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The push towards agricultural inten-
sification over the past several decades has 
resulted in simplified cropping systems and 
landscapes, as is highlighted by an increase 
in monocultures and a decrease in natural 
and semi-natural habitats in surrounding 
areas. This environmental simplification is 
generally found to result in compromised eco-
system services, such as decreased pollina-
tion, eroded soil nutrient and water supplies, 
and diminished pest control (Millennium 
Ecosystem Assessment 2005, Tscharntke 
et al. 2005, Foley et al. 2011). In terms of 
pest control, environmental simplification 
can decrease the abundance, diversity, or 
effectiveness of natural enemies of crop 
pests (Root 1973, Andow 1991, Perfecto et 
al. 2003, Bianchi et al. 2006, Vandermeer 
and Perfecto 2007, Letourneau et al. 2011), 
which may, in turn, push farmers to be more 
reliant on synthetic pesticides. In addition 
to causing environmental harm, this chemi-
cal-based pest control is vulnerable to losing 
its effectiveness through the development 
of pesticide resistance. These limitations, 
coupled with a growing demand for organic 
produce and increasing costs of synthetic 

inputs, have generated a large interest in 
controlling pests through biological control 
(Lewis et al. 1997, Landis et al. 2000, Simon 
et al. 2010).

Understanding how natural enemies 
are influenced by their environment is criti-
cal for developing strategies to augment the 
effectiveness of biological control services. To 
date, much research has shown that hetero-
geneity at both a local and landscape scale 
in agricultural areas commonly correlates 
with higher densities of natural enemies (for 
syntheses, see: Andow 1991, Bengtsson et al. 
2005, Bianchi et al. 2006, Letourneau et al. 
2011, Chaplin-Kramer et al. 2011), though 
a recent synthesis reveals the role of land-
scape heterogeneity to be mixed (Karp et al. 
2018). Despite these advances, the relative 
importance of local vs. landscape environ-
mental heterogeneity on natural enemies is 
not well understood. In the current review, 
we address this research gap.

The importance of landscape hetero-
geneity on biological control is evident in 
the literature, as the home range of many 
arthropod individuals extends far beyond 
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Abstract
Naturally occurring predator and parasitoid communities are well known to respond 

to multiple scales of environmental heterogeneity within and around agroecoystems, yet 
our understanding of which scales are most influential on different functional guilds of 
enemies is limited. Using vote-counting methodology, we synthesized the results from 40 
empirical studies that observed how natural enemy richness, diversity, or parasitism rate is 
affected by environmental heterogeneity at a local scale (e.g. a focal field), an intermediate 
scale (e.g. habitat in immediate proximity of a focal field), and landscape scale (e.g. habitat 
within >200 m radius around focal field). Heterogeneity at all scales was more commonly 
beneficial than antagonistic to natural enemies as a whole, where positive responses were 
always significantly larger than negative responses. However, when using a conservative 
approach of comparing the positive and ‘non-positive’ (combined neutral and negative re-
sponses), landscape heterogeneity was the only scale where positive responses significantly 
outweighed non-positive responses. The same trend held for natural enemy guilds; though 
all guilds had more positive than negative responses to all scales of heterogeneity, inter-
mediate and landscape scales were the only scales where any guild had significantly more 
positive than non-positive responses. These results suggest the importance of incorporating 
geographically large-scale strategies when seeking to conserve natural enemies and enhance 
or sustain conservation biological control services.
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the scale of a crop field (Tscharntke et al. 
2007, Rusch et al. 2010), and may reach 
up to several kilometers (Roschewitz et 
al. 2005). Studies investigating the role of 
landscape heterogeneity often focus on the 
habitat composition extending from a cou-
ple hundred meters to several kilometers 
beyond a focal field (e.g., percent of non-crop 
area within a given radius of a field). Many 
studies highlight the importance of providing 
natural, semi-natural, or perennial habitat 
that natural enemies can inhabit when 
conditions in the agricultural area make 
survival difficult (Thies and Tscharntke 
1999, Clough et al. 2005, Attwood et al. 2008, 
Rusch et al. 2010). These refuges—forests, 
hedgerows, field margins, fallows, meadows, 
or wetlands—may function as source habi-
tats for predator or parasitoid populations 
and provide alternative resources (e.g. prey, 
pollen, nectar), permanent vegetation for 
reproduction and overwintering, or protec-
tion during disturbances (Rusch et al. 2010, 
Morandin and Kremen 2013). Landscapes 
with more natural/semi-natural areas may 
also provide benefits in terms of connectivity, 
allowing organisms a conduit for migration 
(Benton et al. 2003).

Similarly, local (within-field) heteroge-
neity has repeatedly been shown to positively 
influence the natural enemy community in 
agroecosystems (Andow 1991, Simon et al. 
2010, Letourneau et al. 2011, Iverson et al. 
2014). Studies of local heterogeneity usually 
compare fields of different planned (e.g., crop 
species) or sometimes associated diversity 
(e.g. weeds). Many studies compare mono-
cultural to polycultural cropping systems. 
Two dominant theories are postulated to 
help explain why pest regulation in agro-
ecosystems often results from higher local 
floristic diversity: the resource concentration 
hypothesis and the natural enemies hypoth-
esis (Root 1973). The resource concentration 
hypothesis proposes that specialized herbi-
vores will be better able to persist in areas 
where their food source is concentrated (e.g., 
monocultures) compared to polycultures, 
where they will be less efficient at locating 
acceptable food plants. This phenomenon 
results from one or more different mecha-
nisms: (1) polycultures may cause chemical 
interference by collectively containing more 
plant volatiles which confuse or repel herbi-
vores relying on olfactory cues in their search 
for host plant species; (2) herbivores may be 
visually confused when navigating through 
multiple plant species to reach their host; (3) 
a difference in host quality between polycul-
ture and monoculture systems may result 
from changes in inter-plant competition; (4) 
the increased amount of non-host surface 
area in polycultures may inhibit herbivores 
through increasing search times for locating 

host plants; and (5) abiotic factors, such as 
differences in shade, humidity, wind, and 
mid-day temperatures between the two 
cultural practices (Andow 1991). Although 
these same mechanisms could also decrease 
the efficiency of natural enemies, evidence 
suggests natural enemies may not be as 
inhibited, and some even have enhanced 
search efficiencies in polycultures (Perfecto 
and Vet 2003).

The natural enemies hypothesis (Root 
1973) proposes that natural enemies will be 
present in higher numbers in more complex 
habitats via at least two mechanisms. First, 
complex habitats will likely host a greater 
diversity of prey due to a greater diversity of 
host plants and microhabitats. Second, com-
plex habitats offer other food resources, such 
as nectar and pollen, which are especially im-
portant for enemies (e.g., parasitoid wasps) 
whose different life stages require different 
foods. Both of these mechanisms result in 
increased temporal stability and availability 
of resources for the natural enemies.

The response of arthropods to envi-
ronmental simplification at different scales 
can vary by organism, and often depends 
on the organism’s trophic position and dis-
persal ability, which are often a function of 
body size (Tscharntke et al. 2005, Gabriel 
et al. 2010, Gonthier et al. 2014). Higher 
trophic-level organisms, and especially spe-
cialists (e.g., many parasitoids), are often 
more susceptible to habitat fragmentation 
than herbivorous pests (Kruess and Tschar-
ntke 2000, Tscharntke et al. 2005, Klein 
et al. 2006). Many parasitoids may also be 
particularly sensitive to local heterogeneity 
due to their often limited dispersal abilities 
and narrow host ranges (van Nouhuys 2005, 
Shaw 2006), whereas natural enemy species 
that have high dispersal potential, such as 
ballooning spiders, might be less influenced 
by local habitat heterogeneity and more in-
fluenced by landscape heterogeneity (Clough 
et al. 2005, Schmidt and Tscharntke 2005). 
Furthermore, the influence of heterogeneity 
may be highly context-dependent, where the 
interaction between local and landscape het-
erogeneity is important. For example, local 
heterogeneity can be more influential for 
organisms in simplified (e.g., high proportion 
of cropped area) rather than in complex land-
scapes, as simple landscapes may not have as 
many natural enemies dispersing into farms 
from the surrounding landscape, and farms 
in these landscapes thus benefit relatively 
more from local management improvements 
(Thies and Tscharntke 1999, Tscharntke 
et al. 2005, Gabriel et al. 2010, Geiger et 
al. 2010, Batáry et al. 2011, Winqvist et al. 
2011, Concepción et al. 2012, Tuck et al. 
2014). Relatedly, local heterogeneity may 
be particularly important in landscapes of 
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intermediate complexity where overly sim-
plified landscapes are not able to support a 
pool of natural enemies from which to draw 
(Tscharntke et al. 2005).

It is well established that environ-
mental heterogeneity at local and landscape 
scales is important for natural enemies, 
yet we do not have a clear understanding 
of which scale may be most commonly 
important among natural enemy guilds. 
Understanding the most influential scale for 
different organisms is critical for farmers, 
land managers, conservation practitioners, 
and policy makers in order to prioritize the 
scale of management that leads to the most 
effective and efficient biological control. In 
the present review, we provide a quantitative 
analysis based on a vote-counting methodol-
ogy of 40 studies to determine which scale of 
environmental heterogeneity is most influen-
tial for natural enemy diversity, abundance, 
and parasitism rate. We also explore wheth-
er the response to scale varies depending on 
the natural enemy functional guild.

Methods

Literature search and study se-
lection: To collect relevant studies, we 
reviewed the first 60 results from all cross-
field combinations of the following two fields 
in addition to the term “agroecosystem OR 
agriculture”: 1) local, landscape, manage-
ment, intensification or scale, and 2) natural 
enemies, predator, parasitoid, parasitism, 
biodiversity, biocontrol or biological control. 
For example, one query included the terms 
“agroecosystem OR agriculture” plus one 
term from group 1 (e.g. “local”) plus one 
term from group 2 (e.g. “natural enemies”). 
From these search results (N = 2100), we 
first eliminated studies that were clearly 
unrelated to the topic based on the title. We 
then read the abstracts and, if still deemed to 
be relevant, the full content of the remaining 
studies that were selected based on their 
title. From these, we included only studies 
that consisted of field experiments or surveys 
that investigated how natural enemy abun-
dance, richness, diversity, size/condition, or 
parasitism rate differed between agricultur-
al areas of differing management intensities 
at a local, intermediate, or landscape scale 
(for our categorization of scales, see below). 
We did not constrain by biogeographic re-
gion. Our search yielded a total of 40 studies 
(Kruess and Tscharntke 1994; Marino and 
Landis 1996; Murphy et al. 1996; Bommar-
co 1998; Elliott et al. 1998; Murphy et al. 
1998; Carmona and Landis 1999; Menalled 
et al. 1999; Thies and Tscharntke 1999; 
Kruess and Tscharntke 2000; Nicholls et 
al. 2001; Östman et al. 2001; Elliott et al. 
2002; Armbrecht and Perfecto 2003; Harmon 

et al. 2003; Kruess 2003; Menalled et al. 
2003; Thies et al. 2003; Weibull et al. 2003; 
Costamagna et al. 2004; Pfiffner and Wyss 
2004; Prasifka et al. 2004; Tylianakis et al. 
2004; Bianchi et al. 2005; Clough et al. 2005; 
Purtauf et al. 2005a, 2005b; Roschewitz et 
al. 2005; Schmidt and Tscharntke 2005; 
Schmidt et al. 2005; Thies et al. 2005; Gi-
anoli et al. 2006; Klein et al. 2006; Wilby 
et al. 2006; Aroga and Ambassa-Kiki 2007; 
Cai et al. 2007; Gardiner et al. 2009; Meyer 
et al. 2009; Thies and Tscharntke 2010). We 
conducted literature searches in Aug 2010.

Data compilation: We compiled the 
response of natural enemy diversity (in-
cluding species richness and other diversity 
metrics), such as Simpson’s and Shannon’s 
diversity indices, abundance, and parasitism 
rate to three scales of environmental hetero-
geneity (local, intermediate, landscape; see 
below). Multiple observations were possible 
within a given study. If a study assessed 
multiple metrics (e.g., both richness and 
abundance) for a single species or a single 
group, each metric was considered as a 
separate observation. If a study considered 
multiple scales, one observation (and only 
one) was recorded for each of the three scales 
per natural enemy metric. For example, if a 
study calculated landscape diversity at 1 km, 
2 km, and 3 km radii, all of which fit into our 
category of ‘landscape diversity’, we distilled 
the information into one observation. To do 
so, if the response to at least one scale was 
positive and there were no negative respons-
es, we recorded the observation as positive 
(and did the same for a negative response). 
If all responses were neutral or if there were 
discordant responses (positive and negative), 
we recorded the observation as neutral. We 
did the same if there were multiple mea-
sures of environmental heterogeneity at 
the same scale (e.g. percent non-crop area 
and landscape habitat diversity at 1km). If 
studies reported natural enemy responses for 
individual species and for larger groupings 
(e.g., by guild or for all natural enemies), we 
used the most inclusive grouping that was 
presented.

We grouped observations into three 
distinct environmental heterogeneity scales: 
local, intermediate, and landscape. Lo-
cal-scale heterogeneity was characterized 
by the within-field planned or associated 
diversity of plants. Most often, these studies 
compared monoculture to polyculture crop-
ping systems, but some included within-field 
weed diversity (Clough et al. 2005, Purtauf 
et al. 2005b, Roschewitz et al. 2005). We 
categorized intermediate-scale heteroge-
neity as structural diversity located in the 
immediate surroundings of a field. This cat-
egory included measures such as proximity 
to field edges, presence of refuge strips, or 
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field perimeter-to-area ratios. For example, 
fields with higher perimeter-to-area ratios 
had relatively more field margins per unit 
area and were considered more complex. 
Landscape-scale heterogeneity pertained to 
regions incorporating multiple fields and/or 
habitat patches or beyond (minimum 200 m 
radius but up to 6 km radius from sampling 
location). More heterogeneous landscapes 
had a greater diversity of habitat types or a 
larger proportion of semi-natural, natural, 
or non-crop area.

We then categorized the observations 
according to the functional guild of the 
natural enemy, permitting comparisons of 
the relative importance of environmental 
heterogeneity to different functional guilds. 
In one analysis, we coarsely divided the 
observations into parasitoids or predators. 
In another analysis, we further divided the 
predators into either ground-foraging species 
or plant-foraging species (Table 1, Appendix 
1). Although most species of natural enemies 
are capable of foraging on both the ground 
and on plants, we separated them by the 
habitat in which they spend the majority of 
their foraging time (if known), or by where 
they were captured in the study based on 
the capturing method, e.g. sweep netting 
vegetation vs. pitfall traps. Plant-foraging 
species included primarily enemies that 
are strong fliers (e.g., coccinellid beetles, 
pompilid and sphecid wasps, and most 
beneficial insects in the orders Neuroptera 
and Hemiptera) or species that are almost 
exclusively plant-dwelling (e.g., syrphid fly 
larvae). Ground-foraging species included 
primarily ground-foraging ants (Formici-
dae), ground-foraging beetles (Carabidae 
and Staphylinidae), and ground-dwelling 
spiders (Araneae). Although they are often 
plant-foragers too, spiders were grouped 
as ground-foraging because nearly all re-
searchers in our included studies collected 
these using pitfall traps (Harmon et al. 2003, 
Weibull et al. 2003, Pfiffner and Wyss 2004, 
Clough et al. 2005, Schmidt and Tscharntke 
2005). The category of parasitoids included 
several families of Hymenoptera and, to a 
lesser extent, Diptera.

Data analysis: Each observation was 
recorded as positive, negative, or neutral 
depending on whether natural enemy di-
versity, abundance, size, or parasitism rate 
significantly (p < 0.05) increased (positive), 
decreased (negative), or showed no signifi-
cant effect (neutral) in the more heteroge-
neous environment. Using these tallies, we 
calculated the effect on the natural enemy 
community of 1) environmental heteroge-
neity (all three scales combined), 2) scale of 
heterogeneity (each scale considered sepa-
rately), and 3) functional guild of natural 
enemy. Furthermore, we observed if the type 

of natural enemy metric (i.e., abundance, 
diversity, or parasitism rate) affected these 
outcomes. We grouped the metrics of species 
richness and diversity indices under the 
category ‘diversity’. Only two studies com-
pared the sizes or condition of the natural 
enemies (Bommarco 1998, Östman et al. 
2001); these observations were included in 
the ‘abundance’ category. For all analyses, 
we determined whether the observed fre-
quency of positive responses compared to 
the combined neutral and negative responses 
was significantly different (p < 0.05) from 
the expectation of a binomial distribution, 
where the probability of success was 0.5 for 
either outcome.

Results
Benefits of environmental het-

erogeneity: Overall effect and effect 
by scale: Our literature search yielded 40 
pertinent studies and 130 observations. 
Overall, we found that the number of positive 
responses (54.6% of observations) by natural 
enemies to a heterogeneous environment 
with all scales combined far outweighed the 
number of negative responses (3.8% of obser-
vations; Table 1, Fig. 1). However, the num-
ber of neutral responses was also relatively 
large (41.5% of all observations). The extent 
of the benefit of heterogeneity on natural 
enemies depended on the scale at which the 
heterogeneity was observed, and only at the 
landscape scale were the positive responses 
(61.9%) of natural enemies significantly 
larger than the combined neutral (34.9%) 
and negative responses (3.2%; Table 1, Fig. 
1). Intermediate-scale heterogeneity still had 
a majority (55.6%) of observations returning 
a positive response, while local-scale het-
erogeneity had the lowest percentage, with 
38.7% of total responses being positive (and 
58% neutral responses), though negative 
responses to local heterogeneity were still 
low (3%).

Effect by natural enemy guild: 
When we subdivided results by natural en-
emy guild, we found that positive outcomes 
from increased heterogeneity were also al-
ways much greater than negative outcomes 
for all guilds. However, the positive outcomes 
were only significantly greater than the 
combined neutral and negative effects for 
plant-foraging predators at intermediate 
and landscape scales and for parasitoids at 
a landscape scale (Table 1, Fig. 1). No guild 
showed a significantly positive response 
(compared to combined neutral and negative 
responses) at the local scale.

Effect by natural enemy metric: 
When the results were dissected according 
to the reporting metric (i.e., abundance, 
diversity, or parasitism rate), for all scales 
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combined and at each individual scale, again 
positive outcomes far outweighed negative 
outcomes. However, parasitism rate at a 
landscape scale was the only metric where 
positive outcomes (68.2%) were significantly 
higher than the combined neutral and neg-
ative outcomes, although species diversity 
was marginally significant (p = 0.055) at a 
landscape scale (Table 1).

Discussion

Overall response to environmental 
heterogeneity: We show that the natural 
enemy community consistently benefits from 
environmental heterogeneity, both within 
and around agroecosystems. In all scale 
and natural enemy functional guild catego-
ries, we observed a much greater number 

Table 1. Proportion positive, neutral, and negative responses of natural enemies, in-
cluding separate enemy guilds and metrics (diversity, abundance, parasitism rate), to 
increasing environmental heterogeneity.
   Positive  Neutral  Negative p* N
All scales combined     
All natural enemies combined 0.55 0.42 0.04 0.127 130
Parasitoids 0.58 0.40 0.02 0.084 53
Predators combined 0.52 0.43 0.05 0.324 77
    Ground-foraging predators 0.38 0.55 0.08 0.923 40
    Plant-foraging predators 0.67 0.30 0.03 0.018 33
Species diversitya 0.57 0.37 0.07 0.181 30
Species abundance 0.52 0.44 0.05 0.356 66
Parasitism rate 0.59 0.41 0.00 0.115 34
     
Landscape scaleb          
All natural enemies combined 0.62 0.35 0.03 0.021 63
Parasitoids 0.66 0.34 0.00 0.031 29
Predators combined 0.59 0.35 0.06 0.115 34
    Ground-foraging predators 0.47 0.47 0.07 0.500 15
    Plant-foraging predators 0.72 0.22 0.06 0.015 18
Species diversitya 0.70 0.20 0.10 0.055 10
Species abundance 0.55 0.42 0.03 0.237 31
Parasitism rate 0.68 0.32 0.00 0.026 22
     
Intermediate scale         
All natural enemies combined 0.56 0.39 0.06 0.203 36
Parasitoids 0.50 0.43 0.07 0.395 14
Predators combined 0.59 0.36 0.05 0.143 22
    Ground-foraging predators 0.42 0.50 0.08 0.613 12
    Plant-foraging predators 0.80 0.20 0.00 0.011 10
Species diversitya 0.60 0.30 0.10 0.172 10
Species abundance 0.58 0.37 0.05 0.180 19
Parasitism rate 0.43 0.57 0.00 0.500 7
     
Local scale         
All natural enemies combined 0.39 0.58 0.03 0.859 31
Parasitoids 0.50 0.50 0.00 0.377 10
Predators combined 0.33 0.62 0.05 0.905 21
    Ground-foraging predators 0.23 0.69 0.08 0.954 13
    Plant-foraging predators 0.20 0.80 0.00 0.813 5
Species diversitya 0.40 0.60 0.00 0.623 10
Species abundance 0.38 0.56 0.06 0.773 16
Parasitism rate 0.40 0.60 0.00 0.500 5
* Bold numbers indicate values where the frequency of positive responses compared to the combined 
neutral and negative responses was significantly different from a binomial distribution (p < 0.05).
aDiversity metric includes species richness and other diversity measures (e.g., Simpson’s and Shan-
non’s diversity indices).
bFor a definition of scales (landscape, intermediate, local), see ‘Methods’.
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of positive than negative responses, where 
positive responses on average outweighed 
negative responses by a factor of 14. These 
results corroborate the growing body of 
evidence showing beneficial responses of 
natural enemy communities to environ-
mental heterogeneity at local or landscape 
scales (Andow 1991, Langellotto and Denno 
2004, Bianchi et al. 2006, Poveda et al. 2008, 
Simon et al. 2010 Chaplin-Kramer et al. 
2011, Letourneau et al. 2011, Gonthier et 
al. 2014). Despite a clear pattern of positive 
responses outweighing negative responses, 
we also observed many neutral impacts of 
heterogeneity on the natural enemy commu-
nity, corroborating other studies which show 
mixed results and highlighting the ecologi-
cal complexities associated with assessing 
impacts of heterogeneity (Karp et al. 2018). 
Our results help to disentangle the varied 
responses of environmental heterogeneity 
by separately assessing the impact of three 
different scales of heterogeneity on different 
guilds of natural enemies.

Scales of heterogeneity: Although 
positive responses outweighed negative 
responses at all scales, beneficial effects 
were especially pronounced at landscape 
scales. These results suggest that broad-
scale heterogeneity is extremely valuable 

in maintaining natural enemy populations, 
supporting the idea that many arthropod 
species interact with their environment at 
a larger-than-local level (Thies and Tschar-
ntke 1999), with important implications 
regarding regional planning and manage-
ment processes. These results also provide 
support for a density-mediated mechanism 
(the enemies hypothesis), i.e., a top-down 
mechanism of herbivore control (Hairston 
et al. 1960). Here, natural enemies likely 
benefit from increased food and habitat re-
sources in non-crop areas surrounding farm 
fields. However, trait-mediated effects (the 
resource concentration hypothesis) often 
function simultaneously and complementari-
ly to the enemies hypothesis, and may still be 
an important factor in many of these studies.

Although the effects of local hetero-
geneity can often be as important as, or 
more important than, effects of landscape 
heterogeneity in agroecosystems (Puech et 
al. 2014), our results are consistent with 
the findings of other vote-count studies that 
have focused on single scales, where higher 
positive responses of natural enemies to 
environmental heterogeneity appear to be 
found at landscape scales. For instance, 
Bianchi et al. (2006) found that 74% of their 
observations showed a positive response to 

Figure 1. Percent of all observations returning a positive response of natural enemy abundance or 
diversity as a result of environmental heterogeneity at local, intermediate, and landscape scales, as 
well as at all scales combined. *Indicates cases where the frequency of positive responses compared to 
the combined neutral and negative responses was significantly different from a binomial distribution 
(P < 0.05).
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landscape heterogeneity, whereas studies 
of local heterogeneity showed (surprisingly 
consistent) positive responses barely to ex-
ceed 50% of all responses for natural enemies 
(52.7% in Andow 1991; 52% in Poveda et 
al. 2008; 53.3% in Simon et al. 2010). Our 
results are also consistent with recently 
reported declines in arthropod biodiversity 
in natural areas, where intensified land use 
(agricultural cover) at a landscape-scale, 
more so than local-scale variables, was a 
primary driver of declines in species abun-
dance and richness in grasslands (Seibold 
et al. 2019).

Arthropod guilds and environ-
mental heterogeneity: The positive 
responses to increased broad-scale het-
erogeneity observed in the parasitoid and 
especially plant-foraging predator commu-
nities may reflect their particular sensitiv-
ity to environmental disturbance at these 
scales. Parasitoids and many plant-foraging 
predators, such as syrphid flies, predatory 
wasps, and some predatory beetles, are 
reliant on alternative food sources, such as 
pollen and nectar, at some point in their 
life cycles (Langellotto and Denno 2004). 
Although some crops or weeds within crops 
may provide these resources, they are often 
most abundant in non-crop areas. Further-
more, the small size and high prevalence of 
prey specialization in parasitoids may also 
contribute to lower dispersal abilities and 
increased sensitivity to a simplified environ-
ment (Roland and Taylor 1997).

On the other hand, ground-foraging 
predators, such as ground spiders and ca-
rabid beetles, may be relatively less reliant 
on resources in non-crop habitat and more 
sensitive to soil management practices, such 
as tilling (Sharley et al. 2008), which could 
mask any differences in vegetation diversi-
ty or structure. Many of these species rely 
on stable soil habitats for protection (e.g., 
overwintering) or for oviposition (Rusch 
et al. 2010). For instance, Langellotto and 
Denno (2004) observed a large impact, 
especially on spiders, from enhancing the 
structural complexity of soil detritus. Other 
studies have shown that structural diver-
sity, rather than plant species diversity, in 
the landscape physically inhibits carabid 
movement between fields (Frampton et al. 
1995, Mauremooto et al. 1995). Additionally, 
some spiders are able to avoid size-dispersal 
limitations through long-distance windborne 
dispersal (ballooning), which may allow them 
to be less affected by intensively managed 
landscapes (Weyman et al. 2002).

When the metrics of parasitism rate, 
abundance, and diversity were considered 
independently, parasitism rate at a land-
scape scale was the only category where 

observations of enemies benefitting from 
heterogeneity were significantly more fre-
quent than the combined neutral and nega-
tive observations. These results may again 
reflect how the often small and specialized 
parasitoids may be particularly sensitive to 
environmental disturbance (see above).

Management implications: Our 
findings support the value of increasing 
environmental heterogeneity for promoting 
natural enemy presence in agroecosystems. 
Our results suggest that farmers can en-
hance their local natural enemy community 
through increases in within-field diversity 
(e.g., polycultures), but especially through 
improvements in broader-scale, and especial-
ly landscape-scale, heterogeneity. Although 
landscape-scale heterogeneity will often, 
but not always, apply beyond the scope of 
an individual farm, intermediate-scale en-
hancement may be provided, for example, 
by increasing the size of vegetated (not bare) 
field margins, decreasing the size of fields, 
or including vegetation strips (e.g., floral 
strips, beetle banks) within fields. These 
vegetation strips may be especially effective 
if specific plants that provide resources for 
natural enemies, but do not simultaneously 
attract pests, are included (Pfiffner and Wyss 
2004). Intentional set-aside conservation 
areas around crop fields need not trade-off 
with crop productivity, where benefits to 
yield from biocontrol may outweigh small 
losses in cultivated area (Pywell et al. 2015). 
Furthermore, vegetation strips or weedy 
field margins offer additional benefits, such 
as habitat for biodiversity, including polli-
nators, and erosion control (Wratten et al. 
2012, Morandin and Kremen 2013).

The benefit of landscape-scale het-
erogeneity emphasizes the importance of 
region-wide land management or collective, 
community-scale initiatives. Currently, 
many management suggestions that seek 
to enhance biological control have focused 
solely on increasing local diversity (Gurr et 
al. 2000). We suggest, therefore, that govern-
ment agencies and organizations should not 
only encourage farmers to make local-scale 
changes for biodiversity enhancement but 
should provide incentives for individual 
landholders and communities to make 
landscape-level management decisions that 
will positively impact biodiversity. Govern-
ment-supported or certification-based (sensu 
Tscharntke et al. 2014) economic incentives 
could play an important role in promoting 
landscape heterogeneity. Although planning 
at large geographic scales is challenging, 
additive effects are common, where the land-
use changes of individual farmers scale up 
to landscape-level effects (Holzschuh et al. 
2008, Gabriel et al. 2010).
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Our results suggest the importance 
of focusing management strategies on a 
particular pest or group of pests, as we show 
that the scale of management can have 
differential effects based on the natural 
enemy guild. For example, if the dominant 
pest spends all or part of its life cycle in the 
soil, ground-foraging predators, such as 
ground spiders and carabid beetles, may be 
the most effective biocontrol agents. As we 
show that these predators generally respond 
less to environmental heterogeneity and 
likely more to direct soil management, it 
may be important to vary a farm’s cultural 
techniques to optimize the survival and 
growth of the predators. However, caution 
must be exercised to avoid a “one-problem, 
one-species” approach, as it is clear that the 
consortium of natural enemies is important 
for biological control given the inherent 
complexities of food webs even in simplified 
agroecosystems (Altieri 1999, Tscharntke et 
al. 2007, Vandermeer et al. 2010).

Limitations and further research: 
Enhancements in the natural enemy com-
munity may not necessarily translate into 
enhanced crop health (Symondson et al. 
2002). However, although we did not include 
the effect of environmental heterogeneity on 
direct biocontrol, crop yield, or pest abun-
dance, other studies have shown that natural 
enemy species often respond more strongly 
to heterogeneity than do pest species (Lang-
ellotto and Denno 2004, Chaplin-Kramer 
et al. 2011). Similarly, Risch et al. (1983) 
showed in a review of 150 studies that her-
bivores respond in an opposite manner to 
local heterogeneity, where 53% of herbivore 
species were significantly less abundant on 
more diverse farms. These studies suggest 
that an improved natural enemy community 
often translates into improved crop health.

Further research is needed to clarify 
the complex ecological interactions that 
underpin effective biocontrol and the influ-
ence of spatial scale on these interactions. A 
growing number of studies highlight indirect 
effects, both density- and trait-mediated 
(Werner and Peacor 2003), and the potential 
effects of land management, as well as in-
trinsic (self-organized) factors, in structuring 
them (Vandermeer and Perfecto 2008, Hsieh 
et al. 2012, Liere et al. 2014). Furthermore, 
the high proportion of neutral responses of 
natural enemies to heterogeneity may reflect 
the large variance in response, indicating 
that we may not be considering the appropri-
ate metrics for understanding natural enemy 
distributions. The relatively high occurrence 
of neutral responses may also be reflective 
of the vote-counting method we employed, 
which is not sensitive to subtle effects.

Although mechanisms of local-level 
influences on natural enemies are better 
understood, mechanisms at a landscape 
scale are less clear, undoubtedly due to the 
difficulty of landscape-scale manipulation 
or comparison. To address this gap, we en-
courage research that characterizes the land-
scape in terms of traits or resources, rather 
than relying solely on coarse landscape met-
rics (e.g., non-crop area) (sensu Schellhorn 
et al. 2015). Additionally, research on bio-
control should report the dispersal abilities, 
if known, of each of the organisms studied, 
allowing for a clearer consensus on the role 
of dispersal in an organism’s sensitivity to 
environmental heterogeneity. 

Conclusions
The simplification of agricultural lands 

threatens the health of many ecosystems 
worldwide, impacting both humans and the 
biodiversity on which we depend (IAASTD 
2008, IPBES 2019). It is therefore critical 
to understand how we can implement agro-
ecosystems that provide important services, 
such as pest control, with an eye on reducing 
reliance on pesticides and other practices 
that simplify rather than diversify agricul-
ture. Boosting natural enemy populations 
through habitat enhancement is one way to 
achieve this goal. Our results suggest that 
environmental heterogeneity, especially at 
broader (i.e., intermediate and particularly 
landscape) scales, is important for increas-
ing the diversity and abundance of natural 
enemies. These findings highlight the impor-
tance of not only individual landowners, but 
also collective land management practices, 
in maximizing potential biocontrol services 
from natural enemies.
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