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Recent declines in biodiversity have increased interest in the link between biodiversity and the provision and

sustainability of ecosystem services across space and time. We mapped the complex network of interactions

between herbivores and parasitoids to examine the relationship between parasitoid species richness, functional

group diversity and the provision of natural pest control services. Quantitative food webs were constructed for

10 organic and 10 conventional farms. Parasitoid species richness varied from 26 to 58 species and we found a

significant positive relationship between parasitoid species richness and temporal stability in parasitism rates.

Higher species richness was associated with lower variation in parasitism rate. A functional group analysis

showed significantly greater parasitoid species complementarity on organic farms, with on average more

species in each functional group. We simulated parasitoid removal to predict whether organic farms experi-

enced greater robustness of parasitism in the face of local extinctions. This analysis showed no consistent

differences between the organic and conventional farm pairs in terms of loss of pest control service. Finally,

it was found that the different habitats that make up each farm do not contribute equally to parasitoid species

diversity, and that hedgerows produced more parasitoid species, significantly more so on organic farms.

Keywords: functional redundancy; biological insurance; parasitoid; pest control;

ecosystem services; complementarity
1. INTRODUCTION
A precautionary approach to biodiversity management is

often justified on the basis that the maintenance of a diver-

sity of species is useful for both the provision of a particular

ecosystem service now, and as a form of biological ‘insur-

ance’ against disturbances in the future [1–3]. The recent

concern over global declines in biodiversity has led to

renewed interest in the link between biodiversity and the

provision and sustainability of ecosystem services across

space and time. One mechanism by which greater diversity

may lead to increased ecosystem services is through com-

plementarity among particular species [4]. The newly

added species use different resources than those that are

already present [5]. Parasitoid wasp species use host

resources in a complementary fashion, for example, when

they attack hosts at different stages or generations. Tempo-

ral complementarity could also occur, for example, when

the abundance of different generalist parasitoids changes

over the field season, leading to a positive relationship

between parasitoid diversity and host mortality. Alterna-

tively, parasitoid species may overlap in the host resources

they use across space and time, and so lead to interspecific
r and address for correspondence: CSIRO Ecosystem
, Clunies Ross Street, Acton ACT 2601, Australia (sarina.
en@csiro.au).

ic supplementary material is available at http://dx.doi.org/
/rspb.2010.2673 or via http://rspb.royalsocietypublishing.org.

12 December 2010
7 March 2011 3387
competition. In this situation, the addition of extra species

leads to no gain in function despite an increase in diversity

[6]. However, it is important to understand that these

‘redundant’ species may become more important as

environmental conditions change. This change could be

in the form of novel species invading a community or dis-

turbances that cause local extinctions of species. So both

biodiversity (species richness per se) and functional diversity

may be critical for maintaining important ecosystem

services both now and in the future.

Natural pest control is an ecosystem service that is

thought to be threatened by the very process that relies on

this service: agricultural intensification [7]. The process of

agricultural intensification involves the removal or isolation

of remnant perennial vegetation patches and hedgerows,

larger field sizes and the greater use of agrochemicals to con-

trol pests. These practices in combination and across large

spatial scales have led to decreases in natural enemy diver-

sity, and may be linked to increased pest outbreaks [7].

We have shown in a previous study that organic farms with

greater parasitoid species richness do not show greater pro-

vision of pest control services [8]. Here, we ask whether

increased parasitoid species richness provides greater tem-

poral stability in parasitism rates and whether organic farms

are more resilient to species loss. While some previous studies

have examined the impact of species loss on food web struc-

ture (e.g. [9]), here we are more interested in how species loss

impacts the provision of an ecosystem service: natural pest
This journal is q 2011 The Royal Society
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control. We examine the complex network of interactions

between insect herbivores and their parasitoids on 20

farms that have a gradient of parasitoid species richness

partly as a result of farming system (organic or convention-

al) and local variation in species richness. Organic farming

is thought to lead to increased species diversity of up to 30

per cent for some taxa [10,11], and to increased natural

enemy species evenness [12], probably owing to the greater

areas of semi-natural vegetation [13] and reduced agro-

chemical usage. The first prediction we make from our

data is that there will be a strong relationship between para-

sitoid species richness and variability in parasitism rate

across time. We predict that the organic farms, which

show greater parasitoid diversity [8], will also show greater

temporal stability in parasitism rates. Our second predic-

tion is that organic farms have greater levels of functional

redundancy (numbers of parasitoid species within func-

tional groups) and this will lead to more reliable pest

control services under environmental change. We test

this by examining the parasitoid communities’ robustness

to simulated species loss as a surrogate for a disturbance

event. Finally, we ask whether the different habitats that

make up each farm contribute equally to parasitoid species

diversity and the provision of pest control services. We pre-

dict that habitats with greater plant diversity (non-crop

habitats, e.g. hedgerows) contribute proportionally greater

numbers of parasitoid species.
2. MATERIAL AND METHODS
(a) Field sites and insect sampling

Ten pairs of organic and conventional farms that contained a

mixture of both arable crops and livestock were selected in

southwest England. Organic farms had been certified for

an average of 7.3 years (range 3–12 years) at the start of

the study. Organic farms were selected first, then paired

with a non-adjoining conventional farm of similar size

within 5 km [13]. The farms were mapped and stratified by

habitat type and each habitat was randomly sampled using

transects (i.e. a stratified random method) [13]. The habitats

sampled included all arable crop types, grass leys and other

pasture fields, field margins, set-aside fields, game cover

patches, orchards, hedgerows, woodlands, and areas not

used for production purposes (the latter referred to as

rough ground). In 2005, a total transect area of 150 � 1 m

was sampled on each farm for plants and herbivores on six

occasions (April–September) and all habitats were sampled

on each visit. In 2006, a subset of habitats was sampled

(arable fields, woodlands and hedgerows) and a total transect

area of 100 � 1 m was sampled per farm on five occasions

(May–September). The transects were divided according to

the area occupied by each landscape element per farm;

however, total sampling effort was equal between farm

pairs. The position of each transect on the farm was deter-

mined by randomly choosing a different starting point each

visit, then selecting the closest representative patches of

each habitat type (starting with the pasture field), as close

as possible to this point [13]. In each transect, we recorded

plant diversity and abundance in the field, and collected

herbivores for rearing in the laboratory. All vegetation

(below approx. 2.5 m) was visually inspected, sweep netted

and, if tall enough, beaten over a tray, and the herbivores

were collected (leaf-mining Lepidoptera, externally feeding

Lepidoptera and leaf-mining Diptera). Herbivores were
Proc. R. Soc. B (2011)
reared individually under ambient conditions in a laboratory

until either an adult herbivore or parasitoid emerged. All

parasitoids were identified by specialist taxonomists (see

acknowledgements at the end of this paper).

(b) Testing prediction 1: organic farms show greater

temporal stability in parasitism rates over time

The coefficient of variation (CV) was used as a measure of the

variability in parasitism rates across time [14]. The dataset was

separated into nine time periods across the 2 years of the study

in order to provide adequate host numbers per time period

(R1, April 2005; R2, May 2005; R3, June 2005; R4, July

2005; R5, August 2005; R6, September 2005; R7, May 2006;

R8, JuneandJuly2006; R9,August and September 2006). Para-

sitism rate (as a percentage) was calculated for each time point,

and included successful rearing events only (i.e. those herbivores

that died prior to an adult host or parasitoid emerging were

removed from the analysis). CV per farm was calculated as the

standard deviation in parasitism rate divided by the mean para-

sitism rate across time periods. The total number of parasitoid

species per farm, the mean number of parasitoid species per

time point and CV for the number of parasitoid species at

each time point were calculated. Using general linear models,

we tested the relationship between CV parasitism rate (as the

response variable) and the explanatory variables: mean

number of parasitoid species per time period and farming

system (organic or conventional), total number of parasitoid

species per farm period and farming system, and CV number

of parasitoid species and farming system. We also tested the

relationship between overall percentage parasitism at the

whole-farm level and the total number of parasitoid species per

farm period, including farming system in the model. Data were

transformed to satisfy the assumptions of the test, with parasit-

ism rate (expressed as a proportion) being arcsine square root

transformed. A non-parametric paired t-test (Wilcoxon

matched-pairs test in GENSTAT) was used to test whether there

was any relationship between CV and farming system.

(c) Testing prediction 2: organic farms have greater

levels of functional redundancy and this leads to more

reliable parasitism under environmental change

(i) Functional group analysis

There are a variety of approaches for defining functional

groups, which reflect the ecological question being addressed

and the state of knowledge of the focus organisms [15,16].

Here, we assigned each parasitoid species to one of 14 func-

tional groups according to host range, host stage killed and

the feeding niche of the host (adapted from published

methods [17,18]). Using our rearing data, we assigned func-

tional groups to each species based on the feeding niche of

the hosts collected in the study (electronic supplementary

material, table S1). Host stage killed was determined using

our own data and by searching the literature using Web

of Science (http://thomsonreuters.com/products_services/

science/science_products/a-z/web_of_science), the Universal

Chalcidoidea Database (http://www.nhm.ac.uk/jdsml/

research-curation/research/projects/chalcidoids), and papers

by Shaw & Aeschlimann [19] and Shaw & Huddleston [20].

If a reference at species level was found this was used, otherwise

references were found that provided information on families of

parasitoids with shared developmental strategies. Where no

host records could be found in the literature, our rearing

records alone were used. Individuals identified to genus only

were excluded from the analysis. Data from both years of the
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study were combined and used to calculate the total number of

functional groups present per farm (referred to as total func-

tional group) and the average number of parasitoid species

per functional group per farm (referred to as functional group

species richness). A third predictor (referred to as functional

group diversity) based on the Shannon diversity index was cal-

culated using the number of functional groups per farm and the

number of species in each functional group. A paired

MANOVA (repeated measures MANOVA test in GENSTAT)

was used to test whether there was any relationship between

total functional group, functional group species richness or

functional group diversity and farming system.

(ii) Robustness to parasitoid loss

We used an in silico simulation approach to assess whether

future changes in parasitoid diversity (for example, as a

result of changes in climate, pesticide regimes or agricultural

intensification) could potentially change the provision of natu-

ral pest control services. To do this, we simulated species loss

from each farm by removing parasitoid species one by one

from each network and then calculating the proportion of her-

bivore species thereby released from biological control. The

stages of this process are as follows: each interaction between

a herbivore and a parasitoid was scored for its frequency of

observation in the field. For a given herbivore, its level of con-

trol by parasitoids was then taken to be the sum of its

interactions. For example, a single herbivore species may be

attacked on 10 occasions by parasitoid species 1, and on five

occasions by parasitoid species 2; the total level of control

by parasitoids is therefore 15. As parasitoid species were

removed in the simulation, the total number of interactions

between a given herbivore and its parasitoids was reduced

(for the example above, if parasitoid species 2 is removed,

the control level is reduced from 15 to 10, a 33% reduction

in control). We arbitrarily scored a herbivore as no longer con-

trolled if the number of interactions between it and its

parasitoids dropped to less than 50 per cent of those in the

original web. While an arbitrary cut-off point, this allowed

us to make quantitative comparisons between networks (simi-

lar to the ‘robustness’ measure of Dunne et al. [21]). The

proportion of all herbivore species with less than 50 per cent

control was recorded after the removal of a parasitoid species.

Parasitoid species were made extinct sequentially following

one of three rules: least connected first (least-to-most), most

connected first (most-to-least) and random. These three

scenarios are the ones commonly used in the literature (e.g.

[22]). In this context, the least-to-most scenario represents a

realistic extinction pattern in that the least connected species

in the networks are often rare, and therefore more vulnerable

to extinction. The most-to-least scenario represents a cata-

strophic event in which species that are highly connected are

lost (a real-world example is the decline in honeybees

around the world [23]), and the random scenario represents

a null model [21,23,24]. In the random case and to accommo-

date ties or equal ranking in the other two cases, we carried

out 50 extinction iterations for each of the 20 webs.

Despite presenting the results using proportions (i.e. the

proportion of herbivore species released from biological con-

trol), it remains a possibility that any observed differences

between webs derived from organic and conventional farms

are a consequence of differences in the total web size (total

number of species per web), rather than structural properties

of the webs. We used a novel, whole-web rarefaction pro-

cedure that used a stochastic process to reduce the larger
Proc. R. Soc. B (2011)
web within a pair until it matched the size of the smaller

web in a pair (see the electronic supplementary material).

For each pair, we generated 100 webs in this way, then con-

ducted our extinction scenarios on both the randomly

reduced webs and the actual webs.

To determine whether there was a consistent difference in

behaviour between the organic and conventional members of

each pair of farms, the curves derived from the robustness

analysis were compared. For each pair of graphs in turn, at

50 equally spaced evaluation points along the x-axis the differ-

ence between the loss of biocontrol for the organic web and the

conventional web was calculated. These 10 sets of differences

(one for each pair) were pooled into a single dataset and plotted

against proportion of parasitoids removed using a Gaussian

smoothing kernel with parameter¼ 0.02. In all cases, the vari-

able representing the proportion of herbivores with less than 50

per cent control was arcsine square root transformed in order to

equalize variance across the full range of parasitoid removal.

(d) Testing prediction 3: non-crop habitats will provide

greater levels of parasitoid species richness

Rarefaction was used to determine the relative productivity of

each habitat in terms of parasitoid species richness. Four

habitats (arable fields, grass fields, hedgerows and wood-

lands) had sufficient numbers of individuals (greater than

two individuals and a small degree of difference between

the numbers of individuals in each pair) collected in eight

or more pairs of farms for analysis. For each habitat, the

total number of individuals and number of parasitoid species

collected were calculated (across all 20 farms), and rarefac-

tion used to estimate the number of species that would

have been recorded if the same number of individuals were

collected in all habitats (200). A rarefaction calculator was

used (accessed online at http://www2.biology.ualberta.ca/

jbrzusto/rarefact.php; web page by John Brzustowski; the cal-

culator is loosely based on the program RAREFACT.FOR,

written by Charles J. Krebs [25]) that employed the non-

parametric Chao estimator [26]. To assess whether the

productivity of each habitat was different between the two

farming systems, rarefaction was again used, but this time

at the farm pair level. Within each habitat, the minimum

number of individuals collected within an organic and con-

ventional farm pair was used in the rarefaction. If either

member of the pair had very few individuals collected then

that pair was excluded from the analysis. A Wilcoxon signed-

rank test was used to test whether there was any significant

difference between the estimated species richness in each

pair of organic and conventional farms.
3. RESULTS
(a) Testing prediction 1: organic farms show

greater temporal stability in parasitism rates

Total parasitism rate ranged from 91 per cent to 43 per cent

host mortality; there was, however, no significant relationship

between total parasitism rate and parasitoid species richness

(F2,19¼ 0.78, p¼ 0.473; figure 1a). Parasitism rates varied

across time for all 20 farms, with CV ranging from 0.10 to

0.73. There was a significant relationship between CV in

parasitism rates and parasitoid species richness at the whole

farm level when farming system was included in the model

(adjusted r2 ¼ 0.328, F2,19¼ 5.65, p¼ 0.013; figure 1b).

On farms with a greater number of parasitoid species we

saw significantly lower variability in parasitism rates. The

http://www2.biology.ualberta.ca/jbrzusto/rarefact.php
http://www2.biology.ualberta.ca/jbrzusto/rarefact.php
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Figure 1. (a) The relationship between the number of parasitoid species on each farm and the total parasitism rate per farm.

(b) The relationship between total parasitoid richness per farm and coefficient of variation (CV) in parasitism rates of insect
herbivores across time. (c) The relationship between CV in parasitism rates and mean parasitoid richness per time point.
(d) The relationship between CV in parasitism rates and CV in the number of species per time period. The black
circles and black regression line represent conventional farms and the grey squares and grey regression line represent
organic farms.
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same pattern was seen for CV in parasitism rates and mean

parasitoid species richness at each time point (adjusted r2¼

0.236, F2,19¼ 3.93, p¼ 0.040; figure 1c). There was no sig-

nificant relationship between CV in parasitism rates and CV

in parasitoid species richness at each time point (adjusted

r2¼ 0.189, F2,19¼ 3.21, p¼ 0.066; figure 1d). There was

a significant relationship between CV in parasitism

rates and farming system (Wilcoxon signed-rank test t¼ 6,

n¼ 10, p¼ 0.027). Organic farms had lower CV in

parasitism rate (median¼ 0.312, maximum ¼ 0.497,

minimum¼ 0.098) compared with their conventional pairs

(median¼ 0.472, maximum ¼ 0.727, minimum ¼ 0.113).

(b) Testing prediction 2: organic farms have greater

levels of functional redundancy and this leads to

more reliable parasitism under environmental

change

(i) Functional group analysis

We reared 195 parasitoid species from the 20 farms from

eight families of Hymenoptera. Three parasitoid species

could not be assigned to a single functional group and
Proc. R. Soc. B (2011)
were excluded from the analysis. The total number of

functional groups was not significantly higher on organic

farms (table 1); however, within functional groups, the

organic farms had significantly greater functional group

species richness and diversity, with, on average, one

extra species per functional group (F1,9 ¼ 6.17, p ¼

0.035). While the latter result was significant at a ¼

0.05, it was not significant when adjusting for multiple

comparisons with a ¼ 0.02. However, we believe the

adjusted a is too conservative for ecological studies of

this kind, running a real risk of a type II error (i.e. a false

negative [27]). Given that this appears to be an ecologically

interesting pattern we discuss this result further below.

(ii) Robustness to parasitoid loss

When comparing the response of the organic and con-

ventional members of each pair to species loss, there is

generally little difference between them that cannot be attrib-

uted to the effect of variation in species richness (figure 2). In

fact, for five of the pairs subjected to most-to-least extinction

and two of the pairs subjected to least-to-most extinction,



Table 1. Results of parasitoid functional group analysis showing the difference between organic and conventional farms in

terms of total number of functional groups, and richness and diversity within functional groups. Data were analysed using a
paired MANOVA. 10 pairs of organic and conventional farms (20 farms in total) were used in the analysis, with farming
system as the treatment factor. All variables were log10-transformed for analysis, but the range values shown are derived from
untransformed data. Bold values indicate results that were significant at a ¼ 0.05. Multivariate test, Wilks’s l ¼ 0.358, p ¼
0.054. Adjusted univariate test a ¼ 0.02.

range organic range conventional F1,9 p

total functional group (total number of functional groups per farm) 5–12 6–11 4.09 0.074

functional group species richness (mean number of parasitoid

species per functional group per farm)

1.85–4.15 1.77–3.15 6.17 0.035

functional group diversity (Shannon diversity index incorporating
the number of functional groups and the number of species
within each functional group)

1.31–2.13 1.37–1.96 9.35 0.014
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Figure 2. Differences between the organic and conventional farm pairs in terms of the proportion of herbivores that lose
control as parasitoid species and are removed from the networks. Solid line shows the mean and the dotted lines the 95% con-
fidence intervals. (a) Most-to-least scenario; (b) least-to-most scenario. When the line is above the zero point the organic
networks have lost proportionally more control and when it is below, the conventional farms have lost proportionally more
control.
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the response of the less speciose web falls entirely within

the 95 per cent confidence interval of random webs derived

from the more speciose web, or where it does differ, it

does so to a very small extent (see the electronic supple-

mentary material). Thus, using a species loss simulation

approach, there is no evidence to suggest that organic

farms will have more resilient pest control services under

environmental change.
(c) Testing prediction 3: non-crop habitats will

provide greater levels of parasitoid species richness

The hedgerows and woodlands on farms produced

the greatest number of parasitoid species. Hedgerows

produced 56 species of parasitoid per 200 individuals col-

lected compared with grass fields that produced just 11

(table 2). In comparison, the arable fields and field mar-

gins produced fewer parasitoid species for a given number

of individuals collected. For the four landscape elements

analysed, only hedgerows showed significantly greater

species productivity on the organic farms when compared

with hedgerows on the paired conventional farms (organic,

median ¼ 9; conventional, median ¼ 5; p ¼ 0.004). For

grass fields, arable fields and woodlands there was no

significant difference between farming systems.
Proc. R. Soc. B (2011)
4. DISCUSSION
Despite a large gradient in terms of parasitoid species

richness per farm (range of 26–58 species), we found

no significant relationship between species richness and

overall percentage parasitism per farm, or between farm-

ing system and overall percentage parasitism. However,

we did find that farms with a greater number of parasitoid

species (at the whole farm level and averaged for each

time period) experienced significantly less variability in

parasitism rate across time. So while organic farming

does not lead to increased overall pest control services,

it may lead to more reliable pest control services across

time. That said, we did not find any evidence to suggest

that organic farms are more resilient to environmental

changes that lead to species loss. We first discuss the limit-

ations of our approach and then consider our results in

the light of our three predictions.
(a) Limitations

Here, we have used a rich dataset that details herbivore–

parasitoid interactions from a range of habitat types across

20 farms to answer questions relating to stability and

robustness of ecosystem services. However, any assess-

ment of the stability of pest control services across time



Table 2. Productivity of each landscape element in terms of parasitoid species richness. The field-collected total number of

species includes all 20 farms (10 organic and conventional). Rarefaction (using the Chao estimator) was used to estimate the
number of species (rounded up to nearest whole number) that would have been recorded if a standard number of individuals
(200) had been collected per landscape element.

field collection post-rarefaction

abundance species richness mean no. species s.d. no. individuals

hedgerows 600 96 57 3.67 200
woodland and trees 979 88 44 3.49 200

arable fields 1846 78 35 3.18 200
rough ground 200 30 — — —
field margins 212 28 28 0.75 —
grass field 11 479 43 12 1.44 200
orchard 76 13 — — —

game cover 14 9 — — —
vegetables 122 5 — — —
set-aside 7 4 — — —
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is limited by the quality of the temporal data, and our

study was restricted to two field seasons. That said, the

average generation time of a pest species is often very

short, usually far shorter than a year, and so while ‘year’

is a widely used variable, it may not be the most appropri-

ate when considering pest control. Ideally, though, a

longer-term dataset that maintains this same level of

spatial resolution would be the most suitable for addres-

sing these types of questions. With respect to our

functional group analysis, other methods of classifying

traits (e.g. foraging mode, starvation capability, pheno-

logy [15]) may lead to different conclusions. We used a

standardized simulation approach to assess whether

potential future changes in parasitoid diversity (illustrated

by species removal according to three scenarios) would

lead to changes to the provision of natural pest control

services in each of our farming systems. Of course this

simulation procedure represents an over-simplification

of a real-world scenario. For example, in our scenarios

there was no possibility of compensation (i.e. following a

parasitoid extinction the remaining species from that func-

tional group could potentially use the newly available host

resource at the same rate), whereas there would be that

possibility in real life. Being able to incorporate how the

remaining species in a community respond to extinction is

critical to providing more realistic scenarios [22,28]. Fur-

thermore, the simulation scenarios (most-to-least, least-to-

most and random), while widely used and with a biological

basis, do not incorporate many of the factors that predispose

a species to a higher probability of extinction [29]. Despite

these limitations, this is the first attempt to comprehensively

examine the impact of species loss on the provision of an eco-

system service at the whole-farm scale.

(b) Prediction 1: organic farms show greater

temporal stability in parasitism rates

Looking at stability overall, our results suggest that para-

sitoid species diversity stabilized the provision of natural

pest control services across the time period studied.

A similar trend was seen by Veddeler et al. [30], who

found that increased natural enemy diversity was related

to reduced temporal variability in parasitism rates by

wasps in a coffee agroforestry context, but was not related

to temporal variation in bee parasitism. By contrast,
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Rodriguez & Hawkins [14] reported that species-rich

parasitoid communities did not result in higher parasitism

rates than species-poor communities, although their study

was restricted to one host group (grass-feeding chalcid

wasps). Given that our study includes data from a large

number of Lepidopteran and Dipteran host species, and

from a range of parasitoid functional groups, evidence

of such a stabilizing effect of species diversity is signifi-

cant. Our prediction that organic farms would show

lower variability in parasitism rates across time was

proved correct, with significantly lower CV values when

paired with conventional farms.

(c) Prediction 2: organic farms have greater levels

of functional redundancy and this leads to more

reliable parasitism under environmental change

The functional group analysis revealed greater parasitoid

species complementarity on organic farms, with on aver-

age more species within each functional group. We did

not find a significantly greater number of functional

groups on organic farms, but rather the extra parasitoid

species on the organic farms resulted in more species

within each functional group (but did not increase the

number of functional groups). It is difficult to predict

what effect this result will have on pest control services

in each farming system. In the short term, increased

diversity within functional groups might increase the

magnitude of some agroecosystem processes [5]; how-

ever, our analysis above does not suggest that there is a

greater level of overall parasitism rate on these farms.

It may be that the functional complimentarity within func-

tional groups is already maximized, so the extra species

within each functional group seen on the organic farms

offer little in terms of added resilience. Alternatively, in

the long term, this greater level of within-functional-

group species complementarity could provide a form of

biological ‘insurance’ against disturbance events [4]. The

fact that farms with greater numbers of parasitoid species

experienced less variability in pest control services across

time suggests that the extra species within functional

groups on organic farms are important for stabilizing pest

control services across time. In theory, species within func-

tional groups share similar host resources. Thus, if one

species was to go locally extinct, then another species
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within the functional group could still provide control of

the same pest control. To test this theory empirically

is, however, a challenge, as replicated networks of high

resolution collected across a long time frame are needed.

Here, we employed a simulated species removal approach

in silico to start to address this question.

Our simulated removal of parasitoid species demon-

strated that the organic farms, with greater levels of

parasitoid diversity, did not experience increased pest

control protection when faced with the loss of parasitoid

species. Thus, when species were removed one by one

according to our extinction scenarios, there was no signifi-

cant difference between the different farming systems in

the pest control service that remained. Despite the artifi-

cial nature of this simulation scenario, the results clearly

demonstrate that there is no difference between the rela-

tive responses of the replicated networks from different

farming systems to a standardized extinction scenario.

Moreover, to our knowledge our approach is the first

time a community-level species loss simulation has been

used to predict the impact of species loss on ecosystem

service provision. There may be a threshold of parasitoid

species richness below which no change in the robustness

of these communities to species removal can be obser-

ved. Our organic farms, despite having extra parasitoid

diversity, may not have reached this threshold.
(d) Prediction 3: non-crop habitats will provide

greater levels of parasitoid species richness

The hedgerows and woodlands are highly productive in

terms of parasitoid species diversity. Clearly, maintenance

of hedgerows and woodlands is important for the con-

servation of overall parasitoid biodiversity on farms.

Moreover, organic hedgerows are producing significantly

more parasitoid species than their conventional counter-

parts. Gibson et al. [13] reported that hedgerows on

organic farms did not have greater plant species diversity

or two-dimensional area in comparison to conventional

hedgerows. However, there is evidence that organic

hedgerows are cut less frequently (and so are taller) and

have a greater three-dimensional area than conventional

hedgerows [31]. This may have some impact on the

number and diversity of parasitoid species produced.

For other crop habitats (e.g. grass pasture fields) there

appears to be no difference in the productivity of these

areas under the two farming systems.
(e) Conclusions

Different components of organic farm management

clearly have an impact on parasitoid species richness at

the whole-farm scale. Determining what benefit, if any,

this provides the farmer in terms of ecosystem services

such as pest control, both in the short term and long

term, is a difficult task. Increased levels of parasitoid

species richness did not lead to an improvement in pest

control services in terms of mean parasitism rate, but

did provide greater temporal stability in parasitism rates.

From a farmer’s perspective, the notion that increased

diversity leads to a greater temporal stability in ecosystem

service provision is an appealing proposition, and should

enable the explicit incorporation of these ‘free’ services

into management plans. Identifying the stabilizing mech-

anism(s) underlying this pattern should be a priority for
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future research (but see [2]). On the organic farms, we

observed a significant increase in the number of species

within existing functional groups. However, using a simu-

lated species removal approach, we found no evidence to

support the theory that organic farm networks are better

able to cope with disturbance events that cause the local

extinction of parasitoid species. From this we cannot con-

clude that these extra species within functional groups are

truly ‘redundant’, as we did not examine response diver-

sity within or between functional groups. This response

diversity may allow apparently redundant species to

react differently to catastrophic events or long-term

environmental shifts that cause species loss. Furthermore,

we make no distinction about the relative importance of

individual parasitoid species for controlling particular

herbivore species that may be of greater concern in

terms of pest management. We see these results as a

first step towards a more prescriptive understanding of

ecosystem service provision, and crucial for determining

the resilience of these services to environmental change.
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