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Abstract

Plant diversity experiments generally find that increased diversity causes increased productivity;
however, primary productivity is typically measured in the presence of a diverse food web, includ-
ing pathogens, mutualists and herbivores. If food web impacts on productivity vary with plant
diversity, as predicted by both theoretical and empirical studies, estimates of the effect of plant
diversity on productivity may be biased. We experimentally removed arthropods, foliar fungi and
soil fungi from the longest-running plant diversity experiment. We found that fungi and arthro-
pods removed a constant, large proportion of biomass leading to a greater reduction of total bio-
mass in high diversity plots. As a result, the effect of diversity on measured plant productivity
was much higher in the absence of fungi and arthropods. Thus, diversity increases productivity
more than reported in previous studies that did not control for the effects of heterotrophic
consumption.
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INTRODUCTION

One of the most important and controversial developments in
ecology in recent decades has been the experimental demon-
stration of strong, direct effects of diversity on a wide array
of ecosystem functions including biomass production, resis-
tance to species invasions, ecosystem stability, disease suppres-
sion, pollinator abundances, and heterotroph abundance and
richness (Hector et al. 1999; Tilman et al. 2001; Hector &
Bagchi 2007; Naeem et al. 2010, 2012; Scherber et al. 2010;
Isbell et al. 2011). In part, the increased interest in quantifying
the direct effects of biodiversity on critical ecosystem pro-
cesses has arisen from the rapid increase in the magnitude of
human activities, such as ecosystem eutrophication and habi-
tat fragmentation, that simplify ecosystems by decreasing local
and regional biodiversity (Clark & Tilman 2008; Naeem et al.
2012; Borer et al. 2014).
The greater productivity associated with higher plant diver-

sity lies at the core of the links between diversity and many
other ecosystem functions (Hector & Bagchi 2007; Scherber
et al. 2010; Isbell et al. 2011). However, studies investigating
the effects of diversity on productivity, whether in experimen-
tally assembled or naturally occurring plant communities, are
typically conducted in the presence of heterotrophs, including
a wide array of herbivores, predators, detritivores, pathogens
and plant mutualists (e.g. pollinators or mycorrhizae). For
example, most diversity experiments do not account for auto-
troph biomass removed by herbivores, pathogens, and other
heterotrophs prior to sampling when quantifying primary pro-
ductivity. Productivity measures that do not account for the

effects of heterotrophs on productivity might bias the esti-
mated magnitude of the effects of biodiversity on productivity
(Thebault & Loreau 2003; Duffy et al. 2007; Maron et al.
2011; Schnitzer et al. 2011), because the abundance and diver-
sity of many heterotrophic organisms vary along experimental
plant diversity gradients (Mitchell et al. 2002; Scherber et al.
2010; Borer et al. 2012; Hertzog et al. 2016). For example, the
abundance of foliar fungal pathogens has been shown to
decline with plant diversity (i.e. the dilution effect; Mitchell
et al. 2002; Keesing et al. 2006; Scherber et al. 2010). In con-
trast, arthropod and soil microbial abundance and diversity
have been found to increase with plant diversity (Haddad
et al. 2001; Bruno et al. 2008; Haddad et al. 2009; Scherber
et al. 2010; Borer et al. 2012; Hertzog et al. 2016) (but see
Koricheva et al. 2000), potentially creating an amplification
effect in which heterotroph abundance and diversity is great-
est in high diversity host communities (Keesing et al. 2006).
A directional change in abundance and diversity of hetero-

trophs along experimental diversity gradients could lead to a
biased over- or under-estimation of the role of plant diversity
in primary productivity, if the changes in heterotroph abun-
dance or diversity translate into impacts on plant biomass
(Thebault & Loreau 2003; Duffy et al. 2007; Maron et al.
2011; Schnitzer et al. 2011). However, there have been few
attempts to assess whether these changes in abundance alter
basic ecosystem functions such as productivity (but see Bruno
et al. 2008; Maron et al. 2011; Schnitzer et al. 2011).
Despite the potential for shifting effects of heterotrophs

along diversity gradients, the mechanisms proposed to explain
the diversity effect on productivity rarely incorporate the
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effects of heterotrophic food webs (Berendse 1982; McKane
et al. 1990; Tilman et al. 1996; Fargione & Tilman 2005; von
Felten et al. 2009; Fornara & Tilman 2009; Reich et al. 2012;
Mueller et al. 2013) (but see Thebault & Loreau 2003, 2006;
Bruno et al. 2008; Maron et al. 2011; Schnitzer et al. 2011).
Mechanisms by which increased plant diversity can lead to
increased primary productivity fall into two broad categories:
the complementarity effect and the selection effect (see also
the related sampling effect; Loreau & Hector 2001; Fargione
et al. 2007), each of which may be altered by the presence of
heterotrophs. The selection effect emerges if plant species that
are highly productive in monoculture are a major determinant
of productivity in diverse communities assembled by random
draws from a common species pool, as is the case for most
biodiversity experiments (Loreau & Hector 2001; Fargione
et al. 2007). These highly productive species have morphologi-
cal and physiological traits that support their high biomass
accumulation (Roscher et al. 2012), and these traits also could
include defence against herbivores or effective acquisition of
beneficial microbes (see review in Lind et al. 2013). Comple-
mentarity effects arise when niche differences among species
moderate intra-specific competition and thus promote
increased overall productivity in mixtures, or when facilitation
increases resource availability or species abundances (Loreau
& Hector 2001; Fargione et al. 2007). Well-documented pro-
cesses leading to complementarity effects include among-spe-
cies differences in growth-limiting nutrients, altered root
distributions and positive feedbacks between productivity and
soil nutrients (Berendse 1982; McKane et al. 1990; Tilman
et al. 1996; Fargione & Tilman 2005; von Felten et al. 2009;
Fornara & Tilman 2009; Reich et al. 2012; Mueller et al.
2013); however, differences in plant defence, pathogen trans-
mission or plant-associated microbial communities that vary
with total plot diversity could significantly contribute to com-
plementarity effects and associated overyielding (van Der Hei-
jden et al. 1998; Schnitzer et al. 2011; Kulmatiski et al. 2012).
If the net effect of heterotrophs on plant biomass changes

with plant diversity, including heterotrophs in our understand-
ing of diversity–productivity relationships could fundamen-
tally alter our assessment of the magnitude and mechanisms
that underlie the influence of plant diversity on primary pro-
ductivity (Fig. 1) (Maron et al. 2011; Schnitzer et al. 2011).
Our interpretation of these effects also depends on whether
we are considering the proportional impacts (Fig. 1a) or abso-
lute impacts of heterotrophs on plant biomass (Fig. 1b).
For example, reduced heterotroph impact with increasing

diversity, consistent with patterns frequently found in fungal
pathogens (Mitchell et al. 2002; Keesing et al. 2006; Scherber
et al. 2010), would lead to an overestimation of the direct
effects of plant diversity on productivity (difference between
Lines 1 & 2 in Fig. 1) (Bruno et al. 2008; Maron et al. 2011;
Schnitzer et al. 2011). In this case, removing consumers would
increase the intercept and reduce the slope of the linear log-
diversity log-productivity relationship (Fig. 1; Maron et al.
2011). In contrast, increased heterotroph impacts at high plant
diversity, consistent with abundance patterns found in many
arthropod and herbivore communities (Haddad et al. 2001,
2009; Bruno et al. 2008; Scherber et al. 2010; Borer et al.
2012), would lead to an underestimation of biodiversity effects

on productivity (difference between Lines 1 & 3 in Fig. 1). In
this case, removing heterotrophs would increase the slope of
the linear log-diversity log-productivity relationship (Fig. 1;
Maron et al. 2011).
It is also possible that heterotrophs have a constant propor-

tional effect on plant biomass (Lines 1 & 4 in Fig. 1a), in
which case the absolute impacts of heterotrophs on decreasing
plant biomass would be higher in diverse communities (differ-
ence between Lines 1 and 4 in Fig. 1b). In the case of con-
stant proportional effects, we would expect that removing
heterotrophs would change the intercept but not the slope of
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Figure 1 Alternative potential effects of diversity and consumers on plant

productivity on both a log-log (a) and linear scale (b). The standard

diversity productivity curve includes both the effect of plant richness and

the heterotrophic food web on productivity (Line 1). If consumers reduce

plant biomass by a constant proportion at all levels of plant richness

(Line 4), the slopes of the diversity–productivity relationship will be

similar with and without consumers in a log-log plot (Lines 1 and 4 in

Panel a), but absolute biomass reduction by consumers will increase with

species richness (the difference between Lines 1 and 4 in Panel b). If

consumer effects decline with species richness (Line 2), the slope in the

log-log plots will be lower in the absence of consumers (Line 2 in Panel a)

than in their presence (Line 1 in Panel a). Conversely, if removal rates

increase with species richness (Line 3), the slope in the log-log plots will

be higher in the absence of consumer’s treatment (Line 3 in Panel a) than

in their presence (Line 1 in Panel a)). Finally, if consumption rates are

negligible, there should be no difference between the control and removal

plots (corresponding to Line 1).
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the linear log-diversity vs. log-productivity relationship
(Fig. 1; Maron et al. 2011).
Heterotrophs also may have little effect on plant biomass, if

they are generally well defended against a broad suite of ene-
mies (Durrant & Dong 2004). Heterotroph removal could also
be small if primary consumers, such as herbivores, are kept at
low levels by increased predator abundance (Duffy et al.
2007; Haddad et al. 2009), or if the beneficial effects of mutu-
alists, such as mycorrhizal fungi, root-associated beneficial
bacteria, or pollinators, are counterbalanced by the negative
effects of pathogens and herbivores (Kulmatiski et al. 2012).
While we have some understanding of the patterns of abun-

dance of common heterotroph groups along plant diversity
gradients, we currently have little understanding of the overall
direction and magnitude of the food web impacts on plant
biomass along experimental diversity gradients. For example,
it is possible that removal of heterotrophs may actually
decrease plant biomass if the effects of mutualists outweigh
the effects of enemies (Morris et al. 2007). Further, it remains
unclear whether the effects of the heterotrophic food web bias
current estimates of biodiversity effects on primary productiv-
ity (Maron et al. 2011). Resolving this potentially large source
of bias is important, because the diversity-productivity rela-
tionship underlies our understanding of a wide array of eco-
logical processes and functions with implications for basic and
applied science (Naeem et al. 2010, 2012). Our current knowl-
edge does not inform whether it is necessary to include con-
sumers to generate a more mechanistic and predictive
understanding of the processes generating diversity–productiv-
ity relationships.
Here, we test whether removing important suites of hetero-

trophs alters biodiversity effects on productivity in a long-
term plant diversity experiment (Tilman et al. 1996; Naeem
et al. 2010, 2012). We measured below and aboveground bio-
mass in plots from which we removed three broad groups of
heterotrophs, soil fungi, foliar fungi, and arthropods, sepa-
rately and in combination, from experimental plant communi-
ties established with 1, 4 and 16 grassland species. The plant
diversity experiment was started in 1994 and the food web
manipulations were begun in 2008. Using response data from
2010 to 2013, we address the following questions: (1) Is the
direction and magnitude of the effect of each of these compo-
nents of the heterotroph food web (individually and in combi-
nation) on plant biomass consistent with effects caused by
consumer dilution or amplification? Specifically, do these het-
erotroph groups change the slope or intercept of the log-diver-
sity log-productivity relationship?, and (2) Do these
heterotroph groups change the strength of selection, comple-
mentarity, or the difference between the complementarity and
selection effects (i.e. the net biodiversity effect) (Loreau & Hec-
tor 2001)?

MATERIALS AND METHODS

This experiment was conducted within a plant-diversity exper-
iment established at the Cedar Creek Ecosystem Science
Reserve (Tilman et al. 2001, 2006; Borer et al. 2015). The 168
– 9 m 9 9 m plots were randomly assigned to species richness
treatments ranging from 1 to 16 species, with the composition

of each plot being a random subset of a pool of 18 native
perennial species (four C4 grasses, four C3 grasses, four
legumes, four forbs, and two woody species). By way of com-
parison, the 16 species plots in this experiment are representa-
tive of diversity levels found in high-quality, grassland
ecosystems in the region in which this experiment was con-
ducted, while the 1 and 4 species plots represent the range of
more degraded grasslands or native biomass crops in this area
(Tilman et al. 2012). Plots were seeded in May of 1994 and
1995 with a total of 15 g of seed per m2, with the seed evenly
divided among each species. The species richness treatments
were maintained by weeding (Tilman et al. 2001, 2006).
In 2008, we established a food web manipulation experi-

ment within 33 of the 9 9 9 m diversity plots with plant rich-
ness treatments of 1 (n = 15), 4 (n = 9), or 16 (n = 9) species.
We randomly assigned each of five food web manipulations to
five different 1.5 9 2 m subplots within the 9 9 9 m diversity
plots. Treatments included: Control, Insecticide, Foliar Fungi-
cide, Soil Fungicide or All Treatments in Combination (Insec-
ticide, Foliar Fungicide and Soil Fungicide). The overall food
web manipulation experiment was composed of 165 subplots
(33�9 9 9 m plots each with five 1.5 9 2 m subplots) dis-
tributed across 15 treatment combinations (three plant diver-
sity treatments crossed with five food web treatments).
All of the pesticides used for the food web manipulations

were applied throughout the growing season, from mid April
to the end of August each year. The foliar fungicide treatment
was composed of Quilt (Syngenta Crop Protection, Inc.,
Greensboro, NC, USA), a combination of Azoxystrobin
(7.5%) and Propiconazole (12.5%), applied every two weeks.
The soil fungicide treatment was composed of monthly applica-
tions of Ridomil Gold SL (Syngenta Crop Protection, Inc.,
Greensboro, NC, USA), a soil drench fungicide containing
Mefenoxam (45.3%). The insecticide treatment was composed
of Marathon II (OHP, Inc., Mainland, PA, USA; 21.4% Imida-
cloprid) applied ever two weeks. One to two times each growing
season, Malathion was applied instead of Marathon II to
reduce the possibility for insecticide adaptation by the local
insect populations. The treatments had strong effect on the inci-
dence of herbivory and foliar pathogens, plant tissue chemistry,
and composition of the plant communities (Borer et al. 2015).
It is possible that the pesticides caused direct effects on plant

growth even in the absence of the target fungi and arthropods.
Therefore, we performed a greenhouse experiment to test for
the effects of the insecticide, foliar fungicide and soil fungicide
on plant growth. A soil mix composed of 80% soil sourced
from the field site (Cedar Creek Ecosystem Science Reserve)
and 20% vermiculite was used for potting. Soil was coarsely
sieved and the soil mix was homogenized and autoclaved. The
experiment was conducted using two C4 grasses (Andropogon
gerardii and Schizichyrium scoparium) and two legumes (Les-
pedeza capitata and Lupinus perennis). These four species are
common at Cedar Creek and represent a wide range of the func-
tional trait variability present in the pool of species in the diver-
sity experiment (Craine et al. 2002; Borer et al. 2015).
A total of 60 pots were seeded with one of the four species

(total 240 pots) with seeds obtained from Prairie Restoration
Inc. Ten pots of each species were randomly assigned to each
of six treatments (Foliar Fungicide, Insecticide, Soil Drench
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fungicide, All Treatments, Foliar-Water Control and Soil-
Water Control). All pots were watered every other day and
treatments were applied once every 2 weeks. Leaf-water and
soil-water controls were treated with water at the time of pes-
ticide application. Pesticide application rates were calculated
based on the surface area of the pots to match the field exper-
iment, and the pesticides used in the experiment were the
same as those used in the field experiment. Plants were
allowed to grow for a total of 15 weeks. At the end of this
period, the above and belowground parts of each individual
were harvested, cleaned, oven-dried (at 70 °C for 48 h) and
weighed to the nearest 0.01 g. We analysed the log-trans-
formed root and shoot biomass using ANOVA.
From 2010 to 2013, we collected above- and belowground bio-

mass annually at the time of peak biomass (early August) in each
subplot of the experiment. Aboveground biomass was collected
from a 1 9 0.1 m strip in each plot. A handheld clipper was used
to cut all plants rooted in the strip as close to the ground as possi-
ble. The aboveground biomass was sorted to species, dried to a
constant mass and weighed to the nearest 0.001 g. Belowground
biomass was collected annually from three cores per plot (5 cm
diameter and 30 cm depth). Soil was washed away from roots
with water; roots were dried to a constant mass, and weighed to
the nearest 0.001 g.
Complementarity, Selection and Net Biodiversity effects

were calculated as in Loreau & Hector (Loreau & Hector
2001) and Fargione et al. (2007). In brief, the net biodiversity
effect (NE) can be partitioned into a selection effect (SE) and
a complementarity effect (CE). It is additive because NE = SE
+ CE. The net biodiversity effect is measured by the difference
between the observed yield of a mixture and its expected yield
based on monocultures. The selection effect is measured by
the covariance between the monoculture yields of the species
and the deviation from their expected relative yields in mix-
ture. The complementarity effect is then calculated as
CE = NE–SE. Our samples permitted calculation of comple-
mentarity and selection effects using only aboveground bio-
mass, as this calculation requires biomass to be identified and
sorted to species, which was not feasible for root biomass.
All models were fit using the lme function in R (v. 3.0.1; R

Foundation for Statistical Computing, Vienna, Austria). The
9 9 9 m diversity plot, 1.5 9 2 m food web manipulations
subplot, and sampling year were treated as random effects.
Biomass and species richness were log transformed to account
for the nonlinear saturating effects of diversity on biomass
observed in many experiments (Fig. 1) (Scherber et al. 2010;
Reich et al. 2012).

RESULTS

On average across all plots and diversity treatments, removing
heterotrophs increased total plant biomass (aboveground plus
belowground biomass) by 44%, from 957 � 61 to
1378 � 93 g m�2; increased aboveground biomass by 32%,
from 203 � 14 to 268 � 20 g m�2; and increased below-
ground biomass by 47%, from 754 � 51 to 1110 � 80 g m�2

(mean � 1 SEM) (Fig. 2; Table S1). Although the hetero-
trophic food web is composed of organisms that have positive
(e.g. pollinators and mycorrhizae) and negative (e.g.

herbivores and pathogens) effects on biomass, the observed
reduction in plant biomass demonstrates that the net effect of
these plant–heterotroph interactions was antagonistic.
Our greenhouse experiment demonstrated that these effects

on plant biomass did not arise as side-effects of the pesticide
applications on plant growth. When grown in sterile soil and
in the absence of arthropods, there were no detectable effects
of any of pesticide applications (P > 0.25) on root or shoot
biomass treatments, when compared to their specific controls
(Foliar Fungicide and Insecticide vs. Foliar-Water Control;
Soil Drench fungicide vs. Soil-Water Control) or when all
treatments were compared to an average of the two Controls.
We found that the total reduction in plant biomass caused

by heterotrophs was much higher in the most diverse plant
communities (Fig. 2b, d and f) reflecting an approximately
constant proportional biomass reduction across the plant
diversity gradient (Fig. 2a, c and e; Table S1). The combined
removal of insects and both fungal groups increased total bio-
mass by 220 g m�2 in the single species plots and 637 g m�2

in the 16 species plots. As a result, the increase in total bio-
mass between the average 16 species and the single species
plots was 35% higher in the plots receiving foliar fungicide,
soil fungicide, and insecticide (an increase of 1614 g m�2)
than in Control plots (an increase of 1197 g m�2).
Complementarity became increasingly important in high

diversity plots, resulting in an increase in the net biodiversity
effect (Fig. 3; Table S2) (Loreau & Hector 2001); however,
heterotrophs did not alter the relative strength of selection
and complementarity effects.

DISCUSSION

We found that consumers removed a constant proportion of
total plant biomass at all levels of diversity which resulted in
three times more plant mass being lost in high-diversity plots
compared to monocultures (637 vs. 220 g m�2). As a result,
the direct effect of biodiversity on primary productivity was
substantially higher than had been estimated by previous stud-
ies. In the absence of heterotrophs, total biomass increased
1614 g m�2 from 1 to 16 species, while in the presence of het-
erotrophs, it increased 1197 g m�2 from 1 to 16 species. Thus,
measuring living plant biomass in the presence of arthropods
and fungi underestimated the actual effect of plant species
richness on plant biomass production (Fig. 1), because a large
portion of the primary production had already been removed
by consumers prior to measurement of the plants. This result
is apparently quite general, as it is consistent with effects of
marine grazers (Bruno et al. 2008). Taken together with previ-
ous work, these results suggest that greater diversity of pri-
mary producers leads to increased net primary production that
simultaneously supports greater consumption, secondary pro-
duction, and a more abundant and diverse heterotroph web
(Bruno et al. 2008; Haddad et al. 2009; Borer et al. 2012).
The strongest effects of treatments on plant production

arose from the foliar fungicide and insecticide treatments, and
they acted on both above and belowground biomass. The
reduction of root mass by aboveground herbivores and patho-
gens, points to the strong coupling of belowground and
aboveground processes in grassland systems. Although soil
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fungicide had little effect on biomass, it had strong effects on
the composition of the plant community leading to an overall
increase in the abundance of forbs and legumes and reduced
C3 grasses in our experiment (Borer et al. 2015).
Previous work has found that arthropod abundance tends

to increase with increasing plant species richness (Haddad
et al. 2001, 2009; Bruno et al. 2008; Scherber et al. 2010;
Borer et al. 2012), and our work demonstrates that the higher
abundance of arthropods is associated with a larger reduction
in plant biomass in more diverse plant communities. It is not
a foregone conclusion that increased arthropod abundance

would translate directly to increased impacts on plant bio-
mass, because many arthropods have direct or indirect posi-
tive impacts on plants (e.g. pollinators, predators and
parasitoids), and the relative abundances of these functional
guilds can vary with plant diversity (Koricheva et al. 2000;
Haddad et al. 2009; Scherber et al. 2010). In the experiment
in which this work was conducted, the total mass of herbi-
vores increases with plant species richness (Borer et al. 2012),
although the relative abundance and diversity of predators
and parasitoids increases on a per individual basis (Haddad
et al. 2009). The results presented here suggest that the effect of
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Figure 2 Effects of heterotroph removal on the total biomass, aboveground biomass and belowground biomass along an experimental diversity gradient.

Heterotroph removal treatments were Control (black triangles), Foliar Fungicide (grey diamonds), Soil Fungicide (gold triangles), Insecticide (blue

squares), or All Treatments in Combination (All; red circles). Error bars 1 standard error around treatment means. Responses are plotted showing (a, c

and e) proportional effects (log biomass vs. log richness) and (b, d and f) absolute effects (biomass vs. richness).
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increased herbivorous arthropod mass on plant biomass across
the plant diversity gradient outweighs the concurrent increase
in abundance and diversity of predators and parasitoids.
Our results are concordant with a meta-analysis of insecti-

cide studies that found an overall positive effect of insecticides

on plant biomass (Coupe & Cahill 2003). While there are
many arthropods that are beneficial to plants, the results sug-
gest that the effects of positive plant–arthropod interactions
are much less important than the direct removal of plant bio-
mass by arthropod herbivores. Coupe & Cahill (2003) also
found that the proportional effect of insecticide on plant pro-
ductivity was unaffected by the plant richness in each study.
While these studies did not manipulate diversity experimen-
tally, the result aligns with our finding that insecticide applica-
tion induces a constant proportional increase in plant biomass
accumulation along the experimental diversity gradient.
The abundance of some fungal pathogen species has been

shown to decline with increasing plant diversity (e.g. Mitchell
et al. 2002; Keesing et al. 2006), including the experimental
biodiversity plots where this study was conducted (Mitchell
et al. 2002). However, studies showing dilution effects on
pathogen prevalence or abundance usually focus on a single
group of pathogens (e.g. foliar rust fungi) and typically do
not measure ecosystem level impacts of these plant–consumer
interactions. Our results suggest that while the dilution effect
may reduce the prevalence some pathogen species at higher
plant diversity, this may not translate to reduced impacts of
all pathogens on ecosystem level processes such as primary
productivity.
In contrast to our findings from this long-term experiment,

previous work linking soil fungal abundance to plant biomass
production in shorter term experiments (< 5 year old plant
communities) found the effects of soil fungi on biomass were
greatest in low-diversity plant communities, resulting in a flat-
tening of the productivity diversity relationship (Maron et al.
2011; Schnitzer et al. 2011). Experiment duration may repre-
sent a key difference in the direction and magnitude of con-
sumer effects in these studies (our study had 16–19 year old
plant communities and 3–6 years of fungicide treatments).
Diversity–productivity responses and mechanisms change
through time (Fargione et al. 2007; Reich et al. 2012), and it
is possible that soil fungi may play different roles as plant
communities mature. Soil microbial communities can turn
over rapidly in both space and time (Fierer et al. 2010; Will
et al. 2010), and the impacts of soil fungi along diversity gra-
dients can vary with the direction and strength of plant-soil
feedbacks (Kulmatiski et al. 2012). Thus, the importance of
soil fungi in determining plant productivity may depend on
microbial composition and consequently be variable and con-
text dependent.
While we found a net negative effect of the heterotrophic

food web on plant productivity, the performance of most plants
arises from the net effect of both positive and negative interac-
tions (Morris et al. 2007). A deeper understanding would
emerge from studies that specifically disentangle the balance
between positive and negative interactions among heterotrophic
groups along diversity gradients. For example, the abundance
of different guilds of arthropods (e.g. herbivores, pollinators,
predators and parasitoids) shift at different rates along experi-
mental gradients in plant diversity, likely resulting in a shifting
balance of positive and negative interactions (Haddad et al.
2009; Scherber et al. 2010; Hertzog et al. 2016).
The work presented here was conducted along experimental

plant diversity gradients, and this may cause discrepancies
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Figure 3 Effects of heterotroph removal on the net biodiversity,

complementarity, and selection effects along an experimental diversity
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Insecticide (blue squares), or All Treatments in Combination (All; red

circles). Error bars show 1 standard error around treatment means.
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from what might occur along natural diversity gradients. For
example, the experimental layout has created a mosaic of
plant diversities within single field, and it is likely that there is
movement of arthropods and fungi between adjacent plots.
High rates of dispersal among plots would tend to obscure
treatment differences making our tests relatively conservative.
It also is possible that experimental communities respond dif-
ferently than naturally assembled communities. Recent work
has demonstrated that the positive effect of diversity on pro-
ductivity found in experimental communities is an important
factor along natural diversity gradients (Grace et al. 2016),
and it would be informative to determine if the removal of
consumers has comparable effects along diversity gradients in
experimental and natural communities.
Interpretation of experiments using field applications of pes-

ticides can be difficult due to possible effects of the treatments
on plant growth that are due to factors other than reductions
in the target organisms (e.g. foliar fungi, soil fungi or arthro-
pod abundance). For example, pesticides might alter soil
nutrient supplies by changing the composition of the soil
biota (Bromilow et al. 1996; Johnsen et al. 2001; Bunemann
et al. 2006). Our greenhouse experiment provided no evidence
of these types of direct effects on plant growth; however, it is
conceivable that the increased biomass resulting from pesticide
application in our field plots may have reflected a fertilization
effect of the pesticides rather than a reduction in fungi or
arthropod abundance. Several lines of evidence suggest that
the effect we have quantified is not a result of altered soil fer-
tility. First, the effects of the pesticide removal on biomass
(+44%) is much greater than is observed from direct fertiliza-
tion (4 g N m�2 year�1) in an adjacent experiment which
manipulates both diversity and fertilization (+2 to +25%)
(Reich et al. 2001), and it is unlikely that an indirect effect of
the pesticides on soil fertility would be greater than direct fer-
tilization. Second, the direct proportional fertilization effects
reported in this adjacent experiment varied over tenfold across
diversity treatments from 2% in the 1 species plots to 25% in
the 16 species plots (Reich et al. 2001). In contrast, we found
a constant proportional increase in biomass across the same
diversity gradient of 1–16 species. Finally, increasing nutrient
supply rates would generally increase plant tissue nutrient
concentration (Bracken et al. 2015); however, this did not
occur in this experiment (Borer et al. 2015).
The repeated demonstration that primary production

increases with plant diversity has been one of the strongest
direct lines of evidence of the value of diverse, intact communi-
ties to human well-being, leading to myriad analyses testing
and contesting the mechanisms underlying this effect (Hector
& Bagchi 2007; Isbell et al. 2011). At the core of most of these
services and ecological mechanisms is the quantification of pri-
mary productivity (Hector & Bagchi 2007; Isbell et al. 2011).
Here, we show that, far from being overplayed, the past exper-
imental assessments of the impact of plant biodiversity on
ecosystem processes likely have been conservative and biased
downwards because the studies did not account for the portion
of primary productivity that was transferred into the hetero-
trophic food web. The current results highlight the need for a
multi-trophic perspective in theoretical and empirical studies
examining the relationship between biodiversity and ecosystem

functioning (Thebault & Loreau 2003; Duffy et al. 2007). In
addition, our results suggest that the ongoing human-driven
global simplification of ecosystems may have even greater
effects on ecosystem functioning than previously thought.
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