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THE CONSEQUENCES OF CHANGING THE TOP PREDATOR IN A FOOD
WEB: A COMPARATIVE EXPERIMENTAL APPROACH

MARK A. MCPEEK
Department of Biological Sciences, Dartmouth College, Hanover, New Hampshire 03755 USA

Abstract. Changing the top predator in a food web often results in dramatic changes
in species composition at lower trophic levels; many species are extirpated and replaced
by new species in the presence of the new top predator. These shifts in species composition
also often result in substantial alterations in the strengths of species interactions. However,
some species appear to be little affected by these changes that cause species turnover at
other positions in the food web. An example of such a difference in species responses is
apparent in the distributions of coenagrionid damselflies (Odonata: Zygoptera) among per-
manent water bodies with and without fish as top predators. Enallagma species segregate
between ponds and lakes that do and do not support fish populations, with each lake type
having a characteristic Enallagma assemblage. In contrast, species of Ischnura, the sister
genus to Enallagma, are common to both fish and fishless ponds and lakes. Previous research
has shown that Enallagma species segregate because they are differentially vulnerable to
the top predators in each lake type: dragonflies in fishless lakes and fish in fish lakes. This
paper reports the results of a series of laboratory and field experiments quantifying the
mortality and growth effects of interactions in the food webs surrounding Enallagma and
Ischnura species in both lake types. These results are compared to determine how features
of the food web change to force segregation of Enallagma species between the lake types
but permit Ischnura species to inhabit both.

The results of experiments conducted in a fishless lake show that damselflies are not
food limited in this lake type, but that they do strongly compete via interference mechanisms.
Interference effects between the genera are symmetrical. Ischnura species have substantially
higher growth rates than Enallagma species under all conditions in fishless lakes. Although
both Enallagma and Ischnura experience substantial mortality from predation by dragonflies
(Anax and Aeshna species, the top predators in fishless lakes), these dragonflies display a
significant bias towards feeding on Ischnura. Mortality rates due to dragonfly predation are
not density dependent. The results of experiments done in a fish lake indicate that damselflies
are food limited and thus compete for resources in fish lakes. Ischnura growth rates are
also substantially higher than Enallagma species in the fish-lake system. Dragonfly species
that coexist with fish (Basiaeschna and Epitheca species) do not impose significant mortality
on coexisting damselflies, but they do compete for resources with the damselflies, and they
may also generate feeding interference in the damselflies. Fish impose significantly higher
mortality on Ischnura species than on coexisting Enallagma species, and this mortality is
negatively density dependent.

The coexistence of Enallagma and Ischnura species is fostered in both lake types by
trade-offs in their abilities to avoid predators and to utilize resources. Native Enallagma
species are better at avoiding coexisting predators in each lake type, but these abilities
come at the expense of the ability to utilize resources effectively and to avoid the predator
found in the other lake type. In contrast, Ischnura are better at utilizing resources in both
lake types, but these abilities come at the expense of effectively avoiding both fish and
dragonflies. Understanding the trade-offs faced by species at similar trophic positions within
a food web is critical to predicting changes in food webs following major environmental
perturbations such as changing the top predator.

Key words: coexistence; community structure; density dependence; Enallagma; food limitation;
food web; Ischnura; Odonata; predation; resource competition; trade-offs; trophic structure.

INTRODUCTION of natural communities existing at different points
along environmental gradients that generate these dra-
matic changes (e.g., intertidal zonation patterns [Con-
nell 1961, Paine 1966, 1974, Lubchenco 1978, 1980],
lakes with different numbers of trophic levels [Brooks

Manuscript received 18 September 1996; revised and ac- and Dodson 1965, Dodson 1970, 1974, Sprules 1972,
cepted 27 January 1997. Zaret 1980, Vanni 1986, 1988, McPeek 1989, 1990aq,

Understanding how community structure is altered
by dramatic environmental changes is a major focus in
ecology. These efforts are motivated by comparisons
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Persson et al. 1992, Arnott and Vanni 1993], and ter-
restrial and lake communities along nutrient gradients
[Tilman 1982, 1988, McQueen et al. 1986, 1989]).
Much of current theory explores the consequences of
these dramatic ecological changes using models that
assume that whole trophic levels respond as units (e.g.,
Fretwell 1977, Oksanen et al. 1981, 1992, McQueen
et al. 1986, 1989, Ginzberg and Akcakaya 1992, Hunter
and Price 1992, Power 1992, Carpenter and Kitchell
1993) or assume that all species at a given trophic level
are similarly affected by these changes (e.g., Hairston
et al. 1960, Menge and Sutherland 1976, 1987).

Although these models have made tremendous con-
tributions to stimulating thought and empirical re-
search, they tend to blur important differences between
species within a given trophic level. Natural commu-
nities have many species at similar trophic positions
(Winemiller 1990, Polis 1991), and each may respond
quite differently to the same perturbation (e.g., Berquist
and Carpenter 1986, Vanni 1987, Leibold 1989, 1991,
Wootton 1992, 1994). Also, comparisons of assem-
blages in different communities indicate that major en-
vironmental changes can lead to the extirpation and
replacement of some species but leave other species at
the same trophic level largely unaffected (see papers
cited in the first paragraph of the Introduction, above).
Expanding current theoretical constructs to address dif-
ferences in species responses within a given trophic
level will provide much greater power for predicting
changes in food web interactions associated with major
environmental perturbations.

In this paper I examine why different damselfly gen-
era inhabiting littoral lake communities respond dif-
ferently to alterations in food web interactions caused
by changing the top predator. Characteristic species
assemblages for most taxa exist over different ranges
along the gradient of permanence from small, vernal
ponds to large, permanent lakes (see recent reviews by
Wellborn et al. 1996, Skelly 1997). Damselflies in the
family Coenagrionidae (Odonata: Zygoptera) are mid-
trophic level consumers in the littoral food webs of
marshes, ponds, and lakes at the permanent end of this
environmental gradient. Coenagrionid damselflies are
restricted to relatively permanent water bodies, because
they require 10-11 mo to complete the aquatic phase
(egg and larva) of their life cycle. One group of species
in the genus Enallagma is found as larvae only in fish-
free water bodies, whereas the remaining Enallagma
species are found as larvae only in water bodies that
support fish populations (Johnson and Crowley 1980,
McPeek 1989, 1990a). In contrast, larvae of Ischnura
species, the sister genus of Enallagma (J. M. Brown
and M. A. McPeek, unpublished manuscript), are com-
mon in both lake types (Johnson and Crowley 1980,
McPeek 1990a).

Previous work indicates that the differential vulner-
abilities of Enallagma species to fish and dragonfly
predators are primarily responsible for their segrega-
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tion between the two lake types (Pierce et al. 1985,
Blois-Heulin et al. 1990, McPeek 1990a, b). Many larg-
er ponds, marshes, and lakes that are relatively per-
manent in their persistence (drying on a time scale of
decades or centuries) lack fish, because these water
bodies lack inlet and outlet streams to serve as routes
of fish colonization or because fish are excluded by the
abiotic conditions of the waters (e.g., low winter ox-
ygen concentrations) (Tonn and Magnuson 1982, Rahel
1984). In these fishless waters, large, active dragonfly
species (e.g., Anax, Aeshna, and Tramea species) are
the top predators in the littoral food web, and dragonfly
predation excludes Fnallagma species that are found
only coexisting with fish (McPeek 1990a). (Hereafter,
I will refer to these permanent ponds and lakes without
fish as dragonfly lakes, because of dragonflies’ pivotal
role in setting species composition.) Likewise, fish are
the top predators in fish lakes, and fish predation ex-
cludes Enallagma species that are found only in drag-
onfly lakes (McPeek 1990a). Fish predation also causes
the assemblage of large, active dragonflies found in
dragonfly lakes to be replaced by an assemblage of
smaller and less active dragonfly species (e.g., Bas-
iaeschna, Epitheca, and Celithemis species) in fish
lakes (Hall et al. 1970, Johnson and Crowley 1980,
Crowder and Cooper 1982, Morin 1984a, b, Pierce
1988, McPeek 1990a, Werner and McPeek 1994). In-
terestingly, a third group of dragonflies (e.g., Erythemis
and Pachydiplax species) are, like Ischnura, found in
both lake types (Johnson and Crowley 1980, McPeek
19904a). Dragonfly predation in fish lakes, abiotic fac-
tors, and competitive interactions between Enallagma
species do not contribute to maintaining the segregation
of Enallagma species (Pierce et al. 1985, McPeek
1990q).

The study presented here was designed to reveal why
Enallagma and Ischnura species are differentially af-
fected by changing the top predator in the littoral food
web by comparing the types and strengths of interac-
tions affecting their mortality and growth in dragonfly
and fish lakes. Enallagma and Ischnura species have
similar diets (Pearlstone 1973, Thompson 1978, John-
son et al. 1984), and their growth rates have been shown
to decrease as damselfly densities increase (Johnson et
al. 1984, Anholt 1990, McPeek 1990a). This suggests
that in each lake type Enallagma and Ischnura species
face the same predators and may compete for the same
resources. Theory predicts that coexistence of such spe-
cies should be facilitated by trade-offs in their abilities
to engage in these interactions; the likelihood of co-
existence is enhanced if some species are better adapted .
to avoiding predators and thereby suffer lower mor-
tality due to predation, but other species are better
adapted to utilizing resources and thereby have higher
growth or fecundity (Levin 1970, Phillips 1974, Vance
1978, Leibold 1989, 1996, Holt et al. 1994, McPeek
1996a). Therefore, in each lake type one genus should
have higher fitness components associated with pred-
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ator avoidance, while the other should have higher fit-
ness components associated with better resource uti-
lization abilities.

Can theory also suggest which roles Enallagma and
Ischnura are expected to fill in each lake type? Sub-
stitution of one top predator for another will most likely
remove the advantage enjoyed by species that are better
adapted to predator avoidance; species occupying this
position in the food web with one top predator are
expected to be extirpated and replaced by other species
that are well adapted to avoiding the new top predator
(McPeek 1996a). In contrast, species that are effective
at exploiting resources but poor at avoiding various
types of predators may often be capable of existing in
both communities, if positions for such species are
available in the food webs of both communities
(McPeek 1996a). Given the distributions of Enallagma
and Ischnura between dragonfly and fish lakes, these
theoretical considerations predict that in each lake type
Enallagma species should experience lower mortality
due to predation than Ischnura, but in both lake types
Ischnura should utilize resources more effectively to
give them higher growth rates than the native Enal-
lagma.

To test these predictions, I performed a series of
complementary laboratory and field experiments to
quantify the interactions affecting Enallagma and
Ischnura in the two lake types. Duplicate sets of ex-
periments were performed in the two lake types to quan-
tify the relative strengths of competition within and be-
tween the two genera, the degree of resource limitation,
and the impacts of predators on the survival and growth
of native Enallagma and Ischnura. This type of study
has been called a ‘‘comparative experimental approach”
(Lubchenco and Real 1991, Menge et al. 1994). This
approach has many advantages over other possible study
designs (e.g., adding fish to a previously fishless lake):
(1) because the rate of change from one community type
to the other after adding or removing a top predator will
be largely determined by how fast missing species col-
onize experimental units, many problems with lengthy
transient dynamics are alleviated; (2) experiments are
done in a natural background of abiotic conditions and
species composition for each system; and (3) most im-
portantly the interactions are being compared in well-
developed, natural systems.

MATERIALS AND METHODS
Field abundance

To quantify the distributions of Enallagma and Is-
chnura species, I sampled larval damselfly densities in
three dragonfly lakes and three fish lakes during Sep-
tember and October 1987. Because abundances of lit-
toral invertebrates vary with the structural complexity
of the macrophytes in which they are sampled (Cyr and
Downing 1988, Rasmussen 1993, Lalonde and Down-
ing 1992), I sampled only lakes dominated by the mac-
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rophyte Chara vulgaris in order to standardize density
estimates to a common level of structural complexity.
I used a 20 cm diameter section of stovepipe covered
at one end by two layers of mosquito netting (0.6 X
1.2 mm mesh) (McPeek 1990a). Samples were taken
by plunging the open end of the stovepipe through the
Chara into the sediment, sealing the bottom end with
a plexiglass plate, and placing the entire contents in a
bucket. Samples were returned to the laboratory and
sieved through 5.7 mm and 0.5 mm mesh sieves to
remove large plant material and sediment. All dam-
selflies were then picked alive from the samples. Five
to six samples were taken in each lake at positions
chosen haphazardly in water 0.25 to 0.75 m deep.

Laboratory feeding bias

I evaluated the feeding biases of fish and dragonfly
predators characteristic of each lake type in the labo-
ratory: Aeshna mutata dragonflies from dragonfly
lakes, and bluegill sunfish (Lepomis macrochirus) and
Epitheca cynosura dragonflies from fish lakes. Aeshna
is a common dragonfly that is restricted to dragonfly
lakes, and Epitheca is most common in fish lakes (John-
son and Crowley 1980, McPeek 1990a). Bluegill sun-
fish are the dominant fish foraging in the littoral zones
of lakes in southwestern Michigan, where this study
was conducted (Brown and Ball 1942, Cooper et al.
1971, Werner et al. 1977, Werner and Hall 1988). All
three of these predators display feeding biases similar
to those of other fish and dragonflies, respectively
(McPeek 1990a). The methods used here closely fol-
lowed those of McPeek (1990a).

Feeding trials involving dragonflies were performed
in 20 cm diameter circular dishes filled to a depth of
6 cm with tap water. The dishes were bare except for
a layer of fiberglass window screening covering the
bottoms to provide footing for the odonates. (Trials in
which the macrophyte Chara vulgaris was added to
dishes to provide structural complexity gave similar
results [McPeek 1990a].) For each of 12 trials involv-
ing Aeshna mutata, five Enallagma boreale, and five
Ischnura verticalis larvae taken from a dragonfly lake,
were added to a dish and allowed to acclimate for 3—
5 h. One final-instar Aeshna larva was then added to
each dish and allowed to feed until it had eaten roughly
half the larvae or until satiated, whichever came first;
most trials lasted 30—45 min. For each of eight trials
involving Epitheca cynosura, five Enallagma signa-
tum, and five Ischnura verticalis larvae taken from a
fish lake, were added to a dish and allowed to acclimate
for 3-5 h. Then one final-instar Epitheca larva was
added to each dish and allowed to feed for 2 d (Epitheca
are much less active than Aeshna and consequently feed
at much slower rates). No larvae were killed during the
acclimation periods when dragonflies were absent, in-
dicating that death due to damselfly predation was min-
imal during these trials. No dragonfly or damselfly was
used in more than one trial.
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Trials using bluegill sunfish (75-85 mm Standard
Length [SL]) were performed in 38-L aquaria. A thin
layer of the macrophyte Chara vulgaris was added to
each aquarium to provide some structure. For each of
nine trials, eight Enallagma signatum and eight I. ver-
ticalis larvae from a fish lake were added to an aquar-
ium and allowed to acclimate for 3-5 h. One fish was
then added to each aquarium, allowed to feed for 24 h
and removed, and the contents of the aquarium was
sorted to recover all uneaten damselflies. No fish or
damselfly was used more than once.

Predator feeding biases were evaluated using Man-
ly’s index of preference calculated for Ischnura larvae
(Manly 1974, Chesson 1983). Manly’s index (a;) rang-
es in value from 0.0 to 1.0. A value of a; = 0.5 indicates
the predator shows no bias towards either prey; o; >
0.5 indicates that the predator feeds disproportionately
on Ischnura larvae.

Field experiments

General methods.—In 1993, the dragonfly-lake field
experiments were performed in Pond 3 (a fishless pond
of area ~1 ha) on the Lux Arbor Reserve of the Kellogg
Biological Station (KBS), Barry County, Michigan,
USA. Because of a severe blue-green algal bloom in
this pond in the summer of 1994, the remaining set of
dragonfly-lake experiments were performed in 1995 in
another fishless pond on the Lux Arbor reserve, Grav-
elpit Pond, of area ~0.25 ha. )

All field experiments requiring a lake with fish were
performed in Palmatier Lake (Barry County, Michigan,
USA), an ~6 ha lake that contains a diverse fish as-
semblage. Bluegill sunfish are the dominant fish prey-
ing on littoral zone invertebrates in this lake (Osenberg
et al. 1988, Mittelbach and Osenberg 1993), and Chara
vulgaris was the dominant submerged macrophyte
growing in the littoral zone (M. A. McPeek, personal
observation).

The methods used in these experiments closely fol-
lowed those used in previous studies (e.g., McPeek
1990a). Experiments involving no predators or drag-
onfly predators were done in smaller cylindrical cages
(30 cm diameter, 1.2 m high, bottom area 0.073 m?);
experiments involving fish were done in larger cylin-
drical cages (54 cm diameter, 1.2 m high, bottom area
0.224 m?). All cages were cylinders of 2 cm mesh
chicken wire covered with mosquito netting (0.6 X 1.2
mm mesh size) and sealed at the bottom ends with
plastic dishes containing ~2 cm of sediment. The tops
of cages extended out of the water and were uncovered.
All cages in an experiment were linearly arranged in
0.6-0.8 m deep water. Chara vulgaris was added to
each cage in natural density. In the absence of preda-
tors, damselflies have similar growth and mortality
rates in the two cage sizes, and growth and mortality
rates in the presence of predators are quite similar to
rates in natural populations (McPeek 1990a).

All experiments were initiated in late August after
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damselfly species used in the experiments were too
large to pass through the mosquito netting, except in
three cases. This procedure minimizes contamination
of cages by damselflies (McPeek 1990a). To initiate an
experiment, all cages were installed in the lake, Chara
was added, and then the cages were allowed to stand
for ~1 week prior to the addition of damselflies or the
application of treatments. This allows colonization by
small organisms, which are prey for damselflies and
their predators, through the mosquito netting. Chiron-
omids, littoral cladocerans, littoral copepods, ephem-
eropterans, annelids, and amphipods were all abundant
at the end of experiments. Replicates of treatments
were always randomly assigned to cages. Experiments
were generally terminated in early to mid October.

Damselfly larvae used in experiments in the drag-
onfly lake were collected from fishless water bodies
near KBS. Larvae were collected from ponds other than
those used for experiments, because collection dam-
ages macrophyte beds in the vicinity of the collection,
and I was concerned that this disruption in a small pond
might influence the results of experiments. Enallagma
larvae for experiments in the dragonfly lake were col-
lected from Marshfield Road Marsh, a large fishless
marsh just north of KBS. These larvae were a mixture
of E. boreale and E. cyathigerum; these two species
will be treated as a single taxon in this study, because
they are nearly indistinguishable as larvae, they co-
occur in all dragonfly lakes used in this study, and they
are also very similar in behavior and morphology
(McPeek 1989 and unpublished data). Hereafter, I will
refer to them together as E. boreale, because E. boreale
constituted >90% of the larvae at Marshfield Road
Marsh where these species were collected for experi-
ments (M. A. McPeek, unpublished data). I. verticalis
larvae were collected from a number of fishless ponds
at the Experimental Pond Laboratory of KBS. (1. ver-
ticalis is also difficult to distinguish from the closely
related 1. posita as very small larvae. Nearly all larvae
recovered from cages in the field experiments (>98%)
were L. verticalis.)

Damselfly larvae used in experiments in the fish lake
were collected from Palmatier Lake, but in areas distant
from where experiments were established. Two to three
Enallagma species were usually included in experi-
ments in fish lakes to mimic the diverse Enallagma
assemblage found in fish lakes in North America (e.g.,
11 Enallagma species coexist in Palmatier Lake, with
three species predominating), but different combina-
tions of species were used in different experiments.
This was necessitated by the availability of various
species at the times when experiments were estab-
lished. I. verticalis larvae were used in all experiments.

Larvae were assigned randomly by species to the
different replicates of an experiment. Larvae were add-
ed in the natural size distribution available at the start
of the experiment; this meant that for most species,
larvae in a narrow range of 2-3 instars were added
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(damselflies have 11 instars total). A sample of 20-30
larvae of each species was preserved in 10% neutral
formalin to characterize the initial size distribution add-
ed to each experiment.

At the end of an experiment, the contents of cages
(except sediment) were returned to the laboratory
where they were sieved through sieves of 5.7 mm
and 0.5 mm mesh to remove large plant material and
residual sediment. All damselflies, dragonflies, and
fish were immediately removed from the sieved sam-
ples alive and then preserved in 10% neutral for-
malin. The head widths of all recovered larvae were
measured with a dissecting microscope fitted with an
ocular micrometer. All larvae were then dried in a
60°C drying oven for >24 h and individually
weighed to determine their dry body mass. When
preserved in formalin, damselflies often lose their
caudal lamellae. Therefore, the caudal lamellae of
all larvae were removed before drying.

When the experimental design permitted, multivar-
iate analyses of variance (MANOVA) with a priori,
orthogonal contrasts were performed on the mortality
and growth rates of all species in cages using the GLM
procedure of SAS (SAS 1990). A mortality rate was
calculated for each species in each cage in an experi-
ment using mortality rate = —(In[number recovered]
— In[initial number])/(duration of experiment), where
“In”’ signifies natural logarithm. This equation assumes
a constant mortality rate throughout the experiment
(i.e., N(©) = N(0)exp(—dt), where d = mortality rate,
N(0) is the number of larvae added to a cage, N(¢) is
the number of larvae recovered, and ¢ is the duration
of the experiment in days), and this mortality rate (lar-
val deaths per larva per day) is expressed in units of
d-'. A growth rate was also calculated for each species
in each cage in the experiment. To calculate growth
rate, the dry masses of recovered larvae were natural-
log transformed, and a mean In of larval dry mass was
calculated for the cage. The growth rate was calculated
by growth rate = ([mean In M of recovered larvae] —
[mean In M of larvae in initial sample])/(duration of
experiment in days), and is expressed in units of d-',
where M is dry mass. This metric of growth rate as-
sumes a model of M(t) = M(0)exp(gt), where g is the
growth rate and is independent of the initial sizes of
species. The F-approximation of Wilks’ lambda is re-
ported for results of MANOVA. When necessary, based
on the results of the MANOVA, variables for each
species were analyzed separately using univariate anal-
yses of variance to determine which variables and spe-
cies contributed to the overall MANOVA treatments
effects. All statistical tests for field experiments are
two-tailed.

Four experiments were performed in the dragonfly-
lake system, and six experiments were performed in
the fish-lake system. Two experiments in each lake type
quantified the strengths of competitive interactions
among the damselflies in the absence of predators and
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TaABLE 1. Design of the Intra- vs. Intergeneric Competition
Experiment in a study of the effects of changes in the upper
levels of a lake food web. An X is placed in each of the
nine density combinations included in this experiment.

Number of Number of Enallagma added
Ischnura
added 0 15 30 45
0 X X X
15 X X X
30 X X
45 X

the degree of food limitation. Two experiments were
also performed in each lake type to quantify interaction
strengths among damselflies and native dragonfly pred-
ators, and the degree to which mortality and growth of
damselflies in the presence of dragonflies depended on
damselfly density. Two experiments also addressed
these issues using fish predators in the fish-lake system.
In the following I describe the rationale and designs
of these duplicate experiments.

Intrageneric vs. intergeneric competition.—These
experiments were designed to quantify competition
among Enallagma and Ischnura species in the absence
of predators. The same basic design was duplicated in
each lake type in 1993. Twenty-seven cages were in-
stalled in a lake, and following the 1-wk prey colo-
nization period damselfly larvae were added to cages
in the density combinations given in Table 1. In this
experimental design, three total damselfly abundances
were established (i.e., 15, 30, and 45 larvae/cage), and
the relative abundances of Enallagma and Ischnura
were manipulated within each total abundance. This
experiment was designed to quantify competitive in-
teractions between the two genera; it was not designed
to partition competitive effects among species within
each genus. Three replicates of each density combi-
nation were performed. The natural density for this
water volume at this time of year would be equivalent
to ~50 larvae/cage. These densities were chosen be-
cause previous experiments have shown that compet-
itive effects on growth are detected at densities well
below natural (generally <25 larvae/cage), but growth
rates do not continue to decline as density is increased
above natural densities (McPeek 1990a).

In the experiment done in the dragonfly lake Enal-
lagma boreale and I. verticalis were used, and the ex-
periment was terminated after 43 d. In the experiment
done in the fish lake, E. geminatum and E. vesperum
comprised the Enallagma added to cages: for the 15
Enallagma treatments, eight E. vesperum and seven E.
geminatum were added; for the 30 Enallagma treat-
ments, 15 of each were added; and for the 45 Enallagma
treatments, 23 E. vesperum and 22 E. geminatum were
added. The fish-lake experiment was terminated after
40 d.

Because larvae of one or the other species were miss-
ing from some treatments, an overall MANOVA could
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not be performed on this design. Separate MANOVAs
were therefore performed on growth and mortality rates
for each species in each experiment.

Density manipulation in the presence of dragon-
flies.—These experiments test whether dragonflies im-
pose density-dependent mortality on the damselflies,
and whether damselflies compete in the presence of
dragonflies. The same basic experimental design was
duplicated in each lake type in 1993. Nine 30 cm di-
ameter cages were installed in a lake, and after the prey
colonization period, three total damselfly density treat-
ments of 15, 45, or 90 total damselflies/cage were es-
tablished, with three replicates/treatment. These den-
sities bracketed natural density (~50 larvae/cage). The
relative abundances of species initially present in cages
were held constant across the density treatments.

In the dragonfly-lake experiment, the relative abun-
dances of the two species added to cages were held
constant across the total density treatments at a ratio
of 2:1 Enallagma boreale : Ischnura verticalis. One
penultimate instar Anax junius dragonfly larva (Ani-
soptera: Aeshnidae) was added to each cage 8 d after
the damselflies were added, and the experiment was
terminated after 35 d.

In the fish-lake experiment, equal numbers of I. ver-
ticalis, Enallagma vesperum and E. geminatum were
initially present in each cage. One penultimate instar
Basiaeschna janata dragonfly larva (Anisoptera:
Aeshnidae) was added to each cage 3 d after the dam-
selflies were added, and the experiment was terminated
after 30 d.

Dragonfly densities are near natural for these species
in their respective lakes (McPeek 1990a).

Density manipulation in the presence of fish.—This
experiment is analogous to the previous pair involving
dragonflies, but tests whether fish impose density-de-
pendent mortality on the coexisting damselflies, and
whether the coexisting damselflies compete in the pres-
ence of fish. Six 54 cm diameter cages were installed
in the fish lake in 1995, and following the 1-wk prey
colonization period, two total damselfly density treat-
ments of 45 and 225 total damselflies/cage were es-
tablished, with three replicates/treatment. These den-
sities bracketed the natural density for the cage size
used (~150 larvae/cage). In each treatment, Enallagma
vesperum initially comprised 55.6% of the larvae, E.
geminatum initially comprised 22.2%, and I. verticalis
initially comprised 22.2%. One bluegill sunfish (Le-
pomis macrochirus) (75-80 mm SL) was added to each
cage 3 d after the damselflies were added; this fish
density is within the natural range for lakes in south-
western Michigan (Mittelbach 1988). This experiment
was terminated after 44 d.

Food addition.—Two experiments were performed
in 1995 to evaluate whether damselfly mortality and
growth rates are limited by food availability in either
lake type. In the dragonfly lake, two total damselfly
density treatment levels ([1] 15 Enallagma boreale and

Ecological Monographs
Vol. 68, No. 1

7 I. verticalis or [2] 45 E. boreale and 21 I. verticalis)
were cross-factored with two levels of food addition
([1] no food added, [2] food added). Four replicates
per treatment combination were performed. This ex-
periment was terminated after 51 d.

Results of the Density Manipulation in the Presence
of Dragonflies experiment done in the fish lake indi-
cated that competitive interactions among damselflies
are more pronounced in the presence of dragonflies (see
Results). Therefore, the experiment done in the fish lake
to test for food limitation was designed to incorporate
both damselfly density and dragonfly predator effects.
Three damselfly abundance/dragonfly treatments ([1]
low damselfly density and dragonflies absent, [2] high
damselfly density and dragonflies absent, and [3] high
damselfly density and dragonflies present) were cross-
factored with two levels of food addition ([1] no food
added, [2] food added) in this experiment. Three rep-
licates per treatment were performed. Low damselfly
density treatments initially had 20 damselfly larvae
present; high damselfly density treatments initially had
80 damselflies present (natural density =~50 larvae/
cage). In this experiment, Enallagma geminatum and
E. vesperum were used. In all cages . verticalis initially
comprised 26.7% of damselflies, E. geminatum 21.3%,
and E. vesperum 52.0%. Four penultimate instar Epi-
theca cynosura larvae (Anisoptera: Libellulidae) were
added to each cage.in the ‘“High Damselfly Density
and Dragonflies Present’”’ treatment combinations 3 d
after the damselflies were added. Epitheca larvae were
used because Basiaeschna larvae were not available.
Also, four were included because of Epitheca’s smaller
size. This density of dragonflies is near natural for total
dragonfly abundances in fish lakes (McPeek 1990a).
This experiment was terminated after 45 d.

Food additions in both of these experiments were
accomplished by adding large quantities of limnetic
zooplankton to cages. Zooplankton were collected from
the limnetic zone of Lawrence Lake (Kalamazoo Coun-
ty, Michigan, USA) on mornings when food was to be
added. I chose to use limnetic zooplankton from Law-
rence Lake for food additions for three reasons: (1)
damselfly larvae readily eat limnetic zooplankton spe-
cies in the laboratory; (2) most of these prey individuals
were too large to pass through the mosquito netting;
and (3) large quantities of limnetic zooplankton could
be collected quickly. All zooplankton collected in three
vertical net tows over the entire water column (~12 m
depth) with a zooplankton net (30 cm diameter opening,
125-pm mesh size) were added to each food addition
cage in both experiments. An equivalent amount of
Lawrence Lake water, which had been strained through
the zooplankton net to remove zooplankton, was added
to each cage that had no food addition as a control for
any disturbance or water chemistry effects. Food was
added weekly (7, 14, 21, and 28 September, 5 and 12
October) for the duration of both experiments.

Interactions with dragonflies.—These experiments
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quantified mortality inflicted by coexisting dragonflies
and nonlethal effects of the presence of dragonflies
(e.g., feeding interference or exploitative competition
between the damselflies and their dragonfly predators)
on the damselflies.

In the dragonfly lake, 40 Enallagma boreale and 15
I verticalis were added to each of the 14 cages in 1995.
Three treatments ([1] No Dragonfly, [2] Caged Drag-
onfly, or [3] Free-Ranging Dragonfly) were then es-
tablished in these cages. Four replicates each were per-
formed for the No Dragonfly and the Caged Dragonfly
treatments, and six replicates were performed for the
Free-Ranging Dragonfly treatment. For the Caged
Dragonfly treatment, one antepenultimate-instar Anax
Junius larva was placed inside a small enclosure, and
the enclosure was placed into the cage. The dragonfly
enclosure was 11 X 11 X 6 cm, and was constructed
by placing a small, coarse-mesh (openings 1.7 X 1.0
cm), plastic produce container inside a bag constructed
of mosquito netting. A glass dowel was placed inside
the enclosure for a perch. This enclosure allowed dam-
selflies to detect that a large dragonfly was present by
both vision and olfaction, but prevented the dragonfly
from eating the damselflies or the damselflies’ prey.
Identical enclosures without a dragonfly were placed
in all other cages. For the Free-Ranging Dragonfly
treatment, one unrestrained, antepenultimate-instar
Anax was placed in the cage. No dragonflies were added
to the No Dragonfly treatment cages. This experiment
was terminated after 46 d. The cages in this experiment
for some unknown reason were significantly contam-
inated by Ischnura moving through the mosquito net-
ting. Consequently, the results for Ischnura in this ex-
periment are unreliable and will not be presented.

In the fish lake in 1994, 15 Ischnura verticalis, 15
Enallagma geminatum, 15 E. vesperum, and 5 E. hageni
were added to each of 14 cages. Four days later one of
the three predator treatments described above was as-
signed to each cage, except that penultimate-instar Bas-
iaeschna janata larvae were used instead of Anax junius.
This experiment was terminated after 46 d.

If dragonflies compete exploitatively with damsel-
flies, damselfly growth should be decreased in the Free-
Ranging Predator treatment as compared to the other
treatments, because this is the only treatment in which
a dragonfly is free to consume prey in the cage. If the
presence of dragonflies generates feeding interference
in the damselflies (i.e., reduced feeding in the presence
of a predator), damselfly growth should also be lower
in the Caged Dragonfly treatment as compared to the
No Dragonfly treatments. If both exploitation and in-
terference are important, treatment effects should be
most pronounced in the Free-Ranging Dragonfly treat-
ment where both exploitation and interference can op-
erate, but treatment effects due to interference should
still be detected in the Caged Dragonfly treatment.

Interactions with fish.—This experiment is analo-
gous to the Interactions with Dragonflies experiments,
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but tests for comparable effects due to fish in the fish
lake. In 1994, the same number of damselflies were
added to each of 14 cages as follows: 30 Ischnura
verticalis, 40 Enallagma geminatum, 40 E. vesperum,
and 15 E. hageni. This total damselfly density of 125
larvae/cage is somewhat less than the natural density
for the cages used (~150 larvae/cage). Five days later
one of three predator treatments was constructed in
each cage. The three treatments were [1] No Bluegill,
[2] Caged Bluegill, or [3] Free-Ranging Bluegill. Four
replicates each were performed for the No Bluegill and
the Caged Bluegill treatments, and six replicates were
performed for the Free-Ranging Bluegill treatment. For
the Caged Bluegill treatment, one bluegill (50—65 mm
SL) was placed inside a small enclosure, and the en-
closure was placed into the cage. The predator enclo-
sures used in this experiment were 25 X 25 X 25 cm,
and were constructed of mosquito netting bags around
12 mm diameter PVC (polyvinyl chloride plastic) pipe
frames. This again prevented the bluegill from feeding
on the damselflies or the damselflies’ prey in the cage.
Empty containers were placed in cages of the other two
treatments. One bluegill of similar size was placed in
each of the Free-Ranging Bluegill treatment cages, and
no bluegills were added to the No Bluegill treatment
cages. This experiment was terminated after 41 d.

RESULTS
Field abundances

The quantitative density estimates obtained in this
study are consistent with patterns observed in previous
studies (Johnson and Crowley 1980, McPeek 1990a).
Larval Enallagma aspersum, E. boreale, and E. cy-
athigerum were found only in the three dragonfly lakes
(Table 2). Five other Enallagma species were found
only in the three fish lakes (Table 2). A total of thirteen
Enallagma species inhabit fish lakes of southwestern
Michigan (M. A. McPeek, unpublished data), but only
these five were common enough to be detected by the
sampling methods. Enallagma species constituted
~85% of the total damselfly assemblage in all six lakes.

Ischnura species were abundant in both lake types
(Table 2), and Ischnura abundances in the two lake
types were similar (¢, = 0.89, P > 0.40 for In mean
abundances in the two lake types).

Laboratory feeding bias

The dragonflies from both lake types and bluegill
sunfish all imposed substantially greater mortality on
Ischnura larvae than on Enallagma species with which
each predator naturally coexists (Table 3). On average,
65-70% of larvae consumed by both dragonflies were
Ischnura larvae, and >80% of damselflies consumed
by bluegill sunfish were Ischnura larvae (Table 3).
Ischnura larvae were more vulnerable to both drag-
onflies and fish than were Enallagma species that nat-
urally coexist with these predators.
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TaBLE 2. Larval damselfly density estimates (number of larvae/m? lake bottom) from three dragonfly lakes and three fish

lakes in southwestern Michigan in a study of the effects of changes in the upper levels of a food web.

Dragonfly lakes Fish lakes
Marshfield Three Lakes
Damselfly species ~ Turkey Marsh Marsh Reservoir II Palmatier Hamilton
Enallagma aspersum 0.0 = 0.0 12.3 = 27.6 6043.9 £ 1160.9 0.0 0.0 0.0
E. boreale/
cyathigerum 128.5 = 59.8 166.5 = 131.9 87.4 £ 36.0 0.0 0.0 0.0
E. antennatum 0.0 0.0 0.0 822 £ 574 5.1 = 12.6 10.3 = 159
E. geminatum 0.0 0.0 0.0 82.2 + 252 539.6 = 329.1 426.6 = 249.3
E. hageni 0.0 0.0 0.0 195.3 £ 72.1 154 = 258 159.3 £ 100.2
E. signatum 0.0 0.0 0.0 2159 £ 115.4 308.4 = 4282 138.8 £ 774
E. vesperum 0.0 0.0 0.0 20.6 £ 25.2 66.8 £ 53.1 10.3 + 25.2
Ischnura posital
verticalis 15.4 £ 25.8 30.8 = 37.8 200.4 = 134.8 5.1 £ 12.6 30.8 = 47.8 41.1 £ 25.2
Number of samples 6 5 6 6 6

Notes: Data are means * 1 sp. The samples were collected between 26 September 1987 and 9 October 1987.

Field experiments

Intrageneric vs. intergeneric competition.—In these
experiments done in both lake types in the absence of
predators, significant treatment effects consequent to
manipulations in total damselfly density were apparent
(some a priori, orthogonal contrasts in the MANOVA
of each experiment with P < 0.05 for each genus), but
these responses were due primarily to differences in
growth and not mortality. Manipulations of total dam-
selfly density and generic relative frequency had no
consistent effects on the mortality rates of any species
in either experiment (all contrasts P > 0.05).

In the dragonfly-lake experiment, Ischnura growth
rates overall were 655% higher than those of Enallag-
ma boreale (Fig. 1A, B). Compared to the low total
damselfly density, Ischnura growth rates were reduced
by 12% in the medium total density treatments (contrast
testing low vs. medium and high total density treat-
ments: F, , = 9.47, P < 0.01) and by 24% in the high
total density treatments, although this latter comparison
was not statistically significant (contrast testing me-

TABLE 3.
and fish lakes.

dium vs. high total density treatments, F,,, = 3.35, P
< 0.09; Fig. 1A). Ischnura growth rates did not differ
among relative frequency treatments within the me-
dium or high total densities (all contrasts P > 0.25;
Fig. 1A). E. boreale larvae displayed a significant re-
duction in growth rates only at the high total density
treatments (50% reduction in growth rate from the low
to high total density treatments; contrast testing me-
dium vs. high total density treatments, F,,, = 9.69, P
< 0.01; Fig. 1B). As with Ischnura, relative frequency
had no effect on E.” boreale growth rates when total
density was constant (all contrasts P > 0.05; Fig. 1B).

The results of the comparable experiment done in
the fish lake were similar to those of the dragonfly-lake
experiment. In the fish-lake experiment, Ischnura
growth rates overall were 160% higher than those of
E. geminatum and 680% higher than E. vesperum (Fig.
1C, D). As compared to the low total damselfly density,
Ischnura growth rates were 20% lower in the high total
density treatments, but this difference was only mar-
ginally significant (contrast testing medium vs. high

Results of predator feeding bias experiments for dragonflies and fish from dragonfly

Prey
Enallagma Ischnura
Predator species species Nt ot

Dragonfly lakes

Aeshna mutata E. boreale L verticalis 12 0.64 £ 0.05*
Fish lakes

Epitheca cynosura E. signatum L. verticalis 8 0.69 = 0.06*

Lepomis macrochirus E. signatum L. verticalis 9 0.84 = 0.10*

* P < 0.05 for ¢ test of a; = 0.50.

+ N = number of replicates of that particular set of species.

+ Manly’s index of preference (;) for the predator feeding on Ischnura larvae in the trials.
Manly’s index ranges in value from 0.00 to 1.00; in this experiment «; is equivalent to the
proportion of consumed damselflies that were Ischnura. A value of a; = 0.50 in these exper-
iments indicates that the predator displayed no bias in feeding on the two damselfly species.
A value of oy > 0.50 indicates that the predator imposed significantly greater mortality on
Ischnura larvae than on Enallagma larvae in the trials. Means * | SE are given with significance

noted.
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Growth rates of the damselflies included in the Intrageneric vs. Intergeneric Competition experiments (which

were designed to quantify competition among Enallagma and Ischnura species in the absence of predators) in both lakes.
For comparison, the results of the experiment done in the dragonfly lake are given in the left column of panels, and the
results of the fish-lake experiment are given in the right-hand column of panels. To permit comparisons between experiments
I have given damselfly densities expressed in units of larvae/m? of lake bottom. Symbols representing the same total number
of damselflies of both genera initially added to cages are connected by lines in the graphs and are given above the panels.
The natural density of larvae at the beginning of the experiments was ~685 damselflies/m? of lake bottom. The abscissa
identifies the relative frequencies of Ischnura and Enallagma larvae added to cages. Symbols are slightly offset from one
another to aid in interpretation. Each species is only present in six of the nine treatments (Table 1).

total density treatments, F,,, = 4.33, P < 0.06; Fig.
1C), but Ischnura growth rates did not differ among
the various treatments at the low or medium total den-
sities (all contrasts P > 0.20) or among the relative
frequency treatments within the high total density (all
contrasts P > 0.85). E. vesperum growth rates were
unaffected by all density and relative frequency treat-
ments (all contrasts P > 0.60; Fig 1C). E. geminatum
larvae had a 160% higher growth rate when at low
density in the absence of Ischnura as compared to the
other treatments (contrast testing low vs. medium and
high total density treatments, F, ;, = 16.86, P < 0.001),
but E. geminatum growth rates did not differ among
any of the other treatments (other contrasts P > 0.20;
Fig. 1D).

In both lake types, damselflies clearly compete with
one another, because increasing total damselfly density
causes decreases in their growth rates. However, Isch-

nura and Enallagma species appear to be relatively
equivalent competitors, since the relative abundances
of the two genera do not affect growth rates.

Density manipulation in the presence of dragon-
flies.—In the experiment done in the dragonfly lake,
Anax dragonfly larvae were not recovered from two
cages in the high total damselfly density treatment;
these individuals apparently died sometime during the
experiment. These two cages were therefore excluded
from analyses.

In the dragonfly-lake experiment, I was unable to
perform an overall MANOVA because the loss of the
two cages reduced the total degrees of freedom. How-
ever, univariate analyses indicate that increasing total
damselfly densities had no effect on Enallagma boreale
or Ischnura mortality rates (overall treatment effects
for both species P > 0.30; Fig. 2A) or on their growth
rates (overall treatment effects for both species P >
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Rates of mortality and growth for the damselfly species included in the Density Manipulation in the Presence of

Dragonflies experiments done in each lake. The species of dragonfly used in each experiment is given above the column of
panels. The abscissa gives the total number of damselflies initially added to cages. The natural density of larvae at the
beginning of the experiments was ~685 damselflies/m? of lake bottom. Symbols are the means = 1 sg for each species in
a treatment. Symbols are slightly offset from one another to aid in interpretation.

0.10; Fig. 2B). I also calculated Manly’s preference
index (o) for the number of larvae of each species
recovered from each cage to test explicitly for a dif-
ference in mortality rate between the two genera. Av-
eraged across all density treatments, Manly’s index for
Ischnura was o; = 0.62 * 0.08 (mean * 1 SgE), which
is not statistically significantly different from no pref-
erence (t, = 1.47, P = 0.10) but is, however, nearly
identical to the value measured in the laboratory feed-
ing bias experiment with Aeshna mutata (Table 3).

In the experiment done in the fish lake, the contrast
testing the low vs. medium and high total damselfly
density treatments in the MANOVA was not statisti-
cally significant (F, = 16.19, P = 0.095). This overall
test was not statistically significant because it includes
both mortality and growth rates for all three species as
response variables. Univariate ANOVAs indicate that
mortality rates of all three species were not different
among the three total damselfly density treatments (all
contrasts P > 0.30; Fig. 2C). However, all three species
had depressed growth rates at the medium and high
total damselfly density as compared to the low density
(Fig. 2D): Ischnura growth rates were depressed by

30% (F,, = 6.94, P < 0.05), E. vesperum growth rates
by 70% (F,, = 14.39, P < 0.01), and E. geminatum
growth rates by 35% (F,, = 6.78, P < 0.05). Growth
rates did not differ between the medium and high total
density treatments for any species (all P > 0.40).

Dragonflies do not impose density-dependent mor-
tality on coexisting damselflies in either lake type.
Also, competitive effects among damselflies in the
presence of foraging dragonflies are only apparent in
fish lakes.

Density manipulation in the presence of fish.—In
1995 an unusually late hatch of E. geminatum caused
substantial contamination by many small larvae of this
species into cages of this experiment. Therefore, results
for E. geminatum will not be reported.

In this experiment done in the fish lake, the mortality
and growth of both Ischnura and E. vesperum changed
with damselfly density in the presence of bluegill sun-
fish. The design of the experiment did not permit an
overall MANOVA test including the mortality and
growth rates of both species simultaneously, but sep-
arate MANOVAs for each species were done. The com-
bined mortality and growth rate responses of Ischnura
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Fi1G. 3. Rates of mortality (A) and growth (B) for Ischnura
and E. vesperum in the Density Manipulation in the Presence
of Fish experiment done in a fish lake. The abscissa gives
the total number of damselflies initially added to cages. The
natural density of larvae at the beginning of the experiment
was ~685 damselflies/m? of lake bottom. Symbols are the
means * 1 SE for each species in a treatment. Symbols are
slightly offset from one another to aid in interpretation.

between the two total damselfly density treatments
were significant in the overall MANOVA (F,; = 35.98,
P < 0.03), with mortality rate increasing and growth
rate decreasing with increasing total damselfly density
(Fig. 3). Likewise, E. vesperum mortality rate increased
and growth rate decreased with increasing total dam-
selfly density (F,; = 15.42, P < 0.03; Fig. 3).

To test whether death rates of Ischnura were higher
than those of E. vesperum, 1 also calculated Manly’s
index (o) for Ischnura. Ischnura experienced higher
mortality rates than E. vesperum from fish predation in
the low density cages (o; = 0.80 £ 0.15 (mean * 1
SE)), but this was not significantly different from no
bias in mortality rates (¢, = 2.04, P > 0.25) because
of low statistical power (i.e., df = 2). However, this
value for Manly’s index is very similar to the value
obtained in the laboratory experiments for bluegill sun-
fish (Table 3). Fish displayed no feeding bias in the
high density treatment («; = 0.50 * 0.03, t, = 0.13,
P > 0.90).

Fish impose higher per capita mortality rates on
coexisting damselflies as total damselfly density in-
creases. Also, the effects of competition among the
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damselflies (i.e., decreased growth rates) are evident
in the presence of foraging fish predators.

Food addition.—For the food addition experiment
performed in the dragonfly lake, the overall MANOVA
results including the mortality and growth rates of both
species showed no effect of the food addition treatment
(food addition main effect F,3 = 0.91, P > 0.50) but
showed a significant density effect (F,3 = 5.82, P <
0.02). The interaction between density and food ad-
dition was not significant (F,z = 0.08, P > 0.98). For
both Enallagma boreale and Ischnura, mortality rates
increased and growth rates decreased with increasing
total damselfly density (Figs. 4A, B).

In contrast, in the fish lake the addition of food in-
creased growth rates for both Enallagma vesperum and
Ischnura, and lowered mortality rates for Ischnura
(MANOVA food addition main effect: F,; = 3.94, P
< 0.05) (Fig. 4C, D). Also, for both species growth
rates were higher and mortality rates lower in the low
damselfly density treatment as compared to the high
damselfly density treatments with or without dragon-
flies (MANOVA density/dragonfly main effect: F, ,
= 8.78, P < 0.0001) (Fig. 4C, D). The interaction
between the density/dragonfly and food addition treat-
ments was not significant (F,,,, = 1.82, P > 0.14).

Competition among damselflies in dragonfly lakes
must occur via interference, because they are not food
limited. In contrast,- damselflies in fish lakes are food
limited, indicating that competition for resources in-
fluences damselfly growth and mortality rates in fish
lakes.

Interactions with dragonflies.—Contamination of
cages by Ischnura larvae during the experiment made
the interpretation of results for Ischnura impossible for
the experiment done in the dragonfly lake. Therefore,
results for only Enallagma boreale are presented. Mor-
tality rates were significantly higher and growth rates
were significantly lower for E. boreale when Anax lar-
vae were free to forage in cages as compared to the
No Dragonfly or Caged Dragonfly treatments (MAN-
OVA contrast: F,,, = 31.22, P < 0.0001) (Fig. 5A,
B). E. boreale mortality rates in the presence of free-
ranging Anax larvae in cages were very similar to nat-
ural mortality rates in local dragonfly lakes (0.027 =
0.007 d-! [mean * 1 Sg]; McPeek 1990a).

The apparent decrease in E. boreale growth rate
when Anax was free to forage could have been the result
of positive size-selective predation by the predator in
the Free-Ranging Dragonfly treatment and not a real
decrease in growth rate. If larvae are growing at slower
rates, they should also have less mass when standard-
ized to a given head width (Johnson et al. 1984, Pierce
et al. 1985). To test this, I performed an analysis of
covariance of In(dry mass) with In(head width) as a
covariate, including all larvae recovered from cages in
the three treatments in the analysis. The slopes of the
regressions of In(dry mass) on In(head width) did not
differ among the three treatments (F, ;0o = 0.04, P >



12 MARK A. McPEEK Ecological Monographs

Vol. 68, No. 1

B No Food Added ® Food Added

Dragonfly Lake Fish Lake
0.02 .
_ = 00275
i
'3-_3/ Ischnur/u/ EE Ischnura
@ 001+ ~~ 0014 & E_ —
'_. —
& -~ E ~
i £
s 0 E. boreale 0
5 E. vesperum
=
-0.01 -0.
300 900 OO s Ti0 1100+
Dragonflies
0.04 0.04
B. ® Ischnura D
= E\\ —_ ® Ischnura
. —_— ~
T 0.037 — ﬂ 003 B~
5 T —
M~ 0.02 0.02-
£ i'\i' "Q.;i’
g 001 E. boreale 0.01
6‘ : E. vesperum
0 0
300 900 275 1100 1100 +
Total Damselfly Density Dragonflies

2
(larvae/m®) Damselfly Density (larvae/ m?)

FiG. 4. Rates of mortality and growth for the indicated damselfly species with or without added food, in each lake. For
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above the panels. The natural density of larvae at the beginning of the experiments was ~685 damselflies/m? of lake bottom.
Symbols are the means = 1 SE for each species in a treatment. Symbols are slightly offset from one another to aid in

interpretation.

0.95), but the intercepts of the lines for the three treat-
ments differed significantly from one another. The inter-
cept of the Free-Ranging Dragonfly treatment was sig-
nificantly below the intercepts for the other two (F| ;,
= 10.93, P < 0.002), and the intercept for the Caged
Predator treatment was below the intercept for the No
Predator treatment (F, ;,, = 7.89, P < 0.006). This
result does not preclude a contribution of size-biased
foraging, but it does show that E. boreale growth rates
were lower when Anax dragonflies were present and
particularly when they were free to forage in cages.
In the experiment done in the fish lake, the dragonfly
treatments had no substantial effects on the general
patterns of growth or mortality rates among the four
damselfly species (MANOVA overall treatment effects:
Fs = 1.45, P > 0.30) (Figs. 5C, D). Inspection of
the univariate analyses indicates that the only responses
consistent with expectations were a decrease in Isch-
nura growth rate in the two treatments in which Bas-
iaeschna dragonflies were present (F,,, = 4.98, P <

0.05) and a decrease in E. geminatum growth rate when
dragonflies were free to forage in cages (F,,, = 18.83,
P < 0.002) (Fig. 5D).

Large dragonflies in dragonfly lakes impose sub-
stantial mortality on coexisting damselflies, and also
cause areduction in damselfly growth rates. In contrast,
the dragonflies found in fish lakes do not significantly
increase the mortality of coexisting damselflies, and
have variable effects on damselfly growth.

Interactions with fish.—Bluegills in three cages died
during the course of this experiment; two in the Free-
Ranging Bluegill treatment and one in the Caged Blue-
gill treatment have therefore been excluded from anal-
yses. Consequently, I was unable to perform a MAN-
OVA including the mortality and growth rates of all
four damselfly species in one analysis. Instead, I per-
formed separate MANOVA analyses of species mor-
tality rates and of species growth rates.

Mortality rates of all species increased substantially
when bluegill were free to forage in cages as compared
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done in each lake. For the dragonfly-lake experiment, the mortality rates (A) and growth rates (B) for E. boreale (—Il—)
are given. For the fish-lake experiment, the mortality rates (C) and growth rates (D) for Ischnura (—@—), E. geminatum
(—®—), E. hageni (—V—), and E. vesperum (—A—) are given. The species of dragonfly used in each experiment is given
above the column of panels. The abscissa gives the dragonfly treatments applied to cages. All cages were started with 750
total damselflies/m? (~685 damselflies/m? of lake bottom is natural at that time of year). Symbols are the means * 1 SE for
each species in each treatment. Symbols are slightly offset from one another to aid in interpretation.

to the other two treatments (MANOVA contrast: F,
= 33.38, P < 0.0008), but mortality rates did not differ
between the No Bluegill and Caged Bluegill treatments
(MANOVA contrast: F,5 = 2.08, P > 0.22) (Fig. 6A).
Damselfly growth rates were unaffected by the predator
treatments in this experiment (MANOVA overall treat-
ment effects: F,5 = 0.41, P > 0.88).

Fish, as exemplified by bluegills here, impose sub-
stantial mortality on coexisting damselflies, but their
presence does not appear to affect damselfly growth rates.

DiscussION

Previous work has shown that the alternative lake
types examined in this study are the natural littoral
systems that develop when fish are consistently present
or absent from a permanent water body in this region
of North America (Crowder and Cooper 1982, McPeek
1990a, Werner and McPeek 1994). The experiments
performed in this study were designed to elucidate the
mechanisms and strengths of interactions affecting lar-
val damselfly mortality and growth in each system. The
experimental designs also allow comparisons between
results from manipulating similar food web compo-

nents in the two lake types. Comparing food web in-
teractions that affect damselflies in dragonfly and fish
lakes explore the consequences of changing the top
predator in this system.

The first striking feature of this comparison is the
difference in species assemblages between dragonfly
and fish lakes. Many littoral taxa have some species
that are unique to each of the dragonfly and fish lake
types, and other species that maintain populations in
both systems (Hendrikson and Oscarson 1978, 1981,
Collins and Wilbur 1979, Eriksson et al. 1980, Kerfoot
1982, Cook and Streams 1984, Brown and DeVries
1985, Bendell 1986, McPeek 1989, Werner and Mc-
Peek 1994). Such differences in species composition
are also evident in the limnetic zones of these same
water bodies (Brooks and Dodson 1965, Sprules 1972,
Dodson 1970, 1974, von Ende 1979, Zaret 1980, Vanni
1986, 1988, Arnott and Vanni 1993). In the odonates,
Enallagma species segregate between the two lake
types, and large, active dragonfly species, which are
top predators in fishless waters, are replaced by smaller,
less active species in fish lakes (Benke 1978, Johnson
and Crowley 1980, Morin 1984a, b, Crowley et al.
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1987, Pierce 1988, McPeek 1990a, Wissinger 1992).
However, wholesale species replacement does not oc-
cur; the same Ischnura species are common to both
lake types, as are a third group of dragonfly species
(Table 2; see also Johnson and Crowley 1980, McPeek
1990a). Little is known about the species-level changes
in taxa that dominate the diets of damselflies (e.g.,
chironomids, oligochaetes, littoral crustaceans). How-
ever, if there are compositional changes in taxa that are
resources for damselflies, these changes apparently do
not cause substantial differences in damselfly growth
rates between the two lake types (e.g., compare Isch-
nura growth rates in experiments between the lake
types).

The second striking feature of the comparison of
food webs in dragonfly and fish lakes is the alteration
in strengths and mechanisms of interactions among
these taxa. Models encapsulating food web organiza-
tion into discrete trophic levels (e.g., Hairston et al.
1960, Fretwell 1977, Oksanen et al. 1981, Carpenter
and Kitchell 1993) would predict that adding fish to a
previously fishless system should (1) cause a change
in the mechanisms regulating dragonfly populations
from competition in dragonfly lakes to fish predation
in fish lakes, and (2) consequently cause a shift in the
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mechanisms regulating damselfly abundances from pri-
marily predator limitation in dragonfly lakes to re-
source limitation in fish lakes. Alternatively, models
recognizing that the trophic positions of species are not
always clearly hierarchical (e.g., Menge and Sutherland
1976, 1987) would predict that damselfly abundances
should be influenced more by predation and less by
resource competition in fish lakes because more species
are above them in the food web. The general patterns
of interaction strengths affecting damselfly mortality
and growth in the two lake types are superficially con-
sistent with some features of these general models of
community organization, but in most cases for the
wrong reasons.

Overall, natural damselfly mortality rates in fish
lakes are about one-third of those in dragonfly lakes
(McPeek 1990a), and damselflies compete for re-
sources in fish lakes but not in dragonfly lakes (Fig.
4). Also, dragonflies in dragonfly lakes are regulated
in the larval phase by strong competitive interactions
with one another (Van Buskirk 1988, 1989, 1992, 1993,
Wissinger 1989, 1992, Wissinger and McGrady 1993),
and they impose substantial mortality on coexisting
damselflies, accounting for >75% of total damselfly
mortality (Fig. 5; McPeek 1990a). In contrast, drag-
onflies in fish lakes suffer substantial losses to fish
predation (Morin 1984a, b, Pierce 1988, Johnson et al.
1995), and interactions among dragonflies are rela-
tively weak (Crowley et al. 1987, Johnson et al. 1987,
but see Benke 1978), but dragonflies did not impose
detectable mortality on coexisting damselflies (Fig. 5).

These results would seem to support the models de-
scended from Hairston et al. (1960). However, the food
webs of the two lake types differ in ways not predicted
by these models. Instead of fish on the top trophic level
regulating dragonfly abundances in the next lower tro-
phic level and thereby allowing damselfly abundances
at the second lower trophic level to increase to levels
where they compete for resources, fish are the primary
mortality agent for damselflies in fish lakes (Fig. 6;
McPeek 1990a). Dragonflies in fish lakes are in essence
demoted to the same trophic level as damselflies; the
dragonfly-damselfly interaction shifts from predator—
prey in dragonfly lakes to weak competition in fish
lakes (cf. Figs. 2 and 5). Also, this shift in interaction
mechanism among dragonflies and damselflies is not
the result of changes in dragonfly abundances as these
models hypothesize; dragonflies are generally as abun-
dant or more abundant in fish lakes than in dragonfly
lakes (Johnson and Crowley 1980, McPeek 1990a).
Rather, the change in mechanism is due to the replace-
ment of large, active dragonflies in dragonfly lakes
(Ross 1971, Folsom and Collins 1984, Bergelson 1985,
Wissinger 1992) by smaller, sit-and-wait dragonflies in
fish lakes (Crowley and Johnson 1982, Morin 19844,
b, Crowley et al. 1987, Pierce 1988). Alternatively, as
in the Menge and Sutherland (1976, 1987) models,
more potential predators exist in fish lakes, but resource
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competition becomes important when fish are added to
the system, which is contrary to the predictions of these
models. Change in the abilities of species at various
food web positions to engage in different types of spe-
cies interactions, because of change in species com-
position, is the primary cause of change in the mech-
anisms and strengths of species interactions, not simply
change in the abundances of species or whole trophic
levels.

The role that fish play in this system also does not
fit the classic notion of a keystone predator that pref-
erentially consumes a competitive dominant (e.g.,
Paine 1966, 1974, Menge et al. 1994). Instead of re-
ducing the abundances of superior competitors, fish
predation excludes an alternative set of predators (i.e.,
large dragonflies) from lakes with fish (Hall et al. 1970,
Crowder and Cooper 1982, Hambright et al. 1986, Wer-
ner and McPeek 1994; see also Thorp 1986). Damselfly
assemblage compositions in fish and dragonfly lakes
are set primarily by the abilities of species to deal with
alternative predation regimes (McPeek 1990a, b, 1995,
McPeek et al. 1996). For example, Enallagma vesper-
um transplanted to a dragonfly lake experienced mor-
tality rates of 0.107 = 0.006 d~! with Anax dragonflies,
and Enallagma boreale transplanted into a fish lake
experienced mortality rates of 0.056 = 0.008 d-' with
bluegill (McPeek 1990a). These mortality rates of
transplants are higher than mortality rates of any native
species measured in this and previous studies (McPeek
1990a). Similar contrasts can be made for the limnetic
zones of these lakes where differences in zooplankton
assemblages are primarily caused by differential vul-
nerabilities to fish and other large invertebrate preda-
tors (e.g., Chaoborus and Notonecta species) (von Ende
1979, Vanni 1988, Arnott and Vanni 1993).

Food web interactions in the two lake types

The structure of the food web within each lake type
is consistent with “‘keystone predation’’ models of pre-
dation promoting coexistence between competing prey
(Levin 1970, Phillips 1974, Vance 1978, Leibold 1989,
1996, Holt et al. 1994). These models predict that co-
existence of species with shared predators and re-
sources is more likely if trade-offs cause some species
to be more successful at avoiding predation and other
species to be more successful at utilizing resources.
Such trade-offs promoting coexistence have been iden-
tified in other natural systems. For example, coexis-
tence of some desert rodents is enabled by species dif-
ferentially utilizing microhabitats that provide either
high foraging returns along with high predation rates
or low foraging returns along with low predation rates
(Price and Brown 1983, Kotler 1984, Kotler and Brown
1988, Brown 1989, Kotler et al. 1991, Longland and
Price 1991). Similar partitioning between areas of low
predation risk/low foraging return and high predation
risk/high foraging return appears to promote coexis-
tence in zooplankton (Leibold 1991, Tessier and Welser
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1991) and fish assemblages (Werner and Hall 1977).
Ischnura and Enallagma species do not partition space
as in these other systems, but rather are simultaneously
exposed to the same predators and resources (Johnson
and Crowley 1980, McPeek 1990a). However, com-
parison of food web interactions affecting the damsel-
flies indicates that coexistence of FEnallagma and
Ischnura species in each lake type is fostered by anal-
ogous trade-offs.

Competitive interactions among the damselflies in
the absence and presence of predators were phenom-
enologically similar in the two lake types, but different
mechanisms of competition operate. This and other
studies have shown that damselfly growth rates in the
absence of predators in both lake types are higher when
total densities are <275 larvae/m? (Johnson et al. 1984,
Pierce et al. 1985, McPeek 1990a), and the relative
frequency of the two genera has no effect on their
growth rates (Fig. 1). In the laboratory, damselflies of
both genera reduce their feeding activities in the pres-
ence of dragonflies, fish, and other damselflies (Heads
1985, Pierce et al. 1985, McPeek and Crowley 1987,
Dixon and Baker 1987, 1988, Jeffries 1990, McPeek
1990b, Johansson 1993, Richardson and Anholt 1995).
Damselflies are not food limited in dragonfly lakes (Fig.
4), implying that competitive interactions among dam-
selflies and reduced growth responses in the presence
of dragonflies must be due exclusively to reduced feed-
ing activity (i.e., feeding interference). However, in fish
lakes, damselflies are food limited (Fig. 4), indicating
that reduced growth responses in that lake type are
probably due to a combination of competition for re-
sources and feeding interference.

Ischnura growth rates were also consistently higher
across all experiments in both lake types and relatively
less affected by increased competition than those of
Enallagma species. The lack of response for any spe-
cies to changes in relative frequency of the two genera
in the Intrageneric vs. Intergeneric Competition ex-
periments suggests that Ischnura and Enallagma spe-
cies are similar interference and resource competitors.
The difference in growth rates between the genera must
therefore be some combination of (1) differential abil-
ities to procure prey at a given resource level, (2) dif-
ferential abilities to convert captured food into their
own biomass, or (3) differences in the levels of be-
havioral responses generating feeding interference.
From a theoretical perspective, this means that the gen-
era differ not in their effects on resource abundances,
but rather in their responses to resource abundances
(sensu Goldberg 1990, Leibold 1995). These results
suggest that either Ischnura foraging rates at a given
resource level are higher, or their assimilation rates
and/or efficiencies are higher than those of Enallagma.
In studies of the European Ischnura elegans, assimi-
lation rate is strongly correlated with larval growth rate
(Lawton et al. 1980). However, studies that would al-
low comparisons of relevant foraging and digestive
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physiological parameters for Enallagma and Ischnura
have not been performed. Such studies would provide
valuable insights into the mechanisms affording Isch-
nura the substantial growth advantage over Enallagma.

Dragonfly predation accounts for >75% of larval
damselfly mortality in dragonfly lakes. Mortality rates
of E. boreale quadrupled when dragonflies were free
to forage (Fig. 5A); similar increases in Enallagma
mortality rates due to dragonfly predation have been
observed in other experiments (McPeek 1990a, Wis-
singer and McGrady 1993). Although similar compar-
isons within the same experiment cannot be made for
Ischnura, the consistency of damselfly death rates be-
tween experiments, between sites, and between years
for similar experimental conditions (McPeek 1990a)
suggests that cross-experimental comparisons are jus-
tified. Comparing mortality rates for Ischnura between
the Density Manipulation in the Presence of Dragon-
flies experiment (Fig. 2A) and the High Density treat-
ment of the Food Addition experiment, in which no
large dragonflies were present, shows that Ischnura
mortality rates increase by a factor of 2.5 when these
damselflies are exposed to dragonfly predation. Also,
given that E. boreale mortality rates in natural popu-
lations are very similar to those in the presence of
dragonflies in these and previous experiments, the
greater mortality rates for Ischnura as compared to E.
boreale probably accurately reflect Ischnura’s greater
relative susceptibility to dragonfly predators in drag-
onfly lakes (Table 3, Fig. 2A).

Given that initial densities in the dragonfly-lake In-
teractions with Dragonflies experiment were the same
as the highest total damselfly density used in the In-
trageneric vs. Intergeneric Competition experiment,
and growth rates were lower in the presence of drag-
onflies (Fig. 5B), feeding interference generated by the
presence of large dragonflies must be greater than feed-
ing interference due to high damselfly densities. This
can explain why no growth effects were observed
across a damselfly density gradient when dragonflies
were present (Fig. 2B); the presence of the dragonfly
depressed damselfly growth rates below what they
would have been with only interference among the
damselflies at each density. This result implies that the
depression of growth rates via feeding interference
from the presence of various species is hierarchical and
non-additive (see also Wissinger and McGrady 1993).
Increased damselfly densities impose some level of
threat to damselflies and their growth rates are de-
pressed because of increased time interacting with oth-
er damselflies (McPeek and Crowley 1987). However,
in the presence of threatening predators, feeding re-
ductions, because of greater predator vigilance and de-
creased activity to avoid detection by predators
(McPeek 1990b), have a substantially greater depres-
sive effect on growth rates regardless of damselfly den-
sity. Dragonflies have an overriding impact on dam-
selfly growth as well as mortality in the dragonfly-lake
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system (see also Kohler and McPeek 1989, Fraser and
Gilliam 1992, Culp and Scrimgeour 1993, Peckarsky
et al. 1993, Scrimgeour and Culp 1994, Werner and
Anholt 1996 for other examples of lethal vs. nonlethal
effects of predators).

Clearly, interactions between dragonflies and dam-
selflies in dragonfly lakes are quite strong, but whether
predation by dragonflies contributes to the regulation
of damselfly populations is still unclear. Damselfly
mortality rates do not increase as damselfly densities
increased in the presence of dragonflies (Fig. 2A), and
so dragonflies do not impose direct negative density
dependence that would regulate damselfly abundances.
However, reduced growth rates due to feeding inter-
ference could increase the total mortality experienced
by a cohort of larvae by increasing the duration of the
larval period and thus the amount of time larvae are
exposed to dragonfly predation. I am currently devel-
oping demographic models to explore whether the re-
ductions in growth rate identified in these experiments
are sufficient to generate negative density dependence
in total larval mortality. To test these models, experi-
ments that span the entire larval phase of the life cycle
from hatching to metamorphosis (and multiple gener-
ations if possible) will be required.

In fish lakes, fish are a primary mortality source.
Mortality rates of all damselflies increased when blue-
gills were permitted to forage in cages (Fig. 6; see also
McPeek 1990a, Blois-Heulin et al. 1990), and mortality
rates increased with damselfly density in the presence
of bluegills (Fig. 3). Also, Ischnura experience greater
mortality from fish than do Enallagma larvae. In the
laboratory, Ischnura were eaten at greater rates by blue-
gills than E. vesperum. In the field, Ischnura had higher
mortality rates than E. vesperum in the presence of
bluegills in both experiments, but especially at lower
damselfly densities (Figs. 3A and 6A), and Ischnura
had substantially higher death rates than the other two
Enallagma species (Fig. 6A). Fish predation is an im-
portant regulatory force generating negative density-
dependent mortality in both genera, with Ischnura be-
ing relatively more susceptible than coexisting Enal-
lagma species.

In contrast to fish, both Basiaeschna and Epitheca
dragonflies in fish lakes imposed no detectable mor-
tality on damselflies in any of the three field experi-
ments in which they were included (Figs. 2C, 4C, and
5C). This was surprising, since previous studies have
found that these dragonflies can inflict significant mor-
tality on odonates when large size differences exist
between individuals (Benke 1978, Benke et al. 1982,
Morin 19844, b, Johnson et al. 1985, Crowley et al.
1987). Basiaeschna and Epitheca individuals used in
these experiments began as penultimate instars, where-
as the damselflies began experiments as small instars,
so the size differences between dragonflies and dam-
selflies were always initially large in experiments.

Results of these experiments do, however, indicate
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that dragonflies and damselflies are competitors in fish
lakes. These dragonflies have been shown to depress
the standing crop of invertebrates that are staples in
damselfly diets, e.g., oligochaetes, crustaceans, chiron-
omids (Thorp and Cothran 1984, Johnson et al. 1987).
In this study, the decrease in Ischnura growth rates
across treatments was consistent with feeding interfer-
ence in the Interactions with Dragonflies experiment,
but the Enallagma vesperum treatment responses were
consistent with resource competition (Fig. 5D). With
food supplementation both Ischnura and E. vesperum
grew less at high densities when dragonflies were pres-
ent as compared to the high density treatment in the
absence of dragonflies (Fig. 4D). Given that damselfly
growth rates were lower as their density increased in
the presence of dragonflies (Fig. 2D), resource com-
petition between damselflies and dragonflies must have
contributed to the growth responses in the Food Ad-
dition experiment (remember that the effect of inter-
ference with dragonflies in the dragonfly lake was in-
dependent of damselfly density [Fig. 2B]). These re-
sults suggest that both exploitative and interference
mechanisms contribute to determining the competitive
effects of dragonflies on damselflies.

The higher growth rates of Ischnura may also ame-
liorate the impacts of predation in both lake types. In
Michigan where these experiments were conducted,
Ischnura and Enallagma species are univoltine (M. A.
McPeek, personal observation). Ischnura eggs hatch
much later in the summer than Enallagma (M. A.
McPeek, personal observation), and Ischnura species
are the first damselflies to metamorphose into adults in
the spring (M. A. McPeek, unpublished data; see also
Walker 1953, Carpenter 1991, Barber 1993). By hatch-
ing from eggs later in the summer and emerging from
the water earlier in the spring, Ischnura species have
a substantially shorter larval period and are thus ex-
posed to dragonflies and fish for shorter time periods
as compared to Enallagma species. Faster growth rates
permit this shortening of the larval period.

Overall, these results are consistent with ‘‘keystone
predation” models predicting that coexistence is fos-
tered when some species are better at avoiding pred-
ators and other species are better at utilizing resources
(Levin 1970, Phillips 1974, Vance 1978, Leibold 1989,
1996, Holt et al. 1994). In each lake type, Ischnura
utilize resources more effectively than native Enallag-
ma, but native Enallagma avoid predators more effec-
tively than Ischnura. Obviously, the food webs in these
natural systems are more complex than these simple
models. For example, bluegill feed in the littoral zones
of lakes only when small; larger size classes feed on
zooplankton in the limnetic zones (Werner and Hall
1977, 1988). As a consequence, littoral prey abun-
dances only influence the survival of small bluegill
(Mittelbach and Osenberg 1993). Clearly, both pre-
dation and competition contribute to regulating the
abundances of species in both damselfly genera in fish
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lakes, and as a result the genera’s abundances are dy-
namically linked via indirect effects propagated
through both resources and predators. However, more
complicated models and experiments are required to
evaluate how age or size structure in the top predator
influences the conditions for coexistence of mid-level
consumers like the damselflies.

Enallagma and Ischnura also differ as predicted by
these models in dragonfly lakes, but this difference may
not be absolutely critical to their coexistence in this
lake type. Dragonfly predation is not density depen-
dent. Also, any ‘‘apparent” competitive interactions
(sensu Holt 1977) between the genera mediated through
dragonfly populations are probably weak. Adults of
many of the large dragonfly species that are restricted
to fishless lakes as larvae migrate great distances in
the spring and fall (Trottier 1966, 1971, May 1992).
Consequently, immigration and emigration rates may
substantially determine the abundances of dragonfly
larvae in any particular dragonfly lake, and not de-
mographic responses to local prey availability. Also,
these dragonflies display a substantial degree of feeding
interference effects on their own densities (Van Buskirk
1988, 1989, 1992, 1993, Wissinger 1989), which will
also diminish any apparent competitive effects medi-
ated through dragonfly abundances. Since the damsel-
flies do not compete for resources and interference
competition is symmetrical between them, any indirect
interactions between the genera mediated through pred-
ators or resources should also be effectively decoupled.
Therefore, trading off the abilities to avoid predators
and utilize resources may promote their coexistence in
dragonfly lakes but may not be absolutely critical; co-
existence may be possible simply because each can
maintain populations in this lake type.

Differential responses to changing the top predator

The structures of the food webs surrounding the dam-
selflies imply that trade-offs operating on different spa-
tial and temporal scales simultaneously influence the
distributions and abundances of species in this system
(McPeek 1996a). Within each lake type, a trade-off in
predator avoidance and resource utilization abilities
promote coexistence of the genera (and may be critical
to their coexistence in fish lakes). However, the dif-
ferences in food web interactions associated with hav-
ing different top predators create another trade-off be-
tween the lake types for Enallagma but not for Isch-
nura, and this difference for the two genera results
specifically from their respective positions within each
food web. Because Enallagma are better adapted to
avoiding predators within each lake type (i.e., their
food web position within each lake type), they also
face a trade-off between the two lake types in the spec-
ificity of their antipredator abilities. As a result, En-
allagma species segregate between lake types; species
in each lake type have evolved antipredator defenses
that are successful against the predator with which they
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live but that come at the expense of defenses against
the other predator as well as resource utilization abil-
ities (Pierce et al. 1985, McPeek 1990b, 1995, McPeek
et al. 1996). In contrast, because Ischnura are better
adapted to utilizing resources (i.e., their food web po-
sition within each lake type), they do not face a trade-
off between these two food webs; their abilities to uti-
lize resources are critical to their persistence in both
lake types, and substituting a different top predator
does not directly affect resources. Consequently,
Ischnura are able to inhabit both lake types.

Results from experiments in other aquatic inverte-
brate assemblages suggest similar mechanisms struc-
turing communities. For example, zooplankton assem-
blages in high altitude ponds in the Rocky Mountains
show patterns of organization similar to the damselfly
system (Dodson 1970, 1974, Sprules 1972). Daphnia
rosea and D. middendorffiana segregate between ponds
that have alternatively Ambystoma salamanders or Hes-
perodiaptomus shoshone copepods as top predators. In
spite of the strong segregation by Daphnia species be-
tween ponds, a small copepod, Leptodiaptomus color-
adensis, is ‘‘ubiquitous’ in both pond types (Dodson
1970). The results of Dodson (1970, 1974) and Sprules
(1972) suggest that L. coloradensis can coexist with
the Daphnia in each pond type, because it is better at
utilizing resources but poorer at avoiding predators. In
spite of experiencing high predation rates, L. colora-
densis is the most abundant grazer for most of the sum-
mer in both pond types (Dodson 1974), suggesting that
it may be more effective than the other grazers at con-
suming algal resources and converting them into off-
spring. Obviously, more experiments are required to
test these ideas definitively in this system, but these
results do suggest that this zooplankton system may be
organized by mechanisms similar to those in the littoral
damselfly system.

A broader theoretical framework which recognizes
that all positions in a food web are not similarly af-
fected by dramatic environmental alterations may also
help reconcile disparities between aquatic and terres-
trial systems in their responses to manipulating the top
trophic level. In aquatic systems, manipulations of top
species often result in dramatic food web changes that
“cascade’”” down through the food web (e.g., Power
1990, Carpenter and Kitchell 1993). However, such re-
sponses to predator manipulations are rarely seen in
terrestrial systems (Polis 1991, Strong 1992, Polis and
Strong 1996). Strong and Polis propose many differ-
ences between aquatic and terrestrial systems that may
account for this difference in response (e.g., they sug-
gest that in terrestrial systems, trophic levels are less
pronounced, detritus is an important source of carbon,
and omnivory is more prevalent). I would suggest that
differences in the distributions of various types of food
web positions and thus the distributions of trade-offs
faced by species across various ecological milieus may
also contribute to this difference in response to predator
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manipulations between aquatic and terrestrial systems
(see also McPeek 1996a).

In aquatic systems, different food webs develop pri-
marily on the basis of the presence or absence of par-
ticular top predators, with the resource bases of these
different food webs (i.e., algae) being relatively similar.
In terrestrial systems differences in plant secondary
chemistry are thought to influence the distributions of
many herbivores (Ehrlich and Raven 1964, Rosenthal
and Berenbaum 1992). However, this is not true of all
herbivores; for example, many herbivorous insects dis-
play no correlation in performance when raised on dif-
ferent host plants, in spite of the expectation that this
should entail strong trade-offs resulting from conflict-
ing abilities to deal with various plant secondary me-
tabolites (see reviews by Futuyma and Moreno 1988,
Jaenike 1990, Via 1990). This has led many to stress
the importance of ecological agents such as predators
and parasitoids over plant secondary chemistry in de-
termining herbivorous insect diet breadth and conse-
quently structuring terrestrial insect assemblages (e.g.,
Jeffries and Lawton 1984, Strong et al. 1984, Bernays
and Graham 1988, Holt and Lawton 1993). Interest-
ingly, predators and parasitoids are those ecological
agents that are not necessarily restricted to any partic-
ular host plant. As in other systems, coexistence of
herbivorous insects feeding on plants may be facilitated
by some species being better adapted to plant chemistry
and others being better adapted to avoiding predators
and parasitoids. If true, in terrestrial systems species
that are better adapted to avoiding predators should
have broad ecological distributions, and species that
are better adapted to resource utilization should have
more narrow ecological distributions.

If these differences between aquatic and terrestrial
systems in the relative ecological distributions of spe-
cies do exist, manipulations of top predators should
have different consequences in them. Because the more
narrowly distributed species segregate with different
predators in aquatic systems, manipulations of preda-
tors often result in dramatic changes in species com-
position (especially if new species can colonize ex-
perimental units). This in turn causes ‘“‘cascades’’ be-
cause alternative prey assemblages often also differ in
their abilities to utilize resources; e.g., large-bodied
zooplankton, which coexist with invertebrate predators,
generally graze algae faster than small-bodied species,
which coexist with fish (Goulden et al. 1982, Gliwicz
1990, but see DeMott and Kerfoot 1982, Stemberger
and Gilbert 1985). In contrast, if in terrestrial systems
the more narrowly distributed species segregate on the
basis of resources and the more broadly distributed
species are those that are better adapted to predator
avoidance, manipulations of predators should generally
alter the abundances of species but not result in dra-
matic changes in species composition. Moreover, the
effects of these manipulations on resource-adapted spe-
cies may in turn cause variable responses in plants.
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Much of the controversy in the literature may be the
result of not recognizing that species have differential
abilities to engage in various ecological interactions,
that these differences in abilities influence the scale at
which various trade-offs are important, and that the
scale at which various trade-offs are important differs
between systems.

Given that some change in species composition is a
general consequence of moving among ecological mi-
lieus, be it moving from areas dominated by physical
stress to areas dominated by competition (Connell
1961, Jaeger 1971, Lubchenco 1980), from competition
to predation (Paine 1966, 1974, Harper 1969), or be-
tween different predation regimes (Dodson 1970, 1974,
Sprules 1972, Zaret 1980, Vanni 1988, McPeek 1990a,
Arnott and Vanni 1993, Werner and McPeek 1994,
Skelly 1997, Wellborn et al. 1996), theories exploring
such changes must necessarily incorporate these ef-
fects. The difficulty in this endeavor is predicting
changes in the phenotypic properties of species, but
this is a critical component since the phenotypes of
interacting species strongly influence the mechanisms
and strengths of interactions between them. Under-
standing changes in food webs therefore requires that
we understand not only what interactions limit or fa-
cilitate existence of a particular species under some set
of environmental regimes (e.g., fish vs. dragonfly lakes,
low vs. high nitrogen soils), but also how the pheno-
types of species determine these outcomes, and how
species came to possess the phenotypes they express
today. Attempts at incorporating this more evolution-
ary perspective into community models (Ricklefs 1987,
Tilman 1988, Brown 1992, Abrams and Matsuda 1993)
and empirical inquiries of the role that evolution plays
in structuring communities (Losos 1992, 1994, Benk-
man 1993, Peckarsky et al. 1993, Scrimgeour and Culp
1994, McPeek 1995, 1996b, McPeek et al. 1996) are
beginning, and this expansion of perspective and focus
will lead to a better understanding of biological com-
munities.

ACKNOWLEDGMENTS

Many people contributed in many ways to this study. The
staff of the W. K. Kellogg Biological Station graciously al-
lowed me to use ponds on their property, and Earl Werner
graciously allowed me to use his lake. Susan Kalisz helped
sew mosquito netting for cages. Gail McPeek, Curtis McPeek,
Jean Richardson, Alice Shumate, Denise French, Mathew Lei-
bold, Eve Whitaker, and Neill Howe helped build cages and
pick bugs at various points in this endeavor. Jean Richardson
also diligently measured and weighed thousands of damsel-
flies. Discussions with Robert Holt, Dan M. Johnson, Mathew
Leibold, and Earl Werner helped me at various stages of this
study. Comments by Bradley Anholt, Robert Creed, Barbara
Peckarsky, Jean Richardson, Josh Van Buskirk, Earl Werner,
Scott Wissinger, and two anonymous reviewers greatly im-
proved the manuscript. Gail and Curtis McPeek made it pos-
sible for me to complete this study. This work was supported
by NSF grants DEB-9307033 and DEB-9419318. This is con-
tribution number 818 of the W. K. Kellogg Biological Station.

CHANGING THE TOP PREDATOR 19

LITERATURE CITED

Abrams, P. A., and H. Matsuda. 1993. Effects of adaptive
predatory and anti-predator behaviour in a two-prey-one-
predator system. Evolutionary Ecology 7:312-326.

Anholt, B. R. 1990. An experimental separation of interfer-
ence and exploitative competition in a larval damselfly.
Ecology 71:1483-1493.

Arnott, S. E., and M. J. Vanni. 1993. Zooplankton assem-
blages in fishless bog lakes: influence of biotic and abiotic
factors. Ecology 74:2361-2380.

Barber, R. D. 1993. Dragonflies and damselflies of Cum-
berland County, New Jersey. Cape May Bird Observatory,
Cape May Point, New Jersey, USA.

Bendell, B. E. 1986. The effects of fish and pH on the dis-
tribution and abundance of backswimmers (Hemiptera: No-
tonectidae). Canadian Journal of Zoology 64:2696-2699.

Benke, A. C. 1978. Interactions among coexisting predators —
a field experiment with dragonfly larvae. Journal of Animal
Ecology 47:335-350.

Benke, A. C., P H. Crowley, and D. M. Johnson. 1982.
Interactions among coexisting larval Odonata: an in situ
experiment using small enclosures. Hydrobiologia 94:121—
130.

Benkman, C. W. 1993. Adaptation to single resources and
the evolution of crossbill (Loxia) diversity. Ecological
Monographs 63:305-325.

Bergelson, J. M. 1985. A mechanistic interpretation of prey
selection by Anax junius larvae (Odonata: Aeshnidae).
Ecology 66:1699-705.

Bernays, E., and M. Graham. 1988. On the evolution of host
specificity in phytophagous arthropods. Ecology 69:886—
892.

Berquist, A. M., and S. R. Carpenter. 1986. Limnetic her-
bivory: effects on phytoplankton populations and primary
productivity. Ecology 67:1351-1360.

Blois-Heulin, C., P. H. Crowley, M. Arrington, and D. M.
Johnson. 1990. Direct and indirect effects of predators on
the dominant invertebrates of two freshwater littoral com-
munities. Oecologia 84:295-306.

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

Brown, C. J. D., and R. C. Ball. 1942. A fish population
study of Third Sister Lake. Transactions of the American
Fisheries Society 72:177-186.

Brown, J. S. 1989. Desert rodent community structure: a test
of four mechanisms of coexistence. Ecological Mono-
graphs 59:1-20.

. 1992. Organization of predator-prey communities
as an evolutionary game. Evolution 46:1269-1283.

Brown, K. M., and D. R. DeVries. 1985. Predation and the
distribution and abundance of a pulmonate pond snail. Oe-
cologia (Berlin) 66:93-99.

Carpenter, S. R., and J. E Kitchell. 1993. The trophic cascade
in lakes. Cambridge University Press, Cambridge, UK.
Carpenter, V. 1991. Dragonflies and damselflies of Cape Cod.
Cape Cod Museum of Natural History, Brewster, Massa-

chusetts, USA.

Chesson, J. 1983. The estimation and analysis of preference
and its relationship to foraging models. Ecology 64:1297-
1304.

Collins, J. P, and H. M. Wilbur. 1979. Breeding habits and
habitats of the amphibians of the Edwin S. George Reserve,
Michigan, with notes on the local distribution of fishes.
University of Michigan, Museum of Zoology, Occasional
Paper 686.

Connell, J. 1961. The influence of interspecific competition
and other factors on the distribution of the barnacle
Chthamalus stellatus. Ecology 42:710-723.

Cook, W. L., and E A. Streams. 1984. Fish predation on




20 MARK A.

Notonecta (Hemiptera): relationship between prey risk and
habitat utilization. Oecologia (Berlin) 64:177-183.

Cooper, E. L., C. C. Wagner, and G. E. Krantz. 1971. Blue-
gills dominate production in a mixed population of fishes.
Ecology 52:280-290.

Crowder, L. B., and W. E. Cooper. 1982. Habitat structural
complexity and the interaction between bluegills and their
prey. Ecology 63:1802-1813.

Crowley, P. H.,, P. M. Dillon, D. M. Johnson, and C. N. Wat-
son. 1987. Intraspecific interference among larvae in a
semivoltine dragonfly population. Oecologia (Berlin) 71:
447-456.

Crowley, P. H., and D. M. Johnson. 1982. Habitat and sea-
sonality as niche axes in an odonate community. Ecology
63:1064-1077.

Culp, J. M., and G. J. Scrimgeour. 1993. Size-dependent diel
foraging periodicity of a mayfly grazer in streams with and
without fish. Oikos 68:242-250.

Cyr, H., and J. A. Downing. 1988. Empirical relationships
of phytomacrofaunal abundance to plant biomass and mac-
rophyte bed characteristics. Canadian Journal of Fisheries
and Aquatic Sciences 45:976-984.

DeMott, W. R., and W. C. Kerfoot. 1982. Competition among
cladocerans: Nature of the interaction between Bosmina and
Daphnia. Ecology 63:1949-1966.

Dixon, S. M., and R. L. Baker. 1987. Effects of fish on
feeding and growth of larval Ischnura verticalis (Coena-
grionidae: Odonata). Canadian Journal of Zoology 65:
2276-2279.

Dixon, S. M., and R. L. Baker. 1988. Effects of size on
predation risk, behavioural response to fish, and cost of
reduced feeding in larval Ischnura verticalis (Coenagrion-
idae: Odonata). Oecologia (Berlin) 76:200-205.

Dodson, S. I. 1970. Complementary feeding niches main-
tained by size-selective predation. Limnology and Ocean-
ography 15:131-137.

. 1974. Zooplankton competition and predation: an
experimental test of the size-efficiency hypothesis. Ecology
55:605-613.

Ehrlich, P. R., and P. H. Raven. 1964. Butterflies and plants:
a study in coevolution. Evolution 18:586-608.

Eriksson, M. O. G., L. Hendrikson, P. K. Larsson, B. I. Nils-
son, H. G. Nyman, H. G. Oscarson, and J. A. E. Stenson.
1980. Predator—prey relations, important for the biotic
changes in acidified lakes. Ambio 9:248-249.

. Folsom, T. C., and N. C. Collins. 1984. The diet and foraging
behavior of the larval dragonfly Anax junius (Aeshnidae),
with an assessment of the role of refuges and prey activity.
Oikos 42:105-113.

Fraser, D. E, and J. E Gilliam. 1992. Nonlethal impacts of
predator invasion: facultative suppression of growth and
reproduction. Ecology 73:959-970.

Fretwell, S. D. 1977. The regulation of plant communities
by food chains exploiting them. Perspectives in Biology
and Medicine 20:169-185.

Futuyma, D. J., and G. Moreno. 1988. The evolution of
ecological specialization. Annual Review of Ecology and
Systematics 19:207-233.

Ginzberg, L R., and H. R. Akgakaya. 1992. Consequences
of ratio-dependent predation for steady-state properties of
ecosystems. Ecology 73:1536-1543.

Gliwicz, Z. M. 1990. Food thresholds and body size in cla-
docerans. Nature (London) 343:638-640.

Goldberg, D. E. 1990. Components of resource competition
in plant communities. Pages 27-49 in J. B. Grace and D.
Tilman, editors. Perspectives on plant competition. Aca-
demic Press, San Diego, California, USA.

Goulden, C. E., L. L. Henry, and A. J. Tessier. 1982. Body
size, energy reserves, and competitive ability in three spe-
cies of Cladocera. Ecology 63:1780-1789.

MCcPEEK Ecological Monographs

Vol. 68, No. 1

Hairston, N. G., E E. Smith, and L. B. Slobodkin. 1960.
Community structure, population control, and competion.
American Naturalist 94:421-425.

Hall, D. J., W. E. Cooper, and E. E. Werner. 1970. An ex-
perimental approach to the production dynamics and struc-
ture of freshwater animal communities. Limnology and
Oceanography 15:839-928.

Hambright, K. D., R. J. Trebatoski, R. W. Drenner, and D.
Kettle. 1986. Experimental study of the impacts of bluegill
(Lepomis macrochirus) and largemouth bass (Micropterus
salmoides) on pond community structure. Canadian Journal
of Fisheries and Aquatic Sciences 43:1171-1176.

Harper, J. L. 1969. The role of predation in vegetational
diversity. Brookhaven Symposia in Biology 22:48-62.
Heads, P. A. 1985. The effect of invertebrate and vertebrate
predators on the foraging movements of Ischnura elegans
larvae (Odonata: Zygoptera). Freshwater Biology 15:559—

571.

Hendrikson, L., and H. G. Oscarson. 1978. Fish predation
limiting abundance and distribution of Glaenocorisa p. pro-
pinqua. Oikos 31:102-105.

Hendrikson, L., and H. G. Oscarson. 1981. Corixids (He-
miptera—Heteroptera), the new top predators in acidified
lakes. Internationale Vereinigung fiir Theoretische und An-
gewandte Limnologie Verhandlungen 21:1616-1620.

Holt, R. D. 1977. Predation, apparent competition, and the
structure of prey communities. Theoretical Population Bi-
ology 12:197-229.

Holt, R. D., J. P. Grover, and D. Tilman. 1994. Simple rules
for interspecific dominance in systems with exploitative
and apparent competition. American Naturalist 144:741—
771.

Holt, R. D, and J. H. Lawton. 1993. Apparent competition
and enemy-free space in insect host—parasitoid communi-
ties. American Naturalist 142:623-645.

Hunter, M. D., and Price, P W. 1992. Playing chutes and
ladders: heterogeneity and the relative roles of bottom-up
and top-down forces in natural communities. Ecology 73:
724-732.

Jaeger, R. G. 1971. Competitive exclusion as a factor influ-
encing the distributions of two species of terrestrial sala-
manders. Ecology 52:632-637.

Jaenike, J. 1990. Host specialization in phytophagous in-
sects. Annual Review of Ecology and Systematics 21:243—
273.

Jeffries, M. 1990. Interspecific differences in movement and
hunting success in damselfly larvae (Zygoptera: Insecta):
responses to prey availability and predation threat. Fresh-
water Biology 23:191-196.

Jeffries, M. J., and J. H. Lawton. 1984. Enemy free space
and the structure of ecological communities. Biological
Journal of the Linnean Society 23:269-286.

Johansson, E 1993. Effects of prey type, prey density and
predator presence on behaviour and predation risk in a lar-
val damselfly. Oikos 68:481-489.

Johnson, D. M., R. E. Bohanan, C. N. Watson, and T. H.
Martin. 1984. Coexistence of Enallagma divagans and En-
allagma traviatum (Zygoptera: Coenagrionidae) in Bays
Mountain Lake, Tennessee: an in situ enclosure experiment.
Advances in Odonatology 2:57-70.

Johnson, D. M., and P. H. Crowley. 1980. Habitat and sea-
sonal segregation among coexisting odonate larvae. Odon-
atologica 9:297-308.

Johnson, D. M., P. H. Crowley, R. E. Bohanan, C. N. Watson,
and T. H. Martin. 1985. Competition among larval drag-
onflies: a field enclosure experiment. Ecology 66:119—128.

Johnson, D. M., T. H. Martin, M. Mahato, L. B. Crowder,
and P. H. Crowley. 1995. Predation, density dependence,
and life histories of dragonflies: a field experiment in a



February 1998

freshwater community. Journal of the North American Ben-
thological Society 14:547-562.

Johnson, D. M., C. L. Pierce, T. H. Martin, C. N. Watson, R.
E. Bohanan, and P. H. Crowley. 1987. Prey depletion by
odonate larvae: combining evidence from multiple field
experiments. Ecology 68:1459-1465.

Kerfoot, W. C. 1982. A question of taste: crypsis and warning
coloration in freshwater zooplankton communities. Ecol-
ogy 63:538-554.

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

Kotler, B. P. 1984. Predation risk and the structure of desert
rodent communities. Ecology 65:689-701.

Kotler, B. P, and J. S. Brown. 1988. Environmental hetero-
geneity and the coexistence of desert rodents. Annual Re-
view of Ecology and Systematics 19:281-307.

Kotler, B. P, J. S. Brown, and O. Hasson. 1991. Factors
affecting gerbil foraging behavior and rates of owl pre-
dation. Ecology 72:2249-2260.

Lalonde, S., and J. A. Downing. 1992. Phytofauna of eleven
macrophyte beds of differing trophic status, depth, and
composition. Canadian Journal of Fisheries and Aquatic
Sciences 49:992-1000.

Lawton, J. H., B. A. Thompson, and D. J. Thompson. 1980.
The effects of prey density on survival and growth of dam-
selfly larvae. Ecological Entomology 5:39-51.

Leibold, M. A. 1989. Resource edibility and the effects of
predators and productivity on the outcome of trophic in-
teractions. American Naturalist 134:922-949.

. 1991. Trophic interactions and habitat segregation

between competing Daphnia species. Oecologia (Berlin)

86:510-520.

. 1995. The niche concept revisited: mechanistic mod-

els and community context. Ecology 76:1371-1382.

. 1996. A graphical model of keystone predators in
food webs: trophic regulation of abundance, incidence and
diversity patterns in communities. American Naturalist
147:784-812.

Levin, S. A. 1970. Community equilibria and stability, and
an extension of the competitive exclusion principle. Amer-
ican Naturalist 104:413-423.

Longland, W. S., and M. V. Price. 1991. Direct observations
of owls and heteromyid rodents: can predation risk explain
microhabitat use? Ecology 72:2261-2273.

Losos, J. B. 1992. The evolution of convergent structure in
Caribbean Anolis communities. Systematic Biology 41:
403-420.

. 1994. Historical contingency and lizard community
ecology. Pages 319-333 in L. J. Vitt and E. R. Pianka,
editors. Lizard ecology: the third generation. Princeton
University Press, Princeton, New Jersey, USA.

Lubchenco, J. 1978. Plant species diversity in a marine in-
tertidal community: importance of herbivore food prefer-
ence and algal competitive abilities. American Naturalist
112:23-39.

1980. Algal zonation in the New England rocky
intertidal community: an experimental analysis. Ecology
61:333-344.

Lubchenco, J., and L. A. Real. 1991. Manipulative experi-
ments as tests of ecological theory. Pages 715-733 in L.
A. Real and J. H. Brown, editors. Foundations in ecology:
classic papers with commentaries. University of Chicago
Press, Chicago, Illinois, USA.

Manly, B. E J. 1974. A model for certain types of selection
experiments. Biometrics 30:281-294.

May, M. L. 1992. Migrating dragonflies in North America.
Argia 4:4-8.

McPeek, M. A.

1989. Differential dispersal tendencies

CHANGING THE TOP PREDATOR 21

among Enallagma damselflies (Odonata: Coenagrionidae)

inhabiting different habitats. Oikos 56:187—-195.

. 1990a. Determination of species composition in the

Enallagma damselfly assemblages of permanent lakes.

Ecology 71:83-98.

. 1990b. Behavioral differences between Enallagma

species (Odonata) influencing differential vulnerability to

predators. Ecology 71:1714-1726.

. 1995. Morphological evolution mediated by behav-

ior in the damselflies of two communities. Evolution 49:

749-769.

. 1996a. Trade-offs, food web structure, and the co-

existence of habitat specialists and generalists. American

Naturalist 148:S124-S138.

. 1996b. Linking local species interactions to rates of
speciation in communities. Ecology 77:1355-1366.

McPeek, M. A., and P. H. Crowley. 1987. The effects of
density and relative size on the aggressive behaviour, move-
ment, and feeding of damselfly larvae (Odonata: Coena-
grionidae). Animal Behaviour 35:1051-1061.

McPeek, M. A., A. K. Schrot, and J. M. Brown. 1996. Ad-
aptation to predators in a new community: swimming per-
formance and predator avoidance in damselflies. Ecology
77:617-629.

McQueen, D. J., J. R. Post, and E. L. Mills. 1986. Trophic
relationships in freshwater pelagic ecosystems. Journal of
the Fisheries Research Board of Canada 43:1571-1581.

McQueen, D. J., M. R. S. Johannes, J. R. Post, T. J. Stewart,
and D. R. S. Lean. 1989. Bottom-up and top-down impacts
on freshwater pelagic community structure. Ecological
Monographs 59:289-308.

Menge, B. A, E. L. Berlow, C. A. Blanchette, S. A. Navarrete,
and S. B. Yamada. 1994. The keystone species concept:
variation in interaction strength in a rocky intertidal habitat.
Ecological Monographs 64:249-286.

Menge, B. A., and J. P. Sutherland. 1976. Species diversity
gradients: synthesis of the roles of predation, competition,
and temporal heterogeneity. American Naturalist 110:351—
369.

Menge, B. A., and J. P. Sutherland. 1987. Community reg-
ulation: variation in disturbance, competition, and preda-
tion in relation to environmental stress and recruitment.
American Naturalist 130:730-757.

Mittelbach, G. G. 1988. Competition among refuging sun-
fishes and effects of fish density on littoral zone inverte-
brates. Ecology 69:614-623.

Mittelbach, G. G., and C. W. Osenberg. 1993. Stage-struc-
tured interactions in bluegill: consequences of adult re-
source variation. Ecology 74:2381-2394.

Morin, P. J. 1984a. Odonate guild composition: experiments
with colonization history and fish predation. Ecology 65:
1866-1873.

. 1984b. The impact of fish exclusion on the abun-
dance and species composition of larval odonates: results
of short-term experiments in a North Carolina farm pond.
Ecology 65:53-60.

Oksanen, L., S. D. Fretwell, J. Arruda, and P. Niemela. 1981.
Exploitation ecosystems in gradients of primary produc-
tivity. American Naturalist 118:240-261.

Oksanen, L., J. Moen, and P. A. Lundberg. 1992. The time-
scale problem in exploiter-victim models: does the solution
lie in ratio-dependent exploitation? American Naturalist
140:938-960.

Osenberg, C. W., E. E. Werner, G. G. Mittelbach, and D. J.
Hall. 1988. Growth patterns in bluegill (Lepomis macro-
chirus) and pumpkinseed (L. gibbosus) sunfish: environ-
mental variation and the importance of ontogenetic niche
shifts. Canadian Journal of Fisheries and Aquatic Sciences
45:17-26.




22 MARK A.

Paine, R. T. 1966. Food web complexity and species diver-
sity. American Naturalist 100:65-75.

. 1974. Intertidal community structure: experimental
studies on the relationship between a dominant competitor
and its principal predator. Oecologia (Berlin) 15:93-120.

Pearlstone, P. S. M. 1973. The food of damselfly larvae in
Marion Lake, British Columbia. Syesis 6:33-39.

Peckarsky, B. L., C. A. Cowan, and M. A. Penton. 1993.
Sublethal consequences of stream-dwelling predatory
stoneflies on mayfly growth and fecundity. Ecology 74:
1836-1846.

Persson, L., S. Diehl, L. Johansson, G. Andersson, and S. F
Hamrin. 1992. Trophic interactions in temperate lake eco-
systems: a test of food chain theory. American Naturalist
140:59-84.

Phillips, O. M. 1974. The equilibrium and stability of simple
marine systems: II. Herbivores. Archives fiir Hydrobiologia
73:301-333.

Pierce, C. L. 1988. Predator avoidance, microhabitat shift,
and risk-sensitive foraging in larval dragonflies. Oecologia
77:81-90.

Pierce, C. L., P. H. Crowley, and D. M. Johnson. 1985. Be-
havior and ecological interactions of larval Odonata. Ecol-
ogy 66:1504-1512.

Polis, G. A. 1991. Complex trophic interactions in deserts:
an empirical critique of food-web theory. American Nat-
uralist 138:123-155.

Polis, G. A., and D. R. Strong. 1996. Food web complexity
and community dynamics. American Naturalist 147:813—
846.

Power, M. E. 1990. Effects of fish in river food webs. Science
250:811-814.

. 1992. Top-down and bottom-up forces in food webs:
do plants have primacy? Ecology 73:733-746.

Price, M. V., and J. H. Brown. 1983. Patterns of morphology
and resource use in North American desert rodent com-
munities. Great Basin Naturalist Memoirs 7:117-134.

Rahel, E J. 1984. Factors structuring fish assemblages along
a bog lake successional gradient. Ecology 65:1276-1289.

Rasmussen, J. B. 1993. Patterns in the size structure of lit-
toral zone macroinvertebrate communities. Canadian Jour-
nal of Fisheries and Aquatic Sciences 50:2192-2207.

Richardson, J. M. L., and B. R. Anholt. 1995. Ontogenetic
behaviour changes in larvae of the damselfly Ischnura ver-
ticalis (Odonata: Coenagrionidae). Ethology 101:308-334.

Ricklefs, R. E. 1987. Community diversity: relative roles of
local and regional processes. Science 235:167-171.

Rosenthal, G. A., and M. R. Berenbaum. 1992. Herbivores:
their interactions with plant secondary metabolites. Second
edition. Academic Press, New York, New York, USA.

Ross, Q. E. 1971. The effect of intraspecific interactions on
the growth and feeding behavior of Anax junius (Drury)
naiads. Dissertation. Michigan State University, East Lan-
sing, Michigan, USA.

SAS Institute. 1990. SAS/STAT User’s Guide. Version six.
Fourth edition. Volume two. Cary, North Carolina, USA.

Scrimgeour, G. J., and J. M. Culp. 1994. Feeding while evad-
ing predators by a lotic mayfly: linking short-term foraging
behaviours to long-term fitness consequences. Oecologia
(Berlin) 100:128-134.

Skelly, D. K. 1997. Tadpole communities: pond permanence
and predation are powerful forces shaping the structure of
tadpole communities. American Scientist 85:36-45.

Sprules, W. G. 1972. Effects of size-selective predation and
food competition on high altitude zooplankton communi-
ties. Ecology 53:375-386.

Stemberger, R. S., and J. J. Gilbert. 1985. Body size, food
concentration, and population growth in planktonic rotifers.
Ecology 66:1151-1159.

Strong, D. R. 1992. Are trophic cascades all wet? Differ-

Ecological Monographs
Vol. 68, No. 1

MCcPEEK

entiation and donor-control in speciose ecosystems. Ecol-
ogy 73:747-754.

Strong, D. R., J. H. Lawton, and T. R. E. Southwood. 1984.
Insects on plants: community patterns and mechanisms.
Harvard University Press, Cambridge, Massachusetts,
USA.

Tessier, A. J., and J. Welser. 1991. Cladoceran assemblages,
seasonal succession and the importance of a hypolimnetic
refuge. Freshwater Biology 25:85-93.

Thompson, D. J. 1978. The natural prey of larvae of the
damselfly, Ischnura elegans (Odonata: Zygoptera). Fresh-
water Biology 8:377-384.

Thorp, J. A. 1986. Two distinct roles for predators in fresh-
water assemblages. Oikos 47:75-82.

Thorp, J. A., and M. L. Cothran. 1984. Regulation of fresh-
water community structure at multiple intensities of drag-
onfly predation. Ecology 65:1546—1555.

Tilman, D. 1982. Resource competition and community
structure. Princeton University Press, Princeton, New Jer-
sey, USA.

. 1988. Plant strategies and the dynamics and structure
of plant communities. Princeton University Press, Prince-
ton, New Jersey, USA. -

Tonn, W.J., and J. J. Magnuson. 1982. Patterns in the species
composition and richness of fish assemblages in northern
Wisconsin lakes. Ecology 63:1149-1166.

Trottier, R. 1966. The emergence and sex ratio of Anax junius
Drury (Odonata: Aeshnidae) in Canada. Canadian Ento-
mologist 98:795-798.

. 1971. Effect of temperature on the life-cycle of Anax
Jjunius (Odonata: Aeshnidae) in Canada. Canadian Ento-
mologist 103:1671-1683.

Van Buskirk, J. 1988. Interactive effects of dragonfly pre-
dation in experimental pond communities. Ecology 69:
857-867.

. 1989. Density-dependent cannibalism in larval drag-

onflies. Ecology 70:1442-1449.

. 1992. Competition, cannibalism, and size class dom-

inance in a dragonfly. Oikos 65:455-464.

. 1993. Population consequences of larval crowding
in the dragonfly Aeshna juncea. Ecology 74:1950-1958.
Vance, R. 1978. Predation and resource partitioning in one
predator—two prey model communities. American Natu-

ralist 112:797-813.

Vanni, M. J. 1986. Competition in zooplankton comunities:
suppression of small species by Daphnia pulex. Limnology
and Oceanography 31:1039-1056.

. 1987. Effects of nutrients and zooplankton size on

the structure of a phytoplankton community. Ecology 68:

624-635.

. 1988. Freshwater zooplankton community structure:
introduction of large invertebrate predators and large her-
bivores to a small-species community. Canadian Journal of
Fisheries and Aquatic Sciences 45:1758-1770.

Via, S. 1990. Ecological genetics and host adaptation in
herbivorous insects: the experimental study of evolution in
natural and agricultural systems. Annual Review of En-
tomology 35:421-446.

von Ende, C. 1979. Fish predation, interspecific predation,
and the distribution of two Chaoborus species. Ecology 60:
119-128.

Walker, E. M. 1953. The Odonata of Canada and Alaska.
Volume One. University of Toronto Press, Toronto, Ontar-
io, Canada.

Wellborn, G. A., D. K. Skelly, and E. E. Werner. 1996. Mech-
anisms creating structure across a freshwater habitat gra-
dient. Annual Review of Ecology and Systematics 27:337—
363.

Werner, E. E., and B. R. Anholt.

1996. Predator-induced



February 1998

behavioral indirect effects: consequences to competitive
interactions in anuran larvae. Ecology 77:157-169.

Werner, E. E., and D. J. Hall. 1977. Competition and habitat
shift in two sunfishes (Centrarchidae). Ecology 58:869—
876.

Werner, E. E., and D. J. Hall. 1988. Ontogenetic niche shifts
in bluegill: the foraging rate—predation risk trade-off. Ecol-
ogy 69:1352-1366.

Werner, E. E., D. J. Hall, D. R. Laughlin, D. J. Wagner, L.
A. Wilsmann, and E C. Funk. 1977. Habitat partitioning
in a freshwater fish community. Journal of the Fisheries
Research Board of Canada 34:360-370.

Werner, E. E., and M. A. McPeek. 1994. The roles of direct
and indirect effects on the distributions of two frog species
along an environmental gradient. Ecology 75:1368-1382.

Winemiller, K. O. 1990. Spatial and temporal variation in
tropical fish trophic networks. Ecological Monographs 60:
331-367.

CHANGING THE TOP PREDATOR 23

Wissinger, S. A. 1989. Seasonal variation in the intensity of
competition and predation among dragonfly larvae. Ecol-
ogy 70:1017-1027.

. 1992. Niche overlap and the potential for compe-
tition and intraguild predation between size-structured pop-
ulations. Ecology 73:1431-1444.

Wissinger, S. A., and J. McGrady. 1993. Intraguild predation
and competition between larval dragonflies: direct and in-
direct effects on shared prey. Ecology 74:207-218.

Wootton, J. T. 1992. Indirect effects, prey susceptibility, and
habitat selection: impacts of birds on limpets and algae.
Ecology 73:981-991.

. 1994. The nature and consequences of indirect ef-
fects in ecological communities. Annual Review of Ecol-
ogy and Systematics 25:443-466.

Zaret, T. M. 1980. Predation and freshwater communities.
Yale University Press, New Haven, Connecticut, USA.




	The Consequences of Changing the Top Predator in a Food Web: A Comparative Experimental Approach
	Dartmouth Digital Commons Citation

	tmp.1516908601.pdf.J8J6K

