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Strong and weak trophic cascades along a productivity gradient
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Variation in the strengths of predator effects, although commonly observed in
natural communities, and predicted from theoretical models, remains poorly under-
stood in the study of food web interactions and community structure. In this study,
I first showed that prey species in benthic pond food webs were highly variable in
their susceptibility to predators. Some were vulnerable throughout their lives,
whereas others were vulnerable as juveniles, but able to grow to a size-refuge. Next,
I showed that herbivore and predator abundance increased along a natural produc-
tivity gradient among 29 ponds, and herbivore species composition shifted from
dominance by vulnerable to dominance by invulnerable herbivore species along this
gradient. However, there was a considerable amount of variation both in herbivore
biomass and composition at intermediate productivity; some were dominated by
small species and others by larger species. Finally, in in situ exclosure experiments, I
found that predator effects were strong and cascaded to plants in a low productivity
pond and in an intermediate productivity pond dominated by small herbivore species.
Alternatively, in a high productivity pond and in an intermediate productivity pond
dominated by larger herbivores, I found that predator effects on prey biomass were
weak, and did not cascade to plants.

J. M. Chase, Dept of Biology, Box 1137, Washington Univ., Saint Louis, MO 63130,
USA (jchase@biology2.wustl.edu).

Recent syntheses suggest that both resources and
predators interact to structure natural food webs (Lei-
bold et al. 1997, Persson 1999, Polis 1999, Chase 2000,
Oksanen and Oksanen 2000). As a result, increased
attention has been directed towards measuring the rela-
tive strengths of these factors (Brett and Goldman
1996, 1997, Osenberg and Mittelbach 1996, Wootton
1997, Laska and Wootton 1998, Berlow et al. 1999,
Abrams 2001, Shurin et al. 2002). Unfortunately, the
degree and consistency to which predators and re-
sources influence prey abundance (biomass) and com-
position in food webs remain unclear (Leibold et al.
1997, Persson 1999, Polis 1999, Chase 2000, Chase et
al. 2000a).

An important reason that many syntheses and meta-
analyses have come to opposing conclusions is that
these studies implicitly assume the magnitudes of these
interactions are static both spatially and temporally.
Most ecologists agree that food web interactions can
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often be highly variable through space and time, but
few studies have been explicitly designed to examine
causes of this variation. Nevertheless, a variety of theo-
retical models are available to predict such variation.
These models vary in the assumptions that they make,
and in their predictions. For example, food web models
vary in their assumptions of prey vulnerability, includ-
ing: equal vulnerability of all prey species to predators,
such that they can be lumped into a trophic level
(Oksanen et al. 1981, Oksanen and Oksanen 2000);
differential vulnerability to predators, such that prey
species are sub-divided into vulnerable and invulnerable
categories (Armstrong 1979, Leibold 1989, 1996,
Abrams 1993, Holt et al. 1994); differential prey vulner-
ability to predators throughout their ontogeny (Chase
1999).

Each of the above assumptions about prey vulnera-
bility to predation gives rise to a different set of predic-
tions. Models that assume prey species are equally
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susceptible to predators predict increasing effects of
predators on prey abundance along a productivity gra-
dient (e.g., modified Lotka-Volterra food chains; Ok-
sanen et al. 1981, Oksanen and Oksanen 2000).
Alternatively, models that assume some prey vary in
vulnerability to predators often predict decreasing ef-
fects of predators on prey abundance along a produc-
tivity gradient (Holt et al. 1994, Leibold 1996). This is
because with increasing productivity, greater defended
species become more favored, such that the relative
effects of predators declines. Finally, when prey vary in
their vulnerability to predators, and the species that is
least dynamically affected by predators also provides
better food for predators, there is potential that there
are alternative stable equilibria when productivity levels
are intermediate (Holt et al. 1994). Mechanisms that
can lead to this case include when prey vary in their
susceptibility to predators through ontogeny and are
vulnerable to predators as juveniles, but invulnerable as
adults (Chase 1999) and when prey are tolerant to
predation, such that they are consumed, but not
strongly influenced by predators (Chase et al. 2000b).
In this case, predator effects are predicted to be rela-
tively strong at low productivity, weak at high produc-
tivity, and alternative stable states, with sometimes
strong, and sometimes weak predator effects at inter-
mediate productivity (Chase 1999, Chase et al. 2000b).

In a region of small ponds in southwestern Michigan,
I asked:

(1) Are all prey species equally vulernable to predators,
or are some species more defended than others?
(2) How do patterns of prey abundance and composi-
tion vary along a gradient of primary productivity?

(3) Are direct and indirect predator effects consistent
or variable among ponds that vary in productivity
and species size-structure?

Study system

This study took place in wide variety of permanent
ponds surrounding the Kellogg Biological Station
(KBS, Michigan State University) in southwestern
Michigan. These ponds are small, ranging from 0.5-5
ha in surface area. Primary productivity varies consid-
erably among these ponds due to variation in nutrient
inputs, light availability (influenced by the surrounding
forest canopy) and turbidity (Chase 1998, Leibold 1999,
Chase and Leibold 2002). Common primary producers
in these ponds include periphytic diatoms, blue-green
algae and filamentous green algae (primarily Spirogryra
spp. and Oedogonium spp.), floating duckweeds (Lemna
minor, Spirodela polyrhiza, and Wolffia punctata), and
submerged macrophytes (primarily Ceratophyllum de-
mersum, Elodea canadensis, Chara vulgaris, and several
Potomogeton spp.). Benthic consumers (herbivore/detri-
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tivores) are typically dominated by one of two species
of pulmonate snails, Physella gyrina and Helisoma
trivolvis. Other common herbivores (and detritivores),
ranked by biomass, include amphipods (Gammarus fas-
ciatus and Hyallela azteca), anuran tadpoles (primarily
Rana clamitans, R. catesbeiana [Ranidae], and Hyla
versicolor [Hylidae]), other pulmonate snails (Gyralus
parvus, Lymnea stagnalis, Pseudosuccinea collumnella),
water-boatmen  (Hemiptera:  Corixidae), midges
(Diptera:  Chironomidae) and baetid mayflies
(Ephemenoptera). Virtually all of these species consume
a significant proportion of both plant material and
detritus. Common predators (species that consume al-
most entirely animal material) found in most ponds
include Hemipterans (Belostoma flumineum, Lethocerus
americana [Belostomatidae], Ranatra spp. [Nepidae],
Naucoridae, and Notonectidae), Odonates (Tramea lac-
erata, Erythemis simplicicollis [Libellulidae], Anax ju-
nius, Aeshna spp. [Aeshnidae], Ishnura spp., Enallagma
spp. [Coenegrionidae], Lestidae]), Dyticid beetles
(Coleoptera), and leeches (Hirudinea). Vertebrate mud-
minnows (Umbra limia), fathead minnows (Pimelphis
pimelphis), sticklebacks (Culea constans), adult and lar-
val red-spotted newts (Notopthalmus viridescens), and
tiger salamander (Ambystoma tigrinum) larvae also oc-
cur in several ponds.

Materials and methods

Prey vulnerability to predators in laboratory
feeding trials

To examine the appropriate classification of prey spe-
cies susceptibility to predators in this study system, I
performed a number of feeding trials in 15 1 buckets
filled with well water and three 5 cm lengths of plastic
macrophytes for structure. For each trial, 10 individu-
als of a prey species were placed together with one
individual of a predator species in a bucket for 48 h,
upon which time, those prey individuals remaining were
considered invulnerable to that predator species. For
several prey species, there was considerable size varia-
tion among individuals in nature. For these species,
three size-classes were treated independently in feeding
trials; small (= smallest 10%), medium (approximately
the average size; middle 20%), and large (= largest
10%). Prey species used in these trials were the most
common species found in the ponds and included
anuran tadpoles (Hyla versicolor, Rana clamitans and
Rana catesbeiana), pulmonate snails (Gyralus parvus,
Helisoma trivolvis, Lymnea stagnalis, Physella gyrina
and Psuedosuccinea columnella), amphipods (Hyallela
azteca), chironomid midges (Diptera), and baetid
mayflies (Ephemeroptera). Common predators used in
these experiments were the insects, Belostoma
flumineum, Lethocerus americana, Notonecta undulatus
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(Hemiptera), Anax junius, Tramea lacerta (Odonata),
leeches (Hirundae), Dytiscus spp. (Coleoptera), the
mudminnow (Umbra limia), and the red-spotted newt
(Notopthalmus viridescens). All possible predator-prey
combinations were replicated three times.

Pond surveys along a natural productivity
gradient

I surveyed 29 permanent ponds during August of 1997
to explore the variation in the abundance and composi-
tion of herbivore and predator trophic levels as they
related to an estimated index of primary productivity.
Because primary productivity in these ponds is a com-
plex combination of light availability and nutrients, |
did not indirectly estimate productivity, but instead
directly estimated productivity in situ by measuring
periphytic growth rates on artificial substrates in the
absence of herbivory (Clesceri et al. 1998). Specifically,
I suspended 0.05 m? cubical plastic tubs covered with a
0.33 mm mesh (to eliminate access by most herbivores)
just below the surface of the water. Periphytic algae
were allowed to grow inside this container for 15 d,
after which time the algae were scraped off its inside,
and analyzed for ash-free dry matter (AFDM). Three
tubs were placed in each pond and averaged to account
for intra- pond heterogeneity. This estimate of primary
productivity correlates strongly with other standard
estimates (J. M. Chase unpubl.), and provides a robust
index of differences among ponds. I found that several
other variables (area, depth, temperature, light, pH,
conductivity, DO, TN, TP) did not explains patterns in
animal abundance and composition, and I did not
consider them further (Chase 1998). This does not
imply that these variables are unimportant in freshwa-
ter communities, but instead reflects that I chose ponds
in this survey that occurred under relatively similar

environmental conditions, aside from external nutrient
inputs and light availability.

Benthic animals were sampled in five consecutive
D-net (1 mm mesh) sweeps (1 m sweeps by 0.1 m net
width =0.1 m? sampled per sweep), taking care to
spread sweeps across the pond to account for intra-
pond heterogeneity. All benthic animals were identified
and compared with taxa-specific dry-weight conversions
(Chase 1998) to estimate biomass.

Experimental effects of productivity and species
composition on food web interactions

To quantify the direct effects of predators on prey and
the indirect of predators on the rest of the food web, I
performed predator exclosure experiments in four
ponds with disparate levels of productivity, as well as
herbivore abundance and composition (Table 1). Spe-
cifically, one pond was chosen from the lower end of
the productivity gradient, and was dominated by small-
sized herbivore species (primarily the snail Physella
gyrina, the amphipod Hyallela azetca, and midges). A
second pond was chosen from the upper end of the
productivity gradient and was dominated by large-sized
herbivore species (Helisoma trivolvis and Rana cates-
beiana). Finally, two intermediate productivity ponds
were chosen that had nearly identical levels of produc-
tivity, but had divergent herbivore abundance and com-
position; one pond was dominated by small-sized
herbivores, while the other was dominated by large-
sized herbivores. There were no obvious differences in
other chemical or physical parameters of these ponds
(Table 1), and all four ponds occurred within a 0.5 km
radius of each other.

In each pond, two treatments were imposed; a preda-
tor exclosure and a control. For both treatments, cages
were constructed of 2.5 cm mesh vinyl-coated ‘chicken

Table 1. Some properties of the four ponds used in the exclosure experiments. Animal abundances and productivity estimates
were collected from the pond survey prior to the initiation of the experiment. Means plus or minus one standard deviations are

given.
Variable Pond type

Low Intermediate I Intermediate II High
Productivity* 9.18 38.67 36.32 84.43
Area (ha) 0.14 0.17 0.11 0.22
pH 8.3 7.9 8.1 8.4
Conductivity 272 342 310 398
TN (pg/l) 987 3698 3249 4673
TP (ng/l) 32.5 165.5 188.4 434.2
Small”™ herbivore biomass (g/m?) 2.7+40.1 8.1+1.1 6.3+0.9 13.6 +1.4
Large* herbivore biomass (g/m?) - 1.04+0.6 48.4+12.6 752 +18.3
Predator biomass (g/m?) 1.24+0.6 734+1.1 17.6 + 5.4 3924123

* (mg-algae/cm?/15 days) as measured from the in situ productivity estimates (see text).
T Small herbivores are those species that were always vulnerable to predators, regardless of size as described in text.
* Large herbivores are those species that could grow to sizes that were too large to be consumed by any of the predators as

described in text.
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wire’ made into 0.1 m? basal area x 0.8 m tall cylinders
(modified from McPeek 1998). The cages were covered
with 0.03 mm mesh netting and closed at the bottom,
allowing me to control access by all taxa except for
algae and zooplankton, which colonized the cages
freely. Each cage was embedded into the pond bottom,
allowing sediments to ‘seep’ through the mesh, and tied
down with stakes. I inoculated each cage with ambient
biomass of filamentous algae and macrophytes (includ-
ing floating duckweeds) that naturally occurred in each
pond. All macroscopic animals were removed from
these producers by hand. Periphytic algae were sampled
on a 0.02 m? ceramic tile placed on the bottom of each
cage. I stocked all cages with herbivores at their mean
natural biomass and species composition in each pond
(Table 1).

In the predator exclosure treatment, predators did
not have access to the herbivores inside the cage. For
the control treatments, I allowed free access by natural
predators (and herbivores) by cutting four 5 x 10 cm
slits into the sides of each cage near the bottom
(modified after Sheldon 1987). During periodic cen-
suses, [ frequently observed a variety of predators
within these cages. Thus, this treatment controls for
both predator and cage effects. Each treatment was
replicated with four cages. I established treatments in
early June and terminated the experiment in mid-Sep-
tember of 1996. This time span allowed several genera-
tions of many of the numerically dominant species, and
responses to treatments should represent long-term
rather than transient dynamics.

At the end of the experiment, I removed macrophytes
and floating algae from each cage with a small dip net,
dried them at 60°C for 48 h, and weighed them. 1
scraped periphytic algae from each tile, and dried and
weighed it as above. Periphytic and floating algae were
combined into a single ‘algae’ category for simplicity of
analyses. Non-planktonic animals were removed from
each cage by pouring the contents through a 1 mm
mesh sieve and into a white enamel pan. I sorted
animals by taxon and trophic position (i.e. herbivore or
predator), counted individuals of each group, and con-
verted abundances into dry biomass using species and
size-specific conversions (Chase 1998).

Statistical analyses

For the pond surveys, I used linear regression to ana-
lyze the relationship between the independent variable,
productivity, and the dependent variables, herbivore
and predator biomass, and herbivore composition (the
proportion of the total biomass made up of large-invul-
nerable herbivores based on the results from the feeding
trials).

I used ANOVA to determine if the total biomass of
each trophic level varied among predator exclosure
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treatments in each pond. Next, I separated producers
into algae and macrophytes and herbivores into small
and large size categories (size categories based on re-
sults from feeding trials). MANOVA was used to deter-
mine if the biomass of these subgroups varied among
predator exclosure treatments in each pond. Following
a significant MANOVA, subgroups were subsequently
analyzed using univariate ANOVAs (after Bonferroni
corrections). All analyses were performed using Systat
7.0 for Windows.

Results
Feeding trials

Most predators (> 95%) survived throughout the feed-
ing trial, regardless of whether they consumed any prey
individuals. Results from the predation trials are shown
in Table 2. All size-classes of most (§/11) of the prey
taxa used in these trials were highly susceptible to
predators (> 90% of individuals eaten by at least one
of the common predators). These vulnerable taxa in-
cluded small tadpoles (R. clamitans, H. versicolor),
snails (P. gyrina, G. parvus and P. collumnella), am-
phipods (H. azteca), chironomid midges (Diptera), and
baetid mayflies (Ephmeroptera). However, three com-
mon species, the snails H. trivolvis and L. stagnalis and
the bullfrog tadpole, R. catesbeiana, were consistently
invulnerable to all predator taxa when they were large.
That is, while these species were vulnerable to predators
when they were young (> 80% of the smallest size-
classes consumed by at least one predator species), they
reached a size-refuge in which they were invulnerable to
all predators in these ponds (0% of the largest size-
classes eaten by predators, Table 2). Thus, prey in this
system are best classified into two distinct groups,
small-vulnerable taxa that cannot reach size-refugia and
large-invulnerable taxa that can reach size-refugia.

Pond surveys along a natural productivity
gradient

There was a positive relationship between primary pro-
ductivity and herbivore biomass (regression; N =29,
R?=0.51, P<0.01; Fig. 1A), and a positive relation-
ship between productivity and predator biomass (re-
gression; N=29, R>=0.84, P <0.001, not shown in
figure). Herbivore abundance among ponds was highly
variable at intermediate productivity values. I found
that the residuals of the variation around this line was
highest at intermediate levels of productivity using the
test by Mitchell-Olds and Shaw (1987) (the peak of the
relationship was significantly greater than 0 and less
than 1; P <0.01).

OIKOS 101:1 (2003)
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8-12 mm, Large = 15-20 mm.
6-10 mm, Large = 18-22 mm.

!'Small R. catesbeiana = 4-8 mm, Medium = 15-20 mm Large = 30-35 mm.

2Small H. trivolis = 3-5 mm, Medium
3Small L. stagnalis = 2-4 mm, Medium

The proportion of large-invulnerable herbivore spe-
cies (the two snails, Helisoma trivolvis and Lymnea
stagnalis and the bullfrog tadpole, Rana catesbeiana)
also significantly increased with primary productivity
(regression; N=29, R>=0.37, P>0.01) (Fig. 1B).
Again, the greatest variation around this relationship
was at intermediate productivity using the Mitchell-
Olds and Shaw test.

Experimental effects of productivity and species
composition on food web interactions

In the low productivity pond, total herbivore biomass
was nearly two-fold higher in the predator exclosure
treatment relative to the control treatment (Table 3,
Fig. 2A). There were no large-invulnerable herbivore
species in this pond, and thus these changes in biomass
were entirely due to changes in the biomass of small-
vulnerable herbivores. At the producer trophic level
total biomass was lower in the predator exclosure treat-
ment relative to the control treatment; a pattern consis-
tent with a trophic cascade (Table 3, Fig. 2B). The
biomass of both subgroups of producers was signifi-
cantly affected by the exclosure treatment (MANOVA;
F, s =144.10, P <0.001). Specifically, the biomass of
algae was lower in the exclosure relative to the control
treatment, while the opposite was true for macrophytes
(Table 3, Fig. 2B).

In the first intermediate productivity pond, which
was dominated by a relatively low biomass of small-
vulnerable herbivore species, total herbivore biomass
was higher in the predator exclosure treatment relative
to the control treatment (Table 3, Fig. 2C). Here, when
examined by size categories, the overall response of
herbivores to predator exclosure was significant
(MANOVA; F, 5 =4354.49, P < 0.0001), but this result
was driven by a reduction in small-vulnerable species,
since large-invulnerable species, which were rare, were
unaffected (Table 3). At the producer trophic level,
total biomass was lower in the predator exclosure treat-
ment relative to the control treatment (Table 3, Fig.
2D). The biomass of both subgroups of producers was
affected by the exclosure treatment (MANOVA; F, s =
40.97, P < 0.001). Specifically, the biomass of algae was
lower in the exclosure relative to the control treatment,
while the opposite was true for macrophytes (Table 3,
Fig. 2D).

In the second intermediate productivity pond, which
was dominated by large-invulnerable herbivore species
(and their vulnerable juveniles), total herbivore biomass
was unaffected by predators. Predators significantly
altered herbivore composition (MANOVA F, 5 =36.1,
P <0.001). Small-vulnerable herbivores were more
abundant in the predator exclosure treatment, whereas
large-invulnerable species were more abundant in the
control treatment (Table 3, Fig. 2E). There was no
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0.29, P=0.76, i.e. there was not a trophic cascade;
Table 3, Fig. 2F).

In the high productivity pond, total herbivore
biomass was unaffected by the treatment. Predators
significantly altered herbivore composition (MANOVA;
F,5=43.74, P <0.001). Small-vulnerable herbivores
were more abundant in the predator exclosure treat-
ment, whereas large-invulnerable species were more
abundant in the control treatment (Table 3, Fig. 2G).
There was no effect of predator treatment on total
producer biomass, or either subgroup of producers
(MANOVA; F,s=1.27, P <0.36) (Table 3, Fig. 2H).
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Discussion

In this study, I showed that there was a considerable
amount of variation in the susceptibility of prey to
predator species, in prey and predator biomass along a
gradient of productivity in natural ponds, and in the
strengths of ecological interactions along that gradient.

While most herbivore species were small, and suscep-
tible to at least one of the common predator types used
in the feeding trials, two snails (Helisoma trivolvis and
Lymnea stagnalis) and the bullfrog (Rana catesbeiana),
were too large to be eaten by any predators in their
largest size-classes. In this system, defense against most
predators seemed to result from size, rather than other

Table 3. Univariate ANOVA results from the “effects of predators” experiment. Separate analyses were performed on total
herbivore and plant biomass, and on the types of herbivores (small and large) and plants (algae and macrophytes).

Response variable df MS F P
Low productivity pond
Total herbivore biomass* 1,6 0.029 23.510 0.003
Total producer biomass 1,6 118.96 1125.95 0.0001
Algae biomass 1,6 49.51 854.69 0.0001
Macrophyte biomass 1,6 14.88 769.43 0.0001
Intermediate productivity pond I.
Total herbivore biomass 1,6 1.96 1601.91 0.0001
Small herbivore biomass 1,6 1.11 132.21 0.0001
Large herbivore biomass 1,6 0.007 2.49 0.18
Total producer biomass 1,6 242.00 910.35 0.0001
Algae biomass 1,6 50.02 320.86 0.0001
Macrophyte biomass 1,6 72.13 385.71 0.0001
Intermediate productivity pond II.
Total herbivore biomass 1,6 0.04 0.36 0.57
Small herbivore biomass 1,6 1.75 56.37 0.0001
Large herbivore biomass 1,6 1.26 19.04 0.005
Total producer biomass 1,6 0.332 0.70 0.43
Algae biomass 1,6 0.03 0.16 0.71
Macrophyte biomass 1,6 1.72 0.47 0.52
High productivity pond
Total herbivore biomass 1,6 0.12 1.52 0.26
Small herbivore biomass 1,6 2.35 100.55 0.0001
Large herbivore biomass 1,6 1.42 19.31 0.005
Total producer biomass 1,6 6.72 2.98 0.14
Algae biomass 1,6 0.29 227 0.18
Macrophyte biomass 1,6 4.22 2.63 0.16

* No large herbivores were present in this pond.
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by small-vulnerable

herbivores. E and F are for

m Small
B | arge

the intermediate productivity
pond dominated by
large-invulnerable herbivores.
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G and H are for the high 4
productivity pond. In each set
of figures, the herbivores are
divided into small and large
herbivore species (see text)
and producers are divided
into algae and macrophytes
(including duckweeds). Error
bars are + 1 SD of the total
biomass of each trophic level.

(-]

=

Different letters denote
significant differences on
overall biomass of producer

and animals between
treatments (Tukey’s hsd

P < 0.05), whereas different
numbers represent significant
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differences in the composition 4 |
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(Tukey’s hsd P <0.05) (Table
3). 0 0 |
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8
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morphological, behavioral, or chemical defenses. The
prey species, which were ‘inedible’, were actually sus-
ceptible to at least some predators when they were
young and small. Thus, the patterns of prey susceptibil-
ity to predators does not fit the assumptions of simple
food chain models, which make no distinctions among
prey susceptibility to predators (Oksanen et al. 1981,
Oksanen and Oksanen 2000), or food web models that
assume variation in prey species susceptibility to preda-
tors throughout a prey’s lifetime (Holt et al. 1994,
Leibold 1996). The results are consistent, however, with
the model assumptions of Chase (1999), where prey are
assumed to be susceptible to predators when young but
then grow to a size-refuge.

OIKOS 101:1 (2003)
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The results from the regional survey showed signifi-
cant increases in both herbivore and predator biomass
along the productivity gradient. Further, with increas-
ing productivity, herbivore species composition shifted
from small-vulnerable to large-invulnerable species.
Both of these results are inconsistent with predictions
from food chain models (Oksanen et al. 1981, Oksanen
and Oksanen 2000), but consistent with predictions
from food web models with and without size-structure
(Holt et al. 1994, Leibold 1996, Chase 1999). I also
found high variation at intermediate levels of primary
productivity in both the relationship between herbivore
biomass and herbivore composition. Specifically, at in-
termediate productivity, some ponds had a low biomass
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of herbivores dominated by small species, whereas oth-
ers had a high biomass of herbivores dominated by
large species. This result is most consistent with the
predictions of the models that assume that prey that are
least affected by predators also provide better food for
predators, such as the size-structured model of Chase
(1999) or the prey tolerance model of Chase et al.
(2000b, see also Holt et al. 1994).

Finally, I performed an in situ field experiment to
examine the strengths of food web interactions in four
of those ponds that varied orthogonally in productivity
and species composition. I found that predator removal
had strong effects on herbivores that cascaded through
the food web to plants in the low productivity pond, as
well as in the intermediate productivity pond that was
dominated by small-vulnerable herbivore species. Alter-
natively, predator removal had weak effects that did
not cascade to producers in the high productivity pond
and the second intermediate productivity pond that was
dominated by large-invulnerable herbivore species. The
strength of the trophic cascade was not related to the
absolute density of predators. The high productivity
pond had considerably higher predator biomass
(39.24+12.3 g/m?) than the low productivity pond
(1.2 4 0.6 g/m?). Instead, the result most likely occurred
because in the low productivity pond, herbivores lacked
sufficient resources to grow to size-refugia, and this
pond was dominated by small-vulnerable prey species.
The high productivity pond, however, was dominated
by herbivore species that could achieve size-refugia, and
weaken the overall strength of the trophic cascade
(Chase 1999). In each case where predator removal
allowed herbivores to increase, not only did they de-
crease the overall biomass of producer species, but they
also shifted the relative abundance of the two groups of
producers (algae and macrophytes). This result is con-
sistent with a variety of previous studies which showed
that high herbivory altered the competitive relation-
ships among algal species that are relatively vulnerable
to herbivory, and macrophytes, which are rarely eaten
(Bronmark et al. 1992, 1997).

The opposing results from the two intermediate pro-
ductivity ponds occurred despite the fact that these two
intermediate productivity ponds, were extremely close
in proximity ( < 100 m apart), and had similar physical
and chemical features (Table 1). Thus, it is possible that
these two ponds resided in alternative stable states, as
predicted by some models (Holt et al. 1994, Chase
1999, Chase et al. 2000b). However, this possibility
requires much further investigation, and a larger sam-
pling of ponds at all levels of productivity.

Trophic cascades have been observed in a wide-vari-
ety of ecosystems (Pace et al. 1999, Chase 2000). In-
deed, across studies, trophic cascades seem to be
particularly strong in the benthos of freshwater ecosys-
tems, relative to other ecosystem types (Shurin et al.
2002). However, as emphasized here, I found that even
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within seemingly similar ecosystems, such as these small
ponds, the strengths of trophic cascades can be highly
variable; in this case likely as a result of variation in
productivity and prey size-structure. Several previous
studies have emphasized the role of size-refugia as a
defense against predators, weakening both direct and
indirect food web interactions under some conditions
(Hambright et al. 1991, Hambright 1994, Persson et al.
1996). Indeed, some of the most dramatic cases of
trophic cascades occur in systems in which prey are
much smaller than their predators, and cannot achieve
size-refugia (Estes and Palmisano 1974, Power 1990,
Spiller and Schoener 1990, Carpenter et al. 2001). Fi-
nally, as with my study, size-refugia have been impli-
cated as a mechanism leading to alternative stable
states in a variety natural ecosystems (Paine 1976, Paine
et al. 1985, Bazely and Jeffries 1986, Dublin et al.
1990). As such, I conclude that although across ecosys-
tem comparisons do show differences in the strengths
of trophic cascades among ecosystem types (Shurin et
al. 2002), within ecosystem variation, caused by a vari-
ety of common factors, such as productivity and/or
prey size-structure, can be at least as great.
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