ecological
relationships among six coexisting species. Ecology 62:
1353-1369.

Tollrian, R. 1994. Fish-kairomone induced morphological
changes in Daphnia lumholtzi (Sars). Archiv fur Hydro-
biologia 130:69—75.

JONAS DAHL AND BARBARA L. PECKARSKY

Ecology, Vol. 83, No. 6

Tollrian, R. 1995. Predator-induced morphological defenses:
costs, life history shifts, and maternal effects in Daphnia
pulex. Ecology 76:1691-1705.

Tollrian, R., and C. D. Harvell. 1999. The ecology and evo-
lution of inducible defenses. Princton University Press,
Princeton, New Jersey, USA.

Van Buskirk, J.,, and R. A. Relyea. 1998. Selection for phe-
notypic plasticity in Rana sylvatica tadpoles. Biological
Journal of the Linnean Society 65:301-328.

Via, S. 1994. The evolution of phenotypic plasticity: What
do we really know? Pages 35-57 in A. Lesie, editor. Eco-
logical genetics. Princeton University Press, Princeton,
New Jersey, USA.

Vourinen, . M., M. Ketola, and M. Walls. 1989. Defensive
spine formation in Daphnia pulex Leydig and induction by
Chaoborus crystallinus De Geer. Limnology and Ocean-
ography 34:245-248.

Wellborn, G. A., D. K. Skelly, and E. E. Werner. 1996. Mech-
anisms creating community structure across a freshwater
habitat gradient. Annual Review of Ecology and System-
atics 27:337-363.

Werner, E. E. 1991. Nonlethal effects of a predator on com-
petitive interactions between two anuran larvae. Ecology
72:1709-1720.

Werner, E. E., and B. A. Anholt. 1996. Predator-induced
behavioral indirect effects: consequences to competitive
interactions in anuran larvae. Ecology 77:157—169.

Wooster, D. E., A. Sih, and G. Englund. 1997. Prey dispersal
and predator impacts on stream benthic prey. Pages 89—
116 in B. Streit, T. Stadler, and C. M. Lively, editors. Evo-
lutionary ecology of freshwater animals: concepts and case
studies. Birkhauser, Berlin, Germany.



