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Diversity of plant evolutionary lineages promotes arthropod
diversity
Abstract
Large-scale habitat destruction and climate change result in the non-random loss of evolutionary lineages,
reducing the amount of evolutionary history represented in ecological communities. Yet, we have limited
understanding of the consequences of evolutionary history on the structure of food webs and the services
provided by biological communities. Drawing on 11 years of data from a long-term plant diversity experiment, we show that evolutionary history of plant communities – measured as phylogenetic diversity –
strongly predicts diversity and abundance of herbivorous and predatory arthropods. Effects of plant species
richness on arthropods become stronger when phylogenetic diversity is high. Plant phylogenetic diversity
explains predator and parasitoid richness as strongly as it does herbivore richness. Our findings indicate
that accounting for evolutionary relationships is critical to understanding the severity of species loss for
food webs and ecosystems, and for developing conservation and restoration policies.
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INTRODUCTION

If the Tree of Life is an apt metaphor for the diversity of organisms
on earth and their relationships, then it is being pruned – whole
branches at a time. The accelerating loss of species in the last century
has motivated ecologists to understand the role of species diversity
in ecosystem functioning (Tilman 1997; Knops et al. 1999; Loreau
et al. 2001; Balvanera et al. 2006; Cardinale et al. 2006; Haddad et al.
2009; Scherber et al. 2010). But, realistic extinctions are often not
random with respect to their evolutionary relationships, leading to
loss of evolutionary history at a greater rate than expected based on
the number of species lost (Heard & Mooers 2000; Purvis et al.
2000; Von Euler 2001; Vamosi & Wilson 2008; Willis et al. 2008;
Winter et al. 2009), and resulting in evolutionarily impoverished communities. Indeed, recent studies have shown that anthropogenic disturbance and climate change can lead to sharp reductions in
phylogenetic diversity of local communities (Knapp et al. 2008; Willis
et al. 2008; Dinnage 2009; Helmus et al. 2010; Silver et al. 2012). Our
current understanding of the effects of phylogenetic diversity on
community-level properties and the services they provide is poor,
although recent research has shown that phylogenetic impoverishment of communities results in a reduction of functions such as
plant productivity (Maherali & Klironomos 2007; Cadotte et al. 2008,
2009; Connolly et al. 2011; Flynn et al. 2011). Almost nothing is
known about how phylogenetic impoverishment of plants might
affect higher trophic levels (e.g. Srivastava et al. 2012).
Phylogenetic conservation of ecologically important traits is common in plants (Futuyma & Agrawal 2009; Wiens et al. 2010), leading
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to the prediction that phylogenetically diverse plant communities
represent a larger trait-space and are more likely to contain multiple
functional groups – an explanation for why function tends to
increase with diversity of all types (Tilman 1997). However, linking
different ecosystem functions to particular plant traits is a challenge
(Wright et al. 2006), such that interactions among multiple traits and
species in shaping ecosystem-level properties may be sufficiently
complex that phylogenetic relationships are more efficacious at measuring functional diversity than current methods. Phylogenies have
the advantage of integrating phenotypes – some of which may be
unmeasurable – and the influence of past evolutionary events into a
single measure (Cadotte et al. 2009; Srivastava et al. 2012).
Most studies of phylogenetic diversity to date have focused on
plant communities. As plants support a wide array of herbivore species that feed upon them, as well as the predators that feed on herbivores, the loss of plant phylogenetic diversity should propagate up
to consumers. Some studies have shown a positive, but often weak,
correlation between plant species richness and the number of animal species inhabiting a community (Murdoch et al. 1972; Root
1973; Southwood et al. 1979; Andow 1991; Siemann et al. 1998;
Knops et al. 1999; Mulder & Huss-Danell 2001; Haddad et al. 2009;
Scherber et al. 2010; Schuldt et al. 2011). Given the importance of
the evolutionary history of plant traits for the animals that use
them, we ask whether phylogenetic diversity of plant communities
is a better predictor of the diversity and abundance of higher
trophic levels than species richness alone.
Phylogenetic diversity may be particularly important for herbivore
communities because many herbivores show phylogenetic structure
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in their diets – they feed on groups of closely related genera or species (Ødegaard et al. 2005; Weiblen et al. 2006). This ‘niche hypothesis’ may occur both because closely related plant species may share
nutritional or feeding cue traits through common ancestry, or
because of a complicated shared evolutionary history between herbivore and plant clades. Patterns of speciation and biogeography can
produce phylogenetic patterns in an herbivores’ diet (Jaenike 1990;
Brooks & Mclennan 2002; Futuyma & Agrawal 2009), creating idiosyncratic relationships between plant traits and herbivore feeding
preferences which may be difficult to link from a functional perspective, and so phylogenetic diversity is likely to be important to
higher trophic levels as more than simply a proxy for unmeasured
trait and functional diversity.
Besides the creation of more arthropod feeding or habitat niches,
phylogenetic diversity might affect arthropod diversity indirectly
through its effects on plant productivity (‘abundance hypothesis’).
Because niche differentiation may be higher in more distantly
related plants, more phylogenetically diverse plant communities can
achieve higher levels of plant biomass – an effect being documented by a growing literature (Cadotte et al. 2008, 2009; Connolly
et al. 2011; Flynn et al. 2011). Such an increase in plant productivity
will provide a larger resource base for herbivores and more habitat
volume for predators. This could increase the overall abundance of
arthropods, and consequently increase species richness through
abundance-based ‘sampling’ (Gotelli & Colwell 2001).
Using a dataset of over 700 arthropod species and over 110 000
arthropod individuals from the long-term biodiversity experiment
conducted at Cedar Creek Ecosystem Science Reserve in Minnesota
(Tilman 1997; Haddad et al. 2009), we asked whether phylogenetic
diversity and species richness of plants affected the cumulative species richness and abundance of herbivorous and predatory arthropods collected over 11 years in 168 plots. We then ask whether the
effects of plant phylogenetic diversity and species richness on arthropods are most likely explained by increases in arthropod feeding
and habitat niche diversity, or through a simple abundance effect
ultimately caused by plant productivity.
We hypothesised that high phylogenetic diversity in plants would
lead to high species richness of arthropods, and that arthropod
community composition would be less similar on more distantly
related plant species. We also hypothesised that diversity and composition relationships would be weaker, and the ‘abundance’
hypothesis more likely than the ‘niche’ hypothesis for predators
and parasitoids as compared to herbivores, because predators interact with plants less directly (Scherber et al. 2010; Schuldt et al.
2011).

MATERIALS AND METHODS

Experimental set-up and data collection

Arthropod data were collected from a long-term experiment at
Cedar Creek Ecosystem Science Reserve, in which species richness
of perennial plants was manipulated in 1994 and then maintained
since by hand weeding 3–4 times annually (Tilman 1997). A total of
168, 13 9 13 m (reduced to 9 9 9 m in 2000) plots had 1, 2, 4, 8
or 16 plant species, with plant identities chosen at random. Arthropods were collected using annual sweep-net samples from years
1996–2006 (Haddad et al. 2009), in which plots were swept 25 times
per sample.
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Arthropod data from the 11 years were summed across all years
by trophic level (herbivores, predators or parasitoids) for the analysis reported here. We chose to use cumulative species-richness data
for our main analysis because it increased the probability of including rarely sampled species. As the sweep-net technique may miss
species in any given year, cumulative species richness will better
reflect the true diversity of a plot because of repeated sampling.
Although we pooled data for our primary analysis, we also conducted analyses on annual arthropod data, and found results consistent with those of pooled data (see Supplementary Information –
Part 1; Table S1).
Phylogeny

We generated a maximum-likelihood phylogeny for all 21 plant species that occurred in the plots, using genes (matK, rbcl, ITS1 and
5.8s) downloaded from Genbank (details in Cadotte et al. 2009).
The phylogeny was converted to an ultrametric tree, and we standardised branch lengths by dividing them by the maximum distance
on the tree (the split between Monocots and Dicots).
Phylogenetic diversity measures

We quantified phylogenetic diversity of plant communities and analysed its effects using a number of metrics, but here we show the
result from a single measure: Haed (Cadotte et al. 2010). We chose
this measure because it was not strongly dependent on plant species
richness for either its mean value or its variance, and therefore both
Haed and species richness of plants could be included in the analysis, and their independent effects separated, without encountering
problems with colinearity and heteroscedasticity (See Supplementary
Information – Part 2; Fig. S1 for details). Haed is an entropic measure integrating the abundance-weighted evolutionary distinctiveness
of each species in the community. Haed scales evolutionary distinctiveness of a species by its relative abundance, such that diverse
communities are those where abundance is proportional to evolutionary distinctiveness, with distinct species having high abundance
and those with many close relatives having lower abundance
(Cadotte et al. 2010).
We calculated the phylogenetic diversity of plants for each plot
within each year for which percent cover data were available (1996–
2000) and used the average across all years as the explanatory variable. As percent cover data were not available for all years, we consider this a temporal sample that reflects the general phylogenetic
structure of a plot. As plant species composition was controlled
through hand weeding, any deviation in this measure subsequent to
the year 2000 would be entirely from changes in relative abundance,
and would only affect the outcome of our model if different plots
responded differently through time. Such divergence appears to be
small because a linear mixed model with year and plot as independent crossed random effects explained most of the variation in Haed
(pseudo-R2 = 0.86), leaving only about 14% of the variation for
plot*year interaction and error.
Effects of plant phylogenetic and species richness on arthropod
communities

To test for the effects of plant phylogenetic and species richness on
arthropod community richness and abundance, we analysed data
© 2012 Blackwell Publishing Ltd/CNRS
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using generalised linear mixed models (GLMMs). Dependent variables included cumulative species richness or abundance of arthropods (n = 122 plots); independent variables included trophic class,
plant phylogenetic diversity, plant species richness and all their
interactions as fixed factors and plot as a random effect. Non-significant higher order interactions were dropped from the models.
As both species richness and abundance are count data, we used
Poisson-distributed errors in both cases. Arthropod species richness
showed no sign of overdispersion (v2/residual d.f. = 0.58), but
arthropod abundances did (v2/residual d.f. = 12.68), and so for this
model we included an additional observation random effect to
account for it. To improve normality and homoscedasticity of the
residuals, we used a log link in the model of cumulative arthropod
species richness and a square-root link in the model of arthropod
abundance. Significance of fixed factors was determined with parametric bootstrapping (Pinheiro & Bates 2000) with 1000 bootstrap
replicates per factor. Monoculture plots were excluded because phylogenetic diversity is undefined for a species richness of one. We
tested for non-linearity by including polynomial terms as predictors
in separate models for each trophic class. If they significantly
improved the model fit, under a likelihood ratio test, we included
these quadratic terms in plotting the fitted plane (Fig. 1).
To compare the effects of plant species richness and phylogenetic
diversity on a common scale, and to assess their relative strengths
as explanatory variables, we first standardised the regression coefficients by multiplying them by the standard deviations of their
respective predictor variable. This puts both species richness and
phylogenetic diversity coefficients on a common scale measuring
the expected change in arthropod community property per standard
deviation of the predictor variable (the coefficient has a unitless
denominator). To preserve the interpretability of the species richness coefficient as the change in the dependent variable with an
increase of one species in a plant community, we then divided both
coefficients by the standard deviation of species richness. This
restored the species richness coefficient to its original scale, and
transformed the phylogenetic diversity measure to a comparable
scale, which we refer to as ‘species comparable units’. Species comparable units represent the change in the dependent variable
expected when phylogenetic diversity is increased by the same number of standard deviations by which one species would increase species richness.
In addition, we repeated all the above statistical analyses while
excluding all terms including phylogenetic diversity and compared
the fit of this reduced model to the full model by calculating the
difference in their Akaike Information Criterion (DAIC). In general,
values of DAIC greater than 10 are considered strong evidence that
the full model is better than the reduced model.
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(a)

(b)

(c)

‘Niche’ vs. ‘Abundance’ Hypotheses

To test whether phylogenetic diversity of plants affected arthropod
communities through increases in niches or through increases in
abundance linked to plant productivity, we performed a number of
additional analyses.
In order for there to be an increase in the number of potential
niches for arthropods with increasing plant phylogenetic diversity,
arthropods must segregate between plant species in such a way that
close relatives will have more similar arthropod assemblages. We
tested whether we could detect signs of such a segregation using
© 2012 Blackwell Publishing Ltd/CNRS

Figure 1 The effect of species richness and phylogenetic diversity of plants on the
species richness of a) parasitoids, b) predators and c) herbivores. Phylogenetic
diversity is measured with the abundance-weighted metric Haed. Fitted plane is
based on a linear regression including both factors and their interaction. The fitted
plane for herbivores (c) also included a second-order polynomial term for species
richness and also its interaction with phylogenetic diversity, to illustrate the trend.
Including this last term resulted in an improvement in the visual fit of the plane
although it was not statistically significant.
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data from monoculture plots (2–3 plots each for 16 species: 35
total). We pruned the phylogenetic tree to include only the 16 herbaceous species that were planted in pure monoculture in this
experiment. For each trophic class separately, we calculated an
index of arthropod species overlap – Jaccard’s similarity index
(Jaccard 1901) – for each pair of plant species and compared it with
their phylogenetic distance using a Pearson correlation. We tested
the significance of this correlation with a null model randomisation,
by comparing the observed correlation coefficient to a distribution
of correlation coefficients from 1000 datasets, generated by randomly shuffling the tips of the phylogeny. This procedure is identical to that used by Cavender-Bares et al. (2004), only replacing plant
species spatial overlap with plant species arthropod assemblage
overlap. Correlation was significant if the observed value was equal
to or less than 95% of the simulated values. We also performed
Mantel tests, and results were consistent with the above null model
approach.
In addition, we used Jaccard’s distances (1–Jaccard similarity) in a
hierarchical clustering analysis, using Ward’s method, to cluster
together plant species in terms of their degree of similarity in
arthropod species composition. We compared the resulting dendrogram with the phylogram representing phylogenetic relationships, as
an informal illustration of their correspondence for different trophic
classes.
To test whether higher arthropod species richness could be
explained by higher arthropod abundance, we performed an analysis
on rarefied arthropod species richness, obtained using standard
methods (Gotelli & Colwell 2001). Arthropod richness was rarefied
to 122, 23, and 8 individuals for herbivores, predators and parasitoids, respectively, which was the minimum abundance found in
any plot. The model was the same as described for arthropod species richness and abundance, except the data were no longer count
data, and so regular Gaussian errors were modelled. Rarefied richness was square-root transformed prior to analysis to improve normality and homoscedasticity of residuals.
Consumer responses to plant phylogenetic diversity or species
richness could be caused indirectly through their effects on plant
productivity. We tested whether higher plant phylogenetic diversity
and species richness increased plant productivity by analysing
square-root transformed dry biomass measurements taken from
each plot yearly using the same model as described above.

RESULTS

Effects of plant phylogenetic and species richness on arthropod
communities

We found that the mean species richness of arthropods is positively
associated with both plant richness and plant phylogenetic diversity
(Haed; hereafter phylogenetic diversity). A significant positive interaction between plant species richness and phylogenetic diversity
revealed that increasing species richness of plants has a relatively
weak effect on arthropod richness when phylogenetic diversity of
plants is low, but has a much stronger effect when phylogenetic
diversity is high (Table 1; Fig. 1). After accounting for large trophic
class differences in the mean species richness of arthropods, there
was also a difference in the strength of the relationship between
plant species richness and arthropod species richness that depended
on trophic class. This was the result of parasitoids responding to
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plant species richness around half as strongly as herbivores and predators did, but still positively (Table 1; Fig. 1 and 2a). On the other
hand, plant phylogenetic diversity and the interaction between plant
phylogenetic diversity and plant species richness showed consistent
effects on arthropod species richness across all trophic classes. All
trophic classes were similar in that there was a near doubling of the
number of arthropod species from the plots with lowest values of
both plant species richness and phylogenetic diversity to the plots
with the highest values of both plant species richness and phylogenetic diversity. In all cases, the effect of phylogenetic diversity on
the response variables was as strong as that of species richness, as
judged by a large overlap in the 95% confidence intervals of both
coefficients in species comparable units (Fig. 2). The full model
including plant phylogenetic diversity was a considerably better
model than the reduced model excluding phylogenetic diversity
(DAIC = 27.71).
The relationship between herbivore species richness and plant
species richness was non-linear, with a significant second-order
polynomial term (v2 = 12.422; P = 0.0004; Fig. 1c). There was also
a trend towards increasing linearity of the plant species richness
effect with increasing plant phylogenetic diversity, although this
effect was not significant (species richness2 * phylogenetic diversity
interaction: v2 = 1.3483, P = 0.2456; Fig. 1c). To illustrate this, we
included the interaction in the fitted plane in Fig. 1c.
There was an overall increase in arthropod abundance with both
plant species richness and phylogenetic diversity, but these results
were dependent on trophic level, and so we treat each trophic
group seperately below (Table 1; Fig. 2, 3). The mean positive
response of arthropod abundance to both plant species richness
and plant phylogenetic diversity was driven by a strong response of
parasitoid abundance to both measures (Table 1; Figs 2a and 3b).
Predator abundance also responded positively to plant species richness and phylogenetic diversity, but the response was much weaker
(Table 1; Figs 2bii and 3b), with 95% confidence intervals for both
slightly overlapping zero. In contrast, herbivore abundance does not
increase with either plant species richness or phylogenetic diversity
(Table 1; Figs 2bi and 3c). In all cases, the effect of phylogenetic
diversity on abundance was as strong as that of species richness
(Fig. 2). The full model was again a considerably better model than
the reduced model excluding phylogenetic diversity (DAIC = 35.4).
For arthropod abundances, linear models of herbivore abundance
were improved by a second-order polynomial term for plant species
richness (v2 = 4.5521, P = 0.033; Fig. 3c). Figure 3c shows that
herbivore abundance seems to peak at intermediate values of both
plant species richness and phylogenetic diversity.
‘Niche’ vs. ‘Abundance’ Hypotheses

For herbivores, the proportion of arthropod species shared between
two plant species’ monocultures was negatively related to their phylogenetic distance (r = 0.66, randomisation test: P < 0.001;
Fig. 2di). For predators, similarity also declined with plant phylogenetic distance (r = 0.33, P = 0.003; Fig. 2dii), whereas parasitoids
showed no response (r = 0.062, P = 0.22, Fig. 2diii). When we
compared arthropod compositional responses within Monocots and
Dicots, we found that herbivore, but not predator or parasitoid,
community similarity declined with increasing phylogenetic distance
of Dicot host plants (r = 0.55; randomisation test: P = 0.007).
There was no significant relationship between phylogenetic distance
© 2012 Blackwell Publishing Ltd/CNRS
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Table 1 Model output showing effects of trophic level, plant species richness, plant phylogenetic diversity and their interactions on cumulative arthropod species richness,
abundance and rarified richness. Back-transformed CI is the 95% confidence interval after performing the inverse link function (lower CI, mean, upper CI). For different
trophic classes, the intercept or main effect is included in the estimate and the back-transformed confidence interval, so the CI is based on the actual values, and not the
deviations from the average. For plant species richness, plant phylogenetic diversity, and their interactions with trophic class, the back-transformed CI is the change in the
dependent variable on the original scale with an increase of one species comparable unit, evaluated at the intercept
Dependent Variable

Factor

Estimate

SE

Back-transformed CI

Arthropod Species Richness (log link)

Intercept
Arthropod Trophic Class (TC)
Herbivores
Predators
Parasitoids
Plant Species Richness (SR)
Plant Phylogenetic Diversity (PD)
Diversity Interaction (SR*PD)
TC*SR
Herbivores:SR
Predators:SR
Parasitoids:SR
TC*PD
Herbivores:PD
Predators:PD
Parasitoids:PD
Intercept
Arthropod Trophic Class (TC)
Herbivores
Predators
Parasitoids
Plant Species Richness (SR)
Plant Phylogenetic Diversity (PD)
Diversity Interaction (SR*PD)
TC*SR
Herbivores:SR
Predators:SR
Parasitoids:SR
TC*PD
Herbivores:PD
Predators:PD
Parasitoids:PD
Intercept
Arthropod Trophic Class (TC)
Herbivores
Predators
Parasitoids
Plant Species Richness (SR)
Plant Phylogenetic Diversity (PD)
Diversity Interaction (SR*PD)
TC*SR
Herbivores:SR
Predators:SR
Parasitoids:SR
TC*PD
Herbivores:PD
Predators:PD
Parasitoids:PD

3.313

0.012

(26.842, 27.471, 28.114)

4.137
2.991
2.812
0.016
0.014
0.006

0.012
0.021
0.023
0.002
0.002
0.002

(61.103, 62.616, 64.168)
(19.091, 19.896, 20.735)
(15.909, 16.64, 17.405)
(0.323, 0.435, 0.547)
(0.266, 0.397, 0.527)
(0.041, 0.167, 0.293)

0.020
0.018
0.009

0.002
0.004
0.004

(0.424, 0.542, 0.66)
(0.308, 0.507, 0.706)
(0.037, 0.257, 0.476)

0.013
0.013
0.017
12.718

0.003
0.004
0.004
0.144

(0.228, 0.364, 0.5)
(0.14, 0.356, 0.573)
(0.236, 0.47, 0.703)
(154.673, 161.757, 169)

18.794
8.882
10.479
0.121
0.116
0.076

0.222
0.223
0.223
0.026
0.031
0.033

(337.07, 353.219, 369.746)
(71.325, 78.886, 86.827)
(100.855, 109.815, 119.157)
(1.806, 3.089, 4.375)
(1.404, 2.945, 4.489)
(0.279, 1.933, 3.592)

0.058
0.067
0.355

0.040
0.040
0.040

( 3.459, 1.486, 0.494)
( 0.293, 1.699, 3.697)
(7.081, 9.099, 11.124)

0.017
0.085
0.278
3.842

0.043
0.043
0.044
0.015

( 2.589, 0.436, 1.724)
(0.01, 2.173, 4.343)
(4.929, 7.119, 9.317)
(14.541, 14.759, 14.979)

6.318
3.305
1.902
0.020
0.012
0.002

0.025
0.025
0.025
0.003
0.003
0.003

(39.298, 39.915, 40.538)
(10.6, 10.923, 11.251)
(3.434, 3.619, 3.809)
(0.112, 0.151, 0.19)
(0.048, 0.095, 0.142)
( 0.035, 0.016, 0.067)

0.070
0.015
0.027

0.004
0.005
0.005

(0.476, 0.544, 0.612)
(0.051, 0.119, 0.187)
( 0.275, 0.208, 0.14)

0.040
0.009
0.012

0.005
0.005
0.005

(0.237, 0.31, 0.383)
( 0.003, 0.07, 0.142)
( 0.166, 0.093, 0.021)

Arthropod Abundance (square root link)

Arthropod-Rarified Species Richness
(square root transformed)

and arthropod community similarity for comparisons within the
Monocots for any trophic class. The results of the hierarchical clustering analysis were consistent with the above results. For herbivores, the clustering pattern most consistent with the distribution of
pairwise distances between plant species based on arthropod assemblages was very similar to the phylogeny for the same plant species
(Fig. 2ei) , whereas for predators it was less consistent but still
broadly concordant. (Fig. 2eii). On the other hand, there was virtu© 2012 Blackwell Publishing Ltd/CNRS

v2 Value

d.f.

P-value

4398

2

<0.001

50.1
32.1
6.55
5.43

1
1
1
2

<0.001
<0.001
0.012
0.05

0.76

2

0.69

521

2

< 0.001

20.6
13.3
5.13
56.7

1
1
1
2

<0.001
<0.001
0.026
<0.001

29.9

2

<0.001

1384

2

<0.001

49.9
15.8
0.39
185

1
1
1
2

<0.001
<0.001
0.56
<0.001

64.4

2

<0.001

ally no correspondence between the arthropod assemblage
dendrogram and the phylogeny for parasitoids (Fig. 2eiii).
In our analysis that uses rarefaction to control for changes in
arthropod species richness due to arthropod abundance, we found
that for rarefied richness that each trophic class responded differently to both plant diversity measures (Table 1). Both herbivorerarefied richness (strongly) and predator-rarefied richness (weakly)
increased with plant species richness, whereas rarefied richness of
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(a)

(b)

(c)

(d)

(e)

Figure 2 The effects of plant species richness and plant phylogenetic diversity the a) species richness, b) abundance and c) rarefied richness of i) herbivores, ii) predators and
iii) parasitoids. Means are regression coefficients standardised to species comparable units. d) The relationship between the number of arthropods that two plant species share
(Jaccard index) and their phylogenetic separation. Open circles are comparisons among Monocot species, solid circles are comparisons among Dicot species, and grey triangles
are comparisons between Monocot and Dicot species. e) The phylogeny (left) and dendrogram based on arthropod assemblage overlap (right) for the 16 herbaceous species
planted in monoculture. Solid ellipses represent Dicots and open ellipses represent Monocots. Solid lines join the same plant species between the two dendrograms.
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(a)

(b)

(c)

(d)
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Figure 3 Effects of plant species richness and phylogenetic diversity on the
abundance of different trophic levels: a) parasitoids, b) predators, c) herbivores
and d) plant productivity. Phylogenetic diversity is measured with the abundanceweighted metric Haed. Fitted plane is based on a linear regression including both
factors and their interaction. The fitted plane for herbivores (c) also included a
second-order polynomial term for species richness. Predator and herbivore
abundance is measured as the total number of individuals collected in the plot,
whereas plant productivity is measured in grams of biomass. One outlier data
point where over 1000 spiderlings were collected on 1 day was excluded from
the abundance data, as it was over 10 times the average predator abundance.

parasitoids decreased slightly with increasing plant species richness.
Plant phylogenetic diversity produced similar results, with a strong
positive effect on herbivore-rarefied richness, no effect on predatorrarefied richness and a negative effect on parasitoid-rarefied richness
(Table 1; Fig. 2c). The full model for rarefied richness including
plant phylogenetic diversity was a better model than the reduced
model excluding phylogenetic diversity by a large margin
(DAIC = 72.68).
Aboveground plant biomass increased with plant species richness
(t = 11.12, P < 0.001), phylogenetic diversity (t = 13.84, P < 0.001),
and their interaction (t = 2.65, P = 0.009; Fig. 3d).
DISCUSSION

Our study demonstrates the importance of phylogenetic diversity for
predicting the effects of plant communities on the diversity and structure of higher trophic levels. We found that the phylogenetic diversity
of plant communities had a strong positive influence on the species
richness of both herbivorous and predatory arthropods, and it was
just as strong as the effects of plant species richness. More importantly, we found that species richness interacted with phylogenetic
diversity, so that species richness of plants had a larger positive
impact on arthropod richness when phylogenetic diversity was high
(Fig. 1). Jointly, phylogenetic diversity and species richness of plants
explain arthropod community diversity considerably better than plant
species richness alone, as judged by large increase in AIC values for
the full model over a reduced model excluding phylogenetic diversity.
We hypothesised that the positive effect of plant phylogenetic
diversity on arthropods that we observed in this study could be
explained through two potential mechanisms: ‘niche’ or ‘abundance’
effects. Increasing phylogenetic diversity will only lead to more
feeding or habitat niches if arthropods tend to feed on or associate
with closely related species – that is, their diet or habitat requirements are phylogenetically structured. In this case, more distantly
related plant species are more likely to fall into the host range of
different herbivores, and so phylogenetically diverse communities
can support the recruitment and population growth of a wider
range of potential herbivores. Given this, adding more plant species
to a community will result in smaller increases in arthropod species
richness when the plants are closely related than when they are distantly related, because of higher overlap in arthropod assemblages
amongst close relatives. Thus, we would predict that plant species
richness and phylogenetic diversity would interact in explaining
arthropod diversity – which is what we observed in this study
(Table 1; Fig. 1). On the other hand, arthropod diversity could be
responding to plant diversity indirectly though an ‘abundance’
effect, whereby increased plant diversity increases the amount of
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plant biomass in the system, creating more resources for more
arthropod individuals, and increasing species richness as a consequence of sampling more rare species (Gotelli & Colwell 2001).
To test the plausibility of our phylogenetic ‘niche’ hypothesis over
the ‘abundance’ hypothesis, we tested whether arthropod assemblages in our study system were influenced by the identity of plant
species and their relatedness to other species. We found a negative
relationship between the phylogenetic distance of plant species pairs
and the degree of overlap in their arthropod assemblages, as measured by arthropods collected from plant species monocultures. As
expected, the negative correlation was considerably stronger for herbivores than it was for predators and parasitoids (Fig. 2d,e). In this
study, monoculture plots occurred in an open field embedded
within an experiment with many other plant species nearby. As
such, there were likely a large number of ‘tourists’ (sensu Moran &
Southwood 1982) in any given plot – species that have no ecological association with plants in the plot, but have recently dispersed
from neighbouring plots (Haddad et al. 2001). Our results are then
conservative, and it may be that the relationship between phylogenetic distance and arthropod community similarity may be considerably stronger than we were able to show.
Given the ecological importance of the evolutionary split between
the Monocots and Dicots, it is perhaps not surprising that the relationship between phylogenetic distance and arthropod overlap was
heavily influenced by comparisons between these groups (Fig. 2d,e).
However, for herbivores, there was a negative relationship between
phylogenetic distance and arthropod community similarity for comparisons just within the Dicots as well. The lack of a relationship in
the Monocots is likely due to a smaller sample size as well as a limited range of evolutionary distances in this study, as the common
ancestor of all of the Monocots in this study (which were all
grasses) is much more recent than the common ancestor of all of
the Dicots in the study (Fig. 2d).
In contrast to herbivores, predator and parasitoid assemblages
on plant monocultures have a considerably weaker relationship
with phylogenetic distance, which suggests that more phylogenetically diverse plant communities will not necessarily contain more
habitat niches for these arthropods. Despite this, predator species
richness in polycultures is as strongly explained by plant phylogenetic diversity as herbivore richness is. Although some recent
studies have suggested that the effects of plant community diversity on arthropod diversity decline as trophic level increases
(Scherber et al. 2010; Schuldt et al. 2011), our study finds that the
effects of not only plant species richness but also plant phylogenetic diversity generally do not noticeably weaken at higher trophic
levels.
The results of our analysis of rarefied arthropod richness confirm
that the mechanisms responsible for increased arthropod species
richness with increasing plant diversity – ‘niche’ or ‘abundance’
mechanisms – may be different depending on trophic class. When
rarefaction was used to remove the influence of abundance on species richness, only herbivore-rarefied richness increased with both
plant species richness and phylogenetic diversity. Although predator-rarefied richness increased slightly with plant species richness,
parasitoid-rarefied richness actually declined with both plant species
richness and phylogenetic diversity (Table 1; Fig. 2ciii). This is consistent with the effects of plant species richness and phylogenetic
diversity on arthropod abundances. As neither plant species richness
nor phylogenetic diversity increased herbivore abundance (Table 1,
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Fig. 3c), abundance could not possibly explain the increase in herbivore species richness. On the other hand, both predator and parasitoid abundance did increase with both types of plant diversity
(Table 1; Fig. 3a,b) and this likely accounted for most of the
increase in species richness for these types of arthropods. Taken
together, the evidence is most consistent with the ‘niche’ hypothesis
for herbivores, and the ‘abundance’ hypothesis for predators and
parasitoids as an explanation for why arthropod species richness
increases with plant phylogenetic diversity.
Predator and parasitoid abundance are likely responding to plant
productivity, which we have shown also increases with both plant
species richness and phylogenetic diversity (Fig. 3d). Herbivore
abundance may fail to increase with increased plant productivity
because the energy is transferred to the top trophic level, and the
abundance of herbivores consequently suppressed by a trophic cascade (Leibold et al. 1997; Haddad et al. 2009).
Positive relationships between plant species richness and ecosystem function are common, but in most cases are saturating at high
diversity levels (e.g. Tilman 1997; Knops et al. 1999; Loreau et al.
2001; Balvanera et al. 2006; Cardinale et al. 2006; Haddad et al.
2009; Scherber et al. 2010). We found that the effect of plant species richness could be saturating for herbivore species richness and
abundance. At the same time, our results show that the effect of
plant phylogenetic diversity is non-saturating for all aspects of
arthropod communities that were measured, within the range occurring in this experiment. Figure 1c also shows a trend towards
increasing linearity of the plant species richness effect with increasing plant phylogenetic diversity. That being said, further studies in
other experiments and across a range of phylogenetic diversities in
natural systems will be highly valuable to understand if and where
the effects of phylogenetic diversity on ecosystem function may
begin to saturate within communities.
Our results concerning the effect of phylogenetic diversity on
consumer abundance and diversity are likely generalisable to many
food webs. We have found that the ability of phylogenetic diversity
to explain herbivore richness is related to a correlation between
phylogenetic distance and the number of herbivores that are shared
amongst plant hosts (Fig. 2d,e). This pattern will arise whenever
consumers have phylogenetic structure in their diets, as is likely the
case in many food webs (Ødegaard et al. 2005; Weiblen et al. 2006;
Futuyma & Agrawal 2009; Gómez et al. 2010), and can arise from
many processes including coevolution, host switching and shared
biogeographical history, to name a few. In fact, phylogenetic structure of species interactions is not limited to consumer–resource
interactions, but also occurs in mutualistic interactions (Fontaine
et al. 2009; Gómez et al. 2010). If this holds generally, then we may
expect to see increased mutualist diversity in plots with high phylogenetic diversity as well.
Our study demonstrates that the effects of phylogenetic diversity
can have major impacts on communities of herbivorous and predatory arthropods. Our results build upon those studies that have shown
that higher phylogenetic diversity increases plant biomass (Maherali &
Klironomos 2007; Cadotte et al. 2008, 2009; Connolly et al. 2011;
Flynn et al. 2011). Here, we show for the first time that phylogenetic
diversity of plants influence the structure and diversity of associated
communities at higher trophic levels. Furthermore, phylogenetic
diversity mediates the effects of species richness on the diversity and
abundance of arthropods, so much so that at low plant phylogenetic
diversity, plant species richness has virtually no effect. Therefore,
© 2012 Blackwell Publishing Ltd/CNRS
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incorporating a phylogenetic perspective is vital to understanding the
role of diversity for how ecosystems function.
Taken together, the results of our study lead us to posit that the
loss of evolutionarily distinct species will have greater impacts on
ecosystem function than expected from scenarios of random extinction, particularly in communities where plant species richness is
high. The increasing relationship between plant and arthropod richness in phylogenetically diverse systems that we observed likely
reflect the fact that the most distantly related plant species have
minimal niche overlap – for both their resources and their consumers (Chesson & Kuang 2008) – thus their contributions are more
strongly additive (Cardinale 2011). Ultimately, our results show that
loss of evolutionary history in basal trophic levels caused by ongoing extinction may have underappreciated effects on other species.
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