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Summary

1.

 

Previous evidence suggests that bacterially mediated decomposition of complex
organic substrates increases with greater food web diversity. We attempted to identify
changes in bacterial community composition and function associated with increased
decomposition in more diverse food webs.

 

2.

 

We used aquatic microcosms where we manipulated productivity with different
initial nutrient concentrations. We created a diversity gradient by establishing com-
munities of eukaryotes with zero (bacteria alone), one, two or four microbe species
(protists and rotifers) in each of four trophic levels: producers, herbivores, bacterivores
and predators. The initial bacterial community was standardized across all treatments.
To determine effects of productivity and diversity on the bacterial community, we
measured: decomposition, abundance, diversity of colony morphotypes (a measure of
composition) and community level physiological profiles (CLPP) (a functional profile
based on carbon substrate utilization).

 

3.

 

Decomposition increased with greater eukaryotic species richness and was not
influenced by productivity. Bacterial abundance remained constant with increasing
eukaryotic species richness at low productivity, but significantly declined at high
productivity. Eukaryotic species richness together with productivity influenced the
composition of the bacterial community. However, the CLPP was strongly influenced
by productivity and not species richness.

 

4.

 

Food web diversity and productivity interact to influence bacterial community
composition and function. In more diverse food webs, bacterial activity (decomposition)
increased despite lower population abundance.
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Introduction

 

The decomposition of organic matter by bacteria is a
fundamental process in carbon cycling with potential
impacts on community properties including patterns
of species diversity (Jiang & Morin 2005), trophic
structure (Hairston & Hairston 1993), nutrient flux
(Harte & Kinzig 1993; Loreau 1994) and stability
through increased mineralization of  nutrients

(Barsdate, Prentki & Fenchel 1974; DeAngelis 1992)
and reduced fluctuations in nutrient availability
(DeAngelis 1992). However, the connection between
eukaryotic diversity and bacterial functioning remains
poorly understood. This connection is important
because bacteria play a central role in many ecosystem
processes. Given that global declines in eukaryotic
species diversity have occurred (Sala 

 

et al

 

. 2000), it is
important to explore the indirect effects of declining
diversity on bacterial communities. Consumer effects
on prey and productivity have been demonstrated in
plant–herbivore models (De Mazancourt, Loreau &
Abbadie 1998), and in experiments using microbial
communities (Naeem & Li 1997), insect–plant interactions
(Belovsky & Slade 2000) and ungulates grazing on
the Serengeti grasslands (McNaughton 1976). The
relationship between grazing by heterotrophic protozoa
and bacterially mediated decomposition in aquatic
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systems appears to be broadly similar to the positive
effects of  grazers on primary production in some
terrestrial systems. Decomposition of organic matter
(Fenchel & Harrison 1976; Sherr, Sherr & Berman
1982; Tso & Taghon 1999) and total community
respiration (Coleman 

 

et al

 

. 1978) both increase when
protozoa graze on bacteria. The mechanisms causing
this increase remain controversial. Grazing can liberate
nutrients through bacterial cell lysis and excretion
(Barsdate 

 

et al

 

. 1974; Fenchel & Harrison 1976). Pref-
erential grazing on larger bacteria can also change the
composition of bacterial communities (Simek 

 

et al

 

.
1995; Langenheder & Jurgens 2001). These results
suggest different possible mechanisms underlying links
between bacterial metabolic activity and consumer
pressure. Much less is known about how the diversity
of all trophic levels within a multitrophic food web can
alter bacterial communities and decomposition (see
McGrady-Steed, Harris & Morin 1997).

Numerous studies suggest that species diversity can
influence various ecosystem properties including
primary production, temporal stability and nutrient
uptake (Tilman & Downing 1994; Hector 

 

et al

 

. 1999;
Tilman 

 

et al

 

. 2001). The majority of this research has
focused on primary producers and has not examined
the effects of consumers (Duffy 

 

et al

 

. 2001), or the
effects of diversity distributed across an entire food
web (Petchey 

 

et al

 

. 2002). Within the small sample of
studies that manipulated diversity over multiple trophic
levels (Naeem 

 

et al

 

. 1994; McGrady-Steed 

 

et al

 

. 1997;
Downing & Leibold 2002) and explored diversity
effects on decomposition, only McGrady-Steed 

 

et al

 

.
(1997) found that an increase in decomposition
accompanied increasing eukaryotic species richness.
However, they did not identify proximal mechanisms
for the response. Because bacterial diversity was not
manipulated directly, positive indirect effects of eukary-
otic species diversity on bacterially mediated processes
seem plausible.

Indirect effects of eukaryotic diversity on the bacterial
processes that drive decomposition could arise from
two potentially interdependent mechanisms. First,
the more diverse metabolic processes associated with
greater eukaryotic species richness might enhance
nutrient cycling and promote greater metabolic activity
by bacteria (Barsdate 

 

et al

 

. 1974; DeAngelis 1992).
Second, a greater diversity of eukaryotic grazers may
consume a wider variety of  bacterial taxa, causing
a change in bacterial community composition and
functioning (Langenheder & Jurgens 2001). Here we
test these hypotheses by describing effects of eukaryotic
species diversity on decomposition and bacterial
community composition and functional profiles. Micro-
cosms are ideal for testing these hypotheses as they
allow easy manipulation of  diversity and provide a
tractable model system to follow complex food web
patterns over multiple generations (Gause 1934; Fenchel
& Harrison 1976; McNaughton 1988; McGrady-Steed

 

et al

 

. 1997; Naeem & Li 1997; Petchey 

 

et al

 

. 2002).

 

Methods

 

 

 

Aquatic microcosms were established with two levels
of nutrient concentrations to manipulate productivity:
0·7 g l

 

−

 

1

 

 of  protist pellet (a nutrient source for protist
cultivation from Carolina Biological Supply, Burlington,
NC) and 1·67 g l

 

−

 

1

 

 soil, or 0·07 g l

 

−

 

1

 

 protist pellet and
0·167 g l

 

−

 

1

 

 soil. Soil came from an organic garden on the
Rutgers University campus and was used to supplement
the media with trace nutrients and minerals. High-
productivity and low-productivity treatments had
total phosphorus concentrations of  145·8 

 

µ

 

g l

 

−

 

1

 

 and
25·4 

 

µ

 

g l

 

−

 

1

 

 respectively. These concentrations span the
mesotrophic to hypereutrophic range (Wetzel 2001).
Past research using similar manipulations of nutrient
concentrations shows that they produce increases
in the abundance and biomass of  organisms that are
consistent with increased productivity (Kaunzinger &
Morin 1998; Jiang & Morin 2005; Steiner 

 

et al

 

. 2005).
On day 10 of the experiment, one sterile, dried and

preweighed wheat seed was added to each microcosm
to provide the target substrate for decomposition.
Gradients of  diversity were created by establishing
zero (bacteria control), one, two or four eukaryotic
species in each of  four trophic levels: primary pro-
ducers (unicellular algae), algal consumers (protozoa
and rotifers), bacterivores (protozoa) and top predators
(protozoa). The zero eukaryotic diversity treatment
was intended to create a control containing only
bacteria (although contamination by one unidentified
algal species and one small ciliate affected all treat-
ments). The standardized bacteria-only control was
established by inoculating microcosms with three
species of bacteria (

 

Serratia marcescens

 

, 

 

Bacillus cereus

 

and 

 

Bacillus subtillus

 

) consumed by all bacterivores in
our study plus an inoculum pooled from cultures of
all eukaryotic species used in this experiment. Within
each diversity treatment level, we established four
different compositional combinations (Table 1) to
avoid confounding eukaryotic species composition
with diversity. Compositional combinations served as
replicates for the diversity treatments, and species were
randomly drawn from a pool of candidate species at
each trophic level. Every treatment and compositional
combination was replicated twice, except for the func-
tional profile analysis (see below), which was replicated
three times. Starting during the second week of the
experiment and continuing weekly thereafter, 10% of
the media (by volume) was replaced with fresh and
sterile media. Microcosms were incubated at 22 

 

°

 

C
with 12:12 h light : dark, and the experiment was
maintained for 40 days.

 



 

To evaluate the effects of  eukaryotic diversity and
productivity on bacterial community structure and
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function, the following variables were measured: de-
composition (as percentage dry weight lost of a wheat
seed), bacterial abundance and community structure
based on colony morphotypes on R2A agar (Difco
Laboratories, Inc., Detroit, MI, a standard oligotrophic
medium frequently used to culture aquatic environmental
bacteria; Franklin 

 

et al

 

. 2001; Garland 

 

et al

 

. 2001;
Muller 

 

et al

 

. 2002), and community level physiological
profiles (CLPP) (Garland & Mills 1991). The CLPP
method serves as a relative measure of the functional
diversity of a bacterial community using Ecolog (Biolog,
Hayward, CA) microtitre plates containing an array
of 31 different carbon substrates and a water control
well. The response of  the community to the carbon
substrates is determined spectrophotometrically
and provides a profile of that bacterial community’s
metabolic diversity.

To monitor food web diversity, rotifers and protists
were sampled every 3–4 days up to day 22 and then
every 3–6 days up to the final date of the experiment.
Microcosms were first gently mixed and between 900
and 1500 

 

µ

 

l medium were removed and examined with
a dissecting microscope. Rare taxa were enumerated
by counting the entire sample volume while abundant
taxa were counted in smaller subsamples of  known
volume. Algae and small microflagellates were
enumerated using a haemocytometer and a compound
microscope.

 

Decomposition and bacterial enumeration

 

Wheat seeds were removed on day 40, dried for 48 h at
70 

 

°

 

C and weighed to determine mass loss, which was
used to calculate percent decomposition. On day 20,
bacterial abundance was measured using dilution plat-
ing on R2A agar. Microcosm suspensions were diluted
tenfold, and plates were inoculated and incubated at
room temperature for 48 h prior to counting.

 

Colony morphotype analysis

 

Colony morphotype analysis was conducted in a
second experiment of similar design. Morphotypes were
identified using a colony counter or dissecting micro-
scope. Each morphotype was characterized by size,
colour, margin, edge and elevation. The experiment was
established as outlined above, but diversity treatments
were limited to high (at least three species at each trophic
level) and low levels (one species at each trophic level),
and did not include compositional replicates. Up to 14
colony types were distinguishable on R2A agar and the
relative abundance of the 10 present at the end of the
experiment were estimated to characterize bacterial
community composition. We acknowledge the difficulty
in considering all bacterial taxa with culture-based
methodology, and we emphasize that this approach
provides only a relative comparison of the cultivable
bacteria over our treatments (Ovreas & Torsvik 1998;
Hughes 

 

et al

 

. 2001; Ward 2002). However, prior studies
using culture-based methods have effectively captured
relative differences among experiment treatments
(Garland 

 

et al

 

. 2001; Muller 

 

et al

 

. 2002). Hence, plate
counts can be used as effective proxy measures of
relative bacterial diversity and abundance.

 

Bacterial functional profile

 

CLPP were sampled on day 20 by diluting samples
tenfold and inoculating each sample into Ecolog (Biolog
Inc.) microtitre plates. Plates were incubated for 48 h
in the dark at room temperature. Biolog plates contain
a redox dye in each well that indicates metabolism of
the substrate by bacteria. The response to the carbon
substrates was determined using a spectrophotometer
and absorbance at 590 nm; all substrate wells were
blanked against the water control well. Owing to order

 

Table 1.

 

Compositional combinations of diversity treatments

 

 

 

 

Trophic level Organism

Diversity treatment level*

1 2 4

Producers

 

Ankistrodesmus

 

c a,c,d

 

Chlorella

 

c a a,b

 

Chrysopsis

 

b,c d

 

Clamydomonas

 

b c

 

Cyclotella

 

a a,b,c

 

Euglena gracilis

 

d b,d a,b,c,d
Unknown diatom sp. a d

Herbivores

 

Colpidium striatum

 

d b

 

Frontonia

 

b a d

 

Gastropus

 

d

 

Lepadella

 

b a,c

 

Monostyla

 

c a,b

 

Paramecium aurelia

 

a b,c

 

Paramecium caudatum

 

c a,c,d

 

Paramecium tetraurelia

 

b,d

 

Rotaria

 

c b,c,d

 

Stylonychia

 

a a,d

Bacterivores

 

Chilomonas

 

b,c c

 

Coleps

 

d a c

 

Colpoda cucullus

 

b d b,c

 

Colpoda inflata

 

a d
Gastrotrich sp. a,b

 

Loxocephalus

 

c,d

 

Spirostomum ambiguum

 

a,d

 

Tetrahymena pyriformis

 

b,c

 

Tetrahymena thermophila

 

c a,d

 

Tilline

 

b
Unknown protist sp. a a,b,d

Top predators

 

Actinosphaerium

 

b a,b,d

 

Amoeba

 

 sp. b a,c

 

Blepharisma americanum

 

b d

 

Didinium

 

b,d

 

Dileptus

 

d b b,d

 

Euplotes

 

c c b

 

Oxytricha

 

a,c

 

Stentor coeruleus

 

d a,b

 

Tetrahymena vorax

 

a d a,c

*Compositional combinations a, b, c and d are shown to illustrate which species from 
each trophic level are represented in the different diversity treatments. Four 
compositional combinations were used for each diversity treatment level.
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of magnitude differences in the abundance of bacteria
between high- and low-productivity treatments, absor-
bance data acquired in the CLPP were normalized
against the well with the maximum absorbance for
each productivity treatment.

 

 

 

Eukaryotic species richness is presented as ‘average
realized species richness’ rather than as the initial
richness in each treatment because not all introduced
species persisted throughout the course of the experi-
ment (Table 1). This value was calculated as the mean
of eukaryotic richness over the course of the experiment
for each replicate. An analysis of covariance (

 



 

)
explored the relationship between average realized
species richness and decomposition and bacterial
abundance. Productivity was treated as a fixed effect
and average realized species richness as a continuous
covariate in testing the hypothesis that bacterially
mediated decomposition and abundance increased with
increasing food web diversity at both productivity levels.

Principal components analysis (PCA) summarized
the bacterial community profiles from both the colony
morphotype analysis and the CLPP. The abundance of
each colony morphotype was logarithmically trans-
formed prior to analysis. The 10 colony morphotypes
were treated as separate variables. To test the hypothesis
that eukaryotic species richness and productivity altered
the metabolic functional profile of the bacterial com-
munity, normalized absorbance measures of the CLPP
were transformed into binary measures (1 = substrate
used and 0 = substrate not used) and relationships
between the diversity treatments and productivity
summarized using PCA. All PCA analyses were followed
by a multivariate analysis of  variance (

 



 

). Pro-
ductivity and diversity treatments were fixed factors
while the first two component scores were the dependent
variables. We conducted all statistical analyses using
SAS version 9·1 (SAS Institute, Cary, NC).

 

Results

 

Decomposition increased with increasing realized
eukaryotic species richness (Fig. 1). 

 



 

 showed
that average realized species richness positively influ-
enced decomposition (

 

F

 

1,51

 

 = 8·44, 

 

P

 

 < 0·01), but
productivity (

 

F

 

1,51

 

 = 0·61, 

 

P

 

 = 0·43) had no detectable
effect. Eukaryotic species diversity (

 

F

 

1,51

 

 = 7·55,

 

P

 

 < 0·01) and productivity (

 

F

 

1,51

 

 = 4·17, 

 

P

 

 < 0·05)
interacted to affect bacterial abundance (productivity

 

×

 

 diversity, 

 

F

 

1,51

 

 = 10·18, 

 

P

 

 < 0·001, Fig. 2). At low
productivity, bacterial abundance showed little change
with increasing eukaryotic diversity, while at high
productivity, bacterial abundance decreased with
increasing eukaryotic diversity (Fig. 2).

Eukaryotic species diversity significantly altered
bacterial community composition in the second experi-
ment (Fig. 3 and Table 2, Wilk’s lambda 

 

F

 

6,32

 

 = 21·28,

 

P

 

 < 0·0001, a diversity effect). The high-diversity
treatments in both high- and low-productivity
treatments produced a different distribution of colony
morphotypes than the low-diversity treatment or the
control. The composition of the bacterial communities
in the low-diversity treatments and the bacterial
control were more similar in the same productivity
level (Fig. 3, Wilk’s lambda 

 

F

 

3,16

 

 = 22·12, 

 

P

 

 < 0·0001, a
productivity effect) than the same diversity level.

Eukaryotic diversity treatments did not alter the
functional profile of the bacterial community measured
by the CLPP analyses. However, productivity signific-
antly changed the functional profile of the bacterial
communities (Fig. 4, Wilks’ lambda 

 

F

 

3,68

 

 = 53·9
and 

 

P

 

 < 0·0001). Approximately half  of the carbon
substrates utilized in the microtitre plates were signific-
antly correlated with variation described by principal
component (PC) axis 1 (Table 3).

Fig. 1. The relationship between average realized species
richness of protists and rotifers and percent decomposition of
sterile dried wheat seeds. Productivity level is indicated by fill,
and the trend line of all data is displayed for ease of
interpreting data ( species richness effect: F = 8·44,
P < 0·01, n = 52) .

Fig. 2. The relationship between average realized species
richness of protists and rotifers and bacterial abundance
measured by dilution plating. Productivity level is indicated
by fill, and trend lines are displayed for each productivity level
for ease of interpreting data ( species richness effect:
F = 7·55, P < 0·01, n = 26; productivity effect: F = 4·17,
P < 0·05, n = 26; interaction: F = 10·18, P < 0·001).
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Discussion

Decomposition increased with increasing species
richness in our food webs, a result that is consistent
with previous findings in similar systems (Fenchel &
Harrison 1976; McGrady-Steed et al. 1997). This
result was not influenced by variation in productivity.
The absence of  a productivity effect was somewhat
surprising since metabolic activity at all trophic levels
should increase with nutrient availability. For example,
Fenchel & Harrison (1976) found an increase in rate
of decomposition in media enriched with  and

 presumably because bacteria were previously
limited by those nutrients. Instead, we found that
interactions between bacteria and the eukaryotes
compensated for what would otherwise be a nutrient-
limited environment. This conclusion is supported by
an increase in wheat seed decomposition despite lower
bacterial population size (Figs. 1 and 2). Thus, despite
the fact that a higher diversity of  consumers and

producers apparently limited bacterial population sizes,
those that remained were more metabolically active.

The patterns seen in our high-productivity treatment
are analogous to the impacts of increased herbivore
diversity on algal biomass observed in other studies
(Naeem & Li 1997; Norberg 2000). Our finding suggests
that effects of consumer diversity on the abundance of
basal species are broadly similar regardless of whether
those basal species are autotrophs or heterotrophs. Both
producers and decomposers assimilate carbon and
inorganic nutrients, but decomposers also mineralize
organic matter into CO2 and inorganic nitrogen and
phosphorus making it available to producers and
consumers in the food web. Although it was not directly
measured in our study, increased material and nutrient
flow associated with grazing may have accompanied a
greater diversity of species across the entire food web.
This is suggested by the decline in bacterial abundance
concurrent with an increase in decomposition of the
wheat seed (Figs. 1 and 2).

Theory suggests that a more diverse assemblage of
species will more completely exploit a set of available
resources (Tilman, Lehman & Thompson 1997). Like-
wise, we expect that a more diverse assemblage of
eukaryotic consumers and osmotrophs might utilize
more bacterial taxa and dissolved substrates. The
resulting increase in material flow and diversity of
metabolites may in turn have a positive effect on
the metabolic activity of bacterial communities by
potentially releasing them from nutrient limitation.
Interactions between producers and decomposers
(Harte & Kinzig 1993; Naeem, Hahn & Schuurman
2000; Loreau 2001) and autotrophs and heterotrophs
(Naeem 2001) involve a reciprocal and obligatory
exchange of material between these major functional
groups. As decomposers are assumed to be carbon

NO3
−

PO4
3−

Fig. 4. The separation of bacterial community functional
profiles (summarized by the PCA of bacterial carbon substrate
utilization) across high productivity (open symbols), low
productivity (closed symbols) and the bacteria-only control
(circle), diversity treatments: level 1 (square), level 2
(triangle), level 4 (diamond). For each diversity treatment
symbol n = 3 for the bacterial control and n = 12 for the
diversity treatments. Error bars indicate standard deviation.

Table 2. Correlations between bacterial colony morphotypes and principal component
scores
 

 

Colony morphotype

PC1 (18·1% variance) PC2 (15·0% variance)

r P-value r P-value

Small clear −0·43158 0·035 * *
Butter −0·78153 <0·0001 * *
Yellow spreader 0·85279 <0·0001 0·42226 0·038
Tiny white −0·68131 0·0002 * *
Super tiny * * * *
Tiny yellow * * −0·46526 0·022
Big white 0·42085 0·041 0·73576 <0·0001
Medium bright white 0·72438 <0·0001 * *
Tiny orange 0·42732 0·037 * *
Tiny pink * * 0·88045 <0·0001

*No significant correlation. 

Fig. 3. The separation of bacterial community composition
(summarized by the PCA of bacterial colony morphotypes)
across high productivity (open symbols), low productivity
(closed symbols) and the bacteria-only control (circle), low-
diversity treatment (square), high-diversity treatment
(triangle). For each diversity treatment symbol n = 4 and
error bars indicate standard deviation.
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limited (Hairston, Smith & Slobodkin 1960; Harte &
Kinzig 1993; Naeem 2001), it is likely that any increase
in carbon and nutrient flow associated with the dis-
tribution and diversity of eukaryotic species in a food
web will facilitate bacterial metabolic activity. In
this work, we hypothesized that a greater diversity of
metabolites will result from more eukaryotic species in
the food web, thus maximizing potential for metabolic
activity by bacteria. We saw an increase in decomposition
(and presumably bacterial metabolic activity) with
increasing eukaryotic diversity. However, that change
was not accompanied by a change in the metabolic
profile (CLPP) of the bacterial assemblage (Fig. 3).
Substrate use by bacterial communities did not vary
with eukaryotic diversity, but we did observe differences
associated with the productivity level of the microcosm.
Bacterial communities in high- and low-productivity
treatments were markedly different in the carbon sources
they utilized (Table 3), but they did not differ overall in
their aggregate activity affecting decomposition. It is
interesting that the bacteria utilized a different suite of
carbon substrates depending on their environmental
productivity level. This may be due to the metabolic

state of  the bacterial assemblage (i.e. stationary vs
growth phase) that is secondary to the metabolic
benefits of a diverse food web that we propose here.

Consumer-mediated shifts in species composition
may influence the whole community’s ability to utilize
complex carbon sources such as wheat seeds, which
served as a convenient proxy for other kinds of alloch-
thonous carbon degraded by aquatic microbial
communities. In fact, we hypothesized that a greater
diversity of grazers in the food web will utilize a wider
variety of bacterial taxa and alter the composition of
the bacterial community. In this case, if  we assume that
resources were plentiful in the high-productivity treat-
ments, bacterial abundance was limited by a greater
diversity of consumers that were perhaps capable of
exploiting more bacterial taxa (Fig. 2). Similar patterns
have been observed for relationships between an
assemblage of primary producers and their consumers
in other studies (Naeem & Li 1997). However, in this
experiment, the grazers in high-diversity treatments
not only consumed more bacteria, but also changed
bacterial community composition (Fig. 3 and Table 2).
This result, together with the decline in bacterial
abundance, suggests that grazing selects for more
productive bacteria in more diverse food webs.

Productivity and consumer diversity interact to
indirectly increase bacterially mediated decomposition.
This interaction is illustrated by the combined influence
of nutrient limitation in low-productivity, low-diversity
food webs and by more pressure on bacterial taxa when
diversity is high. The complex interactions between
productivity, eukaryotic diversity and bacterial com-
munities may be explained by trophic level interactions.
For instance, diversity in multitrophic communities
yields increased stability (Steiner et al. 2005) and
predictability (McGrady-Steed et al. 1997; Morin &
McGrady-Steed 2003), and bacterially mediated de-
composition stabilizes communities through regulation
of nutrients in the environment (DeAngelis 1992). The
combination of bottom-up effects from bacterially
mediated decomposition and top-down effects from
multitrophic diversity may work synergistically to
create stable and productive communities. Research
and theory have demonstrated that the interactions
between functional groups can be complex (Harte &
Kinzig 1993; Naeem et al. 2000; Loreau 2001).

We propose that the indirect effects of  grazers
on decomposition occurred through a combination of
two influences: (1) media enrichment associated with
heterotroph and autotroph activity leading to increased
metabolic activity and (2) selection for a different and
more productive bacterial community composition.
The implications of  this result to biodiversity and
ecosystem function research are important. First, the
consequences of increased species richness to ecosystem
function are not limited to interactions within discrete
trophic levels (Duffy et al. 2001; Petchey et al. 2002).
Second, bacterial communities and the processes that
they control must be studied in the context of complete

Table 3. Correlations between carbon substrates and principal component scores
 

 

Carbon substrate

PC1 (43·1% variance) PC2 (9·3% variance) 

r P-value r P-value

Pyruvic acid methyl ester 0·76203 <0·0001 * *
Tween 40 −0·35419 0·0015 * *
Tween 80 * * * *
α-Cyclodextrin * * * *
Glycogen 0·83275 <0·0001 0·49639 <0·0001
-Cellobiose 0·76991 <0·0001 * *
α--Lactose * * * *
B-Methyl--glucoside 0·85066 <0·0001 −0·25543 <0·05
-Xylose 0·46258 <0·0001 * *
I-Erythritol * * * *
-Manitol 0·88405 <0·0001 * *
N-Acetyl--glucosamine 0·91466 <0·0001 – 0·28187 0·0124
-Glucosaminic acid * * −0·23781 0·036
Glucose-1-phosphate 0·89144 <0·0001 * *
,-α-Glycerol phosphate 0·60573 <0·0001 * *
-Galactonic acid-γ-lactone 0·80913 <0·0001 −0·32005 0·0043
-Galacturonic acid * * * *
2-Hydroxybenzoic acid * * * *
4-Hydroxybenzoic acid 0·68383 <0·0001 * *
γ-Hydroxybutyric acid 0·69685 <0·0001 0·3043 0·0068
Itaconic acid * * * *
α-Ketobutyric acid * * * *
-Malic acid 0·45821 <0·001 0·40878 0·0002
-Argenine 0·37272 0·0008 0·37018 0·0009
-Asparagine * * * *
-Phenylalanine * * * *
-Serine 0·25506 0·02 * *
-Threonine * * * *
Glycyl- -glutamic acid * * * *
Phenylethylamine 0·68228 <0·0001 0·4579 <0·0001
Putrescine * * * *

*No significant correlation.
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food webs to avoid missing key interactions with other
functional groups (Cochran-Stafira & von Ende 1998).
We propose that indirect consequences of  altered
biodiversity may be as important as direct effects of
diversity on function.

Knowledge about the important causes and con-
sequences of  biodiversity is growing, but there is still
a critical need for research that explores the conse-
quences of  changing diversity on multiple trophic
levels (Hooper et al. 2005). The difficulty with incor-
porating bacteria into such multitrophic level studies
involves very different scales of sampling (Hughes
et al. 2001; Horner-Devine, Carney & Bohannan 2003)
and different interpretations given to prokaryotic and
eukaryotic diversity (Martiny et al. 2006). Our work
did not directly manipulate bacterial diversity and
functioning (see, e.g., Bell et al. 2005). However, we
evaluated mechanisms that highlight the potentially
important role of bacterial consumers in diversity
studies. Such interactions are likely to be important
in most food webs where bacteria and eukaryotes
interact in potentially complex ways.
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