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Abstract Biodiversity is quantified via richness (e.g., the
number of species), evenness (the relative abundance dis-

tribution of those species), or proportional diversity (a

combination of richness and evenness, such as the Shannon
index, H0). While empirical studies show no consistent

relationship between these aspects of biodiversity within

communities, the mechanisms leading to inconsistent
relationships have received little attention. Here, using

common evening primrose (Oenothera biennis) and its

associated arthropod community, we show that relation-
ships between arthropod richness, evenness, and propor-

tional diversity are altered by plant genotypic richness.

Arthropod richness increased with O. biennis genotypic
richness due to an abundance-driven accumulation of

species in response to greater plant biomass. Arthropod

evenness and proportional diversity decreased with plant
genotypic richness due to a nonadditive increase in abun-

dance of a dominant arthropod, the generalist florivore/

omnivore Plagiognathas politus (Miridae). The greater
quantity of flowers and buds produced in polycultures—

which resulted from positive complementarity among
O. biennis genotypes—increased the abundance of this

dominant insect. Using choice bioassays, we show that
floral quality did not change in plant genotypic mixtures.

These results elucidate mechanisms for how plant geno-

typic richness can modify relationships between arthropod
richness, evenness, and proportional diversity. More

broadly, our results suggest that trophic interactions may be

a previously underappreciated factor controlling relation-
ships between these different aspects of biodiversity.
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Introduction

Biodiversity is known to affect the stability (Elton 1958;

Tilman et al. 2006; Haddad et al. 2010), productivity
(Tilman et al. 1996; Crutsinger et al. 2006; Cardinale et al.

2007), and trophic interactions (Duffy et al. 2007; Parker

et al. 2010) of communities. Although richness (e.g., the
number of species) has recently dominated as the primary

description of biodiversity in the literature (Hooper et al.
2005; Balvanera et al. 2006; Cardinale et al. 2006), bio-

diversity can be quantified via richness, evenness [the

relative abundance distribution of species in a community
(Smith and Wilson 1996)], or the combination of these two

metrics [e.g., Shannon proportional diversity (Margalef 1958;

Stirling and Wilsey 2001)].
Since diversity––function relationships have largely

relied upon richness as a representative measure of biodi-

versity (Hooper et al. 2005; Balvanera et al. 2006; Cardi-
nale et al. 2006), but evenness also affects community

processes and ecosystem functions (Hillebrand et al. 2008;

Dickson and Wilsey 2009; Wittebolle et al. 2009; Crowder
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et al. 2010), it is important to know when (and how) these

aspects of biodiversity are related, or whether they should
be considered separately. Some theory, based on mathe-

matical models, predicts strong and positive relationships

between richness, evenness, and proportional diversity (De
Benedictis 1973; May 1975). Other theory suggests that

evenness and richness are independent measures of biodi-

versity (Whittaker 1965; Hurlbert 1971; Magurran 1988),
and that their association must be tested empirically (Bell

2000). Accordingly, studies that have examined relation-
ships between richness, evenness, and proportional diver-

sity have found mixed results: while some positive

relationships exist (Sugihara 1980; Stirling and Wilsey
2001; Willig et al. 2003), numerous null (Willig et al.

2003; Ma 2005; Bock et al. 2007) or negative (Cook and

Graham 1996; Weiher and Keddy 1999; Wilsey et al. 2005)
relationships also occur.

Empirical studies addressing relationships between

richness, evenness, and proportional diversity have
attempted to understand the mechanisms leading to vari-

able relationships. For example, Stirling and Wilsey (2001)

hypothesize that richness and evenness are altered by dif-
ferent ecological processes (dispersal and biotic interac-

tions, respectively) that may vary independently. While

mechanisms such as these may exist, a striking pattern
emerging from these studies is that they almost exclusively

restrict their analyses to within-taxa and within-trophic

level relationships of richness, evenness, and proportional
diversity (Stirling and Wilsey 2001; Willig et al. 2003;

Bock et al. 2007, but see Root 1973).

Studies that do investigate among-trophic level rela-
tionships (e.g., plant vs. animal richness) typically focus on

the same aspect of biodiversity at each trophic level. For

example, across-trophic level studies have shown that
arthropod richness can be altered by plant richness

(Siemann et al. 1998; Crutsinger et al. 2006; Johnson et al.

2006; Cook-Patton et al. 2011), arthropod evenness can be
altered by plant evenness (Murdoch et al. 1972), and

arthropod proportional diversity can be altered by plant

proportional diversity (Murdoch et al. 1972; Parker et al.
2001; Wimp et al. 2004). However, whether biodiversity-

mediated interactions among trophic levels alter the rela-

tionships between different aspects of biodiversity within a
trophic level has received little attention. Interactions

between different aspects of diversity across trophic levels

could have important consequences for community pro-
cesses and ecosystem functions (Duffy et al. 2007).

Here, we directly test how relationships between

arthropod richness, evenness, and proportional diversity are
altered by genotypic richness of the common evening

primrose (Oenothera biennis). The two questions we

address in this paper are: (1) how are relationships between
arthropod richness, evenness, and proportional diversity

modified by plant genotypic richness, and; (2) what

mechanisms drive these patterns?

Materials and methods

Study species and plant propagation

We manipulated the genotypic richness of Oenothera bi-
ennis L (common evening primrose, Onagraceae), a native
herbaceous plant that is common to old fields and disturbed

areas in eastern North America. O. biennis reproduces via a
permanent translocation heterozygosity mating system,
which results in seeds that are genetically identical to each

other and the parent (Cleland 1972; Johnson 2010).

We collected O. biennis seeds from individual plants in
24 distinct populations around Ithaca, NY, USA. Each

genotype used in this experiment was found to be unique

using nine polymorphic microsatellite loci developed for
O. biennis (Larson et al. 2008). To reduce maternal effects,

we first grew the seeds in a common garden in 2007, which

was sprayed with insecticide at regular intervals throughout
the growing season, and we used seeds collected from these

plants (24 genotypes) for our experiment. We cold strati-

fied (4"C, 4 days) all seeds for the first field experiment in
April 2008, sowed them into 96-well trays filled with soil

(Pro-mix ‘‘BX’’ with biofungicide, Premier), and thinned

germinated seedlings to a single individual per well. Plants
were watered ad libitum and fertilized weekly (21-5-20

NPK, 150 ppm) while in the greenhouse (14:10 h light:-

dark cycle, five weeks), and then field-hardened in an
outdoor mesh cage (one week) prior to planting in the field.

These conditions were replicated for the follow-up field

experiment in 2009, which employed 21 genotypes—a
subset of the original 24 genotypes.

Field establishment

In late May 2008, we established the first field experiment

in an abandoned agricultural field near Ithaca, NY, USA,
where the soil was plowed but otherwise untreated. Using

our pool of 24 O. biennis genotypes, we constructed two

treatments: genotypic monocultures (one O. biennis geno-
type) and genotypic polycultures (eight O. biennis geno-

types). All plots contained eight equally spaced individual

plants arrayed in a ring 0.5 m in diameter, and plots were
separated by 1.5 m. We clipped encroaching weeds by

hand every 2–3 weeks to ensure treatments remained

consistent throughout the summer. The original O. biennis
design included 120 plots, but due to the loss of individuals

within plots, we restricted our analyses to the 115 plots that

experienced no mortality (monocultures: n = 46; polycul-
tures: n = 69). Every genotype appeared *20 times in
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polyculture and two times in monoculture (except for two

O. biennis genotypes that had one monoculture each due to
mortality). Due to its large size, we divided our experiment

into six spatial blocks, where each block contained the

same proportion of monocultures and polycultures. Addi-
tional details of the experimental design of this field

experiment can be found in Cook-Patton et al. (2011).

In addition to the ring of plants, we grew a single
O. biennis focal plant in the middle of every plot, to test

how plant richness impacted natural selection on O. biennis
(the natural selection data will be presented elsewhere).

Including or excluding the focal plant did not affect the

direction or significance of any of our analyses. Thus, for
simplicity, we have restricted our analyses to the ring

plants.

In order to elucidate mechanisms for the patterns we
observed in 2008, we replicated the above field establish-

ment protocols for a follow-up experiment in 2009, with a

few minor alterations. To reduce logistical effort, a subset
of 21 of the original 24 genotypes were utilized, seven

(instead of eight) plants were planted in each plot, and no

focal plant was planted in 2009. Equal numbers of mono-
cultures and polycultures were planted (n = 84 total), but

there were 20 plots where one or more plants died or

remained as rosettes. Thus, our analysis was restricted to
intact monocultures (n = 36) and polycultures (n = 28).

Each genotype occurred *10 times in polyculture, and at

least one monoculture was complete for every genotype
used in the experiment.

Arthropod and plant analyses

In the 2008 field experiment, we censused arthropods in

mid-July and mid-August by visually surveying every plant
in the experiment (n = 1,080 plants). We identified

familiar arthropods in the field or collected specimens of

unknown arthropods for later identification. To identify
collected specimens, we consulted relevant literature and

the expertise of E.R. Hoebeke (Dept. of Entomology,

Cornell University). Arthropods were identified to the
lowest taxonomic level possible, generally species or

genus, and occasionally family. We lumped together par-

asitoids that were less than 3 mm in length (n * 10 spe-
cies) because of logistical difficulties associated with their

field identification. We did not attempt to count or identify

arthropods that were less than 1 mm in length (e.g., thrips,
collembola). In total, we made 36,006 observations of

*167 arthropod species. On average, we sampled 274

individuals and 20 species in each plot.
To address how O. biennis genotypic richness altered

relationships among arthropod richness, evenness, and

proportional diversity, we used ANCOVA with block as a
random effect, O. biennis treatment as a nominal variable,

factor (i.e., richness, evenness, or proportional diversity) as

a covariate, and tested for the interaction of treat-
ment 9 factor in each full model (JMP, version 8.0.1). A

significant interaction indicates that the relationship

between two arthropod diversity metrics (e.g., richness and
evenness) was altered by O. biennis richness. Due to sig-

nificance in each full model (see Table 1), relationships

among arthropod richness, evenness, and proportional
diversity were also analyzed separately for each O. biennis
treatment. Arthropod richness was ln-transformed so that
it occurred on the same scale as the evenness and

diversity indices (Alatalo 1981; Stirling and Wilsey

2001). Arthropod diversity was calculated via the Shan-
non index (Shannon 1948; Margalef 1958) using the

equation H0 " #R pi ln pi$ %; where pi is the ratio of

individuals of a given species to the total number of
individuals in the community. Evenness (Evar) was cal-

culated as variance in species abundance using the equa-

tion Evar " 1# 2
p arctan R

S

s"1
ln xs$ % # R

S

t"1
ln xt$ %=S

! "2

=S

( )

;

where xs and xt are the number of individuals in species

s and t, respectively, and S is the total number of species
(Smith and Wilson 1996). Evar was chosen as an evenness

index because it performs the best of all the evenness

indices over the widest range of circumstances (Smith and
Wilson 1996), and is not correlated with S for purely

mathematical reasons (Alatalo 1981).

To elucidate mechanisms for the altered arthropod
relationships we observed, we first used ANOVA with

block as a random effect to test for differences in arthropod

richness, evenness, proportional diversity, and P. politus
abundance among O. biennis genotypic richness treat-

ments. Due to the importance of P. politus in altering
arthropod evenness and proportional diversity, we tested

whether the response of P. politus to O. biennis genotypic
richness was additive or interactive, following the methods
of Johnson et al. (2006). Briefly, we first calculated

the mean abundance of P. politus on each genotype in

monoculture. Then, we created an expected data set for
polyculture patches based on their genotypic composition.

We used ANOVA with block as a random effect to test

whether observed versus expected values differed. A dif-
ference in observed versus expected values using this

method is indicative of a nonadditive response (i.e., an

interactive effect of plant genotypic diversity on P. politus
abundance).

In the follow-up field experiment in 2009, we further

investigated the response of P. politus. We censused all
P. politus individuals, the number of O. biennis flowers,

and the number of buds on every plant in the experiment

three times during the peak of flowering in mid to late
August. Sampling occurred on August 15, August 21, and
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September 1. During two of these surveys (August 21 and

September 1), we also noted where each P. politus indi-
vidual occurred on the plant (flower, bud, or stem/leaf). In

total, we made 17,586 observations of P. politus during

these surveys. In early October, just prior to plant senes-
cence, we counted fruits, and harvested and weighed all

aboveground biomass. Aboveground biomass was dried in

an oven (40"C) for 72 h, then weighed to the nearest 0.1 g.
Biomass and fruit data were collected because these two

traits commonly respond to plant richness (Cardinale et al.
2006; Hughes et al. 2008) and are known to be a mecha-

nism affecting positive richness–richness relationships

among plant and animal trophic levels (Haddad et al. 2009;
Genung et al. 2010; Cook-Patton et al. 2011).

We used ANOVA to test for the effect of O. biennis
genotypic richness on cumulative flower ? bud abun-
dance, fruit abundance, and aboveground dry mass. No

blocking factor was used on this data set, since block was

never significant. While biomass and fruit data were nor-
mally distributed, flower ? bud abundance was log-trans-

formed to improve normality. To test whether increased

productions of flowers ? buds and fruits were due to
complementarity or selection, we followed the methods of

Loreau and Hector (2001). Positive complementarity

implies that nonadditive increases in polyculture yield are
due to resource partitioning or facilitation among plant

genotypes, whereas negative selection implies that smaller

genotypes grow proportionally better in polycultures than
monocultures compared to larger genotypes. Finally, we

used linear regression to test for the effect of plot-level

flower ? bud abundance and aboveground biomass on

P. politus abundance. Flower ? bud abundance and
P. politus abundance were both log-transformed to improve

normality.

Plagiognathas politus bioassay

To test whether potential differences in floral quality
between monocultures and polycultures could influence

P. politus, in mid-August 2009 we performed a choice test
with P. politus using floral tissues from monoculture and

polyculture plants. P. politus is an opportunistic florivore

and agricultural pest (Wheeler 2001), and has occasionally
been observed to consume an omnivorous diet (e.g., Hunt-

Joshi et al. 2005). On O. biennis, most P. politus interact
with flowers and buds (see Table 2), where they consume
pollen and nectar (McArt, pers. obs.). Three flowers and

three buds were removed from each of 19 genotypes in

each treatment and immediately placed in a petri dish
(9 cm diameter) containing a moist filter paper disk. Floral

tissues were arranged such that flowers and buds from a

genotype in monoculture were placed on one side of the
petri dish, while flowers and buds from the same genotype

in polyculture were placed on the other side of the dish.

Three choice tests were set up for each genotype that was
flowering in the experiment (n = 57 choice tests). Petri

dishes were immediately transported back to the lab, where

five field-collected P. politus adults were introduced and
allowed to choose among floral tissues from each treatment

over a period of 14 h. At the end of 14 h, P. politus

Table 1 Pair-wise relationships between three aspects of arthropod biodiversity (richness, evenness, and proportional diversity) as affected by
each factor, Oenothera biennis genotypic richness (monocultures vs. polycultures), and their interactions

Factor Response Factor O. biennis richness Factor 9 O. biennis richness

F P Slope F P F P

Full analysis

Richness Evenness 0.24 0.62 0.02 11.82 <0.001 8.65 0.004

Diversity Richness 0.41 0.53 0.14 6.79 0.011 4.57 0.035

Evenness Diversity 102.4 <0.001 3.14 0.03 0.87 1.86 0.18

Monocultures

Richness Evenness 1.12 0.30 -0.11

Diversity Richness 0.53 0.47 -0.33

Evenness Diversity 85.04 <0.001 3.59

Polycultures

Richness Evenness 13.65 <0.001 0.18

Diversity Richness 7.04 0.010 0.66

Evenness Diversity 28.34 <0.001 2.69

Arthropod species richness (S) was natural logarithm transformed to be on the same scale as the evenness and diversity indices (Alatalo 1981);
evenness was calculated as the variance in species abundance (Evar, Smith and Wilson 1996); diversity was calculated as the Shannon index (H0,
Margalef 1958)

Slope indicates the direction of the relationship (positive, negative, or null if P[ 0.05)

Bold values are statistically significant
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individuals were counted on the tissues from each genotype

and treatment. We used ANOVA with treatment as the
factor, P. politus abundance as the response, and petri dish

as a blocking factor to test whether P. politus showed a

preference for floral tissues acquired from plant genotypes
growing in monocultures versus polycultures.

Results

Relationships between arthropod richness and evenness,

and richness and proportional diversity were altered by

O. biennis genotypic richness (significant treatment 9 factor
interactions for each response, Table 1). When analyzed

separately, we found positive richness–evenness and rich-

ness–proportional diversity relationships in O. biennis
polycultures (F1,62 = 13.65, P\ 0.001, and F1,62 = 7.04,

P = 0.010, respectively, Table 1), while there was no

relationship between either of these aspects of arthropod
biodiversity in monocultures (P[ 0.29). These altered

relationships were not an artifact of different numbers

of monocultures (n = 46) and polycultures (n = 69), as
a power analysis indicated that only 23 and 40 polycul-

tures, respectively, were necessary to achieve significance

for richness–evenness and richness–proportional diver-
sity relationships at a = 0.05. The relationship between

arthropod evenness and proportional diversity was positive

and did not differ between O. biennis treatments (factor:
F1,106 = 102.4, P\ 0.001, treatment 9 factor interaction:

F1,106 = 1.86, P = 0.176, Table 1).

To understand the mechanisms for these responses, we
first analyzed how each aspect of arthropod biodiversity

responded to O. biennis genotypic richness independently.

We found that plant genotypic richness decreased arthro-
pod evenness by 19% (F1,108 = 11.80, P\ 0.001, Fig. 1a)

and proportional diversity by 15% (F1,108 = 6.57,

P = 0.012, Fig. 1b), while arthropod richness increased by
17% (P = 0.011, Cook-Patton et al. 2011). Reduced

evenness in communities can result from a greater pro-

portion of rare species, a greater proportion of individu-
als comprising dominant species, or a combination of

these two mechanisms. While the proportion of rare

arthropod species was nearly identical among treatments
(species where five or fewer individuals were observed:

monocultures = 63%, polycultures = 62%), we observed

a striking nonadditive increase in abundance of the
numerically dominant arthropod, Plagiognathas politus, in
response to plant genotypic richness (F1,108 = 27.78,

P\ 0.001, Fig. 2). Nearly twice as many P. politus were
found in O. biennis polycultures compared to monocul-

tures, and P. politus abundance was 47% greater than

expected in polycultures (F1,131 = 6.80, P = 0.010,
Fig. 2). When we removed P. politus from our evenness

analysis, we found that evenness did not differ among

treatments (F1,108 = 0.41, P = 0.52), suggesting that
P. politus alone altered arthropod evenness in response to

O. biennis genotypic richness.

Similar to evenness, low proportional diversity com-
munities can result from differences in species abundance

distributions. However, proportional diversity also responds

Table 2 Association of
Plagiognathas politus (Miridae)
with Oenothera biennis tissues
during the 2009 field
experiment

Survey date Proportion of
P. politus
on flowers

Proportion of
P. politus
on buds

Proportion of
P. politus on stems
and leaves

August 21 0.50 0.30 0.20

September 1 0.42 0.32 0.26

Average 0.46 0.31 0.23

Fig. 1 Relationship between plant genotypic richness and arthropod
species evenness and diversity. Arthropod evenness calculated as
variance in species abundance, Evar (a), proportional diversity
calculated via the Shannon index, H0 (b). LS means ± SE shown
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to the number of species present (S), which we found

increased by 17% in response to O. biennis genotypic
richness. Since proportional diversity indices such as H0

increase with greater S (see the equation in ‘‘Materials and

methods’’), the decrease in proportional diversity that we
observed shows that the increased number of arthropod

species in polycultures were not able to counteract the

influence of reduced arthropod evenness. Again, when we
removed P. politus from our analysis, we found that pro-

portional diversity did not differ among treatments

(F1,108 = 0.12, P = 0.72), suggesting that the increased
numbers of P. politus in response to O. biennis genotypic
richness were primarily responsible for decreased arthro-

pod proportional diversity.
Due to the large influence of P. politus on arthropod

evenness and proportional diversity that we observed in

2008, we conducted a series of follow-up experiments to
understand the mechanism for its striking increase in

abundance from monocultures to polycultures. In the 2009

follow-up field experiment, we observed that 77% of
P. politus individuals were associated with flowers and

buds compared to stems and leaves (Table 2). Therefore,

we tested two plausible mechanisms for the response of
P. politus to O. biennis floral tissues. First, we tested

whether floral quality differed among O. biennis treat-

ments. Via a choice bioassay, we found that P. politus did
not preferentially choose floral tissues from eitherO. biennis
treatment (F1,56 = 0.00, P = 1.00).

Next, we tested whether floral quantity influenced
P. politus. After surveying the number of flowers ? buds

on every plant in the experiment, we found that cumulative

flower ? bud abundance increased in response to genotypic
richness (t1,62 = 2.24, P = 0.028, Fig. 3a), and that this

increase was due primarily to positive complementarity
among O. biennis genotypes (95% confidence: 43.6–249.1,

Fig. 3b). Positive complementarity implies that nonadditive

increases in polyculture yield are due to resource parti-
tioning or facilitation among plant genotypes (Loreau and

Hector 2001). Increased flower ? bud abundance in poly-

cultures resulted in increased fruit production (t1,62 = 2.27,
P = 0.026), which was also due primarily to positive

complementarity (95% confidence: 85.3–284.5). Although

a trend existed for greater aboveground biomass in poly-
culture, biomass did not differ significantly among treat-

ments in the 2009 field experiment (t1,62 = 1.53,
P = 0.13). Supporting the importance of floral tissue

quantity in driving the abundance of P. politus, we found a

strong positive correlation between plot-level flower ?
bud abundance and P. politus abundance (R2 = 0.65,

P\ 0.0001, Fig. 4). Aboveground plant biomass was also

correlated with P. politus abundance (R2 = 0.36,
P\ 0.0001); however, a model including both of these

factors showed that flower ? bud abundance drove

P. politus abundance (flower ? bud abundance: P\ 0.001,
aboveground biomass: P = 0.68). Finally, further support-

ing the importance of flower quantity in driving patterns of

Fig. 2 Relationship between plant genotypic richness and abundance
of Plagiognathas politus. Gray bars show values from monocultures
and polycultures (LS means ± SE). Hatched gray bar shows additive
prediction from monoculture values (see ‘‘Materials and methods’’).
Additive prediction shown with 95% confidence intervals surrounding
LS mean

Fig. 3 Relationship between plant genotypic richness and flower ?
bud abundance (a). LS mean ± SE shown. The overall diversity effect
can be partitioned into complementarity or selection effects (Loreau and
Hector 2001) (b). Positive complementarity (white bar) indicates that,
on average, genotypes aremore productive in polyculture than would be
predicted from their monoculture values. Negative selection (dark gray
bar) indicates that smaller genotypes show a disproportionally large
increase in flowers and buds in polyculture compared to larger
genotypes. Mean diversity effect ± 95% CI shown
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P. politus abundance, the positive correlation between

flower ? bud abundance and P. politus abundance did not
differ among O. biennis monocultures and polycultures

(F1,59 = 0.37, P = 0.54, Fig. 4).

Discussion

Our finding of variable relationships between arthropod

richness, evenness, and proportional diversity (Table 1)

reflects a growing literature that has found positive (Sugi-
hara 1980; Stirling and Wilsey 2001; Willig et al. 2003),

null (Stirling and Wilsey 2001; Willig et al. 2003; Ma
2005; Bock et al. 2007), and negative (Cook and Graham

1996; Weiher and Keddy 1999; Stirling and Wilsey 2001;

Willig et al. 2003; Wilsey et al. 2005; Bock et al. 2007;
Wilsey and Stirling 2007) relationships between these

aspects of biodiversity in communities. Here, we show a

novel mechanism that may contribute to these inconsistent
results: plant genotypic richness modified relationships

among different aspects of arthropod biodiversity (Table 1).

Thus, interactions with plants altered relationships between
different aspects of animal biodiversity.

Interactions between richness, evenness, and propor-

tional diversity across trophic levels could have important
consequences for communities and ecosystems. Within-

trophic level richness (Hooper et al. 2005; Balvanera et al.

2006) and evenness (Hillebrand et al. 2008; Wittebolle
et al. 2009; Crowder et al. 2010) are each separately known

to impact functions such as resource utilization, population/

community stability, and pest control. In addition, trophic
complexity is known to modify community and ecosystem

functions (Duffy et al. 2007). However, few diversity–

function studies simultaneously measure or manipulate
richness and evenness across trophic levels. Theory and

experiments addressing how biodiversity at one trophic

level alters functions at other trophic levels have provided
mixed results (Duffy et al. 2007), and we suggest that one

reason for these inconsistencies may be a failure to con-

sider how multiple aspects of biodiversity interact across
trophic levels.

The second part of our study elucidates mechanisms for

the arthropod patterns we observed. In O. biennis poly-
cultures, where arthropod richness was high and evenness

and proportional diversity were low, we observed positive
relationships between these aspects of biodiversity. Con-

versely, in O. biennis monocultures, where arthropod

richness was low and evenness and proportional diversity
were high, richness–evenness and richness–proportional

diversity relationships did not occur. Thus, determining the

mechanisms altering each aspect of arthropod biodiversity
provides insight into the mechanisms altering relationships

among them. In a previous paper (Cook-Patton et al. 2011),

we showed how arthropod richness increased with O. bi-
ennis genotypic richness. Via rarefaction analyses, we

found that arthropod richness increased due to increases in

arthropod abundance, and arthropod abundance responded
to increased plant biomass. Increased productivity is com-

mon in experiments manipulating plant richness (Cardinale

et al. 2007;Hughes et al. 2008), and by increasing the amount
of bottom-up energy, greater numbers of animals can be

supported in a community, which results in an abundance-

driven accumulation of species (Gotelli and Colwell 2001).
This effect has been called the ‘‘more individuals’’ hypoth-

esis, where animal richness is dependent on available plant

energy (Srivastava and Lawton 1998; Crutsinger et al. 2006;
Haddad et al. 2009).

Here, we show an analogous effect of biodiversity-dri-

ven productivity on arthropod evenness and proportional
diversity. Flowers and buds—resources utilized by the

numerically dominant insect on O. biennis, P. politus—
increased in response to plant genotypic richness (Fig. 3).
In turn, this greater abundance of floral tissues attracted

more P. politus individuals to polycultures (Figs. 2, 4),

which resulted in decreased arthropod evenness and pro-
portional diversity. When aboveground plant biomass and

floral tissue abundance were compared, we found that plant

biomass was not a significant predictor of P. politus
abundance. Thus, knowing the specific plant resource uti-

lized by P. politus allowed us to delve further into the

relationship between plant productivity and animal even-
ness and proportional diversity.

A great deal of controversy surrounds the meaning or

usefulness of proportional diversity indices such as H0 (e.g.,
Hairston et al. 1968; Hurlbert 1971). Some authors suggest

that richness and evenness represent two components of

biodiversity (e.g., Stirling and Wilsey 2001), while other
authors suggest that they represent inherently different

Fig. 4 Relationship between flower ? bud abundance and P. politus
abundance in monocultures and polycultures. Each point represents
the summed abundance in a monoculture plot (black circles) or
polyculture plot (white circles)
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aspects (i.e., range vs. variance, respectively) of biodiver-

sity, and therefore attempts to combine them into a single
index are not justified (e.g., Bell 2000). In this study we

show that arthropod proportional diversity decreased

despite an increase in arthropod richness in response to
O. biennis genotypic richness, and that arthropod evenness

and proportional diversity showed similar relationships

with arthropod richness. From a mathematical standpoint,
this points to the fact that arthropod evenness drove pat-

terns of proportional diversity in this community much
more than arthropod richness. Although our study was not

designed to explore the consequences of this pattern, the

relative contributions of evenness and richness in altering
patterns of diversity may be important in predicting, for

example, community responses to environmental change

(Wilsey and Stirling 2007).
In summary, our results add to our knowledge of the

relationship between plant and animal biodiversity by

showing how relationships between arthropod richness,
evenness, and proportional diversity are modified by

interactions with plant genotypic richness. Since both

richness (Hooper et al. 2005; Balvanera et al. 2006) and
evenness (Hillebrand et al. 2008; Crowder et al. 2010) are

known to impact community and ecosystem processes, yet

no consistent relationship between these aspects of biodi-
versity has been observed, we suggest that further mecha-

nistic studies explicitly evaluating trophic interactions may

greatly benefit our understanding of biodiversity and eco-
system functioning.
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