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Niche Partitioning Increases Resource
Exploitation by Diverse Communities
Deborah L. Finke1,2* and William E. Snyder1

Classical ecological theory suggests that the coexistence of consumer species is fostered
by resource-use differences, leading to greater resource use in communities with more species.
However, explicit empirical support for this idea is lacking, because resource use by species is
generally confounded with other species-specific attributes. We overcame this obstacle by
co-opting behavioral plasticity in food choice among a group of animal consumers, allowing us
to manipulate patterns of resource use while controlling for the effects of species identity and
diversity. Within an aphid-parasitoid-radish community, we created a fully factorial manipulation
of consumer resource-use breadth (specialist versus generalist) and species diversity (one versus
three species) and found that resource exploitation improved with greater specialist, but not
generalist, diversity. Therefore, resource partitioning, and not diversity per se, fostered greater
overall resource consumption in our multispecies consumer communities.

Early ecological models suggested that rel-
atively strong intraspecific competitionpaired
with relatively weak interspecific competi-

tion fosters species coexistence and promotes bio-
diversity (1–4). When these conditions exist, new
species are able to invade model communities be-
cause they can monopolize a subset of the total
resource pool. In contrast, when interspecific com-
petition is the predominant force and resource par-
titioning is absent, only the single consumer species
that drives the limiting resource to the lowest level
is able to persist (5). This leads to the prediction
that when species differ in resource-use patterns,
adding more species to a community will lead to
increased overall exploitation of available resources
(3, 5, 6). It is resource differentiation among con-
sumers at the community level that is expected to
lead to more complete resource exploitation and
not species diversity per se. However, empirical
validation of these ideas has been hindered by the
fact that resource-use differences among species
typically are inextricably confounded with other
species-specific attributes and requirements (such
as size, rate of growth, metabolic rate, and fecun-
dity). This lack of empirical support led, until re-
cently, to the deemphasis of resource partitioning
as a key driver of community structure (1).

Recent experimental manipulations of species
richness have revealed, across a broad range of real-
world ecological communities, a general pattern of
greater resource exploitation when more species
are present (7–9). However, the role of resource-
use partitioning as a mechanism underlying this
pattern, if any, has resisted empirical documen-
tation (10–16). Progress has been hindered again
by the seeming impossibility of entirely isolating
the impacts of resource partitioning from those of
other species attributes (12, 14, 17).

Here, we report an empirical test of the idea
that resource partitioning leads to a net increase
in resource exploitation by consumer commu-
nities. Our workwas conducted in a model system
in which plastic prey-choice behavior by natural
enemies was exploited to manipulate overlap in
resource use, independent of consumer species
identity and thus of other species-specific traits.
The system consisted of radish host plants, aphid
herbivores, and parasitoid natural enemies. Radish
(Raphanus sativus) plants in the Pacific Northwest
of the United States are consumed by a variety of
phloem-feeding aphid species, including green
peach aphids (Myzus persicae), cabbage aphids
(Brevicoryne brassicae), and turnip aphids (Lipaphis
erysimi). These aphids are attacked by a diverse

community of parasitoid wasps in the family Bra-
conidae, including the species Diaeretiella rapae,
Aphidius colemani, andA.matricariae (18). Insect
parasitoids deliver natural pest control in agricul-
tural systems worldwide, an ecosystem service
of great economic and environmental value to
humans (19).

We manipulated the resource use of individ-
ual consumer species by taking advantage of the
natural host fidelity exhibited by these otherwise
generalist parasitoid wasps (18, 20). Although
each parasitoid species is capable of attacking
and completing development in all three aphid
species, when given a choice, individual female
wasps prefer to deposit eggs in hosts of the same
species from which they themselves emerged (20)
(fig. S1). This host fidelity ismost likely expressed
through associative learning. Upon emergence as
adults, wasp parasitoids use the chemical cues
associated with the natal host and its environment
to direct their searching (20). As a result, para-
sitoids are more likely to locate and oviposit in
hosts of the same species as their natal host. Such
host fidelity behavior gave us an opportunity to
manipulate the breadth of resources exploited by
different populations of a single species and also
across communities including several wasp spe-
cies (21). We reared wasps of each of the three
species on each of the three species of aphids, for a
total of nine different wasp/aphid species associ-
ations. Then, by combining individual wasps from
these source colonies, we could experimentally con-
struct wasp communities differing in intraspecific
and/or interspecific resource-niche breadth (fig.
S2). By doing so,wewere able to isolate the effects
of competition on awell-defined resource, the aphid
community, from the effects of other parasitoid
species attributes.

Wasp communities were assembled that differed
in all combinations of species identity, resource-
use overlap (“specialists” that partition resources
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versus “generalists” that completely overlap in
their resource use), and the potential for intra-
specific and/or interspecific competition (with a
parasitoid species richness of one versus three)
(21). We did this in field cages containing all three
aphid species and measured the resulting impacts
on the percentage of aphid parasitism and on
aphid abundance. The manipulation of resource-
use overlap and competitive interactions among
parasitoids resulted in four parasitoid treatments:
(i) a single specialist parasitoid species (36 indi-
vidual parasitoids of the same species, all reared
from the same aphid host); (ii) three specialist
parasitoid species, each of which prefers to attack
a different aphid host (12 individuals of each of
the three parasitoid species, with each species reared
on a different aphid host); (iii) a single generalist
parasitoid species (36 parasitoids of the same
species, with 12 individuals reared from each of
the three aphid hosts); and (iv) three generalist
parasitoid species that completely overlap in their
resource use (l2 individuals of each of the three
parasitoid species, with 4 individuals of each par-
asitoid species reared from each of the three aphid
species). Every possible parasitoid/host species

combination was included within each treatment,
and these compositions constituted replicates with-
in that treatment (table S1). Including all parasitoid/
host species combinations ensured that our results
could not be unduly influenced by any single par-
asitoid species or by any parasitoid/aphid species
pairing (22, 23). Total parasitoid abundance at the
time of release was held constant at 36 adult fe-
males (9 females/m2) across all treatments. This
experiment was conducted under real-world con-
ditions in large field cages at the Washington State
UniversityResearch Station inOthello,Washington.

We found that parasitism success among wasp
communities was affected by a strong interaction
between the degree of resource-use overlap and
consumer species richness (significant species rich-
ness times resource-use overlap interaction, F1,32 =
12.56, P = 0.0013; Fig. 1A). When parasitoids
were generalists and any single species had access
to all resources, increasing species richness did not
affect the parasitism of the aphid community (t test
of the difference between two means, t32 = 0.40,
P= 0.6934; Fig. 1A). In contrast, when consumer
species were specialists that used different re-
sources, the percentage of parasitism increased
dramatically when three species were present as
opposed to one (t32 = 5.25, P < 0.0001; Fig. 1A).
Comparing the two treatments includingmultiple
consumer species, the percentage of parasitismwas
significantly greater when consumer species were
specialists than generalists (t32 = 2.40, P = 0.0224;
Fig. 1A). Aphid densities did not differ among
treatments during the early course of the exper-
iment (fig. S3), suggesting that parasitism rates
were not indirectly affected by confounding differ-
ences in resource abundance among treatments.

Differences in the percentage of parasitism
across treatments resulted in concordant differ-
ences in aphid densities. Parasitoid species rich-
ness and resource-use overlap interacted to determine
total aphid abundance (significant species rich-
ness times resource-use overlap interaction, F1,32 =
3.98,P= 0.0550; Fig. 1B). Suppression of aphids
was unaffected by the presence of multiple con-
sumer species when parasitoids were generalists
that completely overlap in their resource use (t32 =
0.90, P= 0.3765; Fig. 1B), suggesting equitability
in the magnitude of intraspecific and interspecific
interactions. Such competition among parasitoids
is often chemically mediated, with parasitoid fe-
males being capable of recognizing the presence
of both intraspecific and interspecific competitors
(24). However, for specialist parasitoids, aphid
consumptionwas greater and thus aphid abundance
was lower, with greater parasitoid species richness
(t32 = 4.40, P= 0.0007; Fig. 1B). Consistent with
these results, per capita impacts on aphids of spe-
cialist parasitoids but not generalist parasitoids
were higher with greater parasitoid species rich-
ness (fig. S4).

We independentlymanipulated resource-niche
breadth and consumer species richness and found
that resource exploitation was strengthened by a
complex interaction between these two factors.
Among our treatment combinations, themost sub-

stantial parasitism of aphids, and thus the lowest
aphid densities, were recorded in communities com-
bining multiple species of specialist parasitoids.
In contrast,wasp performancewas relativelyweaker
in diverse communities of generalists.With species
richness held constant, the key difference between
these two treatments is that we would expect in-
traspecific competition to be relatively intense and
interspecific competition relatively weak for di-
verse communities of specialists as compared to
generalists (25). Thus, our results closely match
the preconditions for species coexistence predicted
by classic early niche models (2, 3). Additionally,
our results match more recent assertions that it is
differences in resource use among species, rather
than diversity per se, that intensifies resource ex-
ploitation at higher levels of consumer diversity
(6, 16, 26–28). Thus, we found empirical evidence
that resource-niche partitioning may be both a
factor encouraging greater biodiversity and an
underlying cause of efficient resource extraction
by species-rich communities, once assembled. Our
results also support the argument that it is the con-
servation of species that fulfil specialized func-
tional roles, rather that greater diversity itself, that is
needed to preserve ecosystem function (14, 29, 30).

Studies focusing on predaceous animal con-
sumers can be particularly enlightening, because
resources (prey) in such systems are easily iden-
tified and the effects of resource capture (prey sup-
pression) are readily observable (13, 16, 25, 31, 32).
Further, when foraging behavior is plastic, differ-
ences in resource use among species can be ex-
perimentally manipulated, a powerful technique
for testing the predictions of theoretical models
related to resource partitioning, species coexistence,
and biodiversity.
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Degradation of microRNAs by a Family
of Exoribonucleases in Arabidopsis
Vanitharani Ramachandran and Xuemei Chen*

microRNAs (miRNAs) play crucial roles in numerous developmental and metabolic processes in plants
and animals. The steady-state levels of miRNAs need to be properly controlled to ensure normal
development. Whereas the framework of miRNA biogenesis is established, factors involved in miRNA
degradation remain unknown. Here, we show that a family of exoribonucleases encoded by the
SMALL RNA DEGRADING NUCLEASE (SDN) genes degrades mature miRNAs in Arabidopsis. SDN1 acts
specifically on single-stranded miRNAs in vitro and is sensitive to the 2!-O-methyl modification
on the 3! terminal ribose of miRNAs. Simultaneous knockdown of three SDN genes in vivo results in
elevated miRNA levels and pleiotropic developmental defects. Therefore, we have uncovered the
enzymes that degrade miRNAs and demonstrated that miRNA turnover is crucial for plant development.

Plant miRNAs carry a 2!-O-methyl group
that protects them from a 3!-to-5! exonucleo-
lytic activity and a uridylation activity that

adds an oligoU tail to the 3! ends ofmiRNAs (1, 2).
Maintaining proper steady-state levels of miRNAs
is crucial for plant development (3–7). The steady-
state levels of miRNAs are presumably determined
by the opposing activities of miRNA biogenesis
and degradation. A conserved exonuclease from
Caenorhabditis elegans and Schizosaccharomyces
pombe, Eri-1, specifically degrades small inter-
fering RNA (siRNA)/siRNA* (where siRNA* repre-
sents antisense siRNA) duplexes with 2-nucleotide
(nt) 3! overhangs in vitro and reduces RNA inter-
ference efficiency in vivo (8, 9). Exonucleases that
degrade single-stranded small RNAs have yet
to be identified.

To identify enzymes that degrade single-stranded
miRNAs or siRNAs, we took a candidate-gene
approach. We presume that enzymes involved in
miRNA metabolism evolved from enzymes that
process structural and/or catalytic RNAs, a view
supported by the fact that a number of known
players in small RNA metabolism also function
in the processing of ribosomal RNAs (rRNAs)
(10–13). We sought for Arabidopsis homologs of a
class of exoribonucleases in yeast, Rex1p toRex4p,
which participate in 3!-end processing of rRNAs
and tRNAs (14, 15). BLAST (16) searches using
the 4 Rex proteins identified 15 Arabidopsis pro-
teins containing an exonuclease domain (fig. S1).
At3g15140, which belongs to a clade of 6 proteins

(fig. S1), was the most similar to Eri-1 among the
15 proteins. Because we seek enzymes that de-
grade single-stranded small RNAs, we excluded
proteins in this clade from our analysis.

From the remaining Rex homologs, we ran-
domly chose At3g50100 from the five-member
clade and At3g15080 from the outliers (fig. S1),
expressed them as glutathione S-transferase (GST)
fusion proteins in Escherichia coli (fig. S2), and
tested their activities onmiRNAs in vitro (17). A 5!
end–labeled single-stranded RNA oligonucleotide
corresponding to miR167 in sequence (but lacking
a 2!-O-methyl group) was incubated with GST-
At3g15080, GST-At3g50100, or GST. Whereas
GST-At3g15080 or GST did not exhibit any activ-
ity onmiR167, GST-At3g50100 degraded the full-
length miR167, generating a product of ~8 to 9 nt
(Fig. 1A; the size of the final product was esti-
mated from Fig. 2D). GST-At3g50100 also acted

on miR173 and 2!-O-methylated miR173 and gen-
erated products of ~8 to 9 nt (Fig. 1A). We refer
to At3g50100 as SMALL RNA DEGRADING
NUCLEASE1 (SDN1) hereafter.

To determine whether SDN1 is an endonuclease
cleaving the RNAs between nucleotides 8 and 9
from their 5! ends or a 3!-to-5! exonuclease that
cannot process RNAs of 8 nt or shorter, we labeled
miR173 with 32pCp at the 3! end and incubated
miR173-32pCp with GST-SDN1. miR173-32pCp
was resistant to GST-SDN1, and phosphatase treat-
ment of miR173-32pCp to remove the 3! phosphate
rendered the miRNA susceptible to GST-SDN1
(Fig. 1B). Furthermore, a product of 15 nt, which
would be expected if SDN1 were an endonuclease
cleaving between nucleotides 8 and 9 from the 5!
end, was not observed on phosphatase-treated
miR173-32pCp (Fig. 1B). These data indicated
that SDN1 is a 3!-to-5! exonuclease.

GST-SDN1 did not have any effect on a single-
stranded DNA oligonucleotide (Fig. 2B) and is
therefore a ribonuclease. Unlike Eri-1 (9), GST-
SDN1 failed to degrade miR173 in a miR173/
miR173* duplex (Fig. 2B and fig. S3). To exam-
ine SDN1 substrate size, synthetic RNA oligo-
nucleotides of 17, 18, 20, 21 (miR167), 22 (miR173),
23, 24, and 27 nt (table S2) were incubated with
GST-SDN1 separately. SDN1 degraded all tested
RNA oligonucleotides and yielded an end product
of ~8 to 9 nt, regardless of the length of the sub-
strates (Fig. 2A). However, SDN1 cannot act on
longer RNAs. pre-miR167 or a 300-nt RNA from
the protein-coding APETALA1 (AP1) gene was
not detectably degraded by GST-SDN1 (Fig. 2C).
Therefore, SDN1 acts specifically on single-
stranded small RNAs in a sequence-independent
manner.

Department of Botany and Plant Sciences, Institute of Integrative
Genome Biology, University of California Riverside, Riverside,
CA 92521, USA.

*To whom correspondence should be addressed. E-mail:
xuemei.chen@ucr.edu

Fig. 1. Arabidopsis At3g50100 (SDN1) possesses 3!-to-5! exonuclease activity on miRNAs. (A) Enzymatic
activity assays on single-stranded miRNAs in vitro. RNA oligonucleotides were 5!-end labeled, incubated with
buffer alone (1), purified GST (2), or purified GST-At3g50100 (3), and resolved on a denaturing polyacrylamide
gel. miR173-me is a miR173 oligonucleotide containing a 2!-O-methyl group on the 3! terminal ribose. (B)
Enzymatic activity of GST-At3g50100 (GST-SDN1) on miR173 labeled at the 3! end with 32pCp. miR173-32pCp
was treated (+) or not treated (–) with phosphatase before incubation with GST-SDN1. The arrow indicates
the position of the expected 15-nt product if SDN1 were to cleave the RNA between nucleotides 8 and 9
from the 5! end. The radioactivity at the bottom corresponds to the position of free nucleotides.
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