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1. It is widely recognized that landscape factors affect the biological control of weed
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seeds and insect pests in arable crops, but landscape effects have been found to
be inconsistent between studies.
2. Here, we compare six different types of sentinels (surrogate prey that was either live insects or seeds) to measure the effects of semi-natural habitats at field
to landscape scales on levels of biological control in winter wheat in the UK.
Sentinels were located in fields adjacent to three boundary types: grassy margin,
hedgerows or woodland to study the local scale effects and in landscapes of varying heterogeneity in study areas of 1-km radius.
3. Overall, mean levels of predation were higher for most insect prey (60.8%) located on the ground compared to the crop (12.2%) and was lower for seeds (5.8%).
Predation of sentinels on the ground was attributed to generalist predators.
Semi-natural habitats had both positive and negative effects at field and landscape scales, but the response varied with the sentinel type. Herbaceous linear
semi-natural habitats had positive effects at local scales for Calliphora vomitoria
and Sitobion avenae sentinels and provide evidence that farmers can introduce
linear herbaceous features to benefit biological control. In contrast, our distanceweighted kernel models identified a positive relationship between woody habitats
and the predation of C. vomitoria and Chenopodium album. Natural aphid infestations were lower in landscapes with more semi-natural habitat.
4. Synthesis and applications. Sentinels may be sensitive enough to detect variation
in levels of biological control influenced by semi-natural habitats, but this study
confirms that landscape effects differ for different types of sentinel prey. This
implies that it may not be possible to categorize landscapes as pest suppressive using a single sentinel type. Future studies should therefore consider using
multiple sentinels to give a better perspective on predation intensity. The resulting recommendations for farm management include planting woodland adjacent wheat fields infested with seed predators and positioning herbaceous linear
habitats adjacent wheat fields infested with Sitobion avenae, particularly if fields
are bordered by woody liner habitats due to their association with decreased
S. avenae predation.
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1 | I NTRO D U C TI O N

ability to detect local, landscape or distance-weighted effects of
SNH.

Farmed landscapes typically comprise fields interspersed with

Starting in 2013, the QuESSA project (http://www.quessa.eu/)

patches or strips of semi-natural habitat (SNH) including wood-

designed and used a range of sentinel systems to test whether the

land, grassland or herbaceous plants. These are usually man-

type and proportion of SNH from field to landscape scales was influ-

aged to some extent, either for their resources (e.g. woodland)

encing levels of biological control across Europe (Holland et al., 2014).

or to prevent field encroachment. SNHs provide resources that

Here we report on the findings for winter wheat based upon up to

can be utilized by natural enemies, for example, food, shelter

2 years data, for six different sentinel systems applied in the UK. The

and hibernation habitat, and it is thought that landscape man-

main invertebrate pests of winter wheat during summer in the UK are

agement may enhance the function of SNH such that biocontrol

dipteran pests (e.g. Sitodiplosis mosellana, family Cecidomyiidae) and

functions in agricultural landscapes are strengthened (Holland

cereal aphids (e.g. Sitobion avenae, Aphididae). Pest natural enemies

et al., 2016). Since the late 1990s, the value of SNHs to support

are most likely to exert control on diperteran pests when pupae are

pest natural enemies has been intensively studied (Griffiths,

within the soil, after pupation while they move through the soil to the

Holland, Bailey, & Thomas, 2008). The most widely investigated

surface, when adults are laying their eggs and when larvae complete

habitats are woodland, hedgerows and grassland as these are

feeding and travel to the soil surface to pupate (Holland & Thomas,

the predominant habitats in agricultural areas (Holland et al.,

2000). For cereal aphids, control occurs when feeding on the crop but

2017). Natural enemies may migrate from the SNH into the

also a large proportion of aphids regularly fall to the ground and are

adjacent crops after winter or later in the season while the

consequently vulnerable to ground predators (Winder, 1990). Weed

more mobile species (e.g. hoverflies, ladybirds) may disperse

seeds that are produced by weedy plants that escape herbicide con-

and colonize crops over larger distances, sometimes alternat-

trol can contribute to the seed bank but are consumed by natural ene-

ing betwen SNH and crops throughout the crop growing period

mies, especially carabid beetles (Trichard, Alignier, Biju-Duval, & Petit,

(Thorbek & Topping, 2005). Consequently, the level of natural

2013; Westerman et al., 2003). They are also consumed by rodents,

enemies within any field is a combination of local and landscape

molluscs, earthworms and birds (Cardina & Sparrow, 1996; Cromar,

scale effects (Tscharntke et al., 2012). Likewise, pest levels re-

Murphy, & Swanton, 1999). Therefore, both epigeal and crop active

flect local and landscape influences, as pests may also make use

invertebrate natural enemies are important in the control of pests in

of SNH during the time when crops are not available, the levels

cereal crops.

being further mitigated by natural enemies (Bianchi, Booij, &
Tscharntke, 2006).

When studying landscapes for their biocontrol potential, it
is important to take into account that enemies of one pest may

Despite the hypothesized contribution of natural enemies to

not be effective against another pest, while habitats that favour

pest control, there are few examples of studies which measure

a particular natural enemy may not be utilized by another one.

this. Of 142 publications that investigated the ecosystem service

Therefore, landscape effects could depend on the prey. Then,

‘pest control’, only 22% reported on the impact on pests (Holland

assessing biocontrol potential of landscapes can be helped using

et al., 2017). This may be for logistical or financial restrictions

a suite of potential prey rather than a single prey. Here, we test

imposed on studies, insufficient pests during the study or per-

whether it is indeed necessary to account for an effect of prey

ceived difficulties in isolating the impact of natural enemies

type on the effectiveness of landscapes in providing biocontrol

compared to other factors that can influence pest levels. One

services.

approach which overcomes these restrictions is to use surrogate

In this study, four sentinels representing insect prey, two rep-

prey items (sentinel systems) that aim to represent actual pests,

resenting weed seeds as well as naturally occuring cereal aphids

but whose abundance and location can be controlled within the

were evaluated to determine whether they are capable of detect-

field. A further advantage is that if standardized approaches are

ing the effects of SNH on biological control at local and landscape

developed they may be replicated between studies allowing for

scales. Additionally, we examine relationships with SNH using dis-

standardized data to be generated. A number of sentinel systems

tance weighting kernel models to assess at which distance SNH in

have been previously developed and tested to measure inver-

the landscape are affecting biocontrol. If different enemies, with

tebrate (Chisholm, Gardiner, Moon, & Crowder, 2014) and es-

different dispersal abilities, control different pest taxa and differ-

pecially weed seed predation (Westerman, Hofman, Vet, & van

ent habitats support those enemies, it should be expected that

der Werf, 2003), but the effectiveness of different methods has

such distance functions differ between pest taxa. We test this

rarely been evaluated (but see Zou et al., 2017) nor has their

hypothesis.
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2.1 | Study area

McHUGH et al.

non-focal field boundaries had to be at least 1.25 times the length of
the transect (i.e. 88.75 m).
All SNHs within a 1-km radius of the transect centres were digitized in Arc GIS V.10.5 (ESRI, 2011), using the Lambert Azimuthal

The study was conducted in 18 focal fields of winter wheat per year

Equal Area geo-referencing system. SNH present in landscape circles

surrounded by a 1-km radius landscape circle in the South East and

were mapped using the Customer Land Database (CLAD) and in-field

South West regions (counties Dorset and Hampshire) of the UK in

observations, SNH were then categorized as herbaceous linear, her-

2014 and 2015 (Figure 1). A 1-km radius was used because this was

baceous areal, woody linear, woody areal or fallow (land which has

the distance over which many previous studies had detected an in-

been plowed and left unseeded for at least one season). Areal habi-

fluence on biocontrol in cereal crops (e.g. Rusch et al., 2016). The

tats were defined as having a minimum width of 25 m, whereas lin-

area has a temperate climate, summers are warm and humid (Kottek,

ear habitats were between 1.5 and 25 m wide, both areal and linear

Grieser, Beck, Rudolf, & Rubel, 2006).

habitats were defined as having a minimum length of 50 m and min-

Due to crop rotation, focal fields sown with winter wheat in

imum surface area of 75 m2. Herbaceous habitats comprised <30%

2014 were put into a different crop in 2015 which prevented the

shrub/tree cover and include sown habitats, while woody habitats

use of the same focal fields and their surrounding landscape circles

had >30% shrub/tree cover. Total SNH was calculated as the sum of

in 2015. Between years, landscape circles were, however, selected

these habitats.

to be close together and are defined as landscape circle pairs. The
central point of landscape circle pairs was separated by a distance of
90 m to 3 km (M 1.15 ± 0.05 km).

2.2 | Sampling design

2.3 | Sentinel sampling
The sentinels were deployed on two occasions in June/July 2014
and 2015. They comprised Calliphora vomitoria larvae (Diptera:
Calliphoridae), Ephestia kuehniella eggs (Lepidoptera: Pyralidae),

A standardized QuESSA protocol was followed that examined the

Drosophila melanogaster pupae (Diptera: Drosophilidae, one round in

impact of three different boundary types (local effect) on sentinel

2014 only), Poa trivialis seeds (Poaceae) and Chenopodium album seeds

predation. From the 18 focal fields studied each year, six had a field

(Amaranthaceae), which were all located on the ground, and S. avenae

boundary for each of three categories: (a) herbaceous strip between

adults which were artificially attached to the crop (see below). Calliphora

fields (control), (b) woody linear habitat (hedgerow) or (c) woody areal

vomitoria larvae were pinned live to strips of 6-mm thick plastazote

habitat (woodland; Table S1). Within each field, sentinels were placed

(1 × 10 cm), 10 per strip. To mimic Lepidoptera egg-laying, E. kuehniella

at 2, 25, 48 and 71 m from the adjacent SNH, along two transects 10 m

egg masses were exposed on four corners (0.25 × 0.25 cm each) of

apart (Figure S1). To minimize the influence of the other field bounda-

dry-stick paper (1 × 2 cm; supplied by Oecos Ltd.). The percentage of

ries on transects, the distance between the end of the transects and

eggless surface on each corner of dry stick was then estimated in the

F I G U R E 1 Regional map of the UK showing the location of pairs of landscape circles within the South East and South West regions. Dark
grey landscape circles were used for experiments in 2014, whereas white landscape circles were used in 2015. Landscapes within each circle
were mapped, and removal of six different types of prey was measured in a focal field in each landscape
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laboratory using microscopes). For the seed sentinels, fine sandpaper

factors. Sampling occasion and year were included as either nested

(5 × 10 cm) was attached to plastazote of the same size to provide

random effects or fixed effects, depending on how the model

some rigidity (Westerman et al., 2003). In all, 20 seeds of each species

structure influenced model fit. Models with the lowest AIC were

were then attached to the sandpaper using M3 spray mount in two

selected provided they were not significantly overdispersed, which

blocks with a 5 × 4 arrangement. All other sentinels were attached to

was tested by calculating the sum of squared Pearson residuals and

dry-stick card which was then coated with fine sand to allow preda-

comparing it to the residual degrees of freedom (Table S3; Zuur &

tory insects to walk across the surface. In total, 10 D. melanogaster

Ieno, 2016).

pupae were attached to dry-stick card and placed on the ground. Ten

Count data (e.g. P. trivialis seeds) were analysed using the glmer

live adult wingless apterate cereal aphids S. avenae were attached to

function for generalized mixed effects linear regression with binomial

dry-stick card and two cards were stapled onto flag leaves at each

errors, while analyses of continuous response variables (percentage of

sampling point. Natural cereal infestation by aphids was assessed on

E. kuehniella eggs predated) were made using the lmer function from

25 tillers at each distance along one of the transects, on one occa-

the package

sion in 2014 and two occasions in 2015 when populations would be

structure (Bates, Maechler, Bolker, & Walker, 2015). The variable

lme4

for linear mixed effects models with normal error

peaking in both years. All sentinels placed on the ground were covered

E. kuehniella eggs was log(x + 1) transformed to normalize the data. The

with a metal cage (1 cm mesh) to prevent access by birds and rodents.

model of natural cereal infestation with aphids accounted for infested

Numbers of all sentinels, except for E. kuehniella, were counted when

and uninfested wheat ears, using binomial regression in glmer. Data

deployed (in case any were lost in transit) and on collection in the field.

on S. avenae, P. trivialis seeds and C. album seeds were zero-inflated,

Assessments were made after 24 hr for animal prey and 7 days for

59%, 74% and 72% of data points were zero, respectively, and the

seeds. Seed sentinels were left in the field for longer than animal prey

D. melanogaster pupae sentinels experienced 100% prey removal in

because they are not as perishable as live prey and previous studies

76% of cases. These response variables were modelled as binary data

recommend that sampling takes place after 2–14 days (Westerman

(presence or absence of predation). Data on C. vomitoria larval data

et al., 2003). Partially or totally consumed prey items were recoded

were analysed only for 2014 due to many missing data in 2015. The

as predated.

natural cereal infestation data showed bi-model inflation, it was therefore decided to use the binomial response variable number of tillers
infested, number of tillers not infested. The sampling design also re-

2.4 | Analysis

sulted in an unbalanced dataset (one sampling round in 2014 and two
in 2015) which led to convergence problems, despite testing different

Data exploration and analysis were conducted in

r

v.3.2.0 (R Core

Development Team, 2014). Dotplots together with histograms were

model optimizers; to overcome this, the first round of data collected in
2015 was excluded from analysis.

used to determine whether transformations of covariates were
necessary, and this resulted in rescaling the raw values of the SNH
subcategories and total SNH prior to analysis using the centring
function in the

arm

2.4.2 | Distance-weighted kernel models

package. Correlations between the rescaled

SNH subcategory variables were tested using Pearson correla-

GLMMs were also built to investigate the distance-weighted effect

tion coefficients and variance inflation factors (VIFs; Ieno & Zuur,

of herbaceous linear, herbaceous areal, woody linear and woody

2015). Pearson correlation coefficients showed that correlations

areal habitats on the predation of surrogate prey, where the dis-

were highest between woody areal and herbaceous areal habitats,

tance weighting was obtained from the 2Dt-distribution kernel with

giving intermediate values between 0.47 and 0.6 (Figures S2–S8);

two parameters, a length scale u in m, and a ‘degrees of freedom’ or

however, VIFs for all other variables were at acceptable levels (<3;

shape parameter ν. Parameters were fitted to the data by maximizing

Table S2); therefore, no variables were excluded from models.

the likelihood (Goedhart, Lof, Bianchi, Baveco, & van der Werf, 2018;
Miguet, Fahrig, & Lavigne, 2017).

2.4.1 | Adjacent and habitat area models
For each sentinel, two models were constructed, one containing
total SNH as an explanatory variable and a second composed of the
SNH subcategories—herbaceous linear, herbaceous areal, woody

(
)
)− 𝜈 + 1
Γ 𝜈 +2 1 (
2
1
1 r2
K2Dt (r) =
1+
.
)
(
2
2
𝜈
−
1
𝜈u
u 𝜋𝜈 Γ
2
The 2Dt-distribution is a flexible dispersal model, it can approximate a

linear and woody areal. Fallow habitats were infrequently recorded

thin tailed normal distribution (ν → ∞) as well as a fat tailed Cauchy dis-

and were therefore not included in models. All models accounted

tribution (ν → 1) enabling high prevalence of long-distance dispersal.

for local effects by including the adjacent SNH type and distance of

The kernel model directly used raster data from the landscape circle

sentinels from that SNH as fixed effects.

in 2014 and 2015 with cells of 2.5 by 2.5 m to ensure smaller land-

Landscape circle pair was included as a random factor in all

scape features were preserved. The results from the statistical model

models to account for potential variation associated with farm scale

(i.e. source strength of the SNH, and length scale of the kernel) can
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F I G U R E 2 Sentinel predation rates showing median (horizontal line), interquartile range (box), solid whisker extending to the upper
quartile plus 1.5 times the interquartile range or maximum value if smaller. Predation of Drosophila larvae was monitored in 2014 only. The
scatter depicts average predation rates in each landscape circle
therefore be directly used to map potential ecosystem service delivery
in the landscape.
Analysis focused on the response variables for predation of
C. vomitoria larvae (proportion predated and proportion that were not
predated), D. melanogaster pupae (presence or absence of predation),
E. kuehniella eggs (percentage predated), adult S. Avenae (presence or
absence of predation), P. trivialis seeds (presence or absence of predation) and C. album seeds (presence or absence of predation), and
natural cereal infestation (infested and uninfested wheat ears), using
the same error structure. As above, landscape circle pair was included
as a random factor in all models, whereas sampling occasion and year
were included as either nested random effects or fixed effects, depending on how the model structure influenced model fit. Adjacent
SNH were not included in the kernel models as this is accounted for
through the distance weighting of SNH over the whole landscape circle. Model fitting was conducted in r using a loop to optimize the scale
and shape parameters of the kernel model. The spatial scale parameter u was varied between 50 and 500 m with steps of 10 m while
the shape parameter was set at 25, since during all test simulations
this was the optimal value. For each spatial scale, the model statistics
(p values, Akaike's and information criteria [AIC] Bayesian information
criteria [BIC] and corrected AICc) were stored. Final model selection

F I G U R E 3 Boxplots of Calliphora vomitoria predation rates on
transects adjacent to herbaceous linear (HL), woody aereal (WA)
and woody linear (WL) semi-natural habitat. Boxplots present the
mean quartiles and interquartile range in the conventional style.
The scatter depicts the average proportion of C. vomitoria predated
on transects in each landscape circle

across all kernel-scale parameters was performed by ranking models
based on Akaike's information criterion (AIC). The kernel approach

87.1% (Table S4). Grassland occupied 14.1 ± 2.3% and 12.7 ± 2.5%

was applied using a tailor-made r script, separately for each sentinel.

of landscape circles in 2014 and 2015, respectively, with a minimum coverage of 0.03% and a maximum of 36.2%. The overall av-

3 | R E S U LT S

erage SNH landscape circle coverage was 17.1 ± 3.1% in 2014 and
14.1 ± 1.6% in 2015, with a minimum cover of 3.0% and a maximum
of 33.9%, of which woody areal typically occupied the largest area

In 2014 and 2015, across landscape circles, the M (±SE) percent-

(Table S4).

age cover of arable land was 60.0 ± 3.2% and 65.5 ± 3.2%, re-

Predation levels and distribution of the data varied consid-

spectively, with a minimum coverage of 42.8% and a maximum of

erably between the different sentinel systems with higher mean

TA B L E 1 Output of semi-natural habitats (SNH) types models.
Raw values of the SNH subcategories were standardized using the
centring function in the arm package. Estimated slopes (±SE), Wald
test (z value) or T test statistic (t value) and p value significance are
given
Estimate ± SE

z/t

0.13 ± 0.22

(Continued)
Estimate ± SE

z/t

p

WL adj.

0.11 ± 0.43

0.26

.79

0.26 ± 0.09

2.75

<.01

Intercept (HL adj.)

−2.80 ± 0.47

−6.01

.55

WA area

−0.86 ± 0.52

1.64

.10

−0.77 ± 0.38

−2.02

<.05

Chenopodium album

p

0.58

TA B L E 1
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Intercept (HL adj.)
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<.001

WA area

−1.09 ± 0.35

−3.08

<.01

WL area

WL area

−0.46 ± 0.23

−2.03

<.05

HA area

0.23 ± 0.40

0.58

.56

0.29 ± 0.39

0.76

.45

HA area

1.07 ± 0.34

3.13

<.01

HL area

HL area

−0.42 ± 0.25

−1.68

.09

WA adj.

1.78 ± 0.52

3.41

<.001

−0.16 ± 0.37

−0.43

.67

WA adj.

−0.31 ± 0.28

−1.09

.27

WL adj.

WL adj.

−0.77 ± 0.34

−2.23

<.05

Distance

0.25 ± 0.09

2.76

<.01

<.01

Round 2

−0.49 ± 0.21

−2.40

<.05

1.38 ± 0.24

5.62

<.001

Distance

0.10 ± 0.04

2.54

Year 2015

Drosophila melanogaster
Intercept (HL adj.)
WA area

Natural cereal infestation

0.97 ± 0.66

1.47

.14

−1.46 ± 0.91

−1.61

.11

Intercept (HL adj.)

−2.08 ± 0.26

−7.91

<.001

−0.18 ± 0.35

−0.52

.61

WL area

0.23 ± 0.51

0.45

.65

WA area

HA area

2.18 ± 0.96

2.28

<.05

WL area

0.35 ± 0.29

1.20

.32

−0.51 ± 0.32

−1.59

.11

HL area

0.74 ± 0.58

1.28

.20

HA area

WA adj.

−0.42 ± 0.65

−0.65

.52

HL area

−0.49 ± 0.39

−1.27

.21

−0.09 ± 0.38

−0.23

.82

WL adj.

−1.08 ± 0.83

−1.23

.19

WA adj.

Distance

0.37 ± 0.19

1.93

<.05

WL adj.

1.74 ± 1.14

1.53

.13

Distance

−0.03 ± 0.04

−0.74

.46

Ephestia kuehniella
3.87e+00 ± 2.54e−01

15.22

<.001

WA area

1.78

e−01

0.49

.64

WL area

9.21e−02 ± 3.00 e−01

0.31

.76

HA area

−1.48e−01 ± 3.44e−01

−0.43

.67

HL area

−3.25e−02 ± 3.24e−01

−0.10

.92

WA adj.

−3.91e−01 ± 3.83e−01

−1.02

.32

WL adj.

−1.10 e−01 ± 3.74e−01

−0.24

.77

Distance

−4.45e−03 ± 1.58e−02

0.28

.78

Intercept (HL adj.)

e−01

± 3.80

Sitobion avenae

Abbreviations: adj., adjacent; HA, herbaceous areal; HL, herbaceous
linear; WA, woody areal; WL, woody linear.
Significant effects are highlighted in bold.

predation for C. vomitoria larvae (M ± SE; 52.8 ± 2.1%), E. kuehniella
eggs (63.2 ± 1.5%) and D. melanogaster pupae (36.8 ± 3.0%) on the
ground, but low levels for S. avenae (12.2 ± 0.7%) and with even
lower levels for the seeds, C. album seeds (7.6 ± 0.9%) and P. trivialis
seeds (4.0 ± 0.5%) on the ground (Figure 2).

Intercept (HL adj.)

−0.00 ± 0.27

−0.01

.99

WA area

−0.20 ± 0.35

−0.58

.56

WL area

−0.46 ± 0.27

−1.68

.09

HA area

−0.13 ± 0.32

−0.40

.69

Few effects of the adjacent SNH were found except that preda-

HL area

0.62 ± 0.29

2.10

<.05

tion of C. vomitoria larvae (individual SNH model) was almost twice

WA adj.

−0.01 ± 0.35

−0.03

.98

as high in fields bordered by herbaceous linear compared to woody

WL adj.

−0.30 ± 0.34

−0.86

.39

Distance

−0.14 ± 0.06

−2.29

<.05

Intercept (HL adj.)

−2.19 ± 0.41

−5.41

<.001

WA area

−0.29 ± 0.49

−0.59

.55

WL area

−0.04 ± 0.34

−0.11

.91

HA area

−0.56 ± 0.39

−1.40

.16

individual SNH models (p < .01 all four models) increased with dis-

HL area

−0.14 ± 0.38

−0.36

.72

tance from the adjacent SNH. In contrast, predation of the sentinel

WA adj.

0.68 ± 0.47

1.46

.15

S. avenae (total and individual SNH models p < .05) decreased with

Poa trivialis

(Continues)

3.1 | Effects of adjacent habitats and habitat area

linear habitats (p < .05; Figure 3; Table 1). Chenopodium album seed
predation (both models) was higher on transects adjacent to woody
areal compared to herbaceous linear habitats (p < .001 both models;
Tables 1 and 2).
Predation of C. vomitoria larvae (total and individual SNH models; p ≤ .01 both models), D. melanogaster (individual SNH model;
p < .05), and P. trivialis and C. album seed predation in total SNH and

distance from the adjacent SNH (Tables 1 and 2).
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TA B L E 2 Output of total semi-natural habitat (SNH) models.
Raw values of the SNH were standardized using the centring
function in the arm package. The estimated slope (±SE), Wald test
statistic (z value) or T test statistic (t value) and p value significance
are given. (notation as in Table 1)
Estimate ± SE

z/t-val.

p

Calliphora vomitoria
Intercept (HL adj.)

0.06 ± 0.29

0.22

.83

−0.46 ± 0.33

−1.42

.16

WA adj.

−0.42 ± 0.39

−1.08

.28

WL adj.

−0.44 ± 0.38

−1.14

.25

0.09 ± 0.04

2.51

.01

0.54 ± 0.67

0.80

.42

SNH area

Distance
Drosophila melanogaster
Intercept (HL adj.)
SNH area

0.37 ± 0.63

0.59

.55

WA adj.

−0.57 ± 0.72

−0.80

.42

WL adj.

0.27 ± 0.72

1.91

.71

Distance

0.37 ± 0.19

1.91

.06

Intercept (HL adj.)

3.86e+00 ± 2.41e−01

15.97

<.001

SNH area

2.56e+02 ± 2.87e−01

0.89

−.93

WA adj.

−3.20

e−01

−0.91

.37

WL adj.

−1.43e−01 ± 3.31e−01

−0.43

.67

Distance

4.45e−03 ± 1.58e−02

0.28

.78

Ephestia kuehniella

e−01

± 3.50

Sitobion avenae

F I G U R E 4 Relationship between incidence of cereal aphids
and the proportion of semi-natural habitats (SNH) present in
landscape circles. The regression line is indicated in blue with its
95% confidence interval in light grey

The proportion of herbaceous areal habitat in landscape circles
had a positive effect on the level of predation on C. vomitoria larvae
and D. melanogaster pupae (p < .01 both models; Table 1). On the
other hand, the proportion of woody linear habitat had a negative

Intercept (HL adj.)

−0.21 ± 0.29

−0.72

.47

SNH area

−0.06 ± 0.30

−0.20

.84

WA adj.

−0.11 ± 0.36

−0.31

.76

WL adj.

−0.09 ± 0.34

−0.27

.79

Distance

−0.13 ± 0.06

−2.26

<.05

Intercept (HL adj.)

−2.24 ± 0.41

−5.43

<.001

SNH area

−0.76 ± 0.43

−1.76

.07

WA adj.

0.85 ± 0.46

1.86

.06

WL adj.

0.09 ± 0.42

0.21

.84

Distance

0.26 ± 0.09

2.75

<.01

3.2 | Effects of distance-weighted SNH

Intercept (HL adj.)

−2.65 ± 0.45

−5.85

<.001

Distance-weighted woody areal habitats had a positive effect

SNH area

−0.60 ± 0.46

−1.30

.19

on C. vomitoria larvae predation and C. album seed predation;

WA adj.

1.64 ± 0.49

3.35

<.001

however, for C. album, increased seed predation was mainly

WL adj.

−0.22 ± 0.38

−0.58

.56

found on a short scale (close to the woody areas), whereas for

Distance

0.26 ± 0.09

2.76

<.01

Round 2

−0.50 ± 0.21

−2.41

<.05

1.23 ± 0.22

5.55

<.001

Intercept (HL adj.)

−2.13 ± 0.27

−7.81

<.001

SNH area

−0.69 ± 0.32

−2.13

<.05

WA adj.

0.13 ± 0.37

0.36

.72

WL adj.

1.01 ± 0.84

1.21

.23

−0.03 ± 0.04

−0.73

.46

Poa trivialis

effect on C. vomitoria larvae and C. album seed predation (p < .05
both models; Table 1). Similarly, woody areal habitats had a negative effect on C. vomitoria larvae predation. Herbaceous linear habitats had a positive impact on S. avenae sentinel predation (p < .05;
Table 1). The total area of SNH in the landscape circle had a negative
effect on natural cereal aphid infestations; in other words, landscape
circles with more SNH led to fewer aphids in wheat (<0.05; Table 2;
Figure 4).

Chenopodium album

Year 2015
Natural cereal infestation

Distance

Significant effects are highlighted in bold.

C. vomitoria increased larvae predation was found on a large scale
(affecting the whole landscape circle; Table 3). Two SNH types
affected predation of live S. avenae, herbaceous linear habitat in
the landscape increased predation, while woody linear habitat
in the landscape reduced it (Table 3; Figure 5). Herbaceous areal
habitats had a positive effect on predation of D. melanogaster
pupae but also had a significant effect on natural cereal aphid
infestation, landscape circles with more herbaceous areal habitat coverage led to higher aphid infestations (Table 3; Figure 5).
Indicating there is a trade-off between increased pest control
on the one hand (service) and increased infestation with aphids
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TA B L E 3 Key habitats that affected predation rates on sentinel prey and natural cereal aphid infestations. Habitats marked in green
increase predation rate (service), habitats marked in red decrease predation rate (disservice) or increase infestation rate (disservice). u is
the spatial scale parameter of the 2Dt-distribution kernel (Section 2.4.2). Estimates are given at the logit scale. The intercept sets the base
level of predation, a negative value would result in predation rates between 0 and 0.5, zero would result in a predation rate of exactly 0.5
(50% predation), and positive values would result in predation rates bigger than 0.5 (up to 1). Negative effect sizes (of either the SNH or the
distance) lower the predation/natural infestation rates, whereas positive effect sizes increase the predation rates/natural infestation rate.
NA denotes that the effect could not be estimated as there were data for only one sampling occasion or 1 year
Sentinel

u (m)

AIC

Calliphora vomitoria

500

1,076.5

Intercept

SNH

Distance

Sampling occasion

Year

NA

Woody areal

Estimate (SE)

−0.27 (0.33)

0.25 (0.13)

0.09 (0.04)

−0.29 (0.08)

p value

.42

=.05

<.05

<.001

0.27 (0.58)

0.59 (0.25)

0.37 (0.19)

NA

NA

<.05

.055
Random effect

Random effect

Random effect

Random effect

Random effect

Random effect

0.41 (0.12)

Random effect

Drosophila melanogaster

430

152.3

Estimate (SE)
p value
Sitobion avenae

Herbaceous areal
.64

120

1,366.5

Woody linear

Estimate (SE)

0.48 (0.28)

−0.30 (0.13)

−0.14 (0.06)

p value

.0876

<.05

<.05

0.22 (0.25)

0.21 (0.09)

0.14 (0.06)

<.05

.05

S. avenae

50

1,365.8

Estimate (SE)
p value
Chenopodium album

Herbaceous linear
.39

50

605.3

Woody areal

Estimate (SE)

−2.54 (0.45)

0.17 (0.07)

0.27 (0.09)

p value

<.0001

<.01

.00407

Estimate (SE)

−2.98 (0.11)

0.12 (0.05)

p value

<.0001

<.01

Natural cereal infestation

50

939.2

Herbaceous areal
NS

<.001

(disservice). Again, there was a difference in the length scale at

Predation of insect prey sentinels on the ground was consider-

which the effect occurred, the negative effect on natural ce-

ably higher for those on the crop or for those comprised of seeds.

real infestation was on a short scale (more infestation close to

Occasional observations of predators on the sentinels and use of

the herbaceous areas), while the positive effect on predation on

cameras in the UK and by other project partners revealed that the

D. melanogaster pupea was on a large scale, that is, increased

carnivorous and granivorous predators responsible were usually

predation in the whole landscape circle (Figure 5).

Carabidae, Staphylinidae and Araneae. Slugs were also observed,
especially on the E. kuehniella eggs. Ground sentinels were therefore

4 | D I S CU S S I O N

most likely measuring opportunistic predation events by generalist
predators rather than pest-specific ones. Such predation contributes
to biological control, especially for cereal aphids which frequently

In the study presented here, we provide a unique assessment of

fall off the crop (Winder, 1990) and for those pests that drop to the

the consistency of the effects of semi-natural habitats on six dif-

ground to pupate in the soil (e.g. dipteran pests; Holland & Thomas,

ferent prey sentinels across a landscape gradient. All sentinels

2000). Identifying the natural enemies responsible is essential if

under investigation were predated to some extent, demonstrating

SNH management prescriptions targeted at specific taxa are to be

that there is potential for biological control in wheat crops, but

developed and video analysis offers a relatively simple way of con-

there was considerable variation in predation rates both between

firming this (Zou et al., 2017).

the different types of sentinels and between landscape circles.

For the sentinels on the crop, mean levels of predation were

With all sentinels, there was sometimes 100% prey removal in-

only 12.2%. It is possible that the aphid sentinel used here under-

dicating high potential for biological control. Predation and land-

estimated control by their most important and effective predators,

scape effects differed depending on the type of sentinel used

flying natural enemies which largely comprise predatory Diptera,

because landscape will affect different trophic and functional

Coleoptera and Linyphiidae (Araneae; Holland et al., 2012). We

groups of invertebrate natural enemies differently (e.g. Lucas &

offer some possible explanations for this. For aphid sentinels, con-

Maisonhaute, 2015; Maisonhaute & Lucas, 2011; Purtauf, Dauber,

trol is typically provided by pest-specific natural enemies using

& Wolters, 2005).

chemical cues to detect colonies, such as honeydew (Carter &
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Dixon, 1984), although hoverfly larvae detected aphids even when
crushed (Francis, Martin, Lognay, & Haubruge, 2005). As the aphids
attached to dry-stick cards were not feeding, this cue would be
missing. In addition, the natural enemies may require a minimum
colony size for detection. The natural enemies may have also been
discouraged by the cards themselves. Zou et al. (2017) found when
using brown plant hoppers (Nilopervata lugens) as a sentinel in rice
that live hoppers gave different rates of predation than immobilized hoppers. Furthermore, camera observations showed that different groups of carnivores attacked the dead, live immobile and
live mobile prey (Zou et al., 2017). Despite the caveats however,
sentinels remain a useful method for measuring biological control.
There were relatively few effects of the adjacent habitat, but if
they occurred they were both positive and negative depending on
the sentinel and habitat type. If the adjacent boundary was an herbaceous linear strip, then greater predation of C. vomitoria larvae occurred compared to where there was a woody linear habitat. Similarly,
predation of S. Avenae sentinels increased in landscape circles with
high herbaceous linear habitat coverage and our distance-weighted
model showed that this effect was significant at a short length scale;
therefore, herbaceous linear habitats are most likely to benefit biocontrol of S. Avenae when located adjacent infested areas, this may
be particularly important if fields are bordered by woody liner habitats as they were associated with decreased S. Avenae predation.
These results provide further evidence that farmers can introduce
linear herbaceous features to benefit biological control, the mechanism being that many species of Carabidae and Staphylinidae overwinter under tussock forming grasses (Sotherton, 1984) and higher
densities are more likely to occur in herbaceous linear habitats than
hedgerow (Griffiths, Winder, Holland, Thomas, & Williams, 2007). In
the spring, these beetles migrate into the crops (Collins, Boatman,
Wilcox, & Holland, 2002; Coombes & Sotherton, 1986) and, if these
were responsible for sentinel predation, it may explain the differences. In contrast, predation of C. album seeds was higher next to
woodland compared to herbaceous linear strips, which may mean
that woodland supports more spermophagous beetles that spill-over
into the crop or that woodland is a less attractive habitat for field
overwintering species. The recommendation for farmers suffering
from infestations of seed predators, and wishing to improve biocontrol, would be to plant up woodland adjacent to problem fields.
The mean levels of seed predation were very low (4% or 7%)
compared to that of the insect prey despite being left out for longer.
Carabid beetles are the most likely predators in arable crops, but
F I G U R E 5 Spatial effect of herbaceous areal habitats on
(a) natural infestation by cereal aphids (fraction infested) and
(b) predation of Drosophila melanogaster pupea (fraction predated).
Black contours mark borders of annual crop fields. Fraction infested
and fraction predated are calculated with 2Dt-distribution kernel in
Section 2.4.2 parameterized with the values for the optimal model
presented in Table 3. The scales on the right-hand side of (a) and
(b) are the predicted predation rates in the landscape, ranging
from 0 to 1 (0%–100% predation), based on the distribution of
herbaceous areal habitats in the landscape. Panel (c) depicts the
main habitats in the 1-km landscape circle

only a few species are capable of consuming seeds and typically are
less abundant than more generalist species (Tooley & Brust, 2002).
However, higher levels were found in some landscape circles reflecting landscape scale variation in species composition (Jonason, Smith,
Bengtsson, & Birkhofer, 2013). Such heterogeneity may reflect
movement to more favourable crops, such as oilseed rape which has
higher seed abundance. Indeed, positive relationships have been
found between carabid abundance and landscapes with more grassland and oilseed rape (Trichard et al., 2013). Seeds are predated by a
wider range of organisms than insects (Westerman et al., 2003), but
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in this study the mostly likely candidates were field overwintering

useful to know whether general predation is occuring or if pest-spe-

beetles since seeds were more likely to be predated with increasing

cific natural enemies are responsible, as these may be more effective

distance from the field edge. This pattern of predation was also re-

at preventing outbreaks. Finally, it would be advantageous when de-

corded in C. vomitoria and D. melanogaster larvae sentinels.

veloping sentinels to operate them in conjunction with other meas-

One-kilometre landscape scale analysis of C. vomitoria larvae and

ures of pest infestation levels or measurement of biocontrol (e.g.

D. melanogaster pupae showed that high coverage of herbaceous

exclusion cages) to validate the sentinel (Chisholm et al., 2014) which

areal habitats would benefit farming by enhancing biocontrol. When

may also permit scores of biocontrol level to be generated.

natural cereal aphid infestations were measured, no effects of adjacent habitats were identified; however, kernel analysis revealed that
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