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Abstract

Both plant diversity and vertebrate herbivores can impact plant fitness and ecosystem

functioning, however their interactions have not been explicitly tested. We manipulated

plant genotypic diversity of the native plant Oenothera biennis and monitored its

survivorship and lifetime fitness with and without one of its major vertebrate consumers,

white-tailed deer Odocoileus virginianus. Intense but unmanipulated herbivory by meadow

voles Microtus pennsylvanicus killed over 70% of nearly 4000 experimental plants. However,

plants grown in genotypically diverse patches suffered fewer vole attacks and had higher

survival and reproductive output than plants in monoculture. Moreover, positive effects

of genotypic diversity were enhanced by the presence of deer, indicating a non-additive

interaction between diversity and trophic-level complexity. Genetic selection analyses

showed that the selective value of ecologically important traits depended on plant

diversity and exposure to deer, demonstrating that community complexity can promote

fitness through multiple ecologically and evolutionarily important feedbacks.
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I N T R O D U C T I O N

The top-down effects of consumers are integral to the

structure and functioning of ecosystems (Duffy 2002). Only

recently, however, have biodiversity-ecosystem functioning

studies been expanded to include multitrophic interactions.

Theory and limited empirical evidence indicate that the sign,

magnitude and mechanism of diversity effects at lower

trophic levels (i.e. �horizontal diversity�) can be altered by the

presence of higher trophic levels (i.e. �vertical diversity�,
Thebault & Loreau 2003; Gamfeldt et al. 2005; Duffy et al.

2007). Herbivores, for example, can alter diversity–function

relationships by changing the composition of producer

communities (Mulder et al. 1999; Gamfeldt et al. 2005). Few

studies to date, however, have simultaneously manipulated

producer diversity and trophic complexity, limiting our

ability to understand how diversity at multiple trophic levels

influences ecological processes.

Recent studies suggest that an often-overlooked compo-

nent of biological diversity, intraspecific genetic diversity,

can have wide-ranging impacts on the structure, functioning

and persistence of ecological communities (Hughes et al.

2008). Genetically diverse plant communities, for example,

are more productive (Crutsinger et al. 2006), support more

diverse animal communities (Wimp et al. 2004; Crutsinger

et al. 2006; Johnson et al. 2006), and are more resistant to

disturbance than communities with lower genetic diversity

(Hughes & Stachowicz 2004; Reusch et al. 2005; Crutsinger

et al. 2008). The top–down effects of herbivores have been

commonly implicated in these effects (e.g. Hughes &

Stachowicz 2004; Wimp et al. 2004; Johnson et al. 2006), but

explicit manipulations of genotypic diversity and herbivory

are lacking.

Genotypic diversity is the raw material for evolution by

natural selection, and thus manipulations of intraspecific

diversity may have both ecological and evolutionary

implications (Antonovics 1992; Whitham et al. 2006). For

example, the ecological effects of biological diversity at any

level depend on phenotypic variation among members of

diverse communities (Hughes et al. 2008), and natural

selection occurs when phenotypes are heritable and result in

fitness differences among genotypes. Among plants, two

chief forces of natural selection on plant traits are

competition with neighbouring plants and consumption by
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natural enemies (Gurevitch et al. 2000). Competition and

enemies, however, generally select for opposing suites of

traits due to physiological and ecological trade-offs among

traits related to growth vs. defence (Agrawal et al. 2006).

These effects may also be interactive, including when the

identity of plants and herbivores in a given neighbourhood

directly and indirectly alters the likelihood and strength of

their interactions (e.g. �associational effects�, Gurevitch et al.

2000; Agrawal et al. 2006). This suggests that the ecological

and evolutionary consequences of genotypic diversity will be

context-dependent and altered by increasing community

complexity.

We conducted a field experiment with 476 experimental

diversity patches to examine the ecological and evolutionary

effects of plant genotypic diversity and herbivory on the

lifetime fitness (i.e. total reproductive output) of the native

plant Oenothera biennis. Plant genotypic richness and herbiv-

ory were manipulated by planting either eight different or

eight identical genotypes in patches exposed to or protected

from herbivory by white-tailed deer, Odocoileus virginianus. We

also monitored plant damage and mortality resulting from

unmanipulated herbivory by meadow voles, Microtus pennsyl-

vanicus. Genetic selection analyses examined whether

increased genetic diversity and deer herbivory altered

patterns of natural selection on nine growth and defence-

related traits.

M A T E R I A L S A N D M E T H O D S

Study organisms

Evening primrose (O. biennis L., Onagraceae) is an herba-

ceous annual or biennial old-field plant found in patches

typically ranging from 1 to 14 genotypes (Johnson 2007).

Because it is primarily self-pollinating and exhibits a

permanent translocation heterozygote genetic system,

maternal plants produce seeds which are genetically identical

to the parent (Cleland 1972). This functional asexuality

makes it an ideal system to investigate the impacts of

intraspecific genetic diversity, and previous work with

O. biennis indicates high genotypic variability for many traits

related to growth and resistance to insect herbivores

(Johnson & Agrawal 2005, 2007; Johnson et al. 2009).

Oenothera biennis is also palatable to and consumed by

vertebrate herbivores including white-tailed deer Odocoileus

virginianus and meadow voles M. pennsylvanicus.

Experimental design

Seeds were collected from 20 distinct O. biennis genotypes

(distinguished by microsatellites) from separate populations

around Ithaca, NY (Larson et al. 2008; Johnson et al. 2009),

grown for 60 days in a temperature- and light-controlled

glasshouse, and then hardened off in cold frames for

30 days prior to out-planting into a 2-ha old-field. We

manipulated plant genotypic richness by planting 480,

40-cm diameter patches with either eight identical or eight

different genotypes, resulting in 240 �monocultures� and 240

�polycultures�, respectively, with 5 m separating each patch

in a randomized grid design. For monocultures, each of the

20 genotypes was replicated 12 times. Polyculture patches

were created by randomly selecting combinations without

replacement from the pool of 20 genotypes. The natural

vegetation in the field was not disturbed. To manipulate

deer herbivory, we placed 1-m2 cages constructed of 1.75-m

tall DuPont�, E. I. du Pont de Nemours and Company,

Wilmington, DE, USA Deer Netting attached to four

bamboo support poles around half the patches in each

genetic diversity treatment. Our final experimental design

included 476 patches containing 3808 plants. All plants were

watered as needed for the initial three weeks of the

experiment.

During the growing season, plants were monitored

periodically for survival, date of bolting and evidence of

deer browsing. Shortly after planting, we observed unex-

pected but intense vole herbivory occurring throughout the

field that resulted in significant plant mortality (see Section

�Results�). To determine if vole attacks differed across our

deer exclusion and genetic diversity treatments, c. 3 weeks

after planting we scored dead and alive plants for the

presence or absence of vole damage, evident as girdled

stems or excavations leading to consumed roots.

We harvested the fruits from reproductive plants in late

September after the first frost. In the laboratory, we

quantified the total number of fruits per plant and the

number of fruits eaten by the specialist seed predators

Mompha brevivitella and Schinia florida, Lepidoptera. Consump-

tion by S. florida was evident as large, irregular cavities and

quantified as the percentage of each fruit missing. Con-

sumption by M. brevivitella was evident as small bore holes

and quantified as 20% loss per fruit for each individually

penetrated fruit capsule (M.T.J. Johnson and A.A. Agrawal,

unpublished data). The number of fruits per plant was then

converted to the number of seeds per plant by gravimet-

rically determining the number of seeds per fruit for three to

seven randomly selected fruits from each genotype in each

treatment. The lifetime fitness for each plant was then

estimated as the number of unconsumed seeds per plant.

Measurement of plant growth and resistance traits

For each genotype we measured nine plant traits commonly

associated with either tolerance or resistance to herbivores,

including plant growth rate, stem diameter, root:shoot ratio,

bolting phenology, leaf toughness, foliar trichome density,

specific leaf area and total phenolics of both root and shoot
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tissues. All traits except for root:shoot ratio, growth rate and

phenolics (which we measured in a separate experiment

because they required destructive sampling) were collected

in August from plants growing in polycultures in both

uncaged and caged treatments (four to five replicate plants

for each genotype in each treatment). We measured traits in

both the caged and uncaged treatments because vertebrate

browsing can induce changes in plant growth and resistance

traits (Gómez & González 2007). Stem diameter was

measured with callipers at the soil surface. Leaf toughness

was measured as the grams of force required to pierce a fully

expanded leaf below the inflorescence using a force gauge

penetrometer (Type 516; Chatillon, Largo, FL, USA). For

each leaf we used an average of two piercings, one from

each side of the mid-rib. Foliar trichome density was

calculated by counting the trichomes on the tops and

bottoms of leaf discs (28 mm2) under a dissection micro-

scope. Specific leaf area was calculated as the area of a leaf

disc (28 mm2) divided by its dry mass. Bolting phenology

(i.e. the number days until a rosette bolted in preparation for

flowering) was measured during the course of the experi-

ment in both diversity treatments and across both herbivore

treatments.

Plant growth rate, root:shoot ratio and total phenolics of

root and leaf tissues required destructive sampling of whole

plants and were measured on four to six replicate plants of

each genotype grown on an open-air rooftop patio on the

Cornell campus. Plants were grown and harvested during

the same time period that we collected traits from the

experimental site. Plant growth rate was calculated as the dry

biomass of washed roots plus shoot tissues divided by the

number of days the plant had been alive. The ratio of below

to aboveground tissue biomass was calculated using the dry

mass of each tissue type. Total phenolics of root and shoot

tissues were measured by HPLC with a diode array detector

following the methods of Johnson et al. (2009).

Statistical analysis

Treatment effects on plant fitness

We assessed treatment effects at the patch and genotypic

levels. At the patch level, we analysed whether the number

of surviving plants in each patch over time was influenced

by genotypic diversity, deer exclusion and their interaction,

with a repeated measures factorial ANOVA in Proc Mixed of

SAS (SAS Institute, Cary, NC, USA). Data best fit a

lognormal distribution and thus were ln + 1 transformed

prior to analysis. We used a factorial two-way ANOVA with

the fixed factors plant genotypic diversity, deer exclusion

and their interaction, to determine the effects of diversity

and deer on the number of vole-damaged plants per patch,

the number of seeds per patch at the end of the experiment

and the percentage seeds per patch lost to specialist insects.

Seed output data were log transformed to improve

heteroscedasticity. We also used a one-way ANOVA to

determine if the mean onset of deer browsing (uncaged

treatments only) differed by genotypic environment.

To examine the mechanisms behind the effects of

diversity on plant fitness, we partitioned the net biodiversity

effects on the number of seeds per patch into components

of complementarity and selection using standard techniques

(Loreau & Hector 2001). One genotype failed to produce

seeds in the monoculture ⁄ deer environment; we added a

small amount (�1�) to these zero values in order to make the

calculations. Our conclusions were the same if we simply

excluded patches with this genotype. We considered effects

of biodiversity, complementarity and selection to be

significant when 95% likelihood confidence intervals (CIs)

did not cross zero. The equations of Loreau & Hector

(2001) give the net biodiversity effect, that is, the difference

between observed seed output of genotypes in polyculture

and their mean output in monoculture. We were also

interested in the relative effects of genotypic diversity (i.e.

�horizontal diversity�) in the presence vs. absence of deer

herbivory (i.e. �vertical diversity�). Thus, we extended the

equations of Loreau & Hector (2001) to calculate whether

the percentage change in seed output due to plant genotypic

diversity differed in the presence vs. absence of deer

(analysed with a t-test).

At the genotypic level, we also compared the mean

number of seeds per plant for genotypes grown in

monoculture vs. polycultures using a paired t-test in each

deer herbivory treatment (e.g. Johnson et al. 2006).

Importantly, a significant paired t-test at the genotypic level

indicates a non-additive effect of genotypic diversity because

the analysis tests whether a genotype�s fitness is higher in

one environment (polyculture) compared with the other

(monoculture). We ran these analyses first by including a

zero for plants that perished and thus produced no seeds,

and second by considering only plants that survived to the

end of the experiment. To test whether deer herbivory

altered the strength of the diversity effect, we used a paired

t-test to examine whether the effect size of plant genotypic

diversity [ln(poly ⁄ mono)] on mean genotype seed output

differed in the presence vs. absence of deer.

Plant growth and resistance traits

To test genotypic variation in plant growth and resistance

traits, we employed separate ANOVAs in each of the deer

exclusion treatments with genotype as a random effect.

There was no effect of patch genetic diversity on flowering

phenology (e.g. the mean number of days after planting until

a genotype bolted, F1,254 = 0.614, P = 0.434), thus for

consistency with other traits, we used phenology data from

only the polyculture patches. For each trait we then used

paired t-tests at the genotypic level to determine whether
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deer browsing altered mean trait expression (i.e. phenotypic

plasticity). For rooftop grown plants, we used one-way

ANOVAs with genotype as a random effect to test for

genotypic variation in growth rate, root:shoot ratio, and total

phenolics of root and leaf tissues.

The heritability of each trait was calculated by dividing

total genotypic variance by total variance, which equates to

the broad-sense heritability for clonally or asexually repro-

ducing organisms (Lynch & Walsh 1998). All trait-level

analyses were performed on untransformed data as recom-

mended by Houle (1992). Genetic covariation among traits

(i.e. physiological trade-offs) was calculated as Pearson

product–moment correlations between all pairwise combi-

nations of standardized trait values.

Linking genotype traits to plant fitness

We used three methods to link genotype traits to diversity

effects. First, we investigated whether mean trait values for

each genotype were correlated with vole-induced mortality

and resistance to deer browsing, the two primary enemies in

this study. We used survival data from early in the

experiment when the effects of voles on plant mortality

were strongest (see section �Results�). Second, we examined

whether we could link genotype traits to the effects of

genotypic diversity on genotype performance. For these

analyses we calculated a �polyculture effect size� for each

genotype in polyculture using the equation: ln(Geno-

typePoly ⁄ GenotypeMono), where GenotypePoly and Geno-

typeMono were the mean reproductive output of genotypes

in polyculture and monoculture, respectively, in each deer

herbivory environment. We then regressed �polyculture

effect size� against our nine measured plant traits to

determine which traits were correlated with the relative

effects of polyculture.

Third, we assessed whether deer exclusion and ⁄ or genetic

neighbourhood influenced direct and indirect natural

selection on plant traits. We estimated the strength of total

selection, including both direct and indirect selection caused

by covariation among traits, by estimating the Pearson

product–moment correlations between each genotype�s
relative fitness and standardized normal trait values (i.e.

selection differentials, Price 1970). To measure the strength

of direct adaptive selection after correcting for trait

covariation, we used stepwise forward regression testing

whether each genotype�s relative fitness was influenced by

standardized normal trait values, with P = 0.1 as the

criterion for each variable to enter and leave the model

(i.e. selection gradients, Stinchcombe et al. 2002; Johnson et

al. 2009). We used stepwise regression because the fully

parameterized models had limited statistical power.

R E S U L T S

Treatment effects on plant fitness

Of the 3808 plants, 2699 (71%) died by the end of the

experiment. Dead plants always showed signs of vole attack,

including consumed roots and girdled stems. We never

observed plants that wilted and died from physiological

stress alone. Deer browsed bolting stalks but did not

consume entire plants. Thus, we attribute all plant deaths to

vole herbivory, although some plants may have perished due

to the combined effects of voles and other stressors. Of the

1109 survivors, all but seven bolted and attempted to

reproduce. The surviving population was thus >99% annual

and survival and seed production were accurate estimates of

lifetime fitness.

The proportion of plants surviving per patch varied over

the course of the experiment (Fig. 1a, time effect,

F9,472 = 137.7, P < 0.001, repeated measures ANOVA), but

survival was consistently higher in polyculture than mono-

culture (genotypic diversity effect: F1,472 = 4.38, P = 0.037).

Deer herbivory decreased plant survival, but this effect only

became evident later in the growing season (Fig. 1a, deer

herbivory · time interaction, F9,472 = 6.48, P < 0.001).

Deer herbivory also reduced the number of seeds produced

per patch (F1,472 = 86.2, P < 0.001), but polyculture patches

produced more seeds than monocultures in both deer
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herbivory environments (Fig. 1b, F1,472 = 9.48, P = 0.002).

The positive effects of diversity on seed output were driven

by positive complementarity effects that swamped negative

selection effects in both the presence and absence of deer

(Fig. 2a). Importantly, the relative impacts of genotypic

diversity on seed output were nearly fourfold stronger in the

presence vs. the absence of deer (Fig. 2b).

At the genotypic level, plants in diverse patches produced

59 and 200% more seeds in the absence and presence of

deer, respectively, than did genotypes in monocultures

(Fig. 3, P £ 0.008, paired t-tests). Importantly, the presence

of deer herbivory again strengthened the effects of

genotypic diversity on fitness, in this case leading to a

threefold increase in seed output per plant (P = 0.022,

paired t-test, Fig. 3 inset). The patterns for reproductive

output of only the surviving plants were similar. Genotypes

from diverse patches produced 35 and 62% more seeds per

plant than plants from genetically homogenous patches in

the absence and presence of deer, respectively (P £ 0.001,

paired t-tests, data not shown).

Voles attacked fewer plants in polycultures vs. monocul-

tures: 4.5 (±0.17) damaged plants in monoculture vs. 4.00

(±0.17) damaged plants in polyculture (F1,472 = 3.99,

P = 0.046). The presence of deer herbivory had no effect

on the number of vole damaged plants per patch

(F1,472 = 0.63, P = 0.429), nor was there an interaction

between diversity and deer exclusion (F1,472 = 1.54,

P = 0.216). Thus, vole attack was equivalent across deer

herbivory treatments. Polyculture patches lost 76% fewer

seeds to specialist insects than did monocultures

(0.41 ± 0.11% of seeds eaten per patch in monoculture

vs. 0.10 ± 0.10% of seeds in polyculture, F1,244 = 4.09,

P = 0.044), with no effect of deer browsing on percentage

seed loss to insects (deer: F1,244 = 0.207, P = 0.650), and no

interaction between diversity and deer exclusion

(F1,244 = 0.030, P = 0.863). The mean onset of deer

browsing did not differ in monoculture vs. polyculture

(37.1 ± 1.8 days in monoculture vs. 40.3 ± 1.7 days in

polyculture, F1,170 = 1.68, P = 0.197).

Plant traits and the mechanisms of diversity

We detected significant heritable variation among our 20

O. biennis genotypes for eight of nine measured plant traits

(all traits except for leaf toughness, Appendix 1). Heritabil-

ities were highest for plant secondary compounds (range:

0.70–0.70), intermediate for growth rate and bolting

phenology (range: 0.43–0.54), and lowest for the four leaf

and stem traits we measured (range: 0–0.27, Appendix 1).

All five traits from the field experiment were plastic in

response to deer herbivory. Browsed plants had significantly

larger stem diameters, softer leaves, increased specific leaf

area, fewer trichomes and bolted earlier than unbrowsed

plants (Appendix 1).

Bolting phenology was the only trait significantly linked

to vole damage and deer browsing. Early in the experiment,

when vole-induced mortality was greatest (Fig. 1), early
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bolting genotypes had lower rates of survival than later

bolting genotypes (Fig. 4a). However, early bolting geno-

types had disproportionately higher survival in polycultures,

suggesting an associational effect of diversity on vole attack

rate. Early bolting genotypes were also browsed earlier by

deer, but polycultures did not delay the onset of browsing

(Fig. 4b), suggesting no associational effect on deer

browsing.

In contrast, two traits explained the enhanced relative

performance of genotypes in polyculture vs. monocultures.

The presence of deer herbivory, however, altered which

traits improved genotype performance. In the absence of

deer, genotypes that bolted later in the growing season

performed relatively better in polycultures than early bolting

genotypes (Fig. 5a). In the presence of deer, however, fast-

growing genotypes performed relatively better than slow

growing genotypes (Fig. 5b). Other traits were not

substantial predictors of relative genotype performance in

polyculture. Growth was not correlated with bolting

phenology in either deer herbivory treatment (r2 ‡ 0.049,

P ‡ 0.345, linear regressions).

Natural selection acted on multiple plant traits, but the

targets and strength of natural selection depended on the

genetic neighbourhood and the presence of deer herbiv-

ory. In monoculture environments, the only detectable

selection on plant traits was for reduced trichome density

in both the presence and absence of deer (Table 1). In

contrast, we detected selection for multiple plant traits in

polycultures in the absence of deer (but presence of

voles), including increased leaf toughness, larger stem

diameters, later bolting date and smaller root:shoot ratios.

None of these traits were under significant natural

selection in polycultures in the presence of deer, although
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we did detect selection for decreased phenolics in shoot

tissues (Table 1).

D I S C U S S I O N

The interaction between horizontal and vertical diversity has

received little attention to date despite the pervasive impacts

of consumers on community structure and function (Duffy

2002; Hooper et al. 2005). Although a plague of meadow

voles (M. pennsylvanicus) killed over 70% of our nearly 4000

experimental evening primrose plants (O. biennis) and

complicated our manipulation of vertical diversity, this

unmanipulated herbivory provided novel insight into the

interaction between trophic complexity and genotypic

diversity. Plant genotypic diversity increased resistance to

voles, reduced seed loss to specialist insects, increased plant

survival and increased plant reproductive output. These

results are consistent with previous findings showing that

more genetically diverse plant communities are more

productive (Crutsinger et al. 2006; Johnson et al. 2006) and

more resistant to disturbance (Hughes & Stachowicz 2004;

Reusch et al. 2005; Crutsinger et al. 2008) than genetically

depauperate communities. Our results are also similar to

those of Hughes & Stachowicz (2004), who found positive

effects of seagrass genetic diversity on several ecosystem

properties only after their experimental plots were grazed by

migrating geese. The broad concordance of these �acciden-

tal� experiments in marine seagrass meadows and terrestrial

old fields indicates that intraspecific genetic diversity is an

important component of biodiversity.

Moreover, because we explicitly manipulated herbivory

by white-tailed deer (Odocoileus virginianus), we were able to

show that the effects of genotypic diversity were enhanced

by added trophic-level complexity. In the presence of both

deer and voles, plant genotypic diversity had a three to

fourfold stronger effect on plant lifetime fitness relative to

the effects of genotypic diversity in the presence of voles

alone (Figs 2 and 3). Although the absolute increase in seed

output per patch was higher in the absence of deer, the

positive effects of diversity were relatively stronger after

accounting for the strong suppressive effect that deer had

on plant seed output. This suggests that increasing diversity

can have a disproportionately advantageous effect on plant

fitness when disturbance, in this case herbivory from

multiple natural enemies, is most severe. Similarly, Duffy

et al. (2005) found effects of herbivore diversity only in the

presence of predators, and Gamfeldt et al. (2005) found the

strongest effects of prey diversity at the highest levels of

consumer diversity. In contrast, other studies have shown

that adding consumers can eliminate, reverse, or have

idiosyncratic effects on diversity-function relationships

(Mulder et al. 1999; Naeem et al. 2000; Fox 2004; Wojdak

2005). Although the limited number of available tests and

disparate outcomes makes broad generalizations premature,

our results indicate that experiments manipulating just

horizontal diversity may underestimate the positive effects

of biodiversity, and increased trophic-level complexity may

reinforce the positive effects of producer diversity. This

result has significant implications for the conservation of

higher trophic levels and the community consequences of

maintaining intact trophic systems.

Plant diversity and herbivore impacts

The ability of prey diversity to dampen the impacts of

consumers has been a matter of debate for decades and is

Table 1 Linear genotypic selection differentials (S) and gradients (b) on growth and defence traits in Oenothera biennis plants living in

monocultures vs. polycultures in the presence and absence of deer herbivory (D)

Trait

Mono ⁄ )D Mono ⁄ +D Poly ⁄ )D Poly ⁄ +D

S b S b S b S b

Leaf toughness 0.055 0.110 0.205 0.439** 0.086

SLA (mm2 mg)1) )0.190 )0.301 )0.315 )0.163

Trichomes cm)2 )0.460* )0.460* )0.517* )0.670** )0.128 )0.415

Stem diameter (mm) 0.157 )0.243 0.331 0.570*** )0.241

Days to bolt 0.070 )0.110 )0.380 0.455* 0.818*** )0.111

Growth (mg day)1) )0.066 )0.146 )0.183 )0.041

Root:Shoot )0.316 )0.275 )0.225 )0.453** )0.178

Root phenolics )0.221 )0.234 )0.185 )0.094

Shoot phenolics )0.313 )0.394 0.009 )0.453* )0.453*

Selection differentials are the Pearson product moment correlations between the relative fitness of each of 20 O. biennis genotypes and their

standardized normal trait values in each environment. Selection gradients were determined using stepwise multiple linear regression on the

relative fitness of each genotype vs. their standardized normal trait values, with P = 0.1 as the criterion to enter and leave the model.

*P < 0.05, **P < 0.01, ***P < 0.001. Bold values are statistically significant at P < 0.05.
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widely thought to limit the strength of trophic cascades in

diverse ecosystems (Strong 1992). Three mechanisms are

believed to limit consumer impact in diverse ecosystems:

positive interactions among members of diverse communi-

ties, dominance of inedible prey in diverse multitrophic

communities, and trade-offs between prey resistance and

competitive ability (Hillebrand & Cardinale 2004; Duffy et al.

2007). We found clear support for the first two mechanisms

and partial support for the third.

First, one of the most striking aspects of this study is the

presence of positive and non-additive effects of genotypic

diversity on plant lifetime fitness at both the patch (Figs 1b

and 2a) and genotypic levels (Fig. 3). Given that we

also found positive complementarity effects (see section

�Results�), we can attribute these effects to positive

interactions in genetic polycultures, and in particular to

associational resistance of vole herbivory. Early bolting

genotypes, for example, were likely to perish in the initial

wave of vole attacks, but mortality for these susceptible

genotypes was reduced in genotypically diverse patches

(Fig. 4a). This suggests that plant phenological diversity in

our patches enhanced resistance to consumers, similar to

studies showing that phenological complementarity is

an important characteristic of diverse communities (e.g.

Stachowicz et al. 2002).

Second, the �variance in edibility hypothesis� argues that

more diverse communities are more resistant because they

are likely to contain less-preferred taxa (Leibold 1989). In

agreement with this hypothesis, we found negative selection

effects in both deer herbivory treatments (Fig. 2a). Negative

selection effects are common in multitrophic studies and

indicative of consumers shifting polycultures towards more

resistant but less fecund taxa (Jiang et al. 2008). In our

experiment, later-bolting genotypes were less preferred by

voles and deer (Fig. 4a,b), and in the presence of vole

herbivory alone, these less-preferred genotypes performed

relatively better than preferred genotypes in polyculture

(Fig. 5a). However, herbivory by voles and deer together

shifted polyculture output towards dominance by relatively

fast-growing genotypes (Fig. 5b), likely because fast-growing

genotypes were better able to tolerate browsing and still

produce fruits before the end of the growing season. Thus,

negative selection effects arose via different ecological

mechanisms in the presence of different enemies, suggesting

that trophic complexity can qualitatively alter which taxa

maximize the performance of diverse assemblages.

Third, we found partial support for evidence of trade-offs

among O. biennis growth and resistance traits. Bolting

phenology was negatively correlated with only one trait,

plant stem diameter, and unrelated to plant growth rate and

a suite of traits related to growth and defence (Appendix 2).

Other studies with O. biennis have found trade-offs among

growth ⁄ resistance traits (Johnson et al. 2009), and it is

possible that trade-offs in our study were obscured by

phenotypic plasticity (Appendix 1). However, bivariate

trade-offs between growth and resistance traits appear

relatively uncommon, and it has been argued that the

ecological costs of different defence strategies outweigh

internal allocation costs (Koricheva 2002). Our findings are

consistent with this hypothesis. For example, delayed

bolting allowed plants to escape voles but exposed them

to deer herbivory (Fig. 4a,b), and only the capacity for rapid

regrowth (i.e. tolerance of herbivore damage) maximized

fecundity in the presence of both herbivores (Fig. 5b). We

interpret these results to mean that vole herbivory favoured

a strategy of phenological escape, whereas vole and deer

herbivory together favoured a strategy of herbivore toler-

ance, consistent with the hypothesis of ecological trade-offs

among defence strategies.

The pattern that thus emerges from our study is that

genotypic diversity promotes plant performance, but the

interaction between plant diversity and trophic complexity

alters the mechanisms and thus the genotypes that maximize

performance. This interaction hinges on several key

features, including the emergent properties of diverse

assemblages, herbivore feeding selectivity and prey that are

constrained by trade-offs between growth and resistance to

variable consumer types. These complex interactions are

fundamentally important because they indicate that increas-

ing both vertical and horizontal diversity can promote and

maintain ecosystem function (Lankau & Strauss 2008; Duffy

2009).

Plant diversity, herbivory and natural selection

Vertebrates can have large impacts on plant communities

(Danell et al. 2006), yet surprisingly few studies have

examined their ability to select for the evolution of plant

defences. Both voles and deer selectively attacked different

O. biennis genotypes in our study (Fig. 4), supporting a

growing body of literature showing that generalist verte-

brates can feed selectively among genotypes within a

species, including voles (Pusenius et al. 2002), beavers

(Bailey et al. 2004), hares (Laitinen et al. 2004), porcupine

(Diner et al. 2009), deer (Duncan et al. 2001) and moose (Jia

et al. 1997). More importantly, selective feeding in our study

differentially influenced genotype fitness and resulted in

natural selection for plant traits. For example, in polycul-

ture ⁄ no-deer treatments, we found natural selection for

genotypes with tougher leaves, larger stem diameters,

delayed bolting, and decreased root:shoot ratios (Table 1).

We attribute these impacts to voles because we effectively

excluded deer but not voles from these plots, and selection

for these traits is largely consistent with resistance to girdling

of bolting stems, one of the primary sources of vole

mortality in this experiment.
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Understanding the agents of natural selection in

polyculture ⁄ deer treatments, where we found selection

for decreased phenolics in the shoot tissues (Table 1), is

more complicated given that these plots were exposed to

both voles and deer. We cautiously interpret these results,

and selection for decreased trichome densities in mono-

cultures (Table 1), to indicate that we found natural

selection for some traits in some environments but not in

others. This finding supports a growing literature showing

that diffuse interactions in communities can alter the

targets of natural selection (Stinchcombe & Rausher 2001;

Lankau & Strauss 2008), and suggests that vertebrate

herbivores can have stronger impacts on the evolution of

plant defence than is currently appreciated.

C O N C L U S I O N

Numerous studies have shown that plant diversity has

positive effects on consumer abundance and diversity

(Siemann et al. 1998; Wimp et al. 2004; Crutsinger et al.

2006; Johnson et al. 2006), but relatively few have examined

effects of diversity on consumer impact, an important

metric because of its potential relationship to secondary

production. Our genotypically diverse plant patches reduced

herbivore impact, suggesting that diverse prey communities

may reduce secondary production when consumers pro-

mote dominance by less preferred prey. In contrast, other

studies have seen enhanced secondary production when

diverse prey communities contained equally edible species

(Gamfeldt et al. 2005). Thus, the composition of diverse

prey communities and the feeding specificity of consumers

are likely to have pivotal effects on energy transfer in

multitrophic communities. Moreover, although consumer

feeding selectivity can decrease consumer impact (this

study), the same mechanism increases consumer abundance

and diversity (Siemann et al. 1998; Wimp et al. 2004;

Crutsinger et al. 2006; Johnson et al. 2006), and consumer

diversity itself can feedback to increase secondary produc-

tion (Duffy et al. 2005). The complexity of these potential

outcomes highlights the importance of examining multiple

functional aspects of ecosystems in response to changing

diversity (Jiang et al. 2008; Duffy 2009). Overall, our study

demonstrates that incorporating consumers into biodiver-

sity-ecosystem function studies could fundamentally change

the notion of how producer diversity affects ecosystems,

where, in this case, the positive effects of plant genotypic

diversity on plant fitness were enhanced by trophic

complexity.
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Gómez, J.M. & González, A. (2007). Trait-mediated indirect

interactions, density-mediated indirect interactions, and direct

interactions between mammalian and insect herbivores. In:

Ecological Communities: Plant Mediation in Indirect Interaction Webs

(eds Ohgushi, T., Craig, T.P. & Price, P.W.). Cambridge Uni-

versity Press, Cambridge, pp. 104–121.

Gurevitch, J., Morrison, J.A. & Hedges, L.V. (2000). The interac-

tion between competition and predation: a meta-analysis of field

experiments. Am. Nat., 155, 435–453.

Hillebrand, H. & Cardinale, B.J. (2004). Consumer effects decline

with prey diversity. Ecol. Lett., 7, 192–201.

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P.,

Lavorel, S., et al. (2005). Effects of biodiversity on ecosystem

functioning: a consensus of current knowledge. Ecol. Monogr., 75,

3–35.

Houle, D. (1992). Comparing evolvability and variability of quan-

titative traits. Genetics, 130, 195–204.

Hughes, A.R. & Stachowicz, J.J. (2004). Genetic diversity enhances

the resistance of a seagrass ecosystem to disturbance. Proc. Natl.

Acad. Sci. USA, 101, 8998–9002.

Hughes, A.R., Inouye, B.D., Johnson, M.T.J., Underwood, N. &

Vellend, M. (2008). Ecological consequences of genetic diversity.

Ecol. Lett., 11, 609–623.

Jia, J.B., Niemela, P., Rousi, M. & Harkonen, S. (1997). Selective

browsing of moose (Alces alces) on birch (Betula pendula) clones.

Scand. J. Forest Res., 12, 33–40.

Jiang, L., Pu, Z. & Nemergut, D.R. (2008). On the importance of

the negative selection effect for the relationship between bio-

diversity and ecosystem functioning. Oikos, 117, 488–493.

Johnson, M.T.J. (2007). Genotype-by-environment interactions

leads to variable selection on life-history strategy in Common

Evening Primrose (Oenothera biennis). J. Evol. Biol., 20, 190–

200.

Johnson, M.T.J. & Agrawal, A.A. (2005). Plant genotype and

environment interact to shape a diverse arthropod community

on evening primrose (Oenothera biennis). Ecology, 86, 874–885.

Johnson, M.T.J. & Agrawal, A.A. (2007). Covariation and com-

position of arthropod species across plant genotypes of evening

primrose (Oenothera biennis). Oikos, 116, 941–956.

Johnson, M.T.J., Lajeunesse, M.J. & Agrawal, A.A. (2006). Additive

and interactive effects of plant genotypic diversity on arthropod

communities and plant fitness. Ecol. Lett., 9, 24–34.

Johnson, M.T.J., Agrawal, A.A., Maron, J.L. & Salminen, J.-P.

(2009). Heritability, covariation and natural selection on 24 traits

of common evening primrose (Oenothera biennis) from a field

experiment. J. Evol. Biol., 22, 1295–1307.

Koricheva, J. (2002). Meta-analysis of sources of variation in

fitness costs of plant antiherbivore defenses. Ecology, 83, 176–

190.

Laitinen, M.L., Julkunen-Tiitto, R., Yamaji, K., Heinonen, J. &

Rousi, M. (2004). Variation in birch bark secondary chemistry

between and within clones: implications for herbivory by hares.

Oikos, 104, 316–326.

Lankau, R.A. & Strauss, S.Y. (2008). Community complexity drives

patterns of natural selection on a chemical defense of Brassica

nigra. Am. Nat., 171, 150–161.

Larson, E.L., Bogdanowicz, S.M., Agrawal, A.A., Johnson, M.T.J.

& Harrison, R.G. (2008). Isolation and characterization of

polymorphic microsatellite loci in common evening primrose

(Oenothera biennis). Mol. Ecol. Resour., 8, 434–436.

Leibold, M.A. (1989). Resource edibility and the effects of preda-

tors and productivity on the outcome of trophic interactions.

Am. Nat., 134, 922–949.

Loreau, M. & Hector, A. (2001). Partitioning selection and com-

plementarity in biodiversity experiments. Nature, 412, 72–76.

Lynch, M. & Walsh, B. (1998). Genetics and Analysis of Quantitative

Traits. Sinauer Associates, Sunderland, MA.

Mulder, C.P.H., Koricheva, J., Huss-Danell, K., Hogberg, P. &

Joshi, J. (1999). Insects affect relationships between plant species

richness and ecosystem processes. Ecol. Lett., 2, 237–246.

Naeem, S., Hahn, D.R. & Schuurman, G. (2000). Producer-

decomposer co-dependency influences biodiversity effects.

Nature, 403, 762–764.

Price, G.R. (1970). Selection and covariance. Nature, 227, 520–521.

Pusenius, J., Prittinen, K., Heimonen, J., Koivunoro, K., Rousi, M.

& Roininen, H. (2002). Choice of voles among genotypes of

birch seedlings: its relationship with seedling quality and pref-

erence of insects. Oecologia, 130, 426–432.

Reusch, T.B.H., Ehlers, A., Hammerli, A. & Worm, B. (2005).

Ecosystem recovery after climatic extremes enhanced by geno-

typic diversity. Proc. Natl. Acad. Sci. USA, 102, 2826–2831.

Siemann, E., Tilman, D., Haarstad, J. & Ritchie, M. (1998).

Experimental tests of the dependence of arthropod diversity on

plant diversity. Am. Nat., 152, 738–750.

Stachowicz, J.J., Fried, H., Osman, R.W. & Whitlatch, R.B.

(2002). Biodiversity, invasion resistance, and marine ecosystem

function: Reconciling pattern and process. Ecology, 83, 2575–

2590.

Stinchcombe, J.R. & Rausher, M.D. (2001). Diffuse selection on

resistance to deer herbivory in the ivyleaf morning glory, Ipomoea

hederacea. Am. Nat., 158, 376–388.

Stinchcombe, J.R., Rutter, M.T., Burdick, D.S., Tiffin, P., Rausher,

M.D. & Mauricio, R. (2002). Testing for environmentally in-

duced bias in phenotypic estimates of natural selection: Theory

and practice. Am. Nat., 160, 511–523.

Strong, D.R. (1992). Are trophic cascades all wet-differentiation

and donor-control in speciose ecosystems. Ecology, 73, 747–754.

Thebault, E. & Loreau, M. (2003). Food-web constraints on bio-

diversity-ecosystem functioning relationships. Proc. Natl. Acad.

Sci. USA, 100, 14949–14954.

Whitham, T.G., Bailey, J.K., Schweitzer, J.A., Shuster, S.M.,

Bangert, R.K., Leroy, C.J., et al. (2006). A framework for com-

munity and ecosystem genetics: from genes to ecosystems. Nat.

Rev. Genet., 7, 510–523.

Wimp, G.M., Young, W.P., Woolbright, S.A., Martinsen, G.D.,

Keim, P. & Whitham, T.G. (2004). Conserving plant genetic

diversity for dependent animal communities. Ecol. Lett., 7, 776–

780.

Wojdak, J.M. (2005). Relative strength of top-down, bottom-up,

and consumer species richness effects on pond ecosystems. Ecol.

Monogr., 75, 489–504.

S U P P O R T I N G I N F O R M A T I O N

Additional Supporting Information may be found in the

online version of this article.

Appendix S1 Mean, range of variation and heritability for

nine growth and defence-related traits of evening primrose,

Oenothera biennis.
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 1

Appendix 1.  Mean, range of variation, and heritability for nine growth and defense-related traits of 1 
evening primrose, Oenothera biennis.  The first five traits were measured on plants grown in 2 
polycultures exposed to or protected from deer herbivory in the field experiment; the latter four traits 3 
were measured on a separate set of plants.  Bold text and asterisks in ‘Plant trait’ column are from paired 4 
t-tests and test phenotypic plasticity of the traits in response to deer herbivory in polycultures.  Bold text 5 
and asterisks in heritability columns test for the presence of heritable, genotypic variation for each trait 6 
within each herbivore treatment.  *P<0.05, **P<0.01, ***P<0.001.  Bold values are statistically 7 
significant at P<0.05.  n/a = not applicable. 8 
 9 
 - Deer + Deer 
Plant trait Mean (Range of 

variation) 
Heritability Mean (Range 

of variation) 
Heritability 

Toughness*** 80.1 (79-81) 0.006 53.3 (49-59) 0.0 

SLA (mm2/mg)*** 18.7 (18-19) 0.036 24 (20-34) 0.269*** 

Trichomes/cm2*** 886 (718-1150) 0.229** 768 (754-789) 0.016 

Stem dia (mm)*** 7.6 (6.3-8.9) 0.211** 8.3 (7.3-9.5) 0.164* 
Days to bolt* 40.5 (22-59) 0.429***  38.7(20-61) 0.543***  
Growth (mg/day) 20.5 (12-31) 0.479*** n/a  
Root:Shoot 0.31 (0.23-0.47) 0.646*** n/a  
Root phenolics 99 (59-146) 0.696*** n/a  
Shoot phenolics 107 (82-142) 0.702*** n/a  
 10 
 11 

12 
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Appendix 2.  Matrix of Pearson product-moment genetic correlations among plant traits (standardized 13 
means) in polycultures in the absence of deer herbivory (above the diagonal), and in polycultures in the 14 
presence of deer herbivory (below the diagonal).  Growth, root:shoot ratio (R:S), root phenolics, and 15 
shoot phenolics were measured on plants grown separately in one environment (correlations are thus 16 
identical above and below the diagonal).  * P  < 0.05, ** P < 0.01, *** P < 0.001.  Bold values are 17 
statistically significant at P ≤ 0.05.   Relatively few traits were statistically correlated with each other.  18 
Of the 45 pairwise tests among traits measured in the absence of deer, only three traits covaried (P = 19 
0.206, binomial expansion test).  There were seven significant correlations among the 39 unique 20 
pairwise combinations in the presence of deer (P = 0.002, binomial expansion test).   21 
 22 
 23 

Trait % Water 
Leaf 

toughness 
SLA Trichomes Growth 

Stem 
dia 

Days to 
bolt 

R:S 
Root 

Phenolics 
Shoot 

Phenolics 

% Water  -0.518 -0.118 -0.361 -0.089 0.144 0.304 0.216 0.013 -0.049 

Leaf toughness -0.079  -0.422 0.368 0.332 0.349 -0.398 0.238 0.068 0.140 

SLA (mm2/mg) 0.558 0.130  -0.025 -0.220 -0.105 0.136 0.241 -0.097 -0.045 

Trichomes/cm2 -0.418 -0.419 0.069  0.474* 0.135 -0.392 0.285 0.362 0.182 

Growth (mg/day) -0.084 -0.650** 0.073 0.547**  0.042 -0.222 0.254 0.742*** 0.148 

Stem dia (mm) -0.188 -0.388 -0.078 0.503* 0.433  -0.345 0.242 -0.187 -0.120 

Days to bolt 0.220 0.444* 0.232 -0.404 -0.223 -0.504*  -0.017 -0.007 0.239 

R:S 0.333 -0.094 0.544** 0.304 0.254 0.420 0.017  0.186 0.105 

Root phenolics -0.189 -0.481* 0.071 0.442 0.742*** 0.242 0.038 0.186  0.569** 

Shoot phenolics -0.193 -0.082 -0.041 0.165 0.148 0.230 0.344 0.105 0.569**  
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