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Abstract. We tested whether standing autotrophic (unicellular algal) biomass is sen-
sitive to variation in initial consumer (nondecomposer, heterotrophic protistan) diversity in
experimental microbial microcosms. Our results showed a strong, negative relationship
between autotrophic biomass and consumer species richness. Additional microcosm ex-
periments showed that this relationship was due largely to the direct and indirect trophic
effects of consumers on autotrophs and decomposers. Collectively, these experiments sug-
gest that standing autotrophic biomass is a function of community composition, trophic
structure, and consumer diversity, the determining factors being the number of trophic
levels, the discreteness of trophic levels, and the ecological equivalency of species within
trophic levels. Our results suggest that ecosystem response to variation in consumer diversity
can range from abrupt changes between ‘‘green’’ (high autotrophic biomass) and ‘‘barren’’
(low autotrophic biomass) states to relatively smooth transitions between these states.
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protists; species richness; trophic structure.

INTRODUCTION

Two issues are central to community ecology. These
are, what governs variation in biotic diversity among
ecosystems (the distribution and abundance of species)
and what governs variation in standing biomass among
ecosystems (the distribution and abundance of energy
and materials among abiotic and biotic components)?
Synthesizing these two yields a third; how does vari-
ation in biotic diversity among ecosystems govern vari-
ation in standing biomass among ecosystems? Many
ecologists have addressed the more focused issue of
how consumer, or nondecomposer heterotrophic diver-
sity, either as the number of species or trophic groups,
affects standing autotrophic biomass. That is, how does
the composition of consumer communities affect how
‘‘green’’ or ‘‘barren’’ an ecosystem appears? This is
the background for our study.

Although Elton (1927) first proposed a pyramidal
distribution of biomass among trophic levels within an
ecosystem, with autotrophic biomass at the base, this
trophically based perspective implied no specific re-
lationship between variation in consumer diversity and
standing autotrophic biomass. Much later (1960), Hair-
ston, Smith, and Slobodkin (HSS) would be the first
to explicitly propose a relationship between variation
in community composition and autotrophic biomass.
HSS proposed that an ecosystem alternates between
states of high levels of autotrophic biomass (‘‘green
worlds’’) and low levels of autotrophic biomass (‘‘bar-
ren worlds’’) as numbers of trophic levels vary. Al-
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though useful heuristic constructs for understanding
community composition and biomass, neither Elton’s
pyramid nor HSS patterns have proven to be universal
features of ecosystems (Strong 1992, Abrams 1993, Del
Giorgio and Gasol 1995). Thus, the association be-
tween consumer diversity and standing autotrophic bio-
mass remains unclear.

We experimentally examined the association be-
tween variation in protistan consumer diversity and
standing unicellular algal biomass in microbial micro-
cosms to test for patterns of association between biotic
diversity and autotrophic biomass. Our studies ad-
dressed the following questions. First, under equal lev-
els of energy input, starting with equal quantities of
nutrients and equal complements of decomposers, after
many generations, would replicate ecosystems show
different mean amounts of autotrophic biomass if con-
sumer diversity differed among them? Second, would
there be any pattern of variation in autotrophic biomass
associated with variation in consumer diversity?

Three distinct perspectives in ecology provide test-
able hypotheses concerning the relationship between
standing autotrophic biomass and consumer diversity.
One perspective, which we will call the ‘‘systems’’
perspective, sees biomass distribution as a function of
energy and material flows among ‘‘components’’ where
components are functionally defined by their biogeo-
chemical or trophic activities within ecosystems. That
is, autotrophic biomass is a dependent function of eco-
system processes (energy and material flows), and the
thermodynamic (Odum and Pinkerton 1955, Odum
1956, 1994, and papers in Higashi and Burns 1991)
and stoichiometric (Reiners 1986, Sterner 1990, Stern-
er et al. 1992) principles that govern them. This per-
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spective regards biomass distribution as relatively in-
sensitive to changes in diversity (Schulze 1995).

A second perspective, which we will call the ‘‘pop-
ulation’’ perspective, sees biomass distribution as a
function of population dynamics. From this perspec-
tive, the assemblage of interacting species, or ‘‘com-
munity,’’ within an ecosystem acts as the ‘‘engine’’ of
an ecosystem’s biogeochemical activity. Ecosystem re-
sponse is a function of the pattern (structure) of inter-
actions among species and stability is, in part, a func-
tion of this structure (e.g., MacArthur 1955, May 1973,
Goodman 1975, Pimm and Lawton 1977, King and
Pimm 1983, De Angelis 1992, Haydon 1994, Loreau
1995, McGrady-Steed et al. 1997, Naeem and Li 1997,
Sterner et al. 1997). Autotrophic biomass is the cu-
mulative product of such population-based processes.
In contrast to the systems perspective, this population
perspective sees such an enormous variety of possible
responses to variation in consumer diversity that there
is no way to generally predict autotrophic biomass (Del
Giorgio and Gasol 1995). Rather, if autotrophic bio-
mass is considered an ecosystem or community prop-
erty, each species may have a unique impact on auto-
trophic biomass ranging from those with high to those
with low ‘‘community importance values’’ (sensu Pow-
er et al. 1996).

A third perspective, which we will call the ‘‘trophic’’
perspective, focuses on food web processes. From this
perspective, the distribution of biomass in ecosystems
is determined by the structure of the food web, which
regulates energy and material flow through trophically
defined groups. The pattern of biomass distribution is
therefore a function of trophic structure, nutrient load-
ing, and energy input (Hairston et al. 1960, Oksanen
et al. 1981, Pimm 1982, Carpenter et al. 1987, Wootton
and Power 1993, Polis and Winemiller 1996, Wootton
et al. 1996, but see also, Abrams 1993). This perspec-
tive sees biomass as suppressed in the presence of con-
sumers and released from suppression when consumers
are absent or suppressed by other consumers (Hairston
et al. 1960, Oksanen et al. 1981, Wootton and Power
1993). As described above, a pattern of ecosystems
alternating between ‘‘green’’ and ‘‘barren’’ states oc-
curs with variation in numbers of trophic levels. The
strength of this pattern, however, depends on the degree
to which species aggregate cleanly into trophic classes
(L. Oksanen, personal communication). Omnivory, in-
vulnerable basal species, and diffuse trophic bound-
aries can prevent consumer suppression (e.g., Abrams
1993, Del Giorgio and Gasol 1995).

These contrasting perspectives all recognize auto-
trophic biomass as a dependent function of consumer
diversity, but each makes different statements about
the pattern of association expected as consumer diver-
sity changes. These contrasting perspectives are not in
conflict with one another; they address different aspects
of ecosystem dynamics. Of interest are the relative con-

tributions of these different processes to biomass dis-
tribution.

From these perspectives, a null hypothesis emerges
in which one would predict that, after many genera-
tions, at a fixed point in time no relationship between
consumer diversity and autotrophic biomass would be
found (the systems perspective, e.g., Schulze 1995).
Trophic-based theory, however, predicts that a rela-
tionship between autotrophic biomass and consumer
diversity would be found; in particular, autotrophic bio-
mass would be suppressed with the addition of her-
bivore species and would be released from suppression
if predators were added later (Hairston et al. 1960,
Oksanen et al. 1981, Wootton and Power 1993). When
species cannot be effectively coalesced into trophic
groups, however, no necessary pattern of association
is expected (e.g., Del Giorgio and Gasol 1995) even if
autotrophic biomass is a function of consumer diver-
sity.

Contrasting perspectives in theory such as the above
are frequently addressed by empirical testing of the
hypotheses each perspective generates. To examine the
hypothetical relationship between consumer diversity
and autotrophic biomass, however, requires manipu-
lating community composition as an experimental fac-
tor while monitoring autotrophic biomass response and
holding all other factors constant; such experiments are
relatively intractable by traditional field methods
(Wootton 1994, Naeem et al. 1995, 1996). As in most
scientific disciplines, using experimental models to ex-
plore theory when field tests are impractical is an ef-
fective way to gain preliminary insight into the relative
merits of contrasting ecological theory (Kareiva 1989,
Lawton 1995, Drake et al. 1996, Lawler 1996, but see
Carpenter 1996), and microbial microcosms have fig-
ured prominently in these methods (e.g., Gause 1934,
Hairston et al. 1968, Vandermeer 1969, Luckinbill
1973, 1974, 1979, Drake 1991, Lawler and Morin
1993).

We followed in this tradition of using microcosms
to test the different hypothetical relationships between
consumer diversity and standing autotrophic biomass
made by the three different perspectives in ecology. In
the first experiment, we constructed aquatic, microbial
microcosms containing small numbers of autotrophs
(unicellular green algae) and decomposers (heterotro-
phic bacteria) and maintained them under uniform en-
vironmental conditions for many (.25) generations,
but randomly varied the number of consumer species
(heterotrophic protists) stocked in these replicate mi-
crocosms. Small numbers (,25) of consumers were
added to microcosms and allowed to grow. Once algal
densities stabilized (,14 d), we measured autotrophic
biomass as a function of initial consumer diversity. If
no pattern of association was found, this would support
the null or systems-based perspective. A strong, neg-
ative association between consumer species richness
and autotrophic biomass, however, was found. We
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FIG. 1. A synthetic outline of a nutrient-delimited eco-
system derived from systems-, trophic-, and population-based
perspectives. The core components are shown as black boxes:
A 5 autotrophs, D 5 decomposers, ON 5 organic nutrients,
and IN 5 inorganic nutrients. Ecosystem processes are pho-
tosynthesis, decomposition, mineralization (solid lines to IN),
immobilization, nutrient assimilation, death (dashed lines to
ON), and respiration (small upward arrows). Gray portions
of boxes represent C derived from CO2 via photosynthesis.
Peripheral components consist of nondecomposer hetero-
trophs, or consumers, including H 5 herbivores, B 5 bac-
terivores or detritivores, P 5 predators, and O 5 omnivores.
Trophic links (solid arrows directly linking biotic compo-
nents) are herbivory, detritivory, predation, and omnivory.
Note that another box representing O2, with arrows showing
uptake by organisms and uptake and release by photoauto-
trophs, is left out for clarity.

therefore conducted a series of additional experiments
to explore how specific changes in the trophic structure
of replicate microcosms explained the pattern observed
in the first experiment. We varied the number of trophic
levels, to test the trophic-based hypothesis by uncov-
ering switching in autotrophic biomass between green
and barren states if it occurred. We also varied the
number of species and number of species per trophic
level which would test the population-based hypothesis
by uncovering autotrophic biomass sensitivity to vari-
ation in community composition if it occurred. By use
of omnivores, we also manipulated the degree of dis-
creteness of trophic levels which would test the trophic-
based perspective that diffuse trophic structure would
provide a pattern of association between autotrophic
biomass and consumer diversity.

METHODS

Overview.—We constructed microcosms that con-
tained autotrophs, decomposers, and dead organic and
inorganic nutrients and varied the number of consumer
species stocked in each microcosm. For simplicity, we
refer to these nondecomposer heterotrophs as ‘‘con-
sumers,’’ which includes herbivores, detritivores, om-
nivores, and top predators. Consumer species were all
protists. Our decomposer species were bacteria whose
primary source of energy and nutrients were from dead
organic matter. Although decomposers might possibly
have absorbed carbohydrates leaked from autotrophs,
our experiments were conducted at low light levels (see
below), which limited this possibility.

The rationale for this design is based on the principle
that autotrophic biomass is determined by both bio-
geochemical and trophic processes in ecosystems.
Harte and Kinzig (1993) identify autotrophs and de-
composers as core biotic components and inorganic
nutrients and dead organic material as core abiotic com-
ponents universal to most ecosystems (Fig. 1). These
core biotic components regulate the principal flows of
energy and materials between the abiotic components
and ultimately determine the standing autotrophic bio-
mass. Consumers secondarily modify these flows (Fig.
1). Consumers typically represent trophic groups that
either have autotrophs as basal species, decomposers
as basal species, or omnivorous consumers that con-
sume from different basal groups (Fig. 1). Flow of
energy and materials among these ‘‘peripheral’’ com-
ponents is governed by trophic links, such as herbivory,
detritivory, predation, or omnivory (Fig. 1). Thus, vari-
ation in consumer diversity consists of changes in the
number of consumer trophic levels and the number of
species within these levels. These changes primarily
affect autotrophic biomass by direct consumption (e.g.,
herbivory) and altering mineralization (return of nu-
trients to the inorganic pool).

Our autotrophic producer was a single species of
green algae, Chlamydomonas reinhardtii. Our use of a
single autotrophic species allowed us to unambigu-

ously estimate autotrophic biomass as a response vari-
able representing autotrophic biomass. This experi-
mental device eliminated complexities that might occur
due to interspecific differences in competition and pal-
atability among autotrophic species if more than one
species was used.

Similarly, we did not manipulate decomposer diver-
sity since our primary goal was to examine the effects
of variation in consumer diversity on autotrophic bio-
mass. We added three species of bacteria to all micro-
cosms to ensure that each microcosm contained a suf-
ficient complement of bacteria for decomposition to
occur. Other species of bacteria, however, were un-
doubtedly present since completely sterile conditions
could not be maintained. But such a potential source
of random variation in decomposer species richness
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FIG. 2. Food web diagram of full diversity microcosm.
Arrows indicate main direction of energy and material flow
following scheme outlined in Fig. 1. Filled circles represent
core species (autotrophs and decomposers). Decomposer-de-
rived heterotrophs are below BAC (bacteria) while autotroph-
derived heterotrophs are above CHL (Chlamydomonas rein-
hardtii). All microcosms contained C. reinhardtii (photoau-
totroph, unicellular alga), Serratia marcescens, Bacillus sub-
tilis, and B. cereus (decomposers, bacteria). Species are
abbreviated as follows: Detritivores: CHI 5 Chilomonas sp.,
COL 5 Colpidium sp., and SPI 5 Spirostomum sp. Consumers
of either autotrophs or detritivores or both (omnivores): PA
5 Paramecium aurelia, PC 5 P. caudatum, PM 5 P. mul-
timicronucleatum. Predators of consumers: EUP 5 Euplotes
sp., APR 5 Amoeba proteus, PEL 5 Pelomyxa carolinensis.

should not affect the relationship between standing
autotrophic biomass and consumer species richness.

Consumers were added as small initial populations
(10–25 cells) of each consumer species after algal den-
sities had stabilized (.14 d). The small size of this
inoculum (a negligible biomass for a 50-mL system)
was assumed to have no significant impact on the nu-
trient composition of the microcosm. We designed our
experiment this way because this is typically how many
communities begin, especially microbial communi-
ties—systems are colonized by a few individuals of
each species. These few individuals grew to large num-
bers (millions, in some instances) and interacted not
just with algae, but with bacteria and with each other.
Thus, there is no reason, a priori, that any relationship
between standing autotrophic biomass and consumer
species richness should be affected by variation in the
size of such small inocula.

Microcosms.—Microcosms consisted of polysty-
rene, disposable sterile petri dishes each filled with 50
mL (‘‘large,’’ 100 mm diameter 3 25 mm deep) or 20
mL (‘‘small,’’ 60 mm diameter 3 20 mm deep) of
media. The medium was prepared by mixing one sterile
Carolina Protist Pellet with 1 L of sterile Carolina
Spring Water and inoculated with three species of fresh
water bacteria (Serratia marcescens, Bacillus subtilis,
and Bacillus cereus). Media were allowed to sit for at
least 24 h to allow bacterial populations to grow. Sterile
wheat seeds were added to each microcosm as a source
of slowly released nutrients (Lawler and Morin 1993).
Nutrients were not renewed, so the system was open
only to energy (assuming CO2 was not limiting). Light
levels were (mean 6 1 SD) 124.2 6 19.25 mmol pho-
tons·m22·s21 produced by six 40-W fluorescent and two
25-W incandescent lamps with a 14 h:10 h light : dark
cycle.

Ecosystem structure.—The core ecosystem consisted
of a single species of autotroph (the green, unicellular
alga Chlamydomonas reinhardtii) and bacterial decom-
posers consisting of three known species (see media
preparation above). To this core ecosystem, trophically
defined peripheral components were added. Detriti-
vores consisted of the ciliate species, Colpidium stria-
tum, Spirostomum ambiguum, and the flagellate Chi-
lomonas paramecium, which consume particulate mat-
ter including bacterial decomposers (Co. striatum has
been observed to consume Ch. reinhardtii, but we have
not observed this in our experiments). For convenience,
we use ‘‘detritivore’’ (consuming particulate matter, in-
cluding bacteria) rather than ‘‘bacterivore’’ because
these species more closely approximate detritivores in
other ecosystems. Omnivores, or primary consumers of
autotrophs, decomposers, and/or detritivores, consisted
of the ciliates Euplotes eurystomus (consuming pri-
marily autotrophs and detritivores), Paramecium au-
relia (consuming primarily decomposers and some au-
totrophs), Pa. caudatum, and Pa. multimicronucleatum
(both consuming primarily autotrophs and detriti-

vores), and the sarcodinid Amoeba proteus (consuming
primarily detritivores). Note that although most of
these omnivores also consume some bacteria, none
with the exception of Pa. aurelia can grow on bacteria
alone. Predators consisted of Pelomyxa carolinensis,
which consumed omnivores (primarily species of Par-
amecium). These relations are shown in Fig. 2.

Autotrophic biomass.—We measured autotrophic
biomass in the first experiment by counting algal cells
in 10 fields 0.66 mm2. We converted this to biomass
per square meter by multiplying the number of cells
by the constants (p/6)(17.75 mm)3, or the volume of a
sphere, where the diameter of a Ch. reinhardtii cell 5
17.75 mm, and assumed that algal cell biomass ø mass
of an equivalent volume of water (Wetzel and Likens
1991). In the remaining experiments, we measured
autotrophic biomass by recording images of algal abun-
dance on the bottom of each microcosm using a mi-
croscope video camera. In large microcosms, 10 areas
were recorded haphazardly, avoiding edges where im-
age distortion was strongest. For small microcosms five
images were recorded haphazardly. ImagePro Plus soft-
ware was used to estimate total algal area and this was
converted to biomass by transforming area to number
of cells (area of one cell 5 240.5 mm) and then con-
verting number of cells to biomass by the above meth-
od.
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Heterotrophic biomass.—Decomposer (bacteria) and
detritivore (Ch. paramecia and Co. striatum) densities
were estimated using 496-diamidino-2-phenylindole
(DAPI) fluorescent staining methods for enumeration
of microbes by epifluorescence microscopy following
Porter and Feig (1980) and converted to biomass fol-
lowing Kemp et al. (1992). Biomass of other hetero-
trophs were estimated (in experiment 3 only) either by
direct count (Pe. carolinensis) using a dissecting mi-
croscope or computer-based analysis of microscope im-
ages (Pa. multimicronucleatum). When using image
analysis, one image was subtracted from another image
taken 2 s later. This image subtraction yields images
that show only moving cells. By using this method to
remove stationary objects from the image, we could
distinguish cells from debris more accurately. As with
autotrophic biomass, average volumes of cells were
determined by microscopy and biovolume determined
by geometric approximations and assuming that bio-
mass was equivalent to mass of water at estimated bio-
volume. Consumer biomass represented the sum of all
consumers found in a microcosm.

Experiments.—Four experiments were conducted. In
the first experiment, we directly manipulated consumer
species as an experimental factor. In the second, we
similarly altered diversity, but each level of species
richness had a fixed combination of species. In the third
and fourth experiments, we used a small number of
species combinations to uncover the possible mecha-
nistic explanations for the patterns we observed.

Duration of experiments ranged from 50 to 55 d,
which was sufficient to allow autotrophic biomass to
stabilize and consumers, including top predators, to
reach stable compositions. Previous experiments have
shown that autotrophic biomass stabilizes in ,14 d in
both 50- and 20-mL microcosms. Thus, consumers
were added after 20 d when algal base was stable. Pre-
vious experiments have also shown that microcosms
that do not contain autotrophs require nutrient additions
every 7 d or consumer populations decline. Thus, each
experiment was allowed at least 30 d from the point
of inoculation of consumers to permit consumers to
grow to levels where initial stocks of nutrients would
become limiting and interactions among species were
likely to have their effects on autotrophic and decom-
poser biomass. Omnivores were introduced 7 d after
detritivore addition and top predators 7 d after omni-
vore addition at which point sufficient prey were pres-
ent to sustain consumers. We have never observed om-
nivores to eliminate prey, but top predators typically
reduce consumer densities after 7 d in the absence of
alternate food sources. In summary, microcosms (in-
cluding bacteria) were inoculated with algae on day 0,
inoculated with detritivores on day 20, with omnivores
on day 27, and inoculated with top predators on day
34 and terminated 16 or more days later.

Sampling date was chosen at ;50 d because it rep-
resents a period when such microbial microcosms are

relatively stable with respect to community composi-
tion (McGrady-Steed and Morin 1997), a state which
occurs in ;6–7 d after addition of all species (Mc-
Grady-Steed and Morin 1997). Like most ecosystems,
it is not likely that these systems are in ‘‘equilibrium’’
which is generally difficult to either determine or define
and probably rarely occurs in nature (Lawler and Morin
1993). Rather, these microcosms are in relatively per-
sistent states where interactions among species have
been and continue to occur for many generations.

1. Direct manipulation of species richness.—In this
experiment, a gradient in consumer species richness
was established by choosing species combinations from
a range of combinations using eight species of protists.
The purpose of this experiment was to examine whether
species richness showed a pattern of association with
autotrophic biomass. The community structures are il-
lustrated in Fig. 3. Each community structure was rep-
licated three times. On day 20, 25 individuals of Co.
striatum were introduced when selected for inclusion,
but all other species were introduced as 10 cells per
microcosm. This experiment was terminated on day 50
when populations were likely to have stabilized and
biotic interactions were having effects.

2. Species richness along a single pathway.—In this
experiment, we manipulated heterotrophic species rich-
ness by varying the number of protist species placed
in a series of microcosms, but unlike experiment 1,
species richness was increased by the addition of spe-
cific species rather than haphazardly drawing from the
species pool (Figs. 3 and 4). The purpose of this ex-
periment was both to confirm patterns observed in ex-
periment 1 and to examine where in the process of
community assembly does autotrophic biomass show
significant changes. A total of 25 Ch. paramecia, 25
Co. striatum, and 60 individuals evenly distributed
among the remaining protists were added to each mi-
crocosm.

We also deliberately varied temperatures among
chambers to ensure that patterns we observed were ro-
bust to variation in temperature. After 20 d, to allow
algal growth, each of four chambers were set at a dif-
ferent temperature, 158, 208, 258, and 308C, and detri-
tivores were added. Omnivores were added 7 d later
and top predators were added 14 d later. We pooled
across chambers for analyses. This experiment was
conducted for 38 d from the onset of temperature
change (terminated 52 d from algal inoculation).

3. Four trophic groups.—In this experiment, we es-
tablished a specific subset of the food webs used in
experiment 2 to uncover possible mechanisms which
explained the patterns observed in experiments 1 and
2. We used the smaller petri dishes for this experiment.
Five replicates of each trophic structure were estab-
lished in each of four growth chambers. Eight food
webs were used (Fig. 5). The purpose of this experi-
ment was to examine whether heterotrophs exerted
their effects through herbivory or consumption of de-
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FIG. 3. Food web diagrams of experiment 1. Black circles show positions of core components (bacteria and C. reinhardtii).
See Fig. 2 for full diversity microcosm and explanation of symbols and abbreviations. Note that each food web was replicated
three times.

tritivores or both. We used Pa. multimicronucleatum,
a generalist omnivore, in combination with Colpidium
and Chilomonas, and Pe. carolinensis, an effective
predator of Pa. multimicronucleatum. Detritivores were
added on day 20, omnivores on day 27, and top pred-
ators on day 34, and the experiment was terminated on
day 50.

4. An autotroph with three trophic levels.—In this
experiment we manipulated diversity among replicate

microcosms such that either one, two, or three trophic
levels were present. The purpose of this experiment
was to test whether an omnivore could affect autotro-
phic biomass and whether the presence or absence of
a top predator altered the effect. As before, C. rein-
hardtii served as the autotroph, but Pa. multimicron-
ucleatum served as the omnivore, and Pe. carolinensis
served as the predator (Fig. 6). This experiment was
conducted for 55 d.
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FIG. 4. Food web diagrams of experiment 2. Filled circles show positions of autotrophs and decomposers. Arrows indicate
direction of increasing consumer diversity. See Fig. 2 for full diversity microcosm and explanation of symbols and abbre-
viations. Note that each food web was replicated four times, each under different temperature conditions as in experiment 2.

RESULTS

1. Direct manipulation of species richness revealed
a well-defined decline in autotrophic biomass with re-
spect to increasing consumer species richness (Fig. 7).
This result rejects the hypothesis that autotrophic bio-
mass is insensitive to variation in consumer diversity.
A linear regression treating autotrophic biomass as the
dependent variable, excluding microcosms without het-
erotrophs and microcosms from the maximum diversity
treatment, revealed a significant negative relationship
between autotrophic biomass and heterotrophic diver-
sity (df 5 1, 66; R 2 5 0.34; P , 0.001). We excluded
the minimum diversity treatment because it did not
contain consumers and our interest was in the inter-
action between consumers and standing autotrophic
biomass. We excluded the maximum diversity micro-
cosms because one would expect a lower variance for
the highest diversity microcosms (it consisted of only
one possible species combination) than other treat-
ments. Such nonhomogeneity of variance would violate
assumptions of a parametric regression model. Inclu-
sion of this treatment, however, would not qualitatively
alter results, as seen in Fig. 7. A Spearman rank cor-

relation, which is insensitive to nonhomogeneity of
variance, provides further confirmation of a significant
negative association between autotrophic biomass and
consumer diversity (rs 5 20.55, df 5 74, t 5 5.67, P
, 0.001).

2. Species richness along a single pathway.—This
experiment revealed the same association between
autotrophic biomass and heterotrophic species richness
as observed in the direct manipulation of species rich-
ness (compare Figs. 7 and 8). A regression analysis of
autotrophic biomass as a dependent variable of species
richness, excluding replicates without heterotrophic
species and ignoring temperature treatments, revealed
a significant negative relationship (model: linear; R2 5
0.66; P , 0.001; Fig. 7). Visual inspection of the data
and theory (Oksanen et al. 1981) suggests a negative
exponential with a nonzero asymptote might describe
the relationship. Such a model also significantly fit the
data, albeit only slightly better than the linear model
(model: negative exponential; R2 5 0.67, P , 0.001,
Fig. 8).

The single pathway design of experiment 2 (Fig. 4)
permits identifying possible mechanisms behind the
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FIG. 5. Food web diagrams of experiment 3. Filled circles show positions of autotrophs and decomposers. Arrows indicate
direction of increasing consumer diversity. See Fig. 2 for full diversity microcosm and explanation of symbols and abbre-
viations. Note that each food web was replicated five times, each under different temperature conditions as in experiment 2.

FIG. 6. Food web diagrams of experiment 4. Filled circles
show positions of autotrophs and decomposers. Arrows in-
dicate direction of increasing consumer diversity. See Fig. 2
for full diversity microcosm and explanation of symbols and
abbreviations. Note that each food web was replicated five
times, each under different temperature conditions as in ex-
periment 2.

patterns observed in Figs. 7–8. Fig. 8 shows that auto-
trophic biomass was depressed in the absence of bac-
terivorous detritivores. The addition of bacterivorous
detritivores, however, resulted in substantial increases
in autotrophic biomass. This initial increase is most
likely due to the indirect facilitation of algal growth
provided by protistan bacterivory (e.g., Porter et al.
1985, Stone 1990, Rothhaupt 1992), a mechanism fur-
ther supported by results from experiment 3 (below).
That is, immobilization of nutrients by bacteria is re-
duced by bacterivory, thereby facilitating algal growth.

The addition of omnivores suppressed autotrophic
biomass to levels comparable to those found in the
absence of nondecomposer heterotrophs. This algal
suppression supports the predictions of trophic-based
theory. The mechanism for this algal suppression is
possibly the increased apparent competition (sensu
Holt 1977) between bacteria and algae for nutrients
created by the addition of omnivores. In the presence
of omnivores, algae and bacteria mutually support pop-
ulations of their common enemies which leads to ap-
parent competition. Further support for this hypothet-
ical mechanism is provided by experiment 3 (below).

These results suggest that the consumption of detri-
tivores or direct consumption of autotrophs may be the
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FIG. 7. The relationship between autotrophic biomass and
heterotrophic species richness when community composition
is varied randomly. Here, autotrophic biomass is represented
as the estimated total biomass of algae per microcosm. Num-
bers of heterotrophic species correspond to those illustrated
in Fig. 3.

FIG. 8. The relationship between autotrophic biomass and
consumer species richness when community composition is
varied following a specific sequence. Here, autotrophic bio-
mass is represented as the estimated total biomass of algae
per microcosm. Numbers of consumer species correspond to
those illustrated in Fig 4. The solid line shows the linear,
least-squares fit to the data; the dashed line shows the negative
exponential fitted to data. Symbols represent replicate mi-
crocosms maintained at different temperatures as described
in legend.mechanisms responsible for the negative association

between diversity and autotrophic biomass. Note that
these patterns were obtained over a wide range of tem-
peratures (Fig. 8).

3. Four trophic groups.—Autotrophic biomass is re-
duced when decomposer bacteria are abundant inde-
pendent of consumer diversity (Fig. 9). Bacterial bio-
mass is reduced when numbers of trophic groups in-
crease in microcosms. Heterotrophic biomass was high-
est when higher trophic levels (consumers of
detritivores and/or top predators) were present (Fig. 9).

The design of this experiment permits identification
of the two possible mechanisms which explain the neg-
ative associations observed between autotrophic bio-
mass and non-decomposer heterotrphic diversity. In-
creasing numbers of trophic groups in this simplified
set of microcosms was associated with decreasing den-
sities of bacteria (Fig. 9, bottom). Autotrophic biomass
showed highest levels when decomposer biomass was
low and consumer biomass greater than zero (Fig. 9,
compare middle with top and bottom). Treatment (num-
bers of trophic groups) effects were significant for auto-
trophic biomass (ANOVA; F 5 7.21; df 5 3, 28; P ,
0.01), decomposer bacterial biomass (ANOVA; F 5
5.52; df 5 3, 28; P , 0.01), and consumer biomass
(ANOVA; F 5 15.42; df 5 3, 28; P , 0.001).

Although the addition of detritivorous protists re-
sulted in dramatic increases in algal biomass, the ad-
dition of omnivores did not significantly suppress algal
biomass nor did the addition of a top predator result
in a significant change in algal abundance (post hoc
Bonferroni test of pairwise comparisons, P . 0.05).

These results support removal of bacteria by detriti-
vorous protists as the mechanistic bases for the ob-
served release of algae from growth suppression when
detritivores were added. Further, distinct HSS patterns
were not observed in this system when averaging across
microcosms that differed in species composition.

4. An autotroph with three trophic levels.—Results
from this experiment revealed a significant effect of
treatment (number of trophic groups) on autotrophic
biomass (using means from chambers and ignoring
temperature, ANOVA; F 5 21.3; df 5 2, 9; P , 0.001).
This experiment differs from experiment 3 because
each consumer level is represented by a single species
and the omnivore is, in actuality, primarily an herbi-
vore. The visible decline in autotrophic abundance cre-
ated by the presence of omnivores (Fig. 10), however,
was not significant (by post hoc Bonferroni pairwise
comparisons). An increase in autotrophic biomass in
the presence of omnivores (in this case, herbivores)
and a top predator (Fig. 10), however, was significant
(by post hoc Bonferroni pairwise comparisons, P ,
0.01). These microcosms provided a more direct test
of trophic-based theory by reducing the number of
complex links among trophic groups. These results sug-
gest that predation on omnivores can release autotrophs
from suppression thereby producing an HSS-like pat-
tern in agreement with trophic-based theory (e.g., Hair-
ston et al. 1960, Oksanen et al. 1981).
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FIG. 9. Autotroph and decomposer (bacterial) densities
associated with number of trophic groups (means 1 1 SE).
Values are for microcosms used in third experiment. In this
figure, 2 5 autotrophs and decomposers, 3 5 groups in 2 1
detritivores, 4 5 groups in 3 1 omnivores, and 5 5 groups
in 4 1 a top predator.

FIG. 10. Autotrophic biomass associated with number of
trophic groups (means and 1 SE). Values are for microcosms
used in fourth experiment. In this figure, 2 5 autotrophs (pro-
ducers) and decomposers, 3 5 groups in 2 1 detritivores,
and 4 5 groups in 3 1 a top predator.

DISCUSSION

After sufficient time to permit stabilization of mi-
crocosm community composition and trophic interac-
tions to occur, standing autotrophic biomass showed a
strong negative association with species richness of the

initial consumer (nondecomposer heterotrophic protists
or herbivores, detritivores, omnivores, and top preda-
tors) inoculum.

In experiment 1, directly varying consumer species
richness as an experimental variable had a significant
effect on standing autotrophic biomass after several
generations of population growth (30 d for detritivores,
23 d for omnivores, and 16 d for top predators). Auto-
trophic biomass declined with increasing consumer
species richness (Fig. 7), a pattern confirmed in a sec-
ond experiment (Fig. 8) and observed to be robust to
considerable variation in temperature. This pattern was
obtained whether constant densities of initial consumer
species (experiment 1) or equal total density (experi-
ment 2) of initial consumer species were used in the
inocula.

This inverse association between autotrophic bio-
mass and consumer species richness suggests that auto-
trophic biomass responds in a predictable way to vari-
ation in consumer diversity, which does not support the
null, systems-based predictions of insensitivity (e.g.,
Harte and Kinzig 1993, Schulze 1995). The observed
pattern also does not support the population-based pre-
dictions of high sensitivity (e.g., MacArthur 1955, May
1973, Goodman 1975, Pimm and Lawton 1977, King
and Pimm 1983, De Angelis 1992, Haydon 1994, Lo-
reau 1995). The observed linear or asymptotic response
fits more closely with trophic-based predictions where
trophic boundaries are diffuse (e.g., Hairston et al.
1960, Oksanen et al. 1981, Pimm 1982, Carpenter et
al. 1987, Wootton and Power 1993, Polis and Wine-
miller 1996, Wootton et al. 1996). It is important to
note, however, that though our microcosms were run
for a sufficient length of time to permit stabilization of
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community composition and algal densities, they, like
most ecosystems, were not necessarily at equilibrium.
The theory we reference, however, predicts autotrophic
biomass assuming equilibrium. Thus, it is difficult to
relate our findings directly to equilibrium-based theory.

The mechanisms underlying the observed pattern
provide insight into why the observed pattern fit no
perspective perfectly. Experiments 2–4 identified two
possible mechanisms operating in our microcosms,
both of which are known to potentially affect autotro-
phic biomass in naturally occurring aquatic ecosys-
tems. First, increasing numbers of consumer species
directly reduced autotrophic biomass by increased con-
sumption of autotrophs (e.g., Oksanen et al. 1981). Re-
sults from experiment 4 demonstrated that an omnivore
(herbivore in this experiment) can reduce autotrophic
biomass by its herbivory (Fig. 8). Such impacts of pro-
tists on autotrophic production are also known from
natural aquatic systems. For example, ciliates are ca-
pable of consuming 20–60% of net annual primary
production in aquatic ecosystems (Fahnenstiel et al.
1986, Pomeroy and Weibe 1988, Carrick et al. 1991,
1992, Laybourn-Parry 1992, Neilssen and Kiørboe
1994). Although our consumers were largely omni-
vores rather than strict herbivores, omnivores are
known to affect resource species in nature (reviewed
in Diehl 1993) as they did in our microcosms.

The second mechanism is based on the observation
that autotrophic biomass was decreased indirectly by
removal of bacterivorous detritivores. Bacteria are
known to have potentially strong impacts on algal bio-
mass by immobilizing available nutrients (e.g., Azam
et al. 1983, Harte and Kinzig 1993). Consumption of
bacteria by detritivores stimulates algal growth by re-
leasing nutrients that had been immobilized by bac-
teria. Experiment 2 showed this pattern. Detritivores
had substantial effects on autotrophic biomass, visible
as a sharp rise in autotrophic biomass as detritivores
were added (Fig. 8). Experiment 2 showed that adding
consumers of detritivores (Euplotes) had a negative
impact on autotrophic biomass, visible as a reduction
in autotrophic biomass in systems that contained Eu-
plotes (Fig. 8). Experiment 3 also shows the negative
impact bacteria had on autotrophic biomass and the role
of consumers in lowering bacterial biomass (Fig. 9).
Such effects have been demonstrated in other studies.
For example, protistan consumption of bacteria has
been observed to stimulate primary production in eco-
systems (Porter et al. 1985, Stone 1990, Rothhaupt
1992). Thus, it is not only the way in which consumers
directly affect biomass by feeding, but also the way in
which they regulate biomass indirectly by influencing
the ‘‘antagonistic mutualism’’ between autotrophs and
decomposers (Harte and Kinzig 1993).

Our microcosms were modeled after aquatic eco-
systems which may show greater sensitivity of biomass
to variation in biotic diversity than terrestrial systems.
Donor-controlled systems, like many terrestrial eco-

systems, may show different patterns (Strong 1992).
For example, model terrestrial systems (Naeem et al.
1995, 1996) in which consumer diversity was manip-
ulated did not exhibit strong effects of herbivores, pred-
ators, or detritivores on autotrophic biomass.

Our experiments did not examine variation in de-
composer and autotrophic diversity which may play
important roles in biomass distribution. Several studies
have shown that autotrophic diversity is positively as-
sociated with production (Bajpai 1996, Naeem et al.
1994, 1996, Tilman et al. 1996, and references therein)
and autotrophic diversity may be positively associated
with heterotrophic diversity (e.g., Oksanen et al. 1981).
The effects of variation in decomposer diversity on
biomass distribution are less well studied. Further re-
search may demonstrate that biomass response to vari-
ation in consumer diversity may be affected by the
diversity of core species.

In summary, our findings highlight two important
features of ecosystems that govern whether they will
reside in ‘‘green’’ or ‘‘barren’’ states. First, HSS pat-
terns most likely occur when trophic levels are discrete.
Such discreteness exists when the species within tro-
phic levels are either strongly ecologically equivalent
or strongly dominated by one species. Second, the de-
composer chain (bacteria, detritivores, and predators of
detritivores) can be equally important in determining
autotrophic biomass as the grazing chain (algae, her-
bivores, and top predators). Given these findings, of
the three bodies of community theory, population-, eco-
system- and trophic-based theory, the latter may pro-
vide a robust way of understanding the determinants
of autotorphic biomass.

Our study provides insights into the fundamental dif-
ferences among systems-, population-, and trophic-
based perspectives that address the patterns of response
of biomass distribution to variation in diversity in eco-
systems. Each perspective focuses on a selection of the
components and processes outlined in Fig. 1. In spe-
cies-rich ecosystems, small changes in composition pri-
marily alter the number of species within functional
groups, but are not likely to alter the trophic and system
linkages among components. If species are ecologically
‘‘equivalent’’ or ‘‘redundant’’ within functional groups
(Walker 1992, 1995, Lawton and Brown 1993, Gitay
et al. 1996, Naeem 1998), then autotrophic biomass
may be insensitive to small-scale variation in consumer
diversity and correspond more closely to systems-based
perspectives. If species are singular (i.e., not redun-
dant) and vary considerably in ecological importance
values, then autotrophic biomass may be sensitive to
variation in consumer diversity and correspond more
closely to population-based perspectives. In either case,
if variation in heterotrophic diversity involves the loss
or addition of an entire trophically defined functional
group, then shifts in autotrophic biomass from sup-
pressed (‘‘barren’’) to released (‘‘green’’) states may
be expected.



2614 Ecology, Vol. 79, No. 8SHAHID NAEEM AND SHIBIN LI

ACKNOWLEDGMENTS

We thank B. Moreira for assisting in conducting the first
experiment and A. Symstad, R. Sterner, and the Sterner Lab
for critical evaluation of this manuscript. We also thank N.
Grimm, L. Oksanen, and two anonymous reviewers for crit-
ical evaluation. The University of Minnesota’s McKnight
Land-Grant Professorship supported this research.

LITERATURE CITED

Abrams, P. A. 1993. Affect of increased productivity on the
abundance of trophic levels. American Naturalist 141:351–
371.

Azam, F., T. Fenchel, J. G. Field, J. S. Gray, L. A. Meyer-
Reil, and F. Thingstad. 1983. The ecological role of water-
column microbes in the sea. Marine Ecology Progress Se-
ries 10:257–263.

Bajpai, A. 1996. Biodiversity and ecosystem functioning: a
case study in algal microcosms. Master’s thesis, University
of Minnesota, St. Paul, Minnesota, USA.

Carrick, H. J., G. L Fahnestiel, E. F. Stoermer and R. G.
Wetzel. 1991. The importance of zooplankton-protozoan
trophic couplings in Lake Michigan. Limnology and
Oceanography 36:1335–1345.

Carrick, H. J., G. J. Fahnenstiel, and W. D. Taylor. 1992.
Growth and production of planktonic protozoa in Lake
Michigan in situ versus in vitro comparisons and impor-
tance to food web dynamics. Limnology and Oceanography
37:1221–1235.

Carpenter, S. R. 1996. Microcosm experiments have limited
relevance for community and ecosystem ecology. Ecology
77:677–80.

Carpenter, S. R., J. F. Kitchell, J. R. Hodgson, P. A. Cochran,
J. J. Elser, M. M. Elser, D. M. Lodge, D. Kretchmer, and
X. He. 1987. Regulation of lake primary productivity by
food web structure. Ecology 68:1863–1867.

De Angelis, D. L. 1992. Dynamics of nutrient cycling and
food webs. Chapman and Hall, London, UK.

Del Giorgio, P. A., and J. M. Gasol. 1995. Biomass distri-
bution in freshwater plankton communities. American Nat-
uralist 146:135–152.

Diehl, S. 1993. Relative consumer sizes and the strengths of
direct and indirect interactions in omnivorous feeding re-
lationships. Oikos 68:151–157.

Drake, J. A. 1991. Community-assembly mechanics and the
structure of an experimental species ensemble. American
Naturalist 137:1–26.

Drake, J. A., G. R. Huxel and C. I. Hewitt. 1996. Microcosms
as models for generating and testing community theory.
Ecology 77:670–677.

Fahnenstiel, G. L., L. Sicko-Goad, D. Scavia and E. F.
Stoermer. 1986. Importance of picoplankton in Lake Su-
perior. Canadian Journal of Fisheries and Aquatic Science
43:235–240.

Gause, G. F. 1934. The struggle for existence. Williams and
Wilkins Co., Baltimore, Maryland, USA.

Gitay, H., W. Bastow and W. G. Lee. 1996. Species redun-
dancy: a redundant concept? Journal of Ecology 84:121–
124.

Goodman, D. 1975. The theory of diversity-stability rela-
tionships in ecology. Quarterly Review of Biology 50:237–
266.

Elton, C. 1927. Animal ecology. MacMillan, New York, New
York, USA.

Hairston, N. G., J. D. Allan, R. K. Colwell, D. J. Futuyma,
J. Howell, M. D. Lubin, J. Mathias, and J. H. Vandermeer.
1968. The relationship between species diversity and sta-
bility: an experimental approach with protozoa and bac-
teria. Ecology 49:1091–1101.

Hairston, N. G., Sr., F. E. Smith, and L. B. Slobodkin. 1960.

Community structure, population control, and competition.
American Naturalist 106:249–257.

Harte, J., and A. P. Kinzig. 1993. Mutualism and competition
between plants and decomposer: implications for nutrient
allocation in ecosystems. American Naturalist 141:829–
846

Haydon, D. 1994. Pivotal assumptions determining the re-
lationship between stability and complexity: an analytical
synthesis of the stability-complexity debate. American Nat-
uralist 144:14–29.

Higashi, M., and T. P. Burns, editors. 1991. Theoretical stud-
ies of ecosystems: the network perspective. Cambridge
University Press, Cambridge, UK.

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

Kareiva, P. M. 1989. Renewing the dialogue between theory
and experiment in population biology. Pages 68–88 in J.
Roughgarden, R. M. May, and S. A. Levin, editors. Per-
spectives in ecological theory. Princeton University Press,
Princeton, New Jersey, USA.

Kemp. P. F., B. F. Sherr, E. B. Sherr, and J. J. Cole. 1992.
Handbook of methods in aquatic microbial ecology. Lewis
Publishers, Boca Raton, Florida, USA.

King, A. W., and S. L. Pimm. 1983. Complexity, diversity,
and stability: a reconciliation of theoretical and empirical
results. American Naturalist 122:229–239.

Lawler, S. 1996. Ecology in a bottle: using microcosms to
test theory. In W. J. Resetartis, Jr. and J. Bernardo, editors.
Issues and perspectives in experimental ecology Oxford
University Press, Oxford, UK.

Lawler, S. P., and P. J. Morin. 1993. Food web architecture
and population dynamics in laboratory microcosms of pro-
tists. American Naturalist 141:675–686.

Lawton, J. H. 1995. Ecological experiments using model
systems. Science 269:328–331.

Lawton, J. H. and V. K. Brown 1993. Redundancy in eco-
systems. Pages 255–270 in E. D. Schulze and H. A. Moo-
ney, editors. Biodiversity and ecosystem function. Spring-
er-Verlag, New York, New York, USA.

Laybourn-Parry, J. 1992. Protozoan plankton ecology. Chap-
man Hall, London, UK.

Loreau, M. 1995. Consumers as maximizers of matter and
energy flow in ecosystems. American Naturalist 145:22–
42.

Luckinbill, L. S. 1973. Coexistence in laboratory popula-
tions of Paramecium aurelia and its predator Didinium na-
sutum. Ecology 54:1320–1327.

. 1974. The effects of space and enrichment on a
predator-prey system. Ecology 55:1142–1147.

. 1979. Regulation, stability, and diversity in a model
experimental microcosm. Ecology 60:1098–1102.

MacArthur, R. H. 1955. Fluctuations of animal populations
and a measure of community stability. Ecology 36:533–
536.

May, R. M. 1973. Stability and complexity in model eco-
systems. Princeton University Press, Princeton, New Jer-
sey, USA.

McGrady-Steed, J., P. M. Harris, and P. J. Morin. 1997. Bio-
diversity regulates ecosystem predictability. Nature, 390:
162–165.

Naeem, S. 1998. Species redundancy and ecosystem reli-
ability. Conservation Biology 12:39–45.

Naeem, S., K. Håkenson, J. H. Lawton, M. J. Crawley, and
L. J. Thompson, 1996. Biodiversity and plant productivity
in a model assemblage of plants. Oikos 76:259–264.

Naeem, S., and S. Li. 1997. Biodiversity enhances ecosystem
reliability. Nature 390:507–509.

Naeem, S., L. J. Thompson, S. P. Lawler, J. H. Lawton, and



December 1998 2615DIVERSITY AND AUTOTROPHIC BIOMASS

R. M. Woodfin. 1994. Declining biodiversity can alter the
performance of ecosystems. Nature 368:734–737.

Naeem, S., L. J. Thompson, S. P. Lawler, J. H. Lawton, and
R. M. Woodfin. 1995. Biodiversity and ecosystem func-
tioning: empirical evidence from experimental microcosms.
Philosophical Transactions of the Royal Society, London,
B 347:249–262.

Nielsen, T. G., and T. Kiørboe. 1994. Regulation of zoo-
plankton biomass and production in a temperate, coastal
ecosystem. 2. Ciliates. Limnology and Oceanography 39:
508–519.

Odum, H. 1956. Efficiencies, size of organisms, and com-
munity structure. Ecology 37:592–597.

. 1994. Ecological and general systems. University
Press of Colorado, Niwot, Colorado, USA.

Odum, H., and R. C. Pinkerton. 1955. Time’s speed regu-
lator: the optimum efficiency for maximum power output
in physical and biological systems. American Scientist 43:
331–343.

Oksanen, L., S. D. Fretwell, J. Arruda, and P. Niemelä. 1981.
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