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Abstract

1. Managing agricultural environments in a way that maximises the provision of 
multiple ecosystem services is a significant challenge in the development of sus-

tainable and secure food systems. Advances in network ecology provide a way 
forward, particularly in arable landscapes, as they incorporate mutualistic and an-

tagonistic interactions associated with crop production.
2. Here, we present an approach to identify mixes of non- crop plant species that 

provide multiple ecosystem services while minimising disservices. Genetic algo-

rithms were applied to the Norwood Farm ecological network— a comprehensive 
dataset of antagonistic and mutualistic species interactions on an organic farm 
in the United Kingdom. We aimed to show how network analyses can be used to 
select plants supporting a high diversity of insect pollinators and parasitoids of 
insect pests, but low diversity of herbivores. Further to this, we wanted to under-
stand the trade- offs in ecosystem service provision associated with conventional 
management practices that focus on individual ecosystem services.

3. We show that multilayer network analyses can be used to identify mixes of plant 
species that maximise the species richness of pollinators and parasitoids (natural 
enemies of insect pests), while minimising the species richness of herbivores.

4. Trade- offs between ecosystem processes were apparent with several plant spe-

cies associated with a high species richness of both positive (pollinators and para-

sitoids) and negative (herbivores) functional taxonomic groups. As a result, optimal 
plant species mixes for individual ecosystem services were different from the mix 
simultaneously maximising pollination and parasitism of pest insects, while mini-
mising herbivory.

5. Synthesis and applications. Plant mixes designed solely for maximising pollinator 
species richness are not optimal for the provision of other ecosystem services 
and disservices (e.g. parasitism of insect pests and herbivory). The method pre-

sented here will allow for the design of management strategies that facilitate the 
provision of multiple ecosystem services. To this end, we provide a protocol for 
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1  | INTRODUC TION

With an estimated doubling of global food demand by 2050, feed-

ing an additional two billion people while using less environmen-

tally damaging agricultural practices is a major challenge (Ehrlich 
& Harte, 2015). Developing effective methods to sustainably man-

age agricultural environments is therefore crucial (Landis, 2017). 
Current agricultural policy aims to use sustainable systems- based 
approaches (e.g. EU Common Agricultural Policy), moving away 
from the previous paradigm of production- focused systems which 
are heavily reliant on synthetic fertilisers and pesticides (Garnett 
et al., 2013). Sustainable management approaches focus strongly 
on biodiversity due to its relationship with beneficial ecological pro-

cesses. For instance, biodiversity in agroecosystems is associated 
with pollination (Vanbergen & Initiative the Insect Pollinators, 2013), 
natural pest control (Derocles et al., 2014) and soil nutrient provision 
and turnover (Bodelier, 2011). These processes are typically studied 
in isolation, yet recent work has simultaneously assessed the pres-

sures, impacts and responses of multiple ecosystem services in agri-
cultural systems (Moss et al., 2021).

Although the response of biodiversity to agricultural manage-

ment strategies has been the focus of research on sustainable agri-
culture (Šálek et al., 2018), beneficial ecological processes (ecosystem 
services; Zhang et al., 2007) are not simply a product of total species 
richness (Anderson et al., 2009). Across agricultural landscapes, the 
provision of ecosystem services emerges as a result of a complex 
series of interactions between species (including humans); within 
and between biological communities; and across both cropped fields 
and other natural and semi- natural habitats (Power, 2010). As such, 
ecological networks provide a framework for studying biodiversity– 
ecosystem functioning relationships in agroecosystems (Bohan 
et al., 2013). To harness the ecosystem services, as well as build more 
resilient agroecosystems, predictive methods from network theory 
are required to inform decision- making and management (Raimundo 
et al., 2018).

To date, few studies have attempted to use holistic network- 
based analyses to inform agricultural management. Instead, studies 
have tended to focus on describing bipartite networks at different 
scales (e.g. plant– pollinator and host– parasitoid across farms and 
landscapes; Bohan et al., 2013). As such, a fundamental challenge 
is to characterise and understand the link between ecosystem 

complexity and ecosystem service provision. Studies have made 
progress in understanding the complexity of ecosystems by devel-
oping methods that incorporate multiple interaction types found in 
the environment, for example both mutualistic and antagonistic spe-

cies interactions (Fontaine et al., 2011). Such advances mean that it 
is now possible to simultaneously assess different interaction types, 
and their influence on ecosystem service provision within agricul-
tural environments.

Plants form an integral component of ecological networks, pro-

viding important bottom- up effects that can alter both the nature 
and intensity of species interactions at higher trophic levels (Ebeling 
et al., 2018). The diversity and composition of plants alters ecosys-

tem structure, including the abundance of herbivorous insects (Wan 
et al., 2019) and pollinators (Ebeling et al., 2008), the diversity of 
both predators and parasitoids (Schuldt et al., 2019) and the stability 
of associated food webs (Haddad et al., 2011). Furthermore, they 
are directly responsible for important ecological functions such as 
primary productivity (Wan et al., 2020). The central role of plants in 
ecosystems means that it is possible to use bottom- up approaches, 
such as managing plant species composition, to increase agricul-
tural productivity and other ecosystem services (Isaacs et al., 2009; 
Storkey et al., 2015). In this sense, bottom- up network approaches 
may enable the design of sustainable and resilient agroecosystems 
(Ramankutty et al., 2018).

In particular, in-  and off- crop management strategies have been 
proposed as methods for harnessing provisioning agricultural eco-

system services (Pretty et al., 2018). Field margin management 
is a prime example of off- crop management that is widely used in 
agri- environment schemes to boost ecosystem service provision, 
for example, pest control (Skellern & Cook, 2018) and pollination 
(Haddaway et al., 2018). The premise of these methods is that plant 
species can, via their demographic effects on other taxonomic 
groups at the community level, maximise biodiversity and generate 
ecosystem services (Scherber et al., 2010). As an example, studies on 
flower strips across North America, Europe and New Zealand have 
generally shown positive, albeit highly variable, effects on pollina-

tion (Albrecht et al., 2020). Multiple ecological processes, however, 
are rarely assessed in such examples, potentially omitting important 
trade- offs and synergies in the provision of ecosystem services (pol-
lination, pest control and nutrient cycling) and disservices (herbiv-

ory) across agroecosystems.

practitioners to develop their own plant mixes suitable for farm- scale manage-

ment. This avenue of predictive network ecology has the potential to enhance ag-

ricultural management, supporting high levels of biodiversity and food production 
by manipulating ecological networks in specific ways.

K E Y W O R D S

biocontrol, ecosystem services, network ecology, plants, pollinators, species interactions, 
sustainable agriculture
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Assessing the relative importance of plant species is a first step in 
determining the most effective in-  and off- crop management strat-
egies. Existing methods have focused on statistical and theoretical 
models (Montoya et al., 2019, 2020), with few field- based studies 
investigating the trade- offs between ecosystem services and dis-

services associated with different plant management strategies (but 
see Dainese et al., 2016). It is important to empirically understand 
these trade- offs, as they have implications for designing sustainable 
management strategies. For example, agri- environment schemes 
designed to promote pollinators may not be effective in supporting 
multiple other ecosystem services (e.g. natural enemies of pests), 
and in worst case scenarios, management may generate unintended 
ecosystem disservices (e.g. greater abundances of crop pests). To 
this end, two main challenges must be addressed: (a) how findings 
from theoretical networks compare to those from natural environ-

ments; and (b) whether it is possible to develop management strate-

gies that maximise ecosystem services, while minimising disservices.
Here we assess the importance of non- crop plant species in 

agroecosystems and evaluate potential trade- offs between plant- 
related ecosystem services and disservices. To do so, we develop 
multilayer network analyses that incorporate multiple species inter-
action types to identify plants contributing to multiple ecosystem 
services— providing an approach for informing off- crop management 
interventions (e.g. planting seed mixes in the margins of agricultural 
fields). We used the Norwood Farm dataset (Pocock et al., 2012a), 
one of the first examples of multilayer ecological networks and cre-

ated in a real- world agricultural system, to explore two hypotheses: 
(a) some plant species are more important than others in supporting 
the species richness of pollinators, parasitoids of pests and herbi-
vores; and (b) there will be trade- offs in the provision of ecosystem 
services associated with different mixes of plants, that is, managing 
plant species for individual ecosystem services (e.g. increase polli-
nation or parasitism services) will not support the provision of other 
ecosystem services and may incur ecosystem disservices (e.g. her-
bivory). By doing so we aim to generate an approach suitable for land 
managers to select mixes of plant species to optimise the provision 
of ecosystem services and disservices.

2  | MATERIAL S AND METHODS

2.1 | Multilayer ecological network

We used a subset of data from the Norwood Farm network (Pocock 
et al., 2012a). The field site was a 125- ha organic, mixed low-

land farm in southwest England (Norwood Farm, Somerset, UK; 
51°18.3′N, 2°19.5′W). The farm comprised 23 fields of arable (cere-

als) and grasses (short- term leys in rotation and permanent pasture). 
The multilayer network was constructed from six cultivated and six 
non- cultivated habitats (hereafter termed ‘farmed’ and ‘non- farmed’ 
respectively). Farmed habitats consisted of fallow (uncultivated ar-
able fields), ley (rye grass and red clover; Lolium sp. and Trifolium 

pratense), new ley (rye grass and red clover sown in the previous 

year), permanent pasture, lucerne (Medicago sativa; grown for silage) 
and crops (spring- sown barley, oats, winter- sown oats, triticale and 
wheat; Hordeum vulgare, Avena sativa, ×Triticosecale, Triticum sp.). 
Unfarmed habitats included grass margins (5– 10 m wide), mature 
hedgerow (height and width 4.1 ± 1.5 and 3.6 ± 1.4 m [M ± SD] 

respectively), new hedgerow (new planted, grass and young trees; 
height and width 1.8 ± 0.7 and 1.3 ± 0.3 m [M ± SD] respectively), 
rough ground (e.g. uncultivated areas around farm buildings and ma-

chinery storage areas), standing trees (mature isolated trees in fields) 
and woodland.

Habitats were subject to replicated monthly sampling over 
2 years (2007– 2008). Samples for each taxonomic group were col-
lected from three to four randomly located transects per month. 
Interactions between different species were compiled from a range 
of methods including both observations and secondary literature. 
Interaction strengths for pairwise interactions were estimated from 
direct field measurements or abundance surveys in conjunction with 
methods detailed in Pocock et al. (2012a) and Pocock et al. (2012b). 
All data were up- scaled to provide a total per habitat (counts of or-
ganisms per transect area multiplied up to total habitat area) and 
then summed across all available habitat to provide a farm- scale 
abundance measure. The original networks consisted of plants and 
11 groups of animals that interact with them: plant feeders (butter-
flies and other flower visitors, phytophagous insects, seed- feeding 
insects and granivorous birds and mammals) and their dependents 
(primary and secondary aphid parasitoids, leaf- miner parasitoids, 
seed- feeding insect parasitoids and rodent ectoparasites). More de-

tail on the Norwood Farm network is available in previous publica-

tions (Evans et al., 2011, 2013; Pocock et al., 2012a).
In this study, we used a subset of the Norwood Farm network to 

create a multilayer network comprised of three animal groups inter-
acting with shared plants (flower visitors, phytophagous herbivores 
and leaf- miner parasitoids) exhibiting both mutualistic and antago-

nistic interactions. We selected these three groups of organisms as 
they are common across Norwood Farm and comprise three groups 
of ecological relevance to cropped habitats. This network included 
trophic, mutualistic and parasitic interactions among 381 animal 
and 78 plant taxa. This assumes interactions that convey ecosystem 
services (plant– pollinator and plant– herbivore– parasitoid), as well as 
disservices (plant– herbivore).

All analyses were conducted using R (R Core Team, 2021). Data and 
code are available at github.com/Royal- Society- Agricultural- Networks/
multilayer- plant- importance.

2.2 | Selecting plant species mixes

Combining methods from network ecology and machine learning we 
aimed to predict which mixes of plant species balance the provision 
of ecosystem services (pollination and parasitism) and disservices 
(herbivory) at the farm scale.

We developed a genetic algorithm (GA) approach to identify 
plant species mixes that support optimal combinations of species 
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richness across multiple groups of taxa (pollinators, parasitoids and 
herbivores). Here, species richness of these functionally import-
ant taxonomic groups is used as an indicator of ecosystem service 
and disservice provision (pollination, parasitism of pest insects and 
herbivory respectively). We used species richness in this study as 
it provides a measurable management target and abundance- based 
metrics are limited by the fact that it is difficult to untangle the ef-
fect of network structure on species abundances and vice versa 
(Guimarães, 2020; but see Fort et al., 2016). Similar methods, how-

ever, could be generalised to other aspects of community organi-
sation and we present the results of our approach based on other 
metrics (abundance and evenness) in Appendix S1.

The basis for the GA approach is outlined in Figure 1 and is 
adapted from the study by M'Gonigle et al. (2017). Firstly, N initial 
networks, composed of k plant species and the taxa that interact 

with those plants, are randomly generated (Step A). The networks 
are then ranked based on f or f

m
 (Step B) which is an optimality 

metric (species richness) for the target taxonomic group or groups 
respectively. The highest ranked or ‘best’ mix is recorded, and the 
networks are then taken through ‘selection’ (Step C), ‘recombina-

tion’ (Step D) and ‘mutation’ (Step E). The next generation is then 
produced at the end of these steps (Step F). Steps B through F 
are then repeated either for a predetermined number of itera-

tions (also termed generations) or until an optimal mix has been 
identified.

Using this general framework, it was possible to investigate bi-
partite and multilayer networks separately. For bipartite networks, 
f is simply the species richness of the individual taxonomic group 
interacting with the plant species in the mix (pollinators, parasitoids 
or herbivores). As an example, f for the plant– pollinator networks 

F I G U R E  1   A conceptual representation of the genetic algorithm approach. (a) For either bipartite or multilayer networks, N initial groups 
of k plant species are randomly selected. (b) The plant mixes are ranked based on the optimiser function (which here is species richness but 
could be any property of the network of plants and interacting taxa). Individual (f) or compound (f

m
) optimiser functions are used depending 

on the scenarios but see the red text for two examples. (c) The plant species mixes that have low values of the optimiser (i.e. low species 
richness) are removed from the pool of potential mixes. Plant species in the remaining mixes are recombined (d) into new mixes to replace 
the networks that are removed during the selection stage. In (e), random plant species not already in the mix are added to the plant mixes. 
Finally, the new plant mixes which have been altered from the initial mix defined in (a) are then taken through the entire process again (b– e). 
This continues until an optimal plant mix is identified, or until the maximum number of iterations is reached. All terms are referred to in the 
main text or code provided in Appendix S2 [Colour figure can be viewed at wileyonlinelibrary.com]
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would be the maximum species richness of pollinators. For multilayer 
networks, the f for each bipartite network is combined into a com-

pound function f
m

, through the addition of the separate functions for 
each type of interactions (e.g. f

m
 = f1 + f2 + f3, where f

n
 represents 

the optimising function for each bipartite network respectively). In 
this study, f1 is maximum species richness of pollinators, f2 is maxi-
mum species richness of parasitoids and f3 is the minimum species 
richness of herbivores. Using this compound format means that it 
is possible to identify a mix of plant species that: (a) maximises the 
species richness of taxonomic groups associated with ecosystem 
services (pollinators and parasitoids); and (b) minimises the species 
richness of taxonomic groups associated with ecosystem disservices 
(herbivores).

2.2.1 | Management scenarios

Using the two types of GAs (bipartite and multilayer), we compared 
different types of management strategy. Firstly, those that focus 
on individual ecosystem services or disservices (e.g. selecting plant 
species that support the highest species richness of pollinators). 
Secondly, strategies that assess multiple taxonomic groups and inte-

grate the trade- offs between services and disservices (i.e. selecting 
plant species that maximise both pollinator and parasitoid species 
richness, while minimising herbivore species richness). We produced 
algorithms to represent a range of management decisions (Table 1).

For each management scenario, we ran simulations for 1,000 
generations. We also complete the process for different numbers of 
plant species in the mix (k = 2, 5 and 10) to understand the effect of 
the number of plant species on the results of the algorithms and the 
relative optimisation. We present the results from k = 5 in the main 
text, with results from other values provided in Appendix S1.

To verify the GA approach, we also compared the results of the 
GAs to other network indices commonly used to describe the impor-
tance of species: closeness centrality, betweenness centrality and 
normalised degree (Pocock et al., 2011), as well as the affinity of a 
plant species to important network modules. These data are avail-
able in Appendix S1.

2.3 | Sensitivity analysis for GAs

We completed a sensitivity analysis to understand the influence of 
different GA parameters, as well as producing uncertainty estimates. 
Analyses were performed using the Rocket High Performance 
Computing platform at Newcastle University.

We focused on the five dominant parameters (N the number of 
networks, S the selection strength, P(m) the fraction of networks 
that mutate, P(r) the fraction of the networks that recombine and 
P(s) the fraction of the networks for ‘sexual reproduction’) from 
the GAs which could influence the plant mixes identified. Latin 
Hypercube Sampling (Stein, 1987), implemented using the ‘lhS’ pack-

age (Carnell, 2020), was used to randomly select a representative 

sample of values across the GA parameters. We generated 1,000 
random combinations of the parameters. We then used these sam-

ples to parameterise the GAs and assess the optimal plant species 
mixes following the procedures outlined above (see Section 2.2).

We adopted a twofold approach to sensitivity analysis. First, we 
evaluated uncertainty in the identity of the plant species selected 
by determining the frequency with which plants are included in the 
optimal mixes. Here, low numbers of frequently identified species 
in the optimal mix would indicate low sensitivity to a given param-

eter. Second, we determined the variability in the species richness 
of each taxonomic group associated with the 1,000 plant mixes 
generated.

2.4 | Characteristics of multilayer networks 
associated with plant species mixes

Plant mixes derived for each management scenario (Table 1) were 
assessed in terms of their associated multilayer species interaction 
networks (plants, pollinators, parasitoids and herbivores). This pro-

vides information on how potential management interventions fo-

cusing on individual and multiple ecosystem services influence the 
structure of the multilayer network, and thus alter the provision of 
other ecosystem services. We calculated a range of different node 
and network properties.

2.4.1 | Degree distribution, connectance and 
Katz centrality

We calculated the mean degree, C
D
 (
∑N

j=1
xij), to provide an indication 

of the level of connectedness for each species. This metric included 
links spanning all included interactions. For example, if a species was 
both a pollinator and a parasitoid, the degree value would reflect 
mutualistic and antagonistic links. Second, we calculated con-

nectance (l/s2, where l are the links and s denotes the number of 
species) based on the same principle, treating both mutualistic and 
antagonistic links as equal in the multilayer network. Both metrics 
were calculated using the ‘IgRaph’ package (version 1.2.4.1; Csardi & 
Nepusz, 2006). Third, we calculated mean Katz centrality 
(Katz, 1953), using the ‘ceNtISeRve’ package (Jalili et al., 2015). Katz 
centrality describes how central a species is by considering the di-
rect and indirect pathways connecting a species in the network 
(Guimarães et al., 2017). For each node, centrality was calculated 
following xi = �

∑

j

Aijxj + �.

2.4.2 | Weighted robustness

Robustness, the tolerance of networks to coextinctions resulting 
from primary extinctions (Albert et al., 2000), provides a valuable 
insight into the structure of a network and its likely resilience to 
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future changes (Bascompte & Stouffer, 2009). Individual bipartite 
networks, as well as the total multilayer network, were analysed 
using an amended version of the deterministic avalanche model (DA) 
as described in the study by Bane et al. (2018). Briefly, a randomly 
selected primary (plant) extinction may produce secondary (polli-
nators, herbivores) and tertiary (parasitoids) extinctions that leave 
plants with less than a fraction T (here set at 0.5) of their observed 
interactions with pollinators. If this occurs, there is a ‘coextinction 
avalanche’ due to plant extinctions from the loss of pollinators, which 
follows a non- random pattern determined by the structure of the 
network. These cascades continue until there are no further second-

ary extinctions. Then a new, random primary extinction candidate or 
‘trigger’ is specified, and the process starts again. We then calculate 
the robustness (R) of the overall multilayer network following

where p is the number of plant species that have gone extinct (from 0 
to P), a(p) is the number of pollinator species remaining in the network 
(from A to 0) and R is the normalised (0 < R < 1) area under the curve of 
a graph (the proportion of plant nodes that have gone extinct against 
the proportion of surviving pollinator nodes; Burgos et al., 2007). 
Values close to 1 indicate high robustness of networks to primary 
extinctions. As R is dependent upon the order of extinctions, we run 
1,000 random extinction sequences to produce a representative fre-

quency distribution, f(R).

2.4.3 | Stability

Plant species mixes and their associated pollinator, herbivore and 
herbivore– parasitoid networks were assessed in terms of ecological 
stability. In this study, stability refers to the resilience of the plant 
mix and its associated network. Thus, we adopt engineering resil-
ience, the ability of a system to return to a stable state after a distur-
bance, when assessing stability (Holling, 1996).

Stability was calculated following the study by Sauve et al. (2015). 
Briefly, for each network, a community matrix (J), which is the 
Jacobian matrix from a population dynamic model at equilibrium 
with all species present ({I, j} ∈ 1, Splant + Sanimal), was estimated. The 
elements of the matrix (J

ij
) quantify the effects of species j on the 

growth rate of species i. For mutualistic interactions, the effects of 
species i on species j, and vice versa, are positive. For antagonistic in-

teractions, where species i is the consumer, the effect of interactions 
is positive for species i but negative for species j. From the Jacobian 
matrices, stability was calculated as the minimum intraspecific 
competition, or self- damping, required for community stability (cf. 
Neutel et al., 2002, 2007). This appears as J

ii
 = −s, with a minimum 

value of s such that all eigenvalues have negative real parts (Sauve 
et al., 2015).

R =
1

AP

P
∑

p=0

a(p),

TA B L E  1   Management scenarios, expected outcomes, required information and genetic algorithm (GA) approach implemented

Management strategy (intervention) Expected outcomes

Information required from GA for 

management GA type (name)

Maximise pollination (planting beneficial plants 

species)
Pollination ↑
Parasitism ?
Herbivory ?

Plants supporting high pollinator 
species richness

Bipartite (Pollinator)

Maximise parasitism of insect pests (planting 

beneficial plant species)
Pollination ?
Parasitism ↑
Herbivory ?

Plants supporting high parasitoid 
species richness

Bipartite (Parasitoid)

Minimise herbivory of crops (removing nuisance plant 

species)
Pollination ?
Parasitism ?
Herbivory ↑

Plants supporting high herbivore 
species richness

Bipartite (Herbivore)

Maximise ecosystem services and minimise 
disservices (planting beneficial plants)

Pollination ↑
Parasitism ↑
Herbivory ↓

Plants supporting high pollinator and 
parasitoid species richness and low 
herbivore species richness

Multilayer 
(Multilayer)

TA B L E  2   Plant species mixes identified using bipartite and 
multilayer genetic algorithms. Data for all combinations of f and k 

are presented in Appendix S1

Plant species mix Plant species

Pollinator Hogweed (Heracleum sphondylium)
Cow parsley (Anthriscus sylvestris)
Creeping thistle (Cirsium arvense)
Creeping buttercup (Ranunculus repens)
Mayweed sp. (Matricaria sp.)

Herbivore Creeping thistle (Cirsium arvense)
Grass spp. (Poaceae spp.)
Stinging nettle (Urtica dioica)
Sow thistle (Sonchus sp.)
Clover sp. (Trifolium sp.)

Parasitoid Creeping thistle (Cirsium arvense)
Creeping buttercup (Ranunculus repens)
Grass spp. (Poaceae spp.)
Blackthorn (Prunus spinosa)
Oak sp. (Quercus sp.)

Multilayer Hogweed (Heracleum sphondylium)
Creeping thistle (Cirsium arvense)
Creeping buttercup (Ranunculus repens)
Mayweed sp. (Matricaria sp.)
Grass spp. (Poaceae spp.)
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3  | RESULTS

3.1 | Plant species mixes identified using bipartite 
methods

Mixes of plant species generated by bipartite GAs highlighted a number 
of different plant species responsible for maximising the species rich-

ness of pollinator, parasitoid and herbivore taxa (Table 2). There was sub-

stantial overlap in the plant species selected across the plant mixes. Two 
plant species, creeping buttercup Ranunculus repens and creeping thistle 
Cirsium arvense, were identified as maximising the species richness of 
both pollinator and parasitoid taxa (Table 2). Creeping thistle, however, 
was also associated with high species richness of herbivores. A range 
of other plant species were more variably associated with high levels 
of pollinator, parasitoid and herbivore species richness in the ecological 
network and were not observed in multiple plant mixes (Table S1).

3.2 | Plant species mixes identified using the 
multilayer approach

The multilayer GA produced a mix of plant species that maximised 
the richness of pollinator and parasitoid species, while minimising 
the species richness of herbivores (Table 2). Similarities were ob-

served between this plant mix and the mixes selected using bipartite 
GAs. Specifically, Hogweed Heracleum sphondylium, Creeping this-

tle Cirsium arvense and Mayweed Matricaria sp. were identified as 
generating high pollinator species richness, but also high herbivore 
species richness in the case of Creeping thistle Cirsium arvense. In 

these cases, in the multilayer GA framework, the positive effect of 
the plant species on parasitoid and pollinator species richness, re-

spectively, overrode the negative effects presented by their positive 
role in increasing herbivore species richness.

Each of the plant species mixes supported different levels of 
spe  cies richness(s) across the three taxonomic groups (Figure 2). The 
multilayer GA plant species mix performed the best in terms of jointly 
maximising the species richness of pollinators (s = 174) and parasitoids 
(s = 63), while minimising the species richness of herbivores (s = 9). 
Species richness of parasitoids in the multilayer plant species mix was 
not as high as that from the bipartite GA plant mix focusing on maximis-

ing parasitoid species richness (s = 74). Yet the species richness (s) of her-
bivore generated by the multilayer GA plant mix was marginally lower 
(s = 9) compared to the other plant species mixes (

‼

s = 9.5 ± 0.9 SE). The 
bipartite GA maximising pollinator species richness was the best per-
forming bipartite method, supporting high pollinator species richness 
(s = 169) and low herbivore species richness (s = 8); however, it sup-

ported low species richness of parasitoids (s = 44).

3.3 | Sensitivity analysis for GAs

Plant mixes from GAs had relatively low uncertainty, with no signifi-
cant relationships between parameters and either species richness 

of selected plant mixes or the variation in species richness (Figures 2 
and 3). Multilayer GAs were more sensitive than bipartite GAs to 
changes in algorithm parameters (Figure S1). This translated to 
greater levels of variation in both mix composition and species rich-

ness of associated taxonomic groups (Figure 2). The higher levels of 
variation in the results of the multilayer GA result from the com-

pound optimising function (f
m

), which aggregates the uncertainty 
and variability present in each layer of the ecological network.

Despite variation in species richness, the identities of the plants 
present in the optimal mixes were relatively consistent, with only a 
small suite of species present in the optimal plant mixes. As with the 
variability in the species richness across mixes (Figure 2), however, 
the multilayer GA exhibited higher variation in species identities. 
Across the 1,000 iterations of the multilayer GA, a greater number 
of plant species present in at least one of the optimal mixes (n = 68) 
in comparison to the mean value for the bipartite subnetwork GAs 
(
‼

n = 26.7 ± 5.2 SE). As a result, each of the species was also present 
in a lower proportion of the optimal mixes (Figure 3).

3.4 | Assessing networks associated with plant 
species mixes

The ecological networks associated with the plant species mixes se-

lected by GAs exhibited a range of properties (Table 3). Generally, 
networks associated with the multilayer GA plant mix provided a 
well- connected and stable network of plants, pollinators, herbivores 
and parasitoids (Table 3; Figure 4). The multilayer plant mix network 
combines plants that are strongly associated with high species rich-

ness of a single taxonomic group (Figure 4). In comparison, the pol-
linator plant species mix selected plants that individually supported 
a high species richness of pollinators and also supported parasitoid 
and herbivore species richness.

4  | DISCUSSION

Managing agroecosystems to provide multiple ecosystem services 
is extremely challenging, but it is the overarching aim of many ag-

ricultural schemes. Here, using a network approach, we show that 
a series of trade- offs may exist when managing plant species to 
maximise ecosystem services and minimise ecosystem disservices 
in agricultural environments. Specifically, managing plant species to 
promote individual ecological processes (e.g. pollination) may lead 
to the unintended maximisation or minimisation of other functions, 
such as parasitism or herbivory. Through providing a computational 
framework for assessing the optimal plant species mixes for multiple 
ecosystem functions, we also highlight that simple solutions have the 
potential to provide effective management options. We showed the 
effectiveness and utility of these novel methods using an example 
dataset from organic farmland. In the case of a multilayer network 
from Norwood Farm (plants, pollinators, herbivores and parasitoids), 
selecting a mix of plant species that maximised the species richness 
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of pollinators also supported a high species richness of leaf- miner 
parasitoids (i.e. parasitism of pest insects), while supporting a rela-

tively low species richness of herbivores. The more complex method 
trialled here (multilayer GA), more effectively minimised the spe-

cies richness of herbivores, while not compromising the stability, 
robustness and connectance of the associated ecological networks. 
Acknowledging the limitations (see below), this provides a valuable 
new framework for arable land managers and policymakers, and as 
such we provide a user- friendly protocol for the implementation of 
the methods described in Appendix S3.

Trade- offs in ecosystem processes and services were apparent 
across an agricultural network. Similar trade- offs resulting from 
agricultural management have been previously shown by theoret-
ical models (Montoya et al., 2019), economic evaluations (Kragt & 
Robertson, 2014) and literature reviews (Power, 2010). Nevertheless, 
here we show direct empirical evidence demonstrating the potential 
trade- offs in ecosystem processes and services resulting from man-

agement decisions in agroecosystems. When managing agroecosys-

tems, it is therefore important to recognise that interventions may 
not have the desired or expected effects as a result of the trade- offs, 
synergies and other interactive effects present within ecological 
networks and their subsequent effects on ecosystem functioning. 
Moreover, merging species interaction networks (e.g. trophic and 
non- trophic) is crucial for understanding the potential effects of 
management on the structure and function of agroecosystems.

Here we provide a multilayer method for managing trade- offs 
in ecosystem functions and services/disservices. The approach pro-

vides a straightforward and intuitive way to select plant mixes which 
could be sewn or selectively maintained within the margins of arable 
fields. There are, nevertheless, a number of caveats of this study. 

Firstly, species interaction data and subsequent analyses were 
conducted at the farm scale (125 ha) which incorporates multiple 
habitats (see Pocock et al., 2012a). As a result, it is assumed that or-
ganisms interacting with the non- crop plants across all habitats are 
able to spillover into crop habitats. For the analysis of the Norwood 
Farm network, this assumption holds as there is a large mixture of 
different non- crop and crop habitats, most of which are juxtaposed 
with each other. Furthermore, many species within the network are 
generalists, observed across multiple habitats and interacting with a 
large number of other organisms. In the future studies, across more 
spatially isolated habitats, there would need to be care taken to iden-

tify those plant species that are in close enough proximity to provide 
spillover effects to proximal crops. Secondly, Norwood Farm is an 
organic farm with a mixture of cropped and non- cropped habitats. 
Thus, the abundance, diversity and importance of weed species and 
other non- crop plants within ecological networks may be enhanced 
as a result of the management techniques (Norton et al., 2009). 
Similar analyses carried out across non- organic farms may not sup-

port the findings above illustrating the importance of non- crop, 
weed plant species. It is therefore important to collect species inter-
action data across other agricultural habitats, especially when look-

ing to assess the effectiveness of management interventions (Gray 
et al., 2014). This can be achieved through a variety of methods from 
novel metabarcoding (Evans et al., 2016), inferring networks from 
existing datasets (e.g. Biological Records Centre Database of Insects 
and their Food plants https://www.brc.ac.uk/dbif/ and iSpot https://
www.ispot nature.org/) or directly observing interactions in the field. 
Thirdly, and perhaps most importantly, this study infers ecosystem 
service provision from species richness of organisms involved in key 
ecosystem processes (e.g. pollination). This is a valid assumption 

F I G U R E  2   Differences in species richness of (a) pollinators, (b) parasitoids and (c) herbivores between plant mixes from bipartite and 
multilayer genetic algorithms. Data in the violin plots are generated from 1,000 random simulations as described in Section 3.3. Images are 
from Phylopic.org CC- BY 2.0 [Colour figure can be viewed at wileyonlinelibrary.com]
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as in many cases diversity within functional groups, for example, 
plants, conveys a greater level of ecosystem functioning (see Isbell 
et al., 2017). Nevertheless, it is also apparent that the relationships 

between biodiversity and ecosystem functioning/services are highly 
variable (van der Plas, 2019). The method also does not account 
for a range of other important factors, such as trait distributions in 

F I G U R E  3   Plant species frequency in optimal mixes during sensitivity analyses (n = 1,000). The top 10 most frequently selected plant 
species for bipartite subnetwork genetic algorithms (GAs) (a) pollinator, (b) herbivore and (c) parasitoid as well as (d) the multilayer GA 
[Colour figure can be viewed at wileyonlinelibrary.com]

TA B L E  3   Properties of the species interaction networks associated with the single most optimal plant mixes from bipartite and multilayer 
genetic algorithms

Plant mix Mean degree (d)

Mean Katz 

centrality

Connectance 

(l/s2)

Species richness (s) Robustness (R
Q

)

Stability (S
b
)Poll Para Herb Poll Para Herb

Pollinator 2.75 1.65 0.011 194 45 6 0.50 0.38 0.29 12.05

Parasitoid 2.53 1.58 0.012 121 76 9 0.32 0.53 0.32 11.57

Herbivore 2.61 1.42 0.017 79 55 13 0.27 0.44 0.38 9.90

Multilayer 2.76 1.65 0.011 174 63 9 0.41 0.52 0.36 12.13
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plant mixes (e.g. flowering phenology, flower morphology and nec-

tar provision), which may influence the importance of plants and the 
extent to which they contribute to ecosystem services within the 
environment (Dormann et al., 2017). Future studies should thus look 
to combine network analyses with trait analyses and measures of 
ecosystem function or service provision to better understand the 
direct links between important species and trade- offs in ecosystem 
service provision in agroecosystems (Manning et al., 2019). Research 
around pests and beneficials provides a suitable starting point in 
agroecosystems as species interaction research surrounding these 
groups has long taken place in these environments.

Based on our findings, we recommend that landowners consider 
the use of high levels of biodiversity and off- crop management in 
the farms to ensure the delivery of provisioning ecosystem services 
(pollination and pest parasitism) and, consequently, reduce the costs 
inverted in pest control and herbivory of the crops. The next stage 
for this field of research is to test the accuracy of these predictions 
in other field scenarios by experimentation. Future studies should 
look to combine an initial assessment of plant importance within ag-

ricultural networks aimed at identifying non- crop plant species that 
should be promoted, with a secondary manipulation of plant abun-

dance either by planting or selective removal of non- target species. 
Such assessments would contribute further towards the develop-

ment of a predictive form of network ecology that can be used to 
inform decision- making and develop agroecosystems that support 
biodiversity as well as sustainable and productive food systems. In 
agricultural systems, this is a real possibility as network structure 
and complexity can be linked to plant reproductive success (seed 
set and quality)— data which are routinely collected for crops. We 

highlight how this can be implemented in different study systems in 
Appendix S3.

5  | CONCLUSIONS

Predictive network ecology appears an effective tool for identifying 
mixes of non- crop plant species that balance the trade- offs between 
ecosystem services (pollination and parasitism of pest insects) 
and disservices (herbivory) in agroecosystems. Here we develop a 
method able to select mixes of plant species that both maximise the 
species richness of pollinators and parasitoids, while minimising the 
species richness of herbivores. We show that ecological network ap-

proaches can be utilised at the heart of farm management and are 
ready to be developed and implemented in practice. More broadly, 
our study raises some interesting questions surrounding potential 
trade- offs associated with manipulating biodiversity in agroecosys-

tems to improve the provision of vital ecosystem services.

ACKNOWLEDG EMENTS
All authors were supported by funding from the Royal Society (Grant 
number: CHL\R1\180156). This research made use of the Rocket 
High Performance Computing service at Newcastle University. 
The authors thank James Kitson and Justin Byrne for guidance im-

plementing analyses on the Rocket High Performance Computing 
service.

CONFLIC T OF INTERE ST
The authors declare no conflict of interest.

F I G U R E  4   Examples of ecological networks associated with plant mixes. (a) Maximising pollinator species richness (bipartite network) 
and (b) maximising both pollinator and parasitoid species richness and minimising the species richness of herbivores (multilayer network) 
[Colour figure can be viewed at wileyonlinelibrary.com]



2780  |    Journal of Applied Ecology WINDSOR et al.

AUTHORS'  CONTRIBUTIONS
F.M.W. and D.M.E. conceived the ideas and designed the methodol-
ogy; F.M.W. analysed the data and led the writing of the manuscript. 
All authors contributed critically to the drafts and gave final approval 
for publication.

DATA AVAIL ABILIT Y STATEMENT
Data are previously published and available via the Dryad Digital 
Repository https://doi.org/10.5061/dryad.3s36r118 (Pocock 
et al., 2012b).

ORCID
Fredric M. Windsor  https://orcid.org/0000-0001-5030-3470 

Julia Tavella  https://orcid.org/0000-0002-5793-0191 

Débora C. Rother  https://orcid.org/0000-0002-3670-8372 

Rafael L. G. Raimundo  https://orcid.org/0000-0001-8166-3241 

Mariano Devoto  https://orcid.org/0000-0003-3098-236X 

Paulo R. Guimarães Jr.  https://orcid.org/0000-0001-9161-8305 

Darren M. Evans  https://orcid.org/0000-0003-4061-6726 

R E FE R E N C E S
Albert, R., Jeong, H., & Barabási, A. L. (2000). Error and attack toler-

ance of complex networks. Nature, 406, 378– 382. https://doi.
org/10.1038/35019019

Albrecht, M., Kleijn, D., Williams, N. M., Tschumi, M., Blaauw, B. R., 
Bommarco, R., Campbell, A. J., Dainese, M., Drummond, F. A., 
Entling, M. H., Ganser, D., Arjen de Groot, G., Goulson, D., Grab, 
H., Hamilton, H., Herzog, F., Isaacs, R., Jacot, K., Jeanneret, P., … 
Sutter, L. (2020). The effectiveness of flower strips and hedgerows 
on pest control, pollination services and crop yield: A quantitative 
synthesis. Ecology Letters, 23, 1488– 1498. https://doi.org/10.1111/
ele.13576

Anderson, B. J., Armsworth, P. R., Eigenbrod, F., Thomas, C. D., Gillings, 
S., Heinemeyer, A., Roy, D. B., & Gaston, K. J. (2009). Spatial co-

variance between biodiversity and other ecosystem service 
priorities. Journal of Applied Ecology, 46, 888– 896. https://doi.
org/10.1111/j.1365- 2664.2009.01666.x

Bane, M. S., Pocock, M. J. O., & James, R. (2018). Effects of model choice, 
network structure, and interaction strengths on knockout ex-

tinction models of ecological robustness. Ecology and Evolution, 8, 
10794– 10804. https://doi.org/10.1002/ece3.4529

Bascompte, J., & Stouffer, D. B. (2009). The assembly and disassembly of 
ecological networks. Philosophical Transactions of the Royal Society 

B: Biological Sciences, 364, 1781– 1787. https://doi.org/10.1098/
rstb.2008.0226

Bodelier, P. L. E. (2011). Toward understanding, managing, and protecting 
microbial ecosystems. Frontiers in Microbiology, 2, 80. https://doi.
org/10.3389/fmicb.2011.00080

Bohan, D. A., Raybould, A., Mulder, C., Woodward, G., Tamaddoni- 
Nezhad, A., Bluthgen, N., Pocock, M. J. O., Muggleton, S., Evans, 
D. M., Astegiano, J., Massol, F., Loeuille, N., Petit, S., & Macfadyen, 
S. (2013). Networking agroecology: Integrating the diversity of 
agroecosystem interactions. In G. Woodward, & D. A. Bohan (Eds.), 
Advances in ecological research (pp. 1– 67). Academic Press Inc.

Burgos, E., Ceva, H., Perazzo, R. P. J., Devoto, M., Medan, D., Zimmermann, 
M., & María Delbue, A. (2007). Why nestedness in mutualistic net-
works? Journal of Theoretical Biology, 249, 307– 313. https://doi.
org/10.1016/j.jtbi.2007.07.030

Carnell, R. (2020). lhs: Latin hypercube samples. R package version 1.1.1.

Csardi, G., & Nepusz, T. (2006). The igraph software package for complex 
network research. InterJournal Complex Syst, 1695, 1– 9.

Dainese, M., Montecchiari, S., Sitzia, T., Sigura, M., & Marini, L. (2016). 
High cover of hedgerows in the landscape supports multiple eco-

system services in Mediterranean cereal fields. Journal of Applied 

Ecology, 54, 380– 388. https://doi.org/10.1111/1365- 2664.12747
Derocles, S. A. P., Le Ralec, A., Besson, M. M., Maret, M., Walton, A., 

Evans, D. M., & Plantegenest, M. (2014). Molecular analysis re-

veals high compartmentalization in aphid- primary parasitoid net-
works and low parasitoid sharing between crop and noncrop hab-

itats. Molecular Ecology, 23, 3900– 3911. https://doi.org/10.1111/
mec.12701

Dormann, C. F., Fründ, J., & Schaefer, H. M. (2017). Identifying causes 
of patterns in ecological networks: Opportunities and limitations. 
Annual Review of Ecology Evolution and Systematics, 48, 559– 584. 
https://doi.org/10.1146/annur ev- ecols ys- 11031 6- 022928

Ebeling, A., Hines, J., Hertzog, L. R., Lange, M., Meyer, S. T., Simons, N. 
K., & Weisser, W. W. (2018). Plant diversity effects on arthropods 
and arthropod- dependent ecosystem functions in a biodiver-
sity experiment. Basic and Applied Ecology, 26, 50– 63. https://doi.
org/10.1016/j.baae.2017.09.014

Ebeling, A., Klein, A. M., Schumacher, J., Weisser, W. W., & Tscharntke, 
T. (2008). How does plant richness affect pollinator richness and 
temporal stability of flower visits? Oikos, 117, 1808– 1815. https://
doi.org/10.1111/j.1600- 0706.2008.16819.x

Ehrlich, P. R., & Harte, J. (2015). Opinion: To feed the world in 2050 will 
require a global revolution. Proceedings of the National Academy of 

Sciences of the United States of America, 112, 14743– 14744. https://
doi.org/10.1073/pnas.15198 41112

Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw, N. A., & Pocock, M. J. 
O. (2016). Merging DNA metabarcoding and ecological network 
analysis to understand and build resilient terrestrial ecosystems. 
Functional Ecology, 30, 1904– 1916.

Evans, D. M., Pocock, M. J. O., Brooks, J., & Memmott, J. (2011). Seeds 
in farmland food- webs: Resource importance, distribution and the 
impacts of farm management. Biological Conservation, 144, 2941– 
2950. https://doi.org/10.1016/j.biocon.2011.08.013

Evans, D. M., Pocock, M. J. O., & Memmott, J. (2013). The robustness of a 
network of ecological networks to habitat loss. Ecology Letters, 16, 
844– 852. https://doi.org/10.1111/ele.12117

Fontaine, C., Guimarães, P. R., Kéfi, S., Loeuille, N., Memmott, J., van 
der Putten, W. H., van Veen, F. J. F., & Thébault, E. (2011). The 
ecological and evolutionary implications of merging different 
types of networks. Ecology Letters, 14, 1170– 1181. https://doi.
org/10.1111/j.1461- 0248.2011.01688.x

Fort, H., Vázquez, D. P., & Lan, B. L. (2016). Abundance and generalisa-

tion in mutualistic networks: Solving the chicken- and- egg dilemma. 
Ecology Letters, 19, 4– 11. https://doi.org/10.1111/ele.12535

Garnett, T., Appleby, M. C., Balmford, A., Bateman, I. J., Benton, T. G., 
Bloomer, P., Burlingame, B., Dawkins, M., Dolan, L., Fraser, D., 
Herrero, M., Hoffmann, I., Smith, P., Thornton, P. K., Toulmin, C., 
Vermeulen, S. J., & Godfray, H. C. J. (2013). Sustainable intensifi-
cation in agriculture: Premises and policies. Science, 341, 33– 34. 
https://doi.org/10.1126/scien ce.1234485

Gray, C., Baird, D. J., Baumgartner, S., Jacob, U., Jenkins, G. B., O'Gorman, 
E. J., Lu, X., Ma, A., Pocock, M. J. O., Schuwirth, N., Thompson, M., 
& Woodward, G. (2014). Ecological networks: The missing links in 
biomonitoring science. Journal of Applied Ecology, 51, 1444– 1449.

Guimarães, P. R. (2020). The structure of ecological networks across 
levels of organization. Annual Review of Ecology, Evolution, and 

Systematics, 51, 433– 460.
Guimarães, P. R., Pires, M. M., Jordano, P., Bascompte, J., & Thompson, 

J. N. (2017). Indirect effects drive coevolution in mutualistic net-
works. Nature, 550, 511– 514. https://doi.org/10.1038/natur e24273



     |  2781Journal of Applied EcologyWINDSOR et al.

Haddad, N. M., Crutsinger, G. M., Gross, K., Haarstad, J., & Tilman, D. 
(2011). Plant diversity and the stability of foodwebs. Ecology Letters, 
14, 42– 46. https://doi.org/10.1111/j.1461- 0248.2010.01548.x

Haddaway, N. R., Brown, C., Eales, J., Eggers, S., Josefsson, J., Kronvang, 
B., Randall, N. P., & Uusi- Kämppä, J. (2018). The multifunctional 
roles of vegetated strips around and within agricultural fields. 
Environmental Evidence, 7, 14. https://doi.org/10.1186/s1375 
0- 018- 0126- 2

Holling, C. S. (1996). Engineering resilience versus ecological resilience. 
In P. C. Schulze (Ed.), Engineering within ecological constraints (pp. 
31– 44). National Academy Press.

Isaacs, R., Tuell, J., Fiedler, A., Gardiner, M., & Landis, D. (2009). 
Maximizing arthropod- mediated ecosystem services in agricultural 
landscapes: The role of native plants. Frontiers in Ecology and the 

Environment, 7, 196– 203. https://doi.org/10.1890/080035
Isbell, F., Adler, P. R., Eisenhauer, N., Fornara, D., Kimmel, K., Kremen, C., 

Letourneau, D. K., Liebman, M., Polley, H. W., Quijas, S., & Scherer- 
Lorenzen, M. (2017). Benefits of increasing plant diversity in sus-

tainable agroecosystems. Journal of Ecology, 105, 871– 879. https://
doi.org/10.1111/1365- 2745.12789

Jalili, M., Salehzadeh- Yazdi, A., Asgari, Y., Arab, S. S., Yaghmaie, M., 
Ghavamzadeh, A., & Alimoghaddam, K. (2015). CentiServer: A com-

prehensive resource, web- based application and R package for cen-

trality analysis. PLoS ONE, 10, e0143111. https://doi.org/10.1371/
journ al.pone.0143111

Katz, L. (1953). A new status index derived from sociometric analysis. 
Psychometrika, 18, 39– 43. https://doi.org/10.1007/BF022 89026

Kragt, M. E., & Robertson, M. J. (2014). Quantifying ecosystem services 
trade- offs from agricultural practices. Ecological Economics, 102, 
147– 157. https://doi.org/10.1016/j.ecole con.2014.04.001

Landis, D. A. (2017). Designing agricultural landscapes for biodiversity- 
based ecosystem services. Basic and Applied Ecology, 18, 1– 12. 
https://doi.org/10.1016/j.baae.2016.07.005

Manning, P., Loos, J., Barnes, A. D., Batáry, P., Bianchi, F. J. J. A., Buchmann, 
N., De Deyn, G. B., Ebeling, A., Eisenhauer, N., Fischer, M., Fründ, 
J., Grass, I., Isselstein, J., Jochum, M., Klein, A. M., Klingenberg, E. 
O. F., Landis, D. A., Lepš, J., Lindborg, R., … Tscharntke, T. (2019). 
Transferring biodiversity- ecosystem function research to the man-

agement of ‘real- world’ ecosystems. In N. Eisenhauer, D. A. Bohan, 
& A. J. Dumbrell (Eds.), Advances in ecological research (pp. 323– 
356). Academic Press Inc.

M'Gonigle, L. K., Williams, N. M., Lonsdorf, E., & Kremen, C. (2017). 
A tool for selecting plants when restoring habitat for pollinators. 
Conservation Letters, 10(1), 105– 111. https://doi.org/10.1111/
conl.12261

Montoya, D., Gaba, S., de Mazancourt, C., Bretagnolle, V., & Loreau, 
M. (2020). Reconciling biodiversity conservation, food produc-

tion and farmers' demand in agricultural landscapes. Ecological 

Modelling, 416, 108889. https://doi.org/10.1016/j.ecolm 
odel.2019.108889

Montoya, D., Haegeman, B., Gaba, S., Mazancourt, C., Bretagnolle, V., 
& Loreau, M. (2019). Trade- offs in the provisioning and stability of 
ecosystem services in agroecosystems. Ecological Applications, 29, 
e01853.

Moss, E. D., Evans, D. M., & Atkins, J. P. (2021). Investigating the impacts 
of climate change on ecosystem services in UK agro- ecosystems: 
An application of the DPSIR framework. Land Use Policy, 105, 
105394. https://doi.org/10.1016/j.landu sepol.2021.105394

Neutel, A. M., Heesterbeek, J. A. P., & De Ruiter, P. C. (2002). Stability in 
real food webs: Weak links in long loops. Science, 296, 1120– 1123. 
https://doi.org/10.1126/scien ce.1068326

Neutel, A.- M., Heesterbeek, J. A. P., van de Koppel, J., Hoenderboom, 
G., Vos, A. N., Kaldeway, C., Berendse, F., & de Ruiter, P. C. (2007). 
Reconciling complexity with stability in naturally assembling food 
webs. Nature, 449, 599– 602. https://doi.org/10.1038/natur e06154

Norton, L., Johnson, P., Joys, A., Stuart, R., Chamberlain, D., Feber, 
R., Firbank, L., Manley, W., Wolfe, M., Hart, B., Mathews, F., 
Macdonald, D., & Fuller, R. J. (2009). Consequences of organic 
and non- organic farming practices for field, farm and landscape 
complexity. Agriculture, Ecosystems & Environment, 129, 221– 227. 
https://doi.org/10.1016/j.agee.2008.09.002

Pocock, M. J. O., Evans, D. M., & Memmott, J. (2012a). The robustness 
and restoration of a network of ecological networks. Science, 335, 
973– 977. https://doi.org/10.1126/scien ce.1214915

Pocock, M. J. O., Evans, D. M., & Memmott, J. (2012b). Data from: The 
robustness and restoration of a network of ecological networks. 
Dryad Digital Repository, https://doi.org/10.5061/dryad.3s36r118

Pocock, M. J. O., Johnson, O., & Wasiuk, D. (2011). Succinctly assess-

ing the topological importance of species in flower- pollinator net-
works. Ecological Complexity, 8, 265– 272. https://doi.org/10.1016/j.
ecocom.2011.06.003

Power, A. G. (2010). Ecosystem services and agriculture: Tradeoffs and 
synergies. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 365, 2959– 2971. https://doi.org/10.1098/rstb.2010.0143
Pretty, J., Benton, T. G., Bharucha, Z. P., Dicks, L. V., Flora, C. B., Godfray, 

H. C. J., Goulson, D., Hartley, S., Lampkin, N., Morris, C., Pierzynski, 
G., Prasad, P. V. V., Reganold, J., Rockström, J., Smith, P., Thorne, P., 
& Wratten, S. (2018). Global assessment of agricultural system re-

design for sustainable intensification. Nature Sustainability, 1, 441– 
446. https://doi.org/10.1038/s4189 3- 018- 0114- 0

R Core Team. (2021). R: A Languages and Environment for Statistical 

Computing. R Foundation for Statistical Computing.
Raimundo, R. L. G., Guimarães, P. R., & Evans, D. M. (2018). Adaptive 

networks for restoration ecology. Trends in Ecology & Evolution, 33, 
664– 675. https://doi.org/10.1016/j.tree.2018.06.002

Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, 
M., & Rieseberg, L. H. (2018). Trends in global agricultural land use: 
Implications for environmental health and food security. Annual 

Review of Plant Biology, 69, 789– 815. https://doi.org/10.1146/annur 
ev- arpla nt- 04281 7- 040256

Šálek, M., Hula, V., Kipson, M., Daňková, R., Niedobová, J., & Gamero, 
A. (2018). Bringing diversity back to agriculture: Smaller fields 
and non- crop elements enhance biodiversity in intensively man-

aged arable farmlands. Ecological Indicators, 90, 65– 73. https://doi.
org/10.1016/j.ecoli nd.2018.03.001

Sauve, A. M. C., Thébault, E., Pocock, M. J. O., & Fontaine, C. (2015). 
How plants connect pollination and herbivory networks and their 
contribution to community stability. Ecology, 97, 908– 917. https://
doi.org/10.1890/15- 0132.1

Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W., 
Fischer, M., Schulze, E.- D., Roscher, C., Weigelt, A., Allan, E., 
Beßler, H., Bonkowski, M., Buchmann, N., Buscot, F., Clement, L. 
W., Ebeling, A., Engels, C., Halle, S., Kertscher, I., … Tscharntke, T. 
(2010). Bottom- up effects of plant diversity on multitrophic inter-
actions in a biodiversity experiment. Nature, 468, 553– 556. https://
doi.org/10.1038/natur e09492

Schuldt, A., Ebeling, A., Kunz, M., Staab, M., Guimarães- Steinicke, C., 
Bachmann, D., Buchmann, N., Durka, W., Fichtner, A., Fornoff, F., 
Härdtle, W., Hertzog, L. R., Klein, A.- M., Roscher, C., Schaller, J., 
von Oheimb, G., Weigelt, A., Weisser, W., Wirth, C., … Eisenhauer, 
N. (2019). Multiple plant diversity components drive consumer 
communities across ecosystems. Nature Communications, 10, 1– 11. 
https://doi.org/10.1038/s4146 7- 019- 09448 - 8

Skellern, M. P., & Cook, S. M. (2018). Prospects for improved off- 
crop habitat management for pollen beetle control in oilseed 
rape. Arthropod– plant Interactions, 12(6), 849– 866. https://doi.
org/10.1007/s1182 9- 018- 9598- 9

Stein, M. (1987). Large sample properties of simulations using latin 
hypercube sampling. Technometrics, 29, 143– 151. https://doi.
org/10.1080/00401 706.1987.10488205



2782  |    Journal of Applied Ecology WINDSOR et al.

Storkey, J., Döring, T., Baddeley, J., Collins, R., Roderick, S., Jones, H., & 
Watson, C. (2015). Engineering a plant community to deliver mul-
tiple ecosystem services. Ecological Applications, 25, 1034– 1043. 
https://doi.org/10.1890/14- 1605.1

van der Plas, F. (2019). Biodiversity and ecosystem functioning in nat-
urally assembled communities. Biological Reviews, 94, 1220– 1245. 
https://doi.org/10.1111/brv.12499

Vanbergen, A. J., Initiative the Insect Pollinators. (2013). Threats to an 
ecosystem service: Pressures on pollinators. Frontiers in Ecology and 

the Environment, 11(5), 251– 259. https://doi.org/10.1890/120126
Wan, N. F., Ji, X. Y., Deng, J. Y., Kiær, L. P., Cai, Y. M., & Jiang, J. X. (2019). 

Plant diversification promotes biocontrol services in peach or-
chards by shaping the ecological niches of insect herbivores and 
their natural enemies. Ecological Indicators, 99, 387– 392. https://
doi.org/10.1016/j.ecoli nd.2017.11.047

Wan, N.- F., Zheng, X.- R., Fu, L.- W., Kiær, L. P., Zhang, Z., Chaplin- Kramer, 
R., Dainese, M., Tan, J., Qiu, S.- Y., Hu, Y.- Q., Tian, W.- D., Nie, M., Ju, 
R.- T., Deng, J.- Y., Jiang, J.- X., Cai, Y.- M., & Li, B. O. (2020). Global 
synthesis of effects of plant species diversity on trophic groups and 
interactions. Nature Plants, 6, 503– 510. https://doi.org/10.1038/
s4147 7- 020- 0654- y

Zhang, W., Ricketts, T. H., Kremen, C., Carney, K., & Swinton, S. M. 
(2007). Ecosystem services and dis- services to agriculture. 
Ecological Economics, 64, 253– 260. https://doi.org/10.1016/j.ecole 
con.2007.02.024

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the 
Supporting Information section.

How to cite this article: Windsor, F. M., Tavella, J., Rother, D. 
C., Raimundo, R. L. G., Devoto, M., Guimarães, P. R. Jr., & 
Evans, D. M. (2021). Identifying plant mixes for multiple 
ecosystem service provision in agricultural systems using 
ecological networks. Journal of Applied Ecology, 58, 2770– 
2782. https://doi.org/10.1111/1365- 2664.14007


