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Experiments show that consumer diversity can have important effects on the control of prey diversity and abundance. However,
theory also indicates that the strength of consumer effects on such properties will vary depending on system productivity and
disturbance regime. Using a laboratory-based system composed of ciliate consumers and bacterial prey, I explored the interactive
effects of productivity, disturbance, and consumer diversity on prey diversity and trophic-level abundance. Consumer diversity had
productivity-dependent effects on bacterial prey that were consistent with theoretical expectations. At low productivity, increasing
consumer diversity reduced prey abundance while at high productivity no effects were detected due to compensatory responses
among bacteria. In contrast, consumer diversity had weak effects on prey diversity at low productivity but significantly depressed
prey diversity at high productivity. Disturbance on consumers enhanced prey diversity but did not alter consumer diversity effects
on prey. These results indicate that consumer diversity may play an important role in the regulation of prey communities, but the
strength of this effect varies with system productivity.

1. Introduction

The relative importance of top-down (consumer) versus
bottom-up (resource) effects on prey communities has fueled
intense debate and spawned a large body of ecological
research [1–5]. The strength of consumer control on trophic-
level abundance and the composition of prey has been shown
to vary greatly among studies and study systems [5–8].
Such context dependency has prompted investigations into
the mechanisms that may mediate top-down effects on the
structure of prey assemblages, including the effects of prey
defense, stage-structured dynamics, consumer diet breadth,
and the form of consumer functional responses [1–3, 9–13]. A
parallel body of research has focused on the effects of species
loss on ecosystem functioning and biomass yield. Although
initially focused on plant species diversity and its effects on
primary production and nutrient uptake, several studies have
shown that the number of consumer species present within
a trophic level can have important impacts on secondary

production and the capacity of consumers to control total
abundance and diversity of prey assemblages [14–20].

Increasing diversity within a consumer trophic level
can theoretically increase total consumer abundance either
through niche complementarity among consumers (e.g.,
via resource partitioning) or through sampling effects (i.e.,
increased probability of inclusion of dominant consumer
species with increasing diversity) [18, 20, 21]. Positive impacts
of diversity on the consumer trophic level may be accompa-
nied by simultaneous negative impacts on the prey trophic
level; both total prey abundance and diversity may decline
with increasing consumer diversity [15, 18]. Declines in total
prey abundance with increasing consumer diversity arise
from increasing prey-use efficiency—a result of comple-
mentarity and/or sampling effects on the consumer trophic
level [16–18, 20]. Conversely, declines in prey diversity can
be produced by the strengthening of apparent competition
effects with increasing consumer diversity [18]. Thus, the
impact of species loss on consumer trophic levels may have
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important implications for the diversity of prey assemblages
and the partitioning of biomass between consumers and their
prey.

Although studies have shown that consumer diversity
can strengthen consumer effects on prey assemblages [14,
15, 17–20, 22], few have explicitly explored how environ-
mental context, such as variation in system productivity
and disturbance, may mediate such effects. Theory and
experiments have shown that the combined impact of pre-
dation and enhanced productivity can permit the invasion
and dominance of predator-resistant prey, weakening con-
sumer control of total prey abundance [9–11, 23–26]. This
occurs when prey species exhibit tradeoffs in competitive
ability for shared resources and resistance to predation. At
low productivity, only highly competitive, edible prey can
persist with predators. Increasing productivity strengthens
apparent competition among prey (mediated via the top
consumer), simultaneously suppressing highly edible prey
and allowing less competitive but more predator-resistant
prey to invade and dominate [9–11, 24]. The strengthening of
apparent competition with increasing productivity may also
be accompanied by an overall decline in prey diversity as
predator-resistant species increase in dominance, excluding
less resistant species [9]. Consequently, consumer control of
total prey biomass declineswith increasing productivitywhile
negative effects on prey diversity increase [9]. The aforemen-
tioned models have only considered systems composed of
a single predator. However, it is plausible that such effects
may interact with predicted effects of consumer diversity as
outlined in [18]. For instance, reduction of prey abundance
with increasing consumer diversitymay bemore pronounced
at low levels of productivity where invasion and dominance
by inedible prey is less likely. Furthermore, predicted declines
in prey diversity with increasing consumer diversity may
be stronger at high levels of productivity due to enhanced
apparent competition.

Disturbance in the form of periodic mortality can
permit persistence and enhance the relative abundance of
consumer species that would otherwise be excluded from
communities via interspecific resource competition [27–
31]. Consequently, enhanced consumer richness and even-
ness in polyculture may, in turn, increase expression of
niche complementarity among consumers and facilitate the
emergence of consumer diversity effects on total consumer
abundance [32, 33]. However, disturbance focused on con-
sumer trophic levels can concomitantly weaken top-down
control and apparent competition effects on prey, enhancing
prey abundance and diversity [28, 29]. Thus, consumer
diversity effects on prey trophic levels, as outlined above,
may be more strongly expressed under weaker disturbance
regimes.

Prior studies have examined the interaction of distur-
bance and consumer diversity on ecosystem functioning [32,
33], but few have examined howproductivity and disturbance
may comediate consumer diversity effects on prey assem-
blages [19]. Here I report on an experiment in which I used
an aquatic microbial system composed of four species of
protist consumers feeding on a diverse assemblage of bacteria
to explore the interactive effects of consumer diversity,

productivity, and disturbance on prey diversity and trophic-
level abundance of prey and consumers. A prior analysis
of this experiment focused on consumer dynamics and the
effects of productivity and disturbance on bacterial diversity
and the strength and outcome of competition among protists
[29]. Here I focus on consumer diversity effects (contrasts
between mean monoculture and polyculture treatments)
on bacteria and consumer production and its interaction
with productivity and disturbance. I show that productivity
mediates the expression of consumer diversity effects on
prey abundance and diversity, in accordance with theory.
While disturbance can alter the strength of top-down effects,
it exerts a much weaker interactive effect with consumer
diversity.

2. Methods

Microcosms consisted of 200mL, loosely capped Pyrex bot-
tles. All experiments were conducted within a single incuba-
tor at 22∘C and under 24 hour dark conditions. Experimental
communities were composed of a diverse bacterial assem-
blage and bacterivorous protists as the consumer trophic
level. I employed two levels of consumer diversity: polycul-
tures (containing all four species of bacterivore together) and
monocultures (each species of bacterivore alone). Diversity
manipulations were crossed with two levels of disturbance
in the form of density-independent mortality events (low
and high) and two levels of productivity (low and high) in a
2 × 2 × 2 factorial design. Each treatment combination was
replicated four times, where each shelf within the incubator
contained one replicate of each treatment and acted as a
block.

Bacterivores consisted of four species of ciliated protists
all maintained in laboratory cultures: Paramecium aurelia,
Paramecium caudatum, Loxocephalus sp., andColpoda inflata
(hereafter referred to by genus). The experimental medium
consisted of distilled water and Protist Pellet (Carolina
Biological Supply, Burlington, NC) as a carbon and nutrient
source for the bacteria. Productivity was manipulated by
varying pellet concentrations, with low productivity treat-
ments receiving 0.05 g L−1 and high productivity treatments
receiving 0.95 g L−1. Pellet manipulations resulted in order
of magnitude increases in bacteria and protist abundances
indicating that the treatments were successful in enhancing
productivity. All materials were autoclave sterilized before
use.

Sterilized medium was first inoculated with three edible
species of bacteria (Serratia marcescens, Bacillus cereus, and
Bacillus subtilis). The protist stock cultures contained a
diverse assemblage of bacteria that could accompany the
protists when added to the experimental bottles. To ensure
that all microcosms received the same initial bacteria com-
munity, a pooled bacterial inoculum was created by taking
5mL water samples from the protist stock cultures and
filtering the samples through a sterile 1.2 𝜇m filter to remove
protists. The filtrate was then added to the experimental
media. Bacteria were allowed to grow for one week at which
time each experimental bottle received 200mL of inoculated
medium of appropriate pellet concentration, and protists
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were added to their appropriate treatments (100 individuals of
each species). Hence, total protist densities differed between
monocultures and polycultures at the start of the experi-
ment. However, as initial densities were low and community
dynamics were allowed to play out over an extended period of
time (Figure 2), initial differences likely had minimal effects
on observed responses. Beginning the second week of the
experiment, I performed weekly replacements of 10% of the
media from each replicate with sterile medium to replenish
bacteria resources.

Density-independent mortality treatments were initiated
10 days following protist additions and continued until the
termination of the experiment. Imposed mortality rates
were in addition to mortality imposed by weekly nutrient
replacements and consisted of 95% mortality every other
day (high mortality) and 0% mortality (low mortality). To
impose mortality, bottles were first mixed, and then the
appropriate percentage of volume was poured into separate
holding bottles and sonicated for three minutes using a 20W
sonic dismembrator. This duration was found to be effective
in killing all protists in subsamples but had minimal impact
on the bacteria. Following sonication, medium was returned
to the source bottle. To ensure that all bottles received similar
mixing regimes, bottles from low mortality treatments were
mixed, poured into holding bottles, and poured back into
the source bottle. I performed weekly additions of all four
protist species (∼20 individuals of each species, isolated from
stock cultures) beginning on day 11 up to day 32, to provide
opportunity for all species to invade following imposition of
mortality treatments.

Protist populations were sampled on day 7 and day 15
and then every 4 days up to day 55 (the final sample). This
durationwas long enough to encompass up to 189 generations
of the bacterivore species which had maximal generation
times of approximately 7–17 hours [29]. Bottles were sampled
by first mixing the contents and removing 2mL. Protists were
then counted in subsamples of this volume using a dissecting
scope. To acquire biomass estimates, protist densities were
multiplied by species-specific biomass constants obtained
from laboratory records. On day 56, mortality was again
imposed, and on day 57 bacterial communities were sampled
then plated on LB nutrient agar following serial dilutions.
I used colony counts and colony morphotypes (based on
colony color, edge, and surface morphology) as indicators of
bacterial density and diversity [34–37]. For high productivity
treatments, 10−3, 10−4, and 10−5 dilutionswere used; 10−2, 10−3,
and 10−4 dilutions were used for low productivity treatments.
This allowed accurate enumeration of total colony density as
well as detection of rare colony types.

2.1. Statistical Analysis. Analyses were restricted to the final
six sample dates of the experiment, corresponding to the
period after which protist additions were terminated. One
high disturbance, low productivity polyculture replicate was
lost due to methodological error and has been removed from
all analyses. P. caudatumwent extinct in all high disturbance,
low productivity monoculture replicates. Loxocephalus went
extinct in all low productivity, no disturbance monoculture

replicates, and all high disturbance monoculture replicates,
regardless of productivity level. Because inclusion of these
treatments inmonoculturemeansmay have biasedmy results
towards detecting diversity effects, I removed them from
all analyses. Bacterial colony diversity was calculated using
the Shannon-Wiener diversity index. Treatment effects (main
effects and interactions) on bacterial diversity and density
were analyzed using ANOVA. Permutational MANOVA was
used to analyze treatment effects (main effects and inter-
actions) on bacteria morphotype composition using Bray-
Curtis dissimilarities and 10000 permutations. Effects on
composition were visualized using nonmetric multidimen-
sional scaling (NMDS) based on the Bray-Curtis distances.
Total bacterivore biomass in monocultures and polycultures
was averaged over the last six sample dates and analyzed using
ANOVA to test for main effects and interactions of diversity,
productivity, and disturbance.

Significant diversity effectswere detected only for bacteria
responses (see Section 3). Numerical methods for parti-
tioning diversity effects into complementarity and sampling
effects are only applicable for response variables in which
each species’ contribution to the variablemay be quantified in
both mono- and polyculture [21, 38] or for response variables
in which species contribute additively to the response [39].
Thus, this method could not be used for my bacteria results.
As an alternative, I quantified overyielding using the 𝐷max
index, defined as the difference between the value of the
response variable in polyculture and the maximal value
among monocultures, divided by the maximal value among
monocultures [38]. Separate 𝐷max values were calculated
for each polyculture replicate using the mean maximal
value among bacterivore monocultures. As I was primarily
interested in detecting complementarity effects among con-
sumers in polyculture (versus sampling effects), I calculated
𝐷max values using monocultures for only those consumer
species that actually persisted in polyculture for the given
treatment (results were similar when using allmonocultures).
In the case of bacterial response variables where consumer
diversity was hypothesized to decrease both diversity and
density, 𝐷max was calculated using the mean minimal value
among monocultures. Productivity and disturbance effects
on𝐷max were then analyzed usingANOVA.All statistics were
performed in R version 2.15 [40]. Because replication was
unequal among treatments, composite ANOVA results based
on type I sums of squares were constructed as described in
[41]; model simplification and removal of higher order terms
were performed as described in [42]. Post hoc comparisons
were performed using the max 𝑡-tests which are robust to
nonnormal data and unequal sample sizes [43]. To attain
homogeneity of variances and meet assumptions of normal-
ity, bacteria density and bacterivore biomass measures were
log
10

transformed. R code for running the max 𝑡-tests can
be found in [43]. Permutational MANOVA and NMDS were
conducted using the vegan package for R [44].

3. Results

3.1. Consumer Responses. Block effects were not detected
and have been removed from all analyses. Disturbance had
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Figure 1: Effects of disturbance, productivity, and consumer diversity on the biomass of each consumer species averaged over the last six
sample dates of the experiment (means ± SE). Results are shown for consumers in monoculture or polyculture at (a) low productivity and
low disturbance, (b) low productivity and high disturbance, (c) high productivity and low disturbance, or (d) high productivity and high
disturbance. Original units in 𝜇g/mL.

strong effects on consumer species composition and relative
abundance. Detailed statistical analyses and discussion of
competitive dynamics and outcomes may be found in [29].
Here I summarize the basic results, displaying time-averaged
biomasses in monoculture and polyculture (Figure 1). First,
at both low and high productivity, P. aurelia and P. caudatum
coexisted and dominated in polycultures at low disturbance

(Figures 1(a) and 1(b)). In contrast, at low productivity and
in the high disturbance treatment, Colpoda was able to
invade and dominate in polycultures, driving P. aurelia to
low biomass levels (Figure 1(a)). A similar but weaker effect
of disturbance was seen in high productivity treatments;
Colpoda was able to invade in the high disturbance treat-
ment, attained biomass levels comparable to P. aurelia, and
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Figure 2: Total consumer biomass in polycultures and averaged across monocultures (means ± SE). Results are for low and high disturbance
treatments at either (a) low productivity or (b) high productivity. Symbols to the right of the time series (separated by a vertical dashed line)
are time-averages for the last six sample dates (means ± SE). Original units in 𝜇g/mL.

drove P. caudatum below limits of detection (Figure 1(b)). P.
caudatum was unable to persist in the high disturbance and
low productivity treatment in both mono- and polycultures.
Loxocephalus only persisted in monocultures and in the
absence of disturbance.

No effects of consumer diversity on total consumer
biomass were detected when averaging biomass over the
last six sample dates (𝐹

1,62
= 2.05, 𝑃 = 0.16, ANOVA).

Moreover, no significant interactions between diversity and
productivity/disturbance were detected (all 𝑃 > 0.36,
ANOVA). Productivity and disturbance interactively affected
time-averaged consumer biomass (Figure 2; 𝐹

1,62
= 8.37,

𝑃 < 0.01, ANOVA); productivity increased total consumer
biomass in the absence of disturbance (𝑃 < 0.001, max 𝑡-test)
but had not effect in the presence of disturbance (𝑃 = 0.49,
the max 𝑡-test).

3.2. Bacteria Responses. Seven bacterial morphotypes were
identified based on colony morphology. Statistical compar-
isons of bacteria diversity and density between individual
monocultures and polycultures are presented in [29]. Here
I focus on comparisons between mean monoculture results
and polycultures (i.e., diversity effects) and their interaction
with productivity and disturbance. I also explore effects on
bacteria morphotype composition.

Disturbance had a weak but statistically significant pos-
itive effect on bacteria density (Figure 3; 𝐹

1,62
= 48.57,

𝑃 = 0.01, ANOVA); no interactions with disturbance were
detected (all 𝑃 > 0.23, ANOVA). Effects of consumer
diversity on bacteria abundance varied with productivity
level as indicated by a diversity × productivity interaction
(𝐹
1,62
= 48.57, 𝑃 < 0.001, ANOVA). At low productivity,

density was reduced in polycultures relative to monocultures
(Figure 3(a); 𝑃 < 0.001, max 𝑡-test) while no consumer
diversity effects were detected in the high productivity treat-
ments (Figure 3(b); 𝑃 = 0.58, max 𝑡-test). When examining
𝐷max values, no disturbance effect or interaction between
productivity and disturbance was detected (𝑃 > 0.17,
ANOVA). However, 𝐷max was lower in low productivity
treatments relative to high productivity treatments (𝐹

1,12
=

22.52, 𝑃 < 0.001, ANOVA; Table 1). At high productivity,
𝐷max values did not differ from zero, regardless of disturbance
level (Table 1). In contrast, significant negative values were
detected at low productivity (Table 1).

Consumer diversity decreased bacteria diversity, but the
magnitude of this effect varied with productivity level (𝐹

1,62
=

6.48, 𝑃 = 0.01, diversity × productivity effect, ANOVA).
At low productivity, no effects of consumer diversity were
detected (Figure 4(a); 𝑃 = 0.59, max 𝑡-test). In contrast, at
high productivity levels, bacteria diversity was significantly
lower in consumer polycultures relative to monocultures
(Figure 4(b); 𝑃 < 0.001, max 𝑡-test). Disturbance also
increased bacterial diversity (Figure 4; 𝐹

1,62
= 9.13, 𝑃 =

0.004, ANOVA). Disturbance appeared to interact with con-
sumer diversity, having a stronger positive effect on bacterial
diversity in the polyculture treatment (Figure 4). However,
this effect was not significant at the 𝑃 < 0.05 level (𝑃 =
0.09, disturbance× diversity effect, ANOVA).No interactions
between disturbance and productivity or between diversity,
productivity, and disturbance were detected (𝑃 > 0.46,
ANOVA). Negative 𝐷max values for bacterial diversity were
uncovered for all treatments except for the low productivity
and high disturbance treatment (Table 1). Accordingly, a
significant interaction between disturbance and productivity
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Figure 3: Effects of disturbance and consumer diversity (mean monoculture versus polyculture) on total bacteria density for (a) low
productivity treatments and (b) high productivity treatments. Shown are means (±SE). Original units in individuals/mL.

Table 1: Mean𝐷max and 95% confidence intervals for each productivity/disturbance treatment combination.

Treatment 𝐷max (bacterial density) 𝐷max (bacterial diversity)
Low productivity-low disturbance −0.784 ± 0.022 −0.709 ± 0.551

Low productivity-high disturbance −0.845 ± 0.070 0.115 ± 0.218

High productivity-low disturbance 1.619 ± 2.251 −0.768 ± 0.401

High productivity-high disturbance 0.560 ± 0.674 −0.504 ± 0.126

was detected when analyzing 𝐷max using ANOVA (𝐹
1,11
=

5.43, 𝑃 = 0.04). 𝐷max in the low productivity and high
disturbance treatment was significantly greater than the three
other treatment combinations (all 𝑃 < 0.01, max 𝑡-test);
no differences were detected among the three remaining
treatment combinations (all 𝑃 > 0.33, max 𝑡-test).

Permutational MANOVA revealed a significant interac-
tion between consumer diversity and productivity on bacteria
morphotype composition (𝐹

1,61
= 9.13, 𝑃 < 0.0001).

This effect was apparent when examining NMDS results of
bacteria communities in all treatments (Figure 5). Diversity
effects (closed versus open symbols) were stronger in high
productivity treatments (red symbols, Figure 5) compared
to low productivity treatments (black symbols, Figure 5).
Consumer diversity effects on bacteria composition did
not vary with disturbance nor was a three-way interaction
between diversity, disturbance, and productivity detected (all
𝑃 > 0.38). Figure 6 displays mean abundances of each
bacteria colony morphotype in polyculture and monocul-
tures. For the following, I focused on comparisons between
polycultures and the monocultures of only those species that
persisted in polyculture (those marked with an asterisk in

Figure 6). At low productivity, densities of the dominant
morphotypes (1 and 2) were lower in polycultures compared
to monocultures (Figures 6(a) and 6(b); all 𝑃 < 0.05,
the Bonferroni adjusted 𝑡-tests). At high productivity and
in low disturbance treatments (Figure 6(c)), bacterivores in
polyculture were able to suppress morphotype 2 densities
below levels in monocultures (Figure 6(c); all 𝑃 < 0.051,
Bonferroni adjusted 𝑡-tests); no differences were detected for
the dominant morphotype 1 (𝑃 > 0.05). However, morpho-
types 3, 4, and 6 were completely excluded in polycultures
of this treatment (Figure 6(c)). At high productivity and
high disturbance, no significant differences in densities were
detected for morphotypes 1–4 when comparing polycultures
and monocultures (Figure 6(d); all 𝑃 > 0.05, Bonferroni
adjusted 𝑡-tests). However, morphotypes 5 and 6, which were
present in both Colpoda and P. aurelia monocultures, were
excluded in polyculture (Figure 6(d)).

4. Discussion

Consistent with general predictions, consumers in polycul-
ture reduced the abundance of bacterial prey when compared
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Figure 4: Effects of disturbance and consumer diversity (mean monoculture versus polyculture) on bacteria morphotype diversity (the
Shannon index) for (a) low productivity treatments and (b) high productivity treatments. Shown are means (±SE).

to average monoculture levels. However, this effect was
strongly dependent on productivity level with significant
effects emerging only under lowproductivity conditions. One
possible explanation is that bacterial composition shifted
to taxa or forms that were more resistant to predation by
bacterivores. Theoretical and empirical studies have shown
that prey assemblages can exhibit shifts in abundance towards
less edible prey when exposed to the combined action of
predation and enhanced productivity, reducing the negative
impacts of predators on total prey abundance [1, 6, 9, 10,
23–25]. In the present study, reduced effects of consumers
on bacterial abundance in polycultures were not due to a
simple increase in abundance of all bacterial colony types
under high productivity conditions. Rather, increases in total
bacterial density in polycultures were due primarily to the
compensatory responses of two bacteria colonymorphotypes
which increased in absolute and relative abundance under
high productivity conditions. Thus, the level of enrichment
and potential productivity of a system may play a pivotal
role in determining the degree of compensation expressed
by prey and the resultant strength of consumer diversity
effects on total prey abundance. This may also explain why
past consumer diversity studies have produced inconsistent
results, with some finding strong diversity effects [17] and
others weak effects due to compensatory responses among
prey [45, 46].

Whereas increases in a minority of bacteria morpho-
types allowed total bacterial density to increase in high
productivity polycultures, this response was accompanied

by the reduction or exclusion of several colony types.
Consequently, bacterial diversity declined with increas-
ing consumer diversity at high productivity. As explicated
above, consumers can facilitate shifts in the composition
of prey towards less edible forms via apparent competition
at high productivity, reducing consumer control of total
prey abundance. However, enhanced apparent competition
with increasing productivity can also cause the reduction
and exclusion of some prey species, increasing consumer
control of prey diversity [9, 24]. A potential source of
concern is that bacterial diversity and density were measured
using plating techniques. While plating is admittedly an
inferior measure of bacterial density and diversity, studies
comparing results from plating with direct density counts
and genetic measures of bacterial diversity have shown that
plating can effectively capture relative differences among
experimental treatments [34–36]. Thus, my plate estimates
may be viewed as proxy measures of bacterial density and
diversity.

Diversity effects on emergent ecosystem properties are
commonly thought to arise through two broad classes of
processes: niche complementarity among species or sam-
pling effects. In the latter, increased diversity increases the
probability of inclusion of species that have inordinately
strong effects on the focal ecosystem property in both
monoculture and polyculture. Complementarity arises when
species exhibit niche partitioning or facilitation and are thus
able to more greatly impact an ecosystem property when
in polyculture compared to any single species’ monoculture.
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Although I could not use standard mathematical techniques
to partition sampling and complementarity effects on bac-
terial responses [21, 39], 𝐷max values indicated that com-
plementarity among consumers was of greater importance
than sampling effects. When examining bacterial density,
significant negative 𝐷max values were detected for all low
productivity treatments.Thus, consumers in polyculturewere
able to reduce bacterial densities below the lowest mean
diversity level among monocultures by up to 84% (Table 1).
Similar results were obtained for bacterial diversity; for
those treatments in which significant consumer diversity
effects were detected, significant negative 𝐷max values were
uncovered. Bacterial colony responses also indicated that
complementarity in resource usage drove observed patterns.
For instance, in low productivity treatments, consumers in
polycultures were able to suppress densities of the dominant

colony types to levels significantly lower than those found in
monocultures. Similar patterns held true for consumer effects
on bacterial diversity in the high productivity treatments.
Several bacterial colony types present in monocultures were
driven below the limits of detection in polyculture. This is
evidence that consumer diversity effects on bacterial prey
were largely mediated by complementarity in resource usage
among consumers rather than selection for a single consumer
species of strong influence.

Unlike productivity, disturbance played a much weaker
role in mediating consumer diversity effects. Disturbance
did, however, exert strong main effects on consumers. As
expected, total bacterivore abundance was greatly reduced
under high mortality levels. Paradoxically, this did not
translate into a strong positive indirect effect on total
bacterial abundance. Examination of bacterial controls run
concurrently with the present experiment indicated that
disturbance imposed by sonication did not directly decrease
bacterial densities [29]. One possible explanation is that
top-down pressure combined with nutrient recycling by
bacterivores permitted high population turnover of bacterial
prey in low disturbance treatments weakening the contrast
between low and high disturbance levels; similar effects
have been proposed for terrestrial plant-herbivore systems
[47, 48]. Despite generally weak effects on bacterial density,
disturbance significantly increased bacterial diversity in both
mono- and polycultures. As shown by [28], disturbance
in the form of density-independent mortality imposed on
consumers can weaken apparent competition effects on prey
assemblages, indirectly enhancing prey diversity. My results
are consistent with this prediction but also suggest that
density-independent mortality can interact with consumer
diversity to influence prey diversity. Disturbance appeared
to have a stronger positive effect on bacterial diversity
in consumer polycultures compared to mean monoculture
levels (Figure 4); this seemed to be especially true in low
productivity treatments (Figure 4(a)). Consequently, con-
sumer diversity effects on bacterial diversity were more
strongly expressed in the absence of disturbance.𝐷max results
also supported this contention (Table 1). Weaker consumer
diversity effects at high disturbance may have been due to
the compositional shift from P. aurelia and P. caudatum dom-
inance at low disturbance to a community composed of P.
aurelia and Colpoda at high disturbance. Though intriguing,
this result should be viewed cautiously as the diversity ×
disturbance interaction in ANOVAwas only significant at the
𝑃 = 0.09 level.

In contrast to its effects on bacterial prey, diversity effects
on consumer biomass yields were weak.This contradicts both
theory and prior experiments which have found increases in
total consumer biomass with increasing consumer diversity
[17–20]. Furthermore, productivity and disturbance played
little part in moderating consumer diversity effects on sec-
ondary production. As expected, productivity increased total
consumer biomass but no interaction between productivity
and consumer diversity was apparent. Similarly, disturbance
strongly impacted consumer biomass, reducing yields by
greater than two orders of magnitude in some cases. Yet,
disturbance had little or no consistent influence on the
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Figure 6:Mean densities of bacteriamorphotypes (means± SE) in consumermonocultures, polycultures, and averaged acrossmonocultures.
Results are shown separately for (a) low productivity and low disturbance treatments, (b) low productivity and high disturbance treatments,
(c) high productivity and low disturbance treatments, and (d) high productivity and high disturbance treatments.Monoculturesmarked by an
asterisk (∗) are species that persisted in polyculture. Missing bars are for species that failed to persist in monocultures of the given treatment
and have been removed from analyses. Original units in individuals/mL.

expression of diversity effects on consumer biomass. This
is not unexpected given the effects disturbance had on
consumer composition and diversity. Disturbance can medi-
ate diversity effects on ecosystem properties by enhancing
coexistence and realized species evenness in polycultures
[32]. In the present experiment, disturbance strongly altered
community composition but did not affect realized diversity;
dominance by P. aurelia and P. caudatum at low disturbance
was transformed into dominance by P. aurelia and Colpoda at
high disturbance, regardless of productivity level. Moreover,
disturbance did not increase evenness among bacterivores.
When measuring evenness based on species’ biomasses in
polycultures using the modified Simpson dominance index

(equation 𝐸
1/𝐷

in [49]), disturbance significantly reduced
evenness averaged over the last six sample dates (𝑃 < 0.0001,
ANOVA). One potential criticism is thatmy high disturbance
treatments may have been too severe, and increases in
diversity and evenness may have been observed at lower
mortality levels. However, additional mortality treatments
imposed on polycultures at intermediate levels of 25% and
75% mortality failed to produce increases in diversity as well
[29]. Given the evidence that disturbance can have strikingly
variable outcomes on species diversity [50], the degree and
manner in which it modifies diversity-ecosystem functioning
relationships may vary greatly with environmental setting
and the function in question.
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From early propositions of the importance of top-down
effects to the present, the relative importance of consumers
in the regulation of prey communities has generated intense
debate [1, 3, 51–53]. Accordingly, numerous empirical and
theoretical investigations have accumulated exploring factors
that mediate the strength of top-down effects on prey assem-
blages. Despite this, experimental studies of the influence
of consumer diversity on trophic-level biomass and prey
diversity are a surprisingly recent phenomenon. The present
examination adds to the growing body of research showing
that consumer diversity can have important effects on emer-
gent community properties. However, my study highlights
the importance of environmental context as a potentially
vital mediator of such effects; both productivity and, to a
lesser degree, disturbance can alter the relationship between
diversity and ecosystem properties.
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