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Abstract. Understanding the impact of species on community structure is a fundamental
question in ecology. There is a growing body of evidence that suggests that both subdominant
species and parasites can have disproportionately large effects on other organisms. Here we
report those impacts for a species that is both subdominant and parasitic, the hemiparasite
Rhinanthus minor. While the impact of parasitic angiosperms on their hosts and, to a lesser
degree, coexisting plant species, has been well characterized, much less is known about their
effects on higher trophic levels. We experimentally manipulated field densities of the
hemiparasite Rhinanthus minor in a species-rich grassland, comparing the plant and
invertebrate communities in plots where it was removed, present at natural densities, or
present at enhanced densities. Plots with natural and enhanced densities of R. minor had lower
plant biomass than plots without the hemiparasite, but enhanced densities almost doubled the
abundance of invertebrates within the plots across all trophic levels, with effects evident in
herbivores, predators, and detritivores. The hemiparasite R. minor, despite being a
subdominant and transient component within plant communities that it inhabits, has
profound effects on four different trophic levels. These effects persist beyond the life of the
hemiparasite, emphasizing its role as a keystone species in grassland communities.

Key words: abundance; diversity; grassland; hemiparasite; herbivore; indirect interaction; keystone
species; Rhinanthus minor; species richness.

INTRODUCTION

Fundamental to the science of ecology is not only an

understanding of the components of ecosystems, which

define their structure, but also how structure varies over

time and the mechanisms that drive such changes. The

latter often involve complex indirect and nonlinear

interactions between organisms at different trophic

levels and the abiotic environment (Ripple et al. 2001,

Bozec et al. 2013, Angelini and Silliman 2014, Zhao et

al. 2014). In an endeavor to identify general principles

that seek to explain structure–function relationships, top

predators (Pace et al. 1999) and dominant plant species

(Ellison et al. 2005, Hartley and Mitchell 2005) have

commonly been ascribed key roles. However, there is

also strong evidence to show that subordinate members

of the community, including pathogens and parasites,

can exert disproportionately large effects (e.g., Decleer

et al. 2013, Fisher et al. 2013, Angelini and Silliman

2014) and, indeed, are thought to be significant factors

in understanding, for example, invasibility, where their

absence allows exotic species to flourish (Young et al.

2010). Here, we report the results of a field study on an

organism which is both subordinate and also parasitic,

the root-hemiparasitic angiosperm Rhinanthus minor,

and show that it has impacts on the abundance of plant

and animal species across four trophic levels.

Hemiparasitic plants (widespread components of

many ecosystems) are a distinctive functional group

that are photosynthetic, but also gain water and

nutrients from host plants via haustoria that penetrate

host plant roots (Press and Phoenix 2005). The direct

impacts that root-attaching hemiparasites exert on their

host plants are often highly disproportionate to their

size: the removal of water and nutrients reduces the

photosynthetic rate, biomass, and competitive ability of

their host (Marvier 1998, Jiang et al. 2003, Pywell et al.

2004, Press and Phoenix 2005, Cameron et al. 2008), and

typically decreases the overall biomass of the infected

community (Ameloot et al. 2005). Main host species are

usually rapidly growing community dominants, and

reductions in their performance caused by hemiparasites

result in well-documented indirect effects on plant

community structure (Pennings and Callaway 1992,

Davies et al. 1997, Pywell et al. 2004), often enhancing

plant species richness.
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The direct and indirect impacts that hemiparasites

have on other trophic levels within the community are

poorly understood, but are likely to be substantial given

their impact on plant species composition, primary

productivity, and the quality and nutrient content of

vegetation (Quested et al. 2003, Bardgett et al. 2006,

Ameloot et al. 2008, Watson 2009, Jiang et al. 2010,

Fisher et al. 2013). These parameters are all key drivers

of herbivore abundance and species composition (Sie-

mann 1998, Langellotto and Denno 2004, Haddad et al.

2009), and further indirect impacts would be expected

due to hemiparasite-induced changes in vegetation

structure and hence the microclimate within the

community (Morris 2000, Woodcock et al. 2009).

Furthermore, as consumers of plant resources, hemi-

parasites potentially compete with invertebrate herbi-

vores exploiting the same plant (Puustinen and

Mutikainen 2001, Puustinen et al. 2001, Bass 2004, Bass

et al. 2011). Despite this, herbivorous insects from three

different guilds exhibited preference for consuming

infected over uninfected plants, and in one case showed

improved performance on parasitized plants (Ewald et

al. 2011). At higher trophic levels, the indirect impacts of

parasitic plants, via changes to plant and herbivore

communities, may influence secondary consumer spe-

cies. The high concentrations of foliar nutrients found in

many parasites could make them attractive food plants

in themselves (Press and Phoenix 2005, Watson 2009),

and have a direct positive impact on herbivore

abundance. The nutrient-rich litter of hemiparasites

and their effects on nutrient cycling rates (Quested et al.

2003, Bardgett et al. 2006) suggest impacts on detri-

tivores may also occur. Thus, we anticipated impacts of

hemiparasite presence on animals from several trophic

levels.

The annual root hemiparasite Rhinanthus minor, a

xylem feeder, is a frequent component of grasslands

across Europe and North America (Westbury 2004),

and as one of the most widely studied hemiparasites is

an excellent model species for examining the ecosystem

impacts of hemiparasites. The suppression of host

photosynthesis by R. minor, coupled with its inefficient

use of parasitized resources, high transpiration rates

(Jiang et al. 2003), and ability to achieve relatively high

densities within a sward, means that its impact on host

plants and plant community composition can be

substantial. For example, because grasses are often

favored hosts and preferentially parasitized, R. minor

has been used to decrease grass dominance and so

enhance the diversity of species-poor grasslands (Bull-

ock and Pywell 2004, Westbury and Dunnett 2008). R.

minor has also been shown to impact on belowground

processes in model grassland ecosystems, including the

rate of nitrogen cycling (Bardgett et al. 2006). Such

profound effects on producer communities would be

expected to drive significant changes in consumer

communities (Haddad et al. 2009), but little is known

of the indirect impacts of R. minor on animals, and

effects on herbivore and predator communities have not

yet been tested in natural grasslands (Bass et al. 2011,
Ewald et al. 2011).

Using a field manipulation experiment, we tested the
hypothesis that the presence of R. minor would impact

on both plant and invertebrate communities in a species-
rich grassland and that these impacts would be

proportional to its density within the community. We
manipulated R. minor density to levels both above and
below the natural densities in the community and

predicted specifically that (1) R. minor would alter the
composition and biomass of the plant community and

decrease the dominance of grasses, and so would have
strong indirect effects on grass-feeding herbivores, and

(2) indirect impacts of R. minor would be evident at
other trophic levels.

MATERIALS AND METHODS

Experimental design

Four 1 3 1 m study plots were marked out in each of
13 replicate blocks distributed around the field site

(Castle Hill National Nature Reserve, Sussex, UK;
5085004900 N, 08301700 W) in September 2006, in an area
of species-rich calcareous grassland on ex-arable land.

Three of the four plots in each block were naturally
infected with R. minor and the fourth plot had no

natural R. minor colonization in the 2006 growing
season (the absent treatment). The three infected plots

were randomly assigned to one of three R. minor density
treatments for the following season: removed (in which

all emerging R. minor seedlings were manually re-
moved), present (R. minor present at un-manipulated

densities and allowed to seed and germinate naturally),
and enhanced (R. minor density experimentally en-

hanced, though still within the range observed both in
the wild and at this site). In a survey at the field site in

July 2006, 25 randomly selected 1-m2 plots of grassland
were monitored for R. minor density: values ranged from

0 to 640 plants/m2, with a mean value of 156 plants/m2.
The densities resulting from our experimental manipu-
lations one year later (Table 1) were thus well within the

natural range at this study site, with our enhanced
treatment density only half the observed maximum

density.
Enhanced density plots were sown in October and

December 2006 with 2 g (i.e., ;700) R. minor seeds
collected from the field site in September 2006. R. minor

density and percent cover were recorded for each plot in
June 2007. As this was a seminatural community with a

population of R. minor, seedlings did occasionally
emerge in the removed and absent treatment plots, but

were uprooted as soon as they were identified. The use of
both absent and removed treatments allowed us to

account for the natural patchy distribution of the
hemiparasite and ensured that any effects of our

treatments could not be ascribed to fundamental a
priori differences in community structure between

locations where R. minor did and did not occur.
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Plant and invertebrate sampling

Plant and invertebrate communities were censused in

all plots in May, July, and late August/early September
2007. The July sampling date was at the height of the

growing season, coinciding with the maximum abun-
dance of vegetation and invertebrates. For this reason,

we focus here on the effects of the R. minor density
treatment in July, although results from analyses of data

collected in August/September are also presented.

Within each 1-m2 plot, rooted R. minor plants in the
central 503 50 cm were counted at the end of April and

June 2007. All other measurements on vegetation and
invertebrates were within the central 803 80 cm of each

plot to reduce any edge effects. The percent cover,
defined as the proportion of the ground occupied by a

perpendicular projection of the aerial parts of individ-
uals of the species under consideration, was estimated by

eye for each species in four 20320 cm quadrats per plot.
Total plant cover per quadrat was recorded as the sum

of the cover of individual species, which because of the
over-layering of different species in this vegetation type,

can have a value of greater than 100%. Quadrats were
randomly selected from a 4 3 4 grid with only one

quadrat per row and column, and the mean cover from
all four quadrats was used in the statistical analyses.

Vegetation height was measured using a sward stick as
described in Stewart et al. (2001). Plant species richness

was expressed as the total number of species per plot and
the diversity of the plant community was calculated as

the Shannon index, H (Magurran 2004).

Invertebrate communities were sampled using a Vortis
suction sampler (Brook et al. 2008), in warm dry

weather (19–268C) between 11:00 and 15:00, with all
four treatment plots per block sampled within 10 min.

Nine 10-s samples per plot were bulked for sorting. Due
to the selectivity of the Vortis sampler, some inverte-

brate groups were assessed by direct hand counts
(molluscs and lepidopteran larvae within an 80 3 80

cm quadrat and grasshoppers using a 50 3 50 3 50 cm
cage placed over the plot). These additional counts were

made on separate days to the Vortis sampling to allow
plots and invertebrate populations to recover. Samples

were frozen, and individuals sorted into orders with
particular groups further sorted to lower taxa. Among

the invertebrate groups sampled, a number could be

assigned to particular trophic levels (herbivore, preda-

tor, and detritivore). Herbivores were the sap-feeding

Hemiptera, Acrididae (grasshoppers), Lepidoptera lar-

vae, and Curculionidae (weevils). Predators were Ara-

neae and Opiliones (spiders and harvestmen) and

Hymenoptera: Aculeata (wasps only) and Hymenoptera:

Parasitica (parasitic wasps). Detritivores were Isopoda

(woodlice) and Arthropleona (one order of springtails).

A number of other invertebrate groups present in

significant numbers within the community could not

be assigned to particular trophic levels. These included

groups that contained both herbivores and detritivores;

Gastropoda (slugs and snails) and Neelipleona and

Symphypleona (two orders of springtails), as well as

Diptera (flies), Acari (mites), Staphylinidae (rove bee-

tles), and Formicidae (ants).

Statistical analyses.—Results from the field experi-

ments were analyzed using mixed-effects models in R

v.2.14.1 (R Development Core Team 2011). In all

analyses, treatment was fitted as the categorical explan-

atory variable and block was fitted as a random effect to

control for variation in species abundance and diversity

between blocks. Linear mixed models (LMM; nlme

library; Pinheiro et al. 2015) were used for continuous

response variables. In cases where residuals were non-

normal (arachnid diversity and vegetation height), Box-

Cox plots were used to select an appropriate power

transformation. For response variables in the form of

counts, generalized linear mixed models (GLMM; lme4

library; Bates et al. 2014) with Poisson errors were used.

Where overdispersion occurred, this was accounted for

by including individual-level random effects in the

model (Maindonald and Braun 2010). In all cases,

model simplification proceeded by backward deletion of

nonsignificant terms until further removals led to

significant (P , 0.05) increases in deviance, assessed

using log-likelihood (L) tests for LMM and v2 values for
GLMM. Post hoc multiple comparisons (glht function

in multcomp library; Hothorn et al. 2008) were used to

test for differences between treatments.

RESULTS

The percent cover of R. minor and the richness,

diversity, and height of the plant community in each of

the four density treatments in July 2007 are given in

Table 1. As expected, manipulation of R. minor density

had pronounced effects within the plant community.

TABLE 1. Rhinanthus minor density, total plant cover, R. minor cover (as a percentage of total plant cover), plant species richness,
diversity, and sward height in the four treatments (Castle Hill National Nature Reserve, Sussex, UK) in July 2007.

Treatment
R. minor density

(plants/m2)
Total plant
cover (%)

R. minor
cover (%)

Plant species
richness

Plant
diversity

Sward
height (cm)

Absent 0 166.0 (6.29) 0 27.7 (1.72) 2.6 (0.06) 18.2 (2.73)
Removed 0 169.9 (8.02) 0 29.0 (0.81) 2.8 (0.04) 17.7 (2.47)
Present 152.9 (14.32) 151.1 (6.30) 8.4 (0.91) 30.1 (1.18) 2.8 (0.08) 12.8 (0.89)
Enhanced 311.0 (22.8) 146.2 (4.55) 14.3 (0.92) 28.8 (0.95) 2.9 (0.03) 12.9 (0.75)

Notes: Plant diversity was calculated as Shannon’s H index. Means for the 13 plots are shown with SE in parentheses. Total
plant cover was recorded as the sum of the cover of individual species (per quadrat), which, because of the over-layering of different
species in this vegetation type, can have a value of greater than 100%.
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Grass cover varied significantly between treatments,

with 16% and 24% lower cover in the R. minor present

and enhanced treatments, respectively, compared with

the removal treatment (L3¼ 11.07, P¼ 0.01; Fig. 1a). In

contrast, the percent cover of forbs did not vary

significantly between treatment (legumes, L3 ¼ 5.85, P

¼ 0.12; non-leguminous forbs, L3 ¼ 4.14, P ¼ 0.25; Fig.

1b, c). Across the community as a whole, plant diversity

in July was higher in the enhanced treatment than in the

removal treatment (L3 ¼ 10.71, P ¼ 0.01), though this

was not accompanied by a difference in overall species

richness (L3¼ 2.82, P¼ 0.42). The physical structure of

the community was also affected by R. minor presence,

with a 27% lower sward height in the R. minor present

treatment compared with the removal treatment (L3 ¼
9.77, P ¼ 0.02; Table 1).

The hemiparasite also had a large impact on the

invertebrate community in July, with total invertebrate

abundance increasing by 39% in the enhanced treatment

compared with the removal treatment (v2
3 ¼ 16:87, P ¼

0.0008; Fig. 2a). Within this overall result, there were

pronounced effects on a broad range of invertebrate

groups spanning multiple trophic levels. Within the

herbivores, the most common group was the sap-feeding

Hemiptera, which increased in abundance by 39% in the

present treatment and 130% in the enhanced treatment

compared with the removal treatment (v2
3 ¼ 233:75, P ,

0.0001; Fig. 3a). Similar effects were observed for

lepidopteran larvae and Curculionidae, which increased

in abundance by 217% and 188%, respectively, in the

enhanced treatments compared with the removal treat-

ment (Lepidoptera, v2
3 ¼ 25:75, P , 0.0001; Fig. 3b;

Curculionidae, v2
3 ¼ 50:89, P , 0.0001; Fig. 3c). In

contrast, acridid abundance decreased in the presence of

R. minor, with a reduction of 119% in the enhanced

treatment compared with the removal treatment

(v2
3 ¼ 49:3, P , 0.0001; Fig. 3d). This decline may

reflect the decrease in the cover of grasses, their primary

food plant group, as described previously.

Strikingly, R. minor also affected the abundance of

predators within the community in July. Araneae and

Opiliones increased in abundance by 142% in the

enhanced treatment compared with the removal treat-

ment (v2
3 ¼ 101:78, P , 0.0001; Fig. 3e). Similarly,

numbers of Hymenoptera were 180% higher in the

enhanced treatment than in the removal treatment

(v2
3 ¼ 96:93, P , 0.0001; Fig. 3f ).

FIG. 1. Percent cover of (a) grasses, (b) legumes, and (c) non-leguminous forbs in each of the four density treatments at Castle
Hill National Nature Reserve, Sussex, UK; Rhinanthus minor absent (A), removed (R), present (P), and enhanced (E), in July 2007
(shown as means 6 SE). Different lowercase letters denote significantly different (P , 0.05) results, based on post hoc multiple
comparisons.

FIG. 2. Total invertebrate abundance (indi-
viduals/m2) in (a) July and (b) September 2007 in
each of the four R. minor density treatments (see
Fig. 1). Horizontal lines represent median values,
the top and bottom lines of each box represent
the first and third quartiles, and whiskers
represent approximately two standard deviations
around the interquartile range (diamonds denote
outliers). Different lowercase letters denote sig-
nificantly different (P , 0.05) results, based on
post hoc multiple comparisons.
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The density of R. minor also had a major impact on

the abundance of detritivore groups within the commu-

nity in July. The abundance of Isopoda increased by

116% in the enhanced treatment compared with the

removal treatment (v2
3 ¼ 10:41, P ¼ 0.02; Fig. 3g). The

abundance of Arthropleona showed a similar response

to R. minor density, with an increase of 58% in the

enhanced vs. removal treatment (v2
3 ¼ 24:06, P ,

0.0001; Fig. 3h).

In addition to the pronounced effects on key

herbivore, predator, and detritivore groups, the density

of R. minor also affected other invertebrate groups

feeding at multiple trophic levels. Numbers of gastro-

pods and Acari increased by 103% and 57%, respective-

ly, in the enhanced treatment compared to the removal

treatment (gastropods, v2
3 ¼ 40:13, P , 0.0001; Fig. 3i;

Acari, v2
3 ¼ 15:68, P¼ 0.001; Fig. 3j). The abundance of

Formicidae was also found to vary significantly between

treatments; however, these differences were strongly

driven by a small number of high counts. When the data

were reanalyzed with these outliers omitted, there was
no significant effect of treatment on formicid abundance

(v2
3 ¼ 6:46, P ¼ 0.09; data not shown). Similarly, there

was no significant effect of R. minor density on the

abundance of Diptera (v2
3 ¼ 4:59, P ¼ 0.20), Staph-

ylinidae (v2
3 ¼ 3:20, P ¼ 0.36), or Neelipleona and

Symphypleona (v2
3 ¼ 6:71, P ¼ 0.08; data not shown).

In addition to causing large changes in the abundance

of many invertebrate groups, the density of R. minor

also affected invertebrate species richness and diversity

in July, with increases in the species richness of

Hemiptera (v2
3 ¼ 17:79, P ¼ 0.0005; Fig. 4a) and family

richness of Araneae and Opiliones (v2
3 ¼ 109:0, P ,

0.0001; Fig. 4b), and in the species diversity of

Hemiptera (L3 ¼ 18.44, P , 0.0005; Fig. 4c) in the

enhanced treatment compared with the removal treat-

ment.

Importantly, differences in plant cover and in the

abundance of key invertebrate groups were still appar-

ent in late August–early September 2007, when R. minor

had senesced and was no longer a component of the

community (Fig. 2b; Table 2). However, the effects of R.

minor density on plant diversity and invertebrate

richness and diversity observed in July were no longer

apparent later in the season (data not shown).

DISCUSSION

We have demonstrated that the manipulation of a

single subdominant plant species causes substantial

changes in the abundance and diversity of organisms

across four trophic levels in individual plots in a

complex grassland community. The changes induced in
the plant community were consistent with previous

studies of the impact of R. minor (Gibson and

Watkinson 1992, Davies et al. 1997, Pywell et al. 2004,

Ameloot et al. 2005), particularly in the suppression of

grasses. However, the striking enhancement of inverte-

brate abundance has not been recorded previously,

certainly not across four trophic levels.

Hemiparasite effects on plants.—Changes in the plant

community were generally consistent with previous

studies in terms of the overall responses of grasses,

FIG. 3. Abundance of the major invertebrate groups (individuals/m2) in each of the four R. minor density treatments (see Fig. 1)
in July 2007; invertebrates (a) Hemiptera, (b) Lepidoptera, (c) Curculionidae, (d) Acrididae, (e) Araneae and Opiliones, (f )
Parasitica and Aculeata (wasps), (g) Isopoda, (h) Arthropleona, (i ) Gastropoda, and ( j) Acari. Horizontal lines represent median
values, the top and bottom lines of each box represent the first and third quartiles, and whiskers represent approximately two
standard deviations around the interquartile range (diamonds denote outliers). Different lowercase letters denote significantly
different (P , 0.05) results, based on post hoc multiple comparisons.
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legumes, and non-leguminous forbs to the presence of

Rhinanthus. However, there have been few other studies

to show these changes on such a fine scale, within a

single season, and in an ecosystem where R. minor is

already present rather than newly introduced (but see

Mudrák and Lepš 2010). Furthermore, our finding that

the impact of R. minor on the plant community lasts

until the end of the growing season, i.e., well beyond its

senescence as a short-lived annual, is also significant

(Joshi et al. 2000). In mimicking the natural movement

of R. minor through a plant community (Cameron et al.

2009), our experiment has demonstrated the potential

for short-term ‘‘legacy’’ effects on both the plant and

animal communities. There were no significant impacts

on plant species richness; we would not have expected

species to be lost or gained over this time scale in an

established perennial-dominated grassland (though

plant diversity in July did differ significantly between

enhanced and removal plots).

Hemiparasite effects on invertebrates.—We found

strong positive effects of R. minor presence on the

herbivore community even though few herbivores are

known to feed on R. minor directly (Westbury 2004).

The most abundant group sampled in our study was the

Hemiptera, known to be highly selective feeders

responding to changes in both plant quality (Prestidge

and McNeill 1983) and sward structure (Morris 2000,

Hartley et al. 2003, Woodcock et al. 2007, 2009). In this

context, the positive response of hemipteran abundance,

species richness, and diversity to R. minor presence was

unexpected, given that most species are specialist feeders

on grasses, which collectively showed an overall decline

in biomass. Instead, our evidence suggests that these

effects of R. minor were indirect, although we cannot tell

whether they operated through changes to plant

community composition or plant quality, or through

the effect that changes in sward height will have had on

the abiotic environment. However, evidence from a

recent study indicates that plant quality could be

responsible. When given a choice in a greenhouse study,

Hemiptera, Aphididae, and Orthoptera chose to feed on

parasitized grass plants preferentially over unparasitized

plants (Ewald et al. 2011), suggesting that parasitized

grasses are more attractive to a wide range of

herbivorous insects, irrespective of their feeding guild,

since both sap-feeders and leaf-chewers exhibit this

preference. This was despite reductions in grass nitrogen

content caused by the hemiparasite when at peak

biomass (Ewald et al. 2011).

Remarkably, hemiparasite presence also influenced

both abundance and richness of predators. These

increases could simply reflect a response to the increased

FIG. 4. Richness and diversity (untransformed) of (a, c) Hemiptera and (b, d) arachnids (Araneae and Opiliones) in each of the
four R. minor density treatments (see Fig. 1) in July 2007. For (a, b) richness plots, horizontal lines represent median values, the top
and bottom lines of each box represent the first and third quartiles, and whiskers represent approximately two standard deviations
around the interquartile range (diamonds denote outliers). For (c, d) diversity plots, means are shown 6SE. Hemiptera richness
was calculated as the number of species and arachnid richness as the number of families. For both groups, diversity was calculated
as Shannon’s H index. Different lowercase letters denote significantly different (P , 0.05) results, based on post hoc multiple
comparisons.
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numbers of prey, but may also reflect changes in sward

structure, which are known to influence predator

behavior and efficiency (Langellotto and Denno 2004,

Woodcock et al. 2007, Woodcock and Pywell 2009). It is

also possible that the reduction in sward height and total

plant cover caused by R. minor improved the microcli-

mate for invertebrates; a more open community may

have increased light and higher temperatures, for

example. We have some evidence for these effects in

that our measures of photosynthetically active radiation

at the soil surface demonstrated a 400% increase in R.

minor enhanced plots compared with the absent plots, in

both July (absent, 124.5 6 22.2 lmol�m�2�s�1; enhanced,
514.1 6 69.3 lmol�m�2�s�1) and September (absent,

137.8 6 29.0 lmol�m�2�s�1; enhanced, 513.8 6 84.9

lmol�m�2�s�1). There is a well-established inverse

relationship between plant biomass and light intensity

reaching the soil surface in grasslands (e.g., Veer and

Kooijman 1997).

While we expected to see the diversity of the

invertebrate community responding positively to en-

hanced diversity of the plant community caused by the

hemiparasite, we did not expect to see such a striking

increase in the overall abundance of invertebrates, given

that total plant cover was reduced. Improved sampling

efficiency in the shorter vegetation of infected field plots

could not have contributed more than an insignificant

proportion of this increase (see Brook et al. 2008: Fig.

3). In natural grasslands, parasitic plants, including R.

minor, have a large impact on nutrient cycling, and can

enhance the nitrogen content of vegetation overall

(Quested et al. 2003, Ameloot et al. 2008, Fisher et al.

2013). Their readily decomposed, nutrient-rich litter

(Quested et al. 2003) may contribute to the increase in

abundance of detritivores we observed in field plots

infected with R. minor. R. minor presence also impacts

the soil microbial community, increasing rates of litter

decomposition and nitrogen mineralization (Bardgett et

al. 2006), effects which might be expected to feed

through to increases in plant quality and herbivore

abundance, though the increases we observed seem too

rapid for this mechanism. More likely, the changes in the

relative cover of grasses and forbs may have had an

impact on herbivore preference and behavior, as could

the microclimate effects noted previously.

As in all plot-based experiments, there are also issues

relating to the spatial scale of our treatments in relation

to invertebrate dispersal ability. This problem is more

acute when physical barriers are used to delineate

experimental plots (Moise and Henry 2010), but it is

the case that we cannot tell from this study whether

invertebrates were attracted to directly parasitized plants

or to unparasitized neighbors of those plants. We do not

know whether the observed increases in invertebrates in

TABLE 2. Impact of R. minor density treatment on invertebrate and plant communities in August–
September 2007.

Response Statistic P
Change (enhanced

vs. removed)

Plant cover

Grasses L3 ¼ 30.39 ,0.0001 �41.1%
Legumes L3 ¼ 2.36 0.50
Non-leguminous forbs L3 ¼ 16.26 0.001 þ24.7%
Total invertebrate abundance v2

3 ¼ 32:62 ,0.0001 þ35.5%

Herbivore abundance

Hemiptera v2
3 ¼ 59:65 ,0.0001 þ39.3%

Lepidoptera v2
3 ¼ 14:21 0.003 þ112.5%

Curculionidae v2
3 ¼ 42:47 ,0.0001 þ164.5%

Acrididae v2
3 ¼ 4:32 0.23

Predator abundance

Araneae and Opiliones v2
3 ¼ 79:5 ,0.0001 þ55.3%

Hymenoptera v2
3 ¼ 53:32 ,0.0001 þ220.0%

Detritivore abundance

Arthropleona v2
3 ¼ 44:39 ,0.0001 þ68.4%

Isopoda v2
3 ¼ 3:32 0.35

Abundance of other invertebrate groups

Mollusca v2
3 ¼ 4:82 0.19

Neelipleona and Symphypleona v2
3 ¼ 3:46 0.33

Diptera v2
3 ¼ 2:82 0.42

Acari v2
3 ¼ 17:84 0.0005 þ33.4%

Staphylinidae v2
3 ¼ 0:35 0.95

Formicidae v2
3 ¼ 1:49 0.68

Notes: For statistics, log-likelihood ratios (L) are provided for linear mixed-model analyses and
v2 values are provided for generalized linear mixed-model analyses. Impacts were significant at P ,
0.05. Cells left blank indicate no change.
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infected plots were due to intrinsic increases in

population growth, although this seems unlikely given

that the majority of the invertebrates in our study

grassland were univoltine, and so had limited ability to

increase numerically in response to the treatments over

the time scale of our measurements, or were a result of

the greater attractiveness of the vegetation compared to

neighboring (less heavily infected) vegetation, and

therefore reflect increased patchiness in invertebrate

abundance without an overall increase in numbers. It is

also possible that differences in survival of invertebrates

between infected and control plots were an explanation

for our findings.

Whatever the proximate causes of the elevated

numbers of invertebrates observed where hemiparasites

were present, it is clear that the invertebrates themselves

will also be impacting on the plant community, possibly

contributing to reduced plant biomass and alterations in

the competitive interactions between plant species. In

the experiments reported here, we did not control for the

effect of invertebrates on the plant community, but

clearly there is the possibility of synergistic effects, with

any negative effects of the hemiparasite on plant

biomass being amplified by the herbivores that are

attracted to infected plants.

Overall, our findings demonstrate that parasitic plants

can have dramatic and lasting impacts on abundance,

richness, and diversity across multiple trophic levels

within seminatural grassland communities. Although for

a small number of herbivore species these facilitative

effects may be direct, we suggest that the majority are

indirect via changes in the plant community and the

abiotic environment. The consequences of this large

increase in invertebrate abundance for ecosystem

structure and function are unknown, but are likely to

be substantial (Watson 2009).

Our study provides a clear demonstration of the

importance of indirect interactions as major structuring

forces in ecology and the strong cascading effects of

these interactions across trophic levels (Pace et al. 1999).

Further, our results illustrate that keystone species such

as R. minor can have both negative and positive impacts

on other species; such facilitative effects mean their loss

can cause reductions in diversity, secondary extinctions,

or even community collapse (Ebenman and Jonsson

2005). The importance of keystone species has led some

ecologists to suggest that they warrant special conser-

vation efforts (Mills et al. 1993; but see Bruno et al.

2003). Conversely, the impacts they have on the

structure of ecological communities may make them

potential tools for the conservation of other species, as is

the case for R. minor (Pywell et al. 2004, Westbury and

Dunnett 2008). Conservation efforts with hemiparasites

have focused on their benefits for plant communities

thus far (e.g., Decleer et al. 2013), but our study shows

that hemiparasites are a hitherto unexplored but

potentially widespread and potent factor influencing

invertebrate abundance.
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