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A B S T R A C T

A highly advocated approach to enhance pest control by indigenous predators is to add or maintain appropriate
non-crop plant habitats in agrosystems. Although the addition of non-crop plant habitats can enhance the
number of predators in crop by increasing their food resources or shelter, the effect is often insufficient to reduce
pest abundance or damage. A number of explanations were identified in previous studies; the ability of such
habitats to enhance predators, in particular, is affected by the spatial organisation of the habitats at the land-
scape level. Here, we explore how intra-plot spatial patterns of non-crop habitats affect the per-capita predator
effect on pest control. We use a spatially explicit and individual-based model to simulate the foraging movements
of an earwig-like predator in a banana field. Predator movements within a day were based on a simple non-
specific behavioural assumption: movement is a correlated random walk affected by habitats and edges.
Population dynamic processes occurring at larger time or spatial scales, such as reproduction and immigration,
were not considered. In this model, non-crop habitats added to plots were considered favourable to predators:
movements were slower and more sinuous in non-crop habitat than in unfavourable habitats. The intra-plot
spatial patterns of the non-crop habitat were built and characterised using landscape ecology concepts and
metrics. We found that the per-capita predator effect was strongly affected by a spatial dilution of predators,
induced by non-crop habitat addition, but this negative effect could be partially or fully mitigated by the spatial
organisation of the non-crop habitat. At the banana plant level, a long edge length between the crop and non-
crop habitat can compensate for this dilution effect by reducing the duration of the periods between predator
visits to the banana plant. At the plot level, the best plots (i.e., those in which all banana plants were often visited
by predators) were those with non-crop strips in the banana plant rows. Overall, the results support the idea that
the spatial organisation of non-crop habitats at the plot level, characterised by the metric edge length in par-
ticular, can be managed to minimise the negative impact of the dilution effect.

1. Introduction

The improvement of crop pest control by promoting indigenous
predators has received substantial attention in the last 40 years (Altieri
and Letourneau, 1982; Jonsson et al., 2008; Begg et al., 2017). This
strategy is known as conservation biological control (CBC) (Eilenberg
et al., 2001). A highly advocated CBC approach is to add or maintain
appropriate non-crop plant habitats in agrosystems to provide alter-
native shelter or food for predators (Landis et al., 2000). The aim is to

support long-term increases in the abundance of predators resulting
from an increase in habitat resources that support predator population
growth (Holt, 1977) or an increase in habitat attractiveness that sup-
ports an increase in predator immigration (Schellhorn et al., 2014).
Although adding non-crop habitats can help maintain or enhance pre-
dators locally, it often fails to reduce pest abundance or damage
(Letourneau et al., 2011; Begg et al., 2017). Former studies indicate that
the effects of non-crop habitats may greatly depend on their spatial
organisation at the crop, farm, or landscape level (Landis et al., 2000;
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Tscharntke et al., 2016). Tscharntke et al. (2016), in particular, stressed
that non-crop habitats at the landscape level must be large and close
enough to crops to enhance pest control.

In the context of changing agricultural practices towards agroe-
cology, the addition of non-crop habitats in agricultural plots has re-
cently seen a renewed interest (FAO, 2017). The presence of other
trophic resources within the plot may, however, divert predators from
the crops and pests (Corbett and Plant, 1993; Rand et al., 2006; Holland
et al., 2009). This approach may, then, reduce the per-capita predator
effect on pests and, in turn, decrease the CBC. At the landscape scale,
the potential effect of other trophic resources on a species was termed
the ‘landscape-moderated dilution hypothesis’ by Tscharntke et al.
(2012). At the plot scale, we will refer to it as the ‘dilution effect’. The
per-capita predator effect should, furthermore, be affected by the spa-
tial organisation of the non-crop habitats. Several field studies indeed
have shown that increasing the distance from the non-crop habitat to
the crop decreased the ground-dwelling predator efficiency to control
pests (Collins et al., 2002; Thomson and Hoffmann, 2013; Penn, 2018).
Therefore, our working hypothesis is that intra-plot spatial patterns of
non-crop habitats could influence the per-capita predator effect and
thereby limit the dilution effect on foraging behaviour.

Anticipating the effects of the spatial organisation and quantity of
non-crop habitats on CBC or the spatial scale at which their variations
will matter is not straightforward. For instance, predator abundance
and diversity could be affected by non-crop habitat at different land-
scape levels (Tscharntke et al., 2007; Martin et al., 2016), depending on
predator dispersal ability (Jackson and Fahrig, 2012; Henri et al., 2015)
or predator diet (specialist or generalist) (Symondson et al., 2002;
Chaplin-Kramer et al., 2011).

The effects of spatial patterns on biological processes have long been
studied by landscape ecologists. Hence, spatial concepts such as
proximity, edge length, connectivity, and aggregation, and associated
metrics were developed mainly at the landscape level, which commonly
refers to areas ranging from hectares to many square kilometres
(Turner, 1989) and to long-term population dynamics (Kruess and
Tscharntke, 1994; Tscharntke et al., 2007; Bianchi et al., 2010). In the
field of biological control, these concepts and metrics have facilitated
the use of spatially explicit models to investigate how prey and predator
temporal dynamics are linked to the prey resource (Bianchi et al.,
2009a, 2010) or to habitat distribution (Bianchi and Van Der Werf,
2003). Bianchi et al. (2010), for instance, showed that the nearest-
neighbour distance between pest and predator patches explained pest
abundance during the early colonisation of aphid patches by ladybird
beetles.

These same spatial concepts, however, have not been directly used
at the plot level (areas of a few hundred square metres, as can be found
in intermediately intensive agricultural landscapes) for considering
routine movements within a day, such as the foraging movements of
arthropod predators. We argue that the use of spatial concepts at the
plot level could be useful given the current social enthusiasm for habitat
diversification in agriculture because plot-level foraging behaviour di-
rectly influences the per-capita predator effect and because foraging
behaviours are influenced by the spatial distribution of resources. To
our knowledge, only two models have been built at the plot level to
explore the effects of the spatial pattern of habitats on predator
movements (Corbett and Plant, 1993; Westerberg et al., 2005). Only
one of them (Corbett and Plant, 1993) specifically investigated how
non-crop spatial organisation altered the dilution effect relative to CBC,
but that study considered only simple, non-crop strips at a daily scale.
To build on this earlier work, we assume that the use of landscape
ecology concepts such as proximity, edge length or aggregation at the
plot level could improve our understanding of how spatial organisation
of non-crop habitats may alter the per-capita predator effect.

The assessment of the per-capita predator effect is not simple and
depends on the relation between the predator and the pest under con-
sideration. Both the residence time of predators on crops (Arrignon

et al., 2007; Wajnberg et al., 2016) and the timing of the predator’s
presence (Mailleret and Grognard, 2006; Bianchi et al., 2009b; Pei
et al., 2018) are important for pest control. Longer residence time on
pest patches allows predators to consume more pests and, thus, should
improve the predator efficiency to reduce the level of pest infestation
on a crop. The timing of predator presence, on the other hand, is more
critical for preventing pest establishment, and the timing especially
matters for pests that have a rapid population growth rate, such as
aphids (Snyder and Ives, 2003), or for pests that have a stage that is
especially sensitive to predation, such as the egg of the banana weevil
Cosmopolites sordidus (Germar), a serious pest of banana plants (Gold
et al., 2001).

In the present study, we used a spatially explicit model named
Foragescape to investigate how intra-plot spatial patterns of non-crop
habitats alter the per-capita predator effect and, thus, the potential for
CBC. We built and characterised the intra-plot spatial patterns by using
spatial metrics at the landscape scale. We focus on generalist predators,
whose behaviours are modified by the availability of alternative prey
(Symondson et al., 2002), and on ground-dwelling arthropod predators
because the foraging movements of such predators are affected by non-
crop habitat localisation at the plot level. Because Foragescape is an
individual-based model, we could use it to simulate individual adaptive
decisions within heterogeneous environments and to understand which
aspects of individual behaviour lead to particular results (Grimm et al.,
2005). We used metrics of cultivated plant visits by predators (duration,
frequency of visits, and duration of absence of predators) as proxies for
the per-capita predator effect on pest control. Here, absence duration
was used to evaluate predator efficiency in preventing pest establish-
ment, and the duration and frequency of cultivated plant visits were
used to evaluate predator efficiency in reducing established pests. We
considered the timing of predator visits because generalist predators are
usually assumed to be more efficient at preventing pest establishment
since they are present before the arrival of the pest (Landis et al., 2000;
Symondson et al., 2002; Snyder and Ives, 2003).

The present study is a theoretical contribution; however, we focused
on an existing case of pest control to specify the quantitative boundaries
of the model and to ensure that our conclusions were not too dis-
connected from a real situation in terms of CBC. We focused on banana
fields, where plant cover is already used for weed control (Lavigne
et al., 2012). Fine-grained spatial heterogeneity is particularly relevant
for orchard crops in which growers can manage areas of bare soil, plant
cover, or other habitats under crops (Lys et al., 1994). In addition,
evidence exists that plant cover in banana fields may alter the food web
(Duyck et al., 2011) and increase rates of egg predation of the banana
weevil (Mollot et al., 2012). The eggs are laid on the corm of the banana
plant and last 4 to 7 days before larva dig into and hide in the corm
(Gold et al., 2001); therefore, an absence duration shorter than this
period could help prevent pest establishment. Among the several po-
tential predators of C. sordidus, the earwigs Euborellia caraibea (Hebard)
and Euborellia stali (Dohrn) (Anisolabidae) are generalist predators and
good candidates for CBC of C. sordidus (Mollot et al., 2014; Carval et al.,
2016).

We used the model to answer the following questions: i) how are the
duration, frequency and absence duration of banana plant visits by
predators affected by the edge length between the plant and the non-
crop habitats or by its proximity to such habitats; ii) are the duration,
frequency and absence duration of banana plant visits by predators
affected by the quantity and the organisation of non-crop habitats at the
plot level; and iii) can the spatial organisation of non-crop habitats at
the plot level enhance the per-capita predator effect and compensate for
dilution effects?

2. Materials and methods

To explore how the spatial pattern of added favourable habitats
affects the cultivated plant visits by predators and thereby affects the
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potential of pest control, we simulated the foraging movements of an
earwig-like predator in diversified banana fields. The individual-based
Foragescape model was implemented in NetLogo (Wilensky, 1999), and
its description is detailed using the ODD protocol (Grimm et al., 2006,
2010) in the supplementary materials (A).

2.1. Plots simulation

The experimental plots were generated in Netlogo and consisted of
plots of 19.2 x 19.2 m treated as a torus and modelled as squared grids
of 48× 48 cells with a grain of 0.4 x 0.4 m (Fig. 1). We kept the grain
small to account for differences in habitat configuration in close vicinity
to the banana plants. All plots comprised 8 rows of 8 banana plants (six
cells apart from each other) and were characterised by a percentage of
alternative favourable habitats (pA) and three structural metrics shaping
the configuration of the alternative favourable habitats. Each cell of the
plot is defined by a habitat type: the crop habitat (i.e. banana plants),
the alternative habitats that are favourable for predators (i.e. non-crop
habitats with alternative trophic resources or shelters), and the habitats
that are unfavourable for predators (i.e. bare soil). Both the crop and
alternative favourable habitats are considered favourable and have
equal effects on the predators. The three structural metrics at the plot
level were chosen from among a diversity of spatial metrics that have
subtle differences and are often highly correlated (Wang et al., 2014).
These metrics account for plot variation in the edge length, proximity,
and aggregation of favourable habitats (Supplementary material
A.6.1.2) (Table 1, Fig. 1):

- the crop edge length,
- the standard deviation of distances of banana plants to the nearest
favourable habitat, and

- the Clumpiness, which is an aggregation metric known to be weakly
correlated to the percentage of habitats (Wang et al., 2014).

The first two structural metrics at the plot level were calculated
from two spatial metrics defined for each banana plant: the edge length
(eL), which is the number of alternative favourable neighbours around
the banana plant, and the distance to the nearest favourable habitat (dn)
(Table 1).

The processes of generating and selecting plots with different spatial
organisation of alternative favourable habitats are detailed in
Supplementary materials (A.6.1). We generated 10,890 different
random plots with Netlogo by systematically varying the percentage of
alternative favourable habitats (25, 50 and 75%), the type of shapes
(clump, 4 strips or 8 strips), the size (radius or width) and the number
of shapes. The type of shapes, clump, one strip per row of banana plants
(8 strips) and one strip every two rows (4 strips), were chosen to mimic
vegetation patterns observed in banana fields or in other orchards and
to produce contrasting values for structural metrics at the plot level. We
then selected 1704 plots for simulations by sampling across the entire
range of the three structural metrics. Ten plots with pA=0% and 10
plots with pA = 100% were also included to study limit cases (resulting
in a total of 1724 plots).

2.2. Model processes

The processes of the simulation model are described in the flow-
chart (Fig. 2) and are detailed with the ODD protocol provided in the
supplementary materials (A). For each selected plot, all predators were
randomly distributed, and we ran the model for 360min (∼1 day) to
avoid the influence of initial locations. We then ran the model for
10,800-minute time steps (representing 30 daily activity periods of E.

Fig. 1. Example of plots generated with 25% alternative favourable habitats and diverse input shapes leading to variation of Clumpiness and crop edge length.
Unfavourable habitats are white, and favourable habitats are green (alternative favourable) and grey (crop). Each panel represents one plot (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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caraibea; Table 2). At each time step, all predators were moving (Forage)
and the absence or presence of predators was recorded on all banana
plants in banana plant numeric lists (Banana plant observation).

Based on the literature on ‘habitat selection’ and ‘movement
ecology’, the predator movements are a correlated random walk that is
affected by habitats and edges (Bell, 1991; Zollner and Lima, 1999;
Barraquand and Benhamou, 2008). The step lengths of the predators
during movements follow a truncated normal distribution characterised
by means, standard deviations, and minimum and maximum values
(Table 2). Turning angles follow a Cauchy distribution characterised by
concentration parameters (Martin and Fahrig, 2015) (Table 2). In a
favourable habitat, we assumed that predators can rest or search for
resources while remaining protected from higher trophic level pre-
dators; as a result, their movements are slower and more sinuous than
in an unfavourable habitat. Consequently, in the model, movement step
lengths are shorter (mean and standard deviation), and the concentra-
tion parameter of turning angles is smaller in a favourable habitat than
an unfavourable habitat (Table 2). Apart from movement changes, we
also assume that the probability that predators cross an edge to enter an

unfavourable habitat is lower than 1 (Table 2). Indeed, leaving a
profitable place and searching for a potentially better place with a
chance of being exposed to predation, referred to as habitat selection, is
a key decision faced by any forager (Morris, 1987).

We assumed that all movement characteristics are similar for each
individual and constant over time. Because we focus on daily foraging
movements, we have neglected mechanisms associated with population
dynamics (mortality and reproduction) and with landscape scale
movements (immigration and emigration). Because we expect the nu-
merical response of a generalist predator to be either slow or in-
dependent of pest numbers, the change in pest number should not
greatly influence predator abundance for the time considered (Landis
et al., 2000).

2.3. Model parameters

The values used in our case study for each model parameter are
given in Table 2 and were based on the published literature and on our
personal observations. In particular, movement parameters were set

Table 1
Overview and definitions of spatial metrics.

Name Description Range Unit

Banana plant level
eL Edge length: number of alternative favourable neighbouring cells (8 neighbours) around a banana plant 0 to 8 cells
dn Proximity: distance to the nearest favourable habitat (calculated from the centre of the cells) 0 to 2.4 m
Plot level
pA Percentage of alternative favourable habitats among non-crop habitats 0 to 100 %
Crop edge length Average edge lengths between banana plants and the alternative favourable habitats 0 to 8 cells
Standard deviation of dn Standard deviation of distances of banana plants to the nearest favourable habitat 0 to 0.9 m
Clumpiness Proportional deviation of the proportion of like adjacencies involving favourable habitats from that expected under a spatially

random distribution (See fragstat documentation 4.2)
-1 to 1

Fig. 2. Flow chart for the simulation model examining the relation between spatial organisation of alternative favourable habitat and visits by predators to the
banana plant.
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using published data from field and laboratory experiments on the
European earwig (Forficula auricularia [L.]) and personal observations
on E. caraibea; data for the latter species were used to establish the
order of magnitude for movements (Table 2). Predator maximal run-
ning speed was used to set the limit for step length in unfavourable
habitats and the order of magnitude for other step length parameters.
Step length in favourable habitats was difficult to find in the literature
and to estimate from predator maximal running speed because step
length can be reduced by multiple behaviours such as resting,
searching, feeding, etc. In addition, most studies on ground-dwelling
arthropods consider daily movement (Lamb, 1975; Corbett and Plant,
1993; Charrier et al., 1997; Vinatier et al., 2011), and those that con-
sidered finer time scales used remote sensing techniques that may have
stressed the insects (Wallin and Ekbom, 1988). We hypothesise that
speed measured as the net displacement per minute in a favourable
habitat will be substantially less than the maximal running speed but
also greater than the average daily speed in favourable habitats, which
was determined by a mark-and-recapture experiment with F. auricularia
(see Table 2). We set the movement in favourable habitats as 30 times
lower than in the unfavourable habitats. Standard deviations of step
lengths were set lower but near the mean values to account for potential
noise in the movements.

2.4. Model outputs

Summary statistics of the banana plant visits by predators were
computed via R (R Core Team, 2018) while accounting for visit dura-
tion, visit frequency, and mean absence duration in-between visits

(absence duration) and their means at the plot level (see detailed de-
finition of parameters in Table 3). Means at the plot level will be re-
ferred to as crop visit duration, crop visit frequency and crop absence
duration, respectively. Because arthropod predators should have the
necessary chemical information to detect herbivores when they reach a
host plant (Vet and Dicke, 1992), we assumed that a single predator is
capable of finding and catching pests when it visits the crop and that
the effect of several predators present simultaneously on the crop are
negligible. Therefore, we define a visit as a continuous period of time
when at least one predator is in a banana plant cell.

2.5. Model analysis

Model analysis was carried out on model outputs for each of the
1724 plots. We analysed the model outputs independently at the ba-
nana plant level and at the plot level because the banana plant level is
relevant to examine how predators visit banana plants, and because
properties might emerge at a higher level in individual-based models
(Grimm and Railsback, 2005). We assessed relations between the ba-
nana plant visit metrics at the banana plant level and the spatial metrics
at two levels: the banana plant level (eL, dn), and the plot level (pA, crop
edge length, Clumpiness, standard deviation of dn). We checked pairwise
interaction effects between plot level and banana plant level metrics.
We further assessed relations between the banana plant visit metrics at
the plot level and the spatial organisation variables at the plot level: the
spatial metrics at the plot level and the presence and number of strips
(random, 4 or 8 strips).

When needed to evaluate the strength of an effect, the percentage of

Table 2
Overview of foraging parameters and values for the model.

Description Value Unit References

Number of predators 700 According to the adult density of E. caraibea found in a field experiment (unpublished data).
Daily activity period 360 min Daily activity period (6 h) based on activity observation of Forficulidae (Joachim and Weisser, 2015) and on E. caraibea

(for 2 days, 10 adults were observed each 30min; mean activity of 5:45, unpublished data).
Movement parameters
- Minimum length step 0.001 cells/min No negative step length
on favourable habitat:
- Average length step 0.1 cells/min Order of magnitude based on mark-and-recapture experiments on Forficula auricularia [L.] (Lamb, 1975) in quadrats

with shelters. Mean net displacement between 1.2m/day (0.008 cells/min) and 4.1m/day (0.028 cells/min) with many
0 displacements.

- Standard deviation of length step 0.05 cells/min

- Maximum length step 1 cells/min maximum of net displacement observed of 8 m/day (0.056 cells/min)
- Concentration of turning angle 0.5 Movements are sinuous
on unfavourable habitat:
- Average length step 3 cells/min based on the known speed capacity for F. auricularia (3 cm/s; Van Heerdt 1946 in Lamb, 1975) and observation of E.

caraibea (unpublished data).- Standard deviation of length step 1 cells/min
- Maximum length step 5 cells/min
- Concentration of turning angle 0.8 Movements are almost straight
Probability of crossing edges:
- favourable toward unfavourable 0.05
- unfavourable toward favourable 1

Table 3
Summary statistics of banana plant visits by predators and proportion of time spent by predators on habitats for the duration of a simulation.

Name Description Range of output
values

Unit

banana plant level
Visit duration proportion of total time with visits 0 to 1
Visit frequency number of visits 1 to 550
Absence duration mean duration of periods in between visits 0 to 856.2 min
Plot level
Crop <output> <output> averaged over banana plants within a plot, i.e. crop visit duration, crop visit

frequency and crop absence duration
–

Time spent on alternative favourable habitats proportion of time spent by predators on alternative favourable habitats averaged over all
predators in a plot

0 to 0.97

Time spent on unfavourable habitats proportion of time spent by predators on unfavourable habitats averaged over all predators in a
plot

0 to 0.08

Time spent on banana plants proportion of time spent by predators on banana plants averaged over all predators in a plot 0.03 to 0.92
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variation explained by an effect was quantified with a linear model (see
Supplementary material C). Hence, we quantified the interaction effect
of pA and eL on the visit frequency by analysing the variation in visit
frequency with a linear model that included pA, eL and their interaction
as independent variables (R Core Team, 2018). Furthermore, at the plot
level, we quantified the effect of proportion of time in crop habitat
(Table 3) on the crop visit duration with a linear model including crop
visit duration as the dependent variable and proportion of time on the
crop habitat as the independent variable.

2.6. Qualitative analysis of parameter value choices

To explore how parameter values affected the response of the ba-
nana plant visits to spatial organisation, the model was run for all the
1724 plots, and the following set of parameters were explored one at a
time:

- Predator number (135, 350 and 1400)
- Global speed: shorter step lengths on both favourable and un-
favourable habitats (divided by 2, 4 and 10)

- Speed difference: higher and lower ratio of step lengths in favour-
able versus unfavourable habitats (15 and 60 times lower)

The outputs of those simulations are presented in the supplementary
materials (D). We found that parameter values affected some values of
the banana visit metrics. Visit duration was increased by a higher
number of predators, but little changed with global speed (up to step
lengths divided by 4) and speed differences. Visit frequency was in-
creased and absence duration was decreased by a higher number of
predators, higher global speed and lower speed differences. However,
overall, we found that patterns of results were qualitatively similar for
most parameter values and started to diverge only when the global
speed was reduced 10 times.

3. Results

3.1. Banana plant level

Banana plant visits by predators were affected by both the spatial
organisation in their close environment and the percentage of alter-
native favourable habitats at the plot level (pA) (Fig. 3). However, the
effects of the spatial organisation and pA differed for visit duration, visit
frequency, and absence duration. Visit duration ranged from 9.4 to
100% and was reduced by an increase in pA, regardless of the values of
local spatial metrics (edge length (eL) and distance to the nearest fa-
vourable habitat (dn); Fig. 3a & b). In contrast, visit frequency was more
strongly affected by those spatial metrics than by pA. Visit frequency
remained low and almost constant (visit frequency= 27 ± 7) when
the banana plants were isolated (dn≥2; Fig. 3c) and increased with the
number of favourable neighbours when the banana plants were not
isolated (eL≥1; Fig. 3d). We also observed a small reduction of visit
frequency with pA when eL increased, but this explained only a small
percentage of the variation in the visit frequency (2.35% of the total
variation; pA : eL effect: -0.42 ± 0.03 visits; supplementary material C).

As a result, absence duration ranged from 4.8min to 864min and
was affected by both pA and local spatial metrics (Fig. 3e & f). When
banana plants were isolated from alternative favourable habitats
(dn≥2; eL=0), the visit frequency was constant; as a result, as pA in-
creased, the absence duration increased concomitantly with the de-
crease in visit duration such that the absence duration was able to more
than double (Fig. 3e). When banana plants were in contact with some
alternative favourable habitats (dn=1; eL≥1), the visit duration was
not affected by eL, and therefore as eL increased, the absence duration
decreased concomitantly with the increase in visit frequency (Fig. 3f).
This decrease was exponential and could result in a 20-fold difference
in absence duration between an isolated banana plant in a plot with a

pA of 75% (360 ± 100min) and a banana plant surrounded by eight
favourable neighbours (19 ± 5min). The direct contact with the al-
ternative favourable habitat (dn=1) led to a maximum visit frequency
of 292 ± 102 visits and to a minimum absence duration of 38 ± 8min
(Fig. 3c & e).

Aside from pA, we found no links between predator presence at the
banana plant level and spatial organisation at the plot scale described
by the spatial metrics Clumpiness, crop edge length, or standard de-
viation of dn, even when we investigated outputs for banana plants with
the same local spatial organisations and in plots of similar pA (see Fig. 4
and Supplementary material E). For example, the effects of eL, dn, and
pA on visit outputs were not altered by the Clumpiness (Fig. 4).

Supplementary tests showed that the number of predators per se
and the speed difference did not affect the relation between visit
duration and structural metrics (Supplementary material D.1).
However, visit duration began to be negatively affected by edge length
(eL) and positively affected by distance (dn) when predator speeds on
both favourable and unfavourable habitats were ten times lower (sup-
plementary material D.2).

3.2. Plot level

3.2.1. Proportion of time spent by predators in each habitat and crop visit
duration

Within each plot that offered some alternative favourable habitat
(pA >25%), there was a moderate overlapping in predator visits and,
thus, the time spent by predators on banana plants accounted for almost
all of the variation in crop visit duration (R2=99.10%).

The predator movement rate was high relative to plot dimensions,
and the proportion of time spent in unfavourable habitats was small
(< 0.077; Fig. 5) or much smaller when alternative favourable habitat
was present (< 0.007; Fig. 5). The remainder of the predator time was
then divided between alternative favourable habitats or banana plants,
depending mainly on the relative percentages of these habitats. As a
result, time spent by predators on banana plants and crop visit duration
were both negatively affected by the percentage of alternative favour-
able habitats (pA) (Figs. 5 and 6a).

We also found a slight increase in crop visit duration with increasing
crop edge length for a given pA (Fig. 6a). This slope was the steepest for
a pA of 25%. This means that time spent on banana plants was also
slightly increased by the crop edge length.

3.2.2. Crop visit frequency
As was the case for a single banana plant, a high crop edge length

was associated with a high crop visit frequency within a plot. This re-
lation was, to some extent, weaker for plots with a high pA (Fig. 6b).

3.2.3. Crop absence duration
Clumpiness and crop edge length affected the crop absence duration

differently depending on the percentage of alternative favourable ha-
bitats (pA) and on the absence or the presence of strips in the plot
(Fig. 7). Clumpiness had a clear effect in all plots with no strips and
intermediate pA (25, 50 or 75%), and in those plots with four strips and
high pA (50–75%) (Fig. 7a). In those cases, given the same pA, very
disaggregated plots (i.e. plots with low Clumpiness) had the shortest
crop absence duration. In contrast, crop edge length had a strong effect
in plots with 4 (with pA=25%) and 8 strips (Fig. 7b). For those plots,
and for a given pA, the strips surrounding the plants allowed an im-
portant change in the crop absence duration: plots with strips close to
banana rows had a long crop edge length and thus had a short crop
absence duration. Among plots with an intermediate percentage of al-
ternative favourable habitats (pA=25–75%), those with eight strips in
the banana plant rows had the shortest crop absence duration, and even
a shorter crop absence duration than plots with 100% alternative fa-
vourable habitats. Plots with strips that were not in the banana plant
rows, in contrast, had the longest crop absence duration.
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4. Discussion

Starting from a simple, spatially explicit model for a foraging
earwig-like predator in banana fields, we have shown that predator
movements and visits to the cultivated plant can be affected by the
quantity and the spatial organisation of alternative favourable habitats
on a relatively fine scale. By not accounting for broad-scale variations in
the local abundance of predators resulting from immigration, re-
production, or mortality, this model allowed us to understand the re-
ductions in per-capita predator effect caused by the dilution effect and
indicates strategies to compensate for it.

The model omits some complex behaviours or interactions, such as
density-dependent predator movement or the ability of the predator to

assess habitat quality from a distance, which could influence foraging.
These omissions may thereby reduce the model’s predictive power.
Nevertheless, the model is a first step and can be modified in the future
by the addition of complexity according to the species and system under
consideration.

Our model does not represent the pest or pest damage, and this
approach differs from many modelling studies that represent predator
and target pest dynamics (Bianchi and Van Der Werf, 2003; Bianchi
et al., 2010; Vinatier et al., 2012; Railsback and Johnson, 2014). The
inclusion of the pest and pest damage, however, usually requires as-
sumptions regarding pest dynamics and interactions with predators,
which can make the results less generalisable or can lead to error
propagation if the assumptions are inaccurate. In the current study, the

Fig. 3. Effect of the percentage of alternative favourable habitats (pA) and local spatial organisation on visit summary statistics at the banana plant level. Variations in
pA are represented with shades of brown and green. The effect of dn and eL on visit duration (a and b), visit frequency (c and d), and absence duration (e and f).
Squares at the bottom illustrate the local spatial organisation around the banana plants, with grey cells representing the banana plants, white cells representing the
unfavourable habitat, and green cells representing favourable habitat. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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potential effect of the predators on the pests was assessed through their
visits to the crop: pest establishment could be prevented by a short
absence duration, and the abundance of an established pest could be
reduced by a long visit duration or a high visit frequency. These metrics

represent well the per-capita predator effect on CBC if the presence of
one predator on the cultivated plant is sufficient to rapidly wipe out
pests. For cases in which this assumption is not reasonable, examination
of the impact of non-crop habitat addition and the spatial organisation
of these non-crops on the number of predators present and the duration
of each single visit on the cultivated plant is recommended.

With the model parameterised for an E. caraibea-like predator, we
found that the duration of banana plant visits ranged from 9.4% to
100% of the simulation period and that absence duration ranged from
4.8 min to 864min (2.4 days with 6 h of activity per day). However, our
model requires validation before the output can be related quantita-
tively to pest characteristics, such as, for example, the duration of the
egg stage of banana weevils (4–7 days; Gold et al., 2001), and before
the model can be used to predict predator effects on the pest. The re-
sults below were then interpreted qualitatively.

4.1. Dilution effect at the plot level

The dilution effect on predation was observed when the amount of
alternative favourable habitat increased at the plot level and not when
it increased in the vicinity of the banana plant. The predator diversion
from the crop induced a relatively high decrease in the duration of
banana plant visits only at the plot level (Fig. 3a & b) and only a small
decrease in the frequency of visits. The number of favourable neigh-
bours around banana plants, which could have also diluted the predator
effect on a specific banana plant, did not affect the visit duration and
even positively affected the visit frequency (Fig. 3d).

Fig. 4. Effect of the spatial organisation at the plot level on visit summary statistics at the banana plant level for Clumpiness.

Fig. 5. Proportion of time spent by predators in each habitat type for the
duration of the simulation as affected by the percentage of alternative favour-
able habitats (pA). Times spent by predators in each habitat within a plot were
averaged for each pA, and standard deviations were all < 0.0036. Two functions
showing the relative percentage of alternative favourable habitat (pA) and ba-
nana plants (pB) relative to total favourable habitat (pA+pB) are indicated by
dashed and solid lines, respectively.
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Therefore, as expected, any increase in alternative favourable ha-
bitats, if not followed by a local increase in the predator abundance,
immediately reduces the CBC by decreasing the duration of the banana
plant visits. This indicates that researchers should consider diversified
plots for a sufficiently long period to assess an effect on CBC. This in-
dication is consistent with several studies in temperate areas that have
shown that predator abundance requires several seasons to increase in
response to non-crop habitat addition (Lys et al., 1994; Bostanian et al.,
2004). If the pest infestation is widespread, therefore, predator in-
undation strategies (see definition in Eilenberg et al., 2001) should be
more effective in the short term than a strategy based on CBC. Fur-
thermore, any non-crop habitat addition at the plot level should take
into account the habitat’s ability to increase predator abundance
quickly enough relative to the expected increase in pest abundance.
More generally, our results on the per-capita predator effect help us to
understand how the dilution effect is impacting CBC in the long term.
Studies of population dynamics may show that non-crop habitat addi-
tion increases predator abundance in the long term; the present study
shows that each of those predators account for fewer benefits in terms
of CBC.

The dependence of the duration of banana plant visits on the
quantity of alternative favourable habitats at the plot level was ex-
plained because, unlike the landscape level, where matrix habitats can
be very large and risky for species to cross (Fahrig, 2002; Bonte et al.,
2012; Haddad et al., 2015), in the plot in our model, the relatively high
rate of movement allowed the predator to minimise the time spent in
unfavourable habitats if alternative favourable habitats were present
(Fig. 5). In our model, each favourable habitat cell equally changed the
movements of the predator through space and time, and each banana

plant cell in the plot was visited for an equivalent time driven by the
percentage of favourable habitats in the plot (Fig. 3a & b). Conse-
quently, the dilution effect was well explained by the area occupied by
the crop in comparison to all favourable habitats. Beyond predator
abundance, assessing the relative percentage of the space occupied by
the crop and favourable non-crop could thus be useful for under-
standing and predicting CBC.

The finding that the relative area occupied by the crop and fa-
vourable non-crop could greatly affect the duration of banana plant
visits by E. caraibea could be extended to many species of ground-
dwelling generalist predators that can move rapidly, including ants
(Hurlbert et al., 2008), carabids (Wallin and Ekbom, 1988), and spiders
(but see Baker, 2007; Casas et al., 2008). However, these findings
would be different for habitat specialist species, which are reluctant to
cross boundaries (Baker, 2007).

4.2. Edge length at the banana plant level

In contrast to the results suggested by larger-scale studies (Lys et al.,
1994; Collins et al., 2002) and larger-scale models (Bianchi et al., 2010;
Segoli and Rosenheim, 2012), distance to the nearest favourable habitat
was not relevant to CBC according to the output of our model (Fig. 3c &
e). We found that the edge length between favourable habitats and
crop, but not their distance, could influence banana plant visits via the
number of favourable neighbours at the banana plant level. Visits were
more frequent (Fig. 3d) and absence durations were shorter (Fig. 3f)
when the number of alternative favourable habitats around banana
plants increased. The changes induced by edge length were strong, i.e.
absence duration could be up to 20 times shorter for a surrounded
banana plant than for an isolated banana plant.

These results are consistent with the ‘drift-fence hypothesis’ con-
cerning connectivity at the landscape level. This hypothesis assumes
that corridors intercept dispersing individuals from the surrounding
landscape and direct them towards patches connected by corridors
(Haddad and Baum, 1999). Although the process of patch colonisation
differs from that of banana plant visits, the direct contact between a
banana plant and favourable habitats affected the frequency of banana
plant visits in the same way that patch connections affect patch colo-
nisation. This effect is not surprising because the link is mathematical
for an organism that is walking randomly. The probability that an or-
ganism reaches an area is proportional to the angle subtended by this
area in its horizon (Haddad and Baum, 1999).

In the model, the edge length for each individual banana plant
failed to directly counteract the dilution effect on visit duration. At the
plot level, predators spent more time overall on banana plants sur-
rounded by favourable habitats. This increase was greater as the per-
centage of alternative favourable habitats decreased (Fig. 6a), but the
increase was not enough to compensate for the dilution effect. An in-
creasing effect of the spatial organisation of a habitat as its quantity
decreases is a common result of broad-scale models of population dy-
namics (Hill and Caswell, 1999; Hiebeler, 2000; Flather and Bevers,
2002).

Overall, our model predicts that a long edge length benefits CBC. An
increase in edge length could reduce the risk of pest establishment on
the crop, especially if there are many alternative favourable habitats in
the plot. A long edge length could also help to lower the level of a
widespread infestation by limiting the dilution effect, especially if there
are few alternative favourable habitats in the plot. A model accounting
for predator population dynamics also found that an increase in edge
length increased the abundance of ground-dwelling arthropod pre-
dators when strips of an alternative favourable habitat were established
before an annual crop was planted (Corbett and Plant, 1993). On the
other hand, the latter authors found that an increase in edge length
reduced the predator abundance when the annual crop and strips were
established simultaneously. This last result emerged because the model
of Corbett and Plant assumed faster movements in the crop than in the

Fig. 6. Effect of percentage of alternative favourable habitats (pA) and crop
edge length at the plot scale on crop visit duration (a) and crop visit frequency
(b). Dots with darker green represent plots of banana plants with lower pA.
black lines represent the linear regression fitted for each pA. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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alternative favourable habitats. In our perennial crop-based model,
such assumptions were less relevant because crop area was low, and the
difference of quality between bare soil and other habitats should be
much greater than between the alternative favourable habitat and the
crop.

4.3. Which organisations of alternative favourable habitats are best for CBC
at the plot level?

According to our model, the ‘best’ kind of plot, i.e. the plot with
high visit duration and with low absence duration, was one with no
alternative favourable habitats. This result is, to some extent, an arte-
fact resulting from the absence of mortality and emigration in the
model. In agrosystems, we should expect that a plot without alternative
favourable habitats would support increased predator emigration due
to a lack of food quantity or diversity and would support increased
predator mortality due to increased rates of predation on the predator
in unfavourable habitats. A plot without alternative favourable habitats
could be good for CBC, however, if the predator can find sufficient food
and refuge in crops, as is the case for field overwintering species of
carabids during spring and summer in annual crops (cereal or pea)
(Holland et al., 2009).

Plots with only favourable habitats, despite a strong dilution effect,
had shorter crop absence duration than most plots with intermediate
percentages of favourable habitats. This findings means that increasing
the fragmentation of favourable habitats tended to reduce the rate of
predator movement, as has been observed in fragmented landscapes for
butterfly dispersal rate (Baguette et al., 2003) and the activity-density
of carabid species (Rusch et al., 2016).

For each given intermediate percentage of favourable habitat, the
best spatial organisations of alternative favourable habitats were strips
placed in each banana plant row (Fig. 7b). Apart from the effect of crop
edge length on the visit duration at the plot level, the effect of

organisation of alternative favourable habitats on crop visits was
mainly due to the variation in edge length at the banana plant level.
The spatial organisation that should minimise absence duration and
thus help prevent pest establishment is therefore the one that max-
imises the edge length of each banana plant. By increasing edge length
equally for each banana plant, plots with strips in each banana plant
row had the lowest crop absence durations for a given quantity of fa-
vourable habitats. In such plots the crop absence duration was also
lower than plots with only favourable habitats, and this finding may
result from a higher frequency of visits.

Absence duration was longest, in contrast, when strips were not
located in the banana plant row. The use of strips has been experi-
mentally investigated mainly in intercropping systems, and such strips
have resulted in a greater increase in predator abundance and pest
control in annual crops (Letourneau et al., 2011) than in perennial
crops (McIntyre et al., 2001; but see Dassou et al., 2015; Rusch et al.,
2016). We did not find studies explicitly comparing the effect of strips
located on rows or between rows. The variability in the predator ab-
sence and visit duration generated by the overlap or disconnection of
strips with banana plant rows is intriguing and supports the idea that
the effect of non-crop habitats on CBC depends on the configuration of
these habitats.

In the absence of strips, the plot organisation that minimised crop
absence duration was a disaggregation of favourable habitats (Fig. 7a).
Without strips, the crop edge length barely changed in between plots of
similar quantity of alternative favourable habitat (Fig. 7), indicating
that a difference in crop absence duration between plots without strips
was caused by variations in edge length between banana plants within
each plot. As only having a few favourable habitats in direct contact
with a banana plant reduces the absence duration dramatically (i.e.,
short edge length) (Fig. 2f), crop absence duration was reduced by
minimising the number of isolated banana plants in a plot.

Together, our results for the effects of strips and aggregations

Fig. 7. Effects of the percentage and spatial organisation of fa-
vourable habitats on crop absence duration at the plot scale. a and
b indicate the effect of crop edge length and Clumpiness, respec-
tively, as affected by pA or the number of strips. Dashed lines in-
dicate the minimum value of crop absence duration for a plot with
a pA of 100%, which was 26.52 min. In a plot with a pA of 0%, crop
absence duration was near 0 (max 0.76min).
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suggest that non-crop habitat addition may not result in CBC if the non-
crop habitat spatial organisation is not managed at the plot level. The
results therefore provide insight into the lack of CBC obtained with non-
crop habitat addition, such as field margins (Marshall and Moonen,
2002), beetle banks (Frank, 2010), and sown flower or weedy strips
(Haaland et al., 2011). According to our model, beetle banks that
provide alternative prey to generalist predators should be established
before pest arrival or should be located close to the crop (but see
Corbett and Plant, 1993).

5. Conclusions

The findings of the present study demonstrate that researchers
should not only consider population dynamics but also the per-capita
predator effect when assessing the effect of non-crop habitat addition
on CBC. The balance between these two forces may be the biggest de-
terminer of when additional non-crop habitats are beneficial or detri-
mental to CBC. We found that the per-capita predator effect is strongly
affected by the dilution effect induced by non-crop habitat addition, but
that those negative effects could also be partially mitigated by the
spatial organisation of the non-crop habitat. At the banana plant level, a
long edge length between the crop and non-crop habitat can compen-
sate for this dilution effect by reducing the absence duration of pre-
dators on the cultivated plant. At the plot level, the highest edge lengths
were in plots with non-crop strips in the banana plant rows, and this
spatial organisation resulted in a low crop absence duration. Those
spatial organisations of non-crop habitats resulting in low crop absence
duration provide a first glimpse of how the judicious addition of non-
crop habitats at the plot level could minimise the diversion of predators
away from the pests. Overall, our results suggest that the spatial or-
ganisation of non-crop habitats is a tool that can be used by farmer to
improve CBC. However, side effects should be considered before
farmers are advised to implement a given spatial organisation, such as
the ability of a specific predator to wipe out pests within a single visit or
the potential for competition between crop and non-crop plants, as
already investigated in banana fields (Poeydebat et al., 2016).

Given the processes, scales and periods considered in the model, and
the use of commonly accepted assumptions about foraging movement,
we think the results of the study can be considered fairly robust for a
diversity of ground-dwelling predators unless these predators behave
very differently in response to habitat quality.
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