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Abstract

Species distributions are affected by landscape structure at different spatial scales. Here we
study how the interplay between dispersal at different spatial scales and landscape connec-
tivity and composition affect local species dynamics. Using a host-parasitoid model, we
assessed host density and host occupancy on the landscape, under different parasitoid dis-
persal ranges and three local distributions of non-crop habitats, areas where hosts are
unable to grow but parasitoids are provided with alternative hosts and food resources. Our
results show distinct responses of host density to increases in non-crop area, measured by
differences in slopes for different distributions of non-crop habitats, and that the effect of
local landscape composition on species dynamics depends on the landscape connectivity
at the regional scale. Moreover, we show how host density and occupancy are affected by
increasing parasitoid dispersal ranges depending on landscape structure. Our results dem-
onstrate the role of local and regional scales on species distributions and the importance of
the combined effects of species biological parameters and landscape structure on species
dynamics. Finally, we highlight the relevance of these aspects for the development of better
strategies of biological control.

Introduction

The importance of landscape structure in influencing species distributions and metapopula-
tion dynamics has been recognized by both theoretical and experimental studies [1-4].
Although it has been shown that heterogeneous landscape structure and specific dispersal pat-
terns can alter population viability and species coexistence [5, 6], studies usually focus at a par-
ticular scale of spatial organization. Since there is now growing empirical evidence that species
dynamics are in many cases subject to multi-scale processes [7-9], with important drivers
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from local to regional scales, the question of how these different scales simultaneously affect
species distributions still needs to be resolved.

This question is particularly relevant for agriculture, as landscape composition and struc-
ture, by conditioning movement patterns, directly influence density and occupation of insects
and potential agricultural pests [10-13]. Furthermore, the definition of biological control strat-
egies strongly depends on how landscape connectivity and local resource quality influence the
dynamics of interaction between pests and control agents [14, 15].

Hymenopterous parasitoids are important control agents of economically relevant pests in
both agricultural and natural environments. These insects have foraging behaviours that vary
according to landscape composition, which influences their distribution and consequently the
regulation of host populations [16, 17]. Generalist parasitoids can also play an important role
on pest management, as their presence in landscapes combining crop and non-crop areas may
help controlling pest populations [18]. When the insect pest is not present or present in low
densities on the crop, the existence of alternative plants can promote refuge habitat for parasit-
oids, allowing their persistence in the area and collaborating to the prevention of future pest
irruptions [19].

Many studies have shown the positive effects of habitat heterogeneity on the increase of
abundance and diversity of natural enemies in agricultural ecosystems [12, 20, 21]. In this con-
text, the management of crop areas to increase the heterogeneity of agricultural landscapes is a
viable alternative in conservation biological control programs. Non-crop habitats support
predators and parasitoids providing alternative prey/hosts and food resources, shelter, and
overwintering areas, while also facilitating movement between different localities [22, 23]. It
has been shown that increased percentages of non-crop areas may lead to increased rates of
parasitism and reduced rates of herbivory [24]. However, the spatial distribution of this non-
crop vegetation, not only its percentage, is a relevant aspect for biological control, since para-
sitism rates can also be affected by the distance between local host populations [25]. Thus,
appropriate landscape compositions may promote the balance between effective pest control
and natural enemies conservation [26, 27].

In the attempt to understand how different landscape features influence species interactions
and distributions, mathematical and computational models have long been recognised as
important tools [28]. Considering more specifically host-parasitoid interactions, many studies
were conducted to analyze stability [29-31], persistence [31] and spatial dynamics in parasit-
oid communities [32]. Although these studies have significantly contributed to our under-
standing of spatial aspects of host-parasitoid models, none of them investigated the effects of
simultaneously considering different spatial scales on insect movement, nor its implications
for the effectiveness of biological control in agroecosystems.

Here we investigate how the interplay between dispersal at different spatial scales and land-
scape structural connectivity and composition (in other words, physical configurations and
spatial features) affect species dynamics and distributions. We propose a mathematical model
to investigate the dynamics of host-parasitoid populations in a space characterized by two dis-
tinct scales of species dispersal. On the local scale, species interact on a landscape with regular
structure and short distances between patches. On the regional scale, different landscapes are
interconnected by dispersal through comparatively larger distances. Each of these landscapes
is characterized by different distributions of non-crop habitats, where hosts are unable to grow
and parasitoids are provided with alternative hosts. We call these habitats parasitoid refuges,
directly influencing parasitoids’ spatial distributions and, consequently, their interaction
dynamics with the primary hosts.

Specifically, we aim to assess (i) the direct impact of increasing proportions of parasitoid
refuge areas on the host variables of density and occupancy, (ii) the differential effect of spatial
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distributions of these refuge areas on the host variables, and (iii) how regional connectivity
patterns affect species dynamics. Additionally, we also evaluate the effect of the parasitoid dis-
persal radius on the host variables at different spatial scenarios.

Methods

Spatial structure

In our model, space is represented by two layers of networks, corresponding to two distinct
scales, which we name external network and square lattice (or internal network) as we show in
Fig 1.

The external network represents the regional scale of an agricultural landscape, where each
of the nodes corresponds to individual farms or production units, possibly linked. The links
represent the possibility of dispersal of individuals between these units and, therefore, the net-
work structure reflects the pattern of regional connectivity. We have used two different con-
nectivity patterns for the external networks (Fig 1): (i) each node is linked only to its
immediately adjacent neighbors (ring network), and (ii) several peripheral nodes are exclu-
sively linked to one central node (star network). For the ring network, all the nodes are identi-
cal in relation to regional connectivity, whereas for the star network there is a clear separation
in two groups (peripheral and central nodes).

The choice of these two arrangements highlights different spatial scenarios that might be
imposed by regional topography: homogeneous connectivities, where all production units
have the same number of neighbors, and heterogeneous connectivities, where the central unit
behaves as a hub and the other units have only one link. The space between these units can rep-
resent urban areas, freshwater or any form of land use not suitable for the species we consider.
While admittedly a simplification of reality, this representation enables the exploration of how
differences in the structural connectivity of production units influence the dynamics of pests
and natural enemies locally, emphasising the importance of integrated regional approaches to
deal with common threats.

The internal networks describe the local structures of each of the production units and are
presented as regular square lattices of size L x L. Each of the nodes on the square lattice repre-
sents a patch, formed by a small group of individual plants. The dispersal of individuals
between different patches depends on the dispersal scale of each species (see description
below).

Patches on the lattice can be of two types: crop or non-crop areas. We assume hosts to be
specialists on that specific crop and, therefore, unable to grow on non-crop areas. Addition-
ally, non-crop areas are also assumed to provide alternative hosts and food supplies for para-
sitoids, allowing reproduction and maintenance of small populations, and we refer to them
as refuges. Note that this is different from the more common concept of host/prey refuge,
where an organism obtains protection from predation by hiding. Here, the term refuge is
used as a generalisation, referring to spatial features that allow increased survival of individu-
als, which, in our model, correspond only to parasitoids finding alternative hosts and
resources at these locations. Henceforth, we use refuge as reference to parasitoid refuge in
this context.

At the beginning of each simulation, a fixed fraction of the patches is assigned as refuge
areas, while the rest remains as crop areas. We have chosen three spatial arrangements to
model common patterns of non-crop vegetation in agricultural landscapes (Fig 1): (i) random,
where a given fraction of refuge areas are randomly and homogeneously distributed on the lat-
tice, (ii) block, where the refuge areas are grouped in a square cluster located at the centre of
the lattice, and (iii) border, where refuge areas are randomly chosen at the perimeter of the
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Fig 1. Local and regional spatial structures. Illustration of spatial structuring in the model, showing two different scales. On the
regional scale, connectivity is represented by an external network, where network nodes are connected as ring or star topologies.
Each of these nodes corresponds to a regular square lattice on the local scale, with patches assigned two types: crop or refuge

(non-crop) areas. For each proportion of refuge areas on the lattice, three refuge distributions are considered: random, block,
and border.

https://doi.org/10.1371/journal.pone.0267037.g001
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lattice. The different types of patches, crop or refuge, present different local dynamics for each
species, as described below.

Dynamics: Interaction

For the crop patches, interaction is given by a modified form of the host-parasitoid model pro-
posed by Nicholson and Bailey [33], with parasitoids that attack hosts” eggs and host density-
dependent effects that become relevant at the larval stage. This formulation is relevant, for
example, for the interaction between lepidopteran pests and their parasitoids, but not limited
to them.

Male parasitoids are not explicitly included in the model, therefore the female qualifier will
be omitted when referring to parasitoid populations. If H;, ; and F;, ; are the densities of
hosts and parasitoids at patch i of the lattice at the previous generation (after dispersal step),
the post-interaction host and parasitoid densities, 4;, and f; ;, will be given by:

B Ak -
k4 (M= 1)H,, e e T

1

h
(1)
fii =cH

it—1

(1 — eFuut),

where A represents host growth rate, k its carrying capacity, and ¢ the average number of para-
sitoid offspring emerging from each host. The term e™*i+-1 represents the fraction of hosts that
escapes parasitoid attack and o gives the parasitoid attack rate.

Host dynamics can be written as

h,, =\g(H

it it—19

—oF;
Fi,t—l)H',t—le bt

i

k
Ck+ (M- 1)H,, e
growth by density-dependent effects, analogous to the one initially proposed by Beverton
and Holt [34]. The inclusion of the term e~*f-1 on the function g(H;; ,, F;; ), the main dif-
terence with the Berveton-Holt model, assumes an idea proposed by May [35]: that the
number of hosts in the function for density dependence should be the one surviving parasit-
oid attack to the egg stage, therefore H,, ;e *fi=-1. The proposed formulation takes into

where the function g(H;, ,,F,, ;) - corresponds to the limitation of

account specific details of the interaction, without explicitly considering the life stages of the
insects.
For the patches representing refuge areas, the interaction dynamics is given by:

h, =0
Makn (2)

. = F.
ft’[ kRA + O\’RA - 1)Fi.t—l e

The subscript RA stands for refuge area. We assume hosts as specialist pests for the
resources on crop areas. Therefore, host individuals that arrive at refuge site i, after a dispersal
event on the previous generation, die due to the lack of resources. Parasitoids on the other
hand are generalists and therefore able to survive and reproduce (with small growth rate Ag,
and carrying capacity kr4) by using alternative hosts.

If the densities fall below 1.0, they are set to 0.0 characterizing an event of local extinction.
That site can be recolonized at a posterior step time.
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Dynamics: Dispersal

Dispersal happens after the update to local populations due to the interaction. For each patch i
a given fraction of hosts will disperse to neighboring patches. This fraction depends on the
local density of conspecifics. Following Reigada et al. [36], the density of dispersing hosts leav-
ing patch i at generation ¢ is:

out __ 'uthQf 3
T om (3)

where iy is the maximum host dispersal rate in patches with large densities and h° relates to
the tolerance to conspecifics. For small values of h°, h?* tends to py; h; ,, with dispersing hosts
tending to the maximum fraction. For large values of h’, h? tends to 0 with no dispersing
hosts per site.

Neighboring patches on the lattice can be reached by hosts with a dispersal radius Ry cen-
tred on patch i. Besides, hosts can also disperse to adjacent lattices if the two lattices are con-
nected on the external network. If dispersal happens to another lattice, a destination patch is
randomly chosen on the border of the neighbor lattice for the hosts to arrive.

Dispersal is stochastic, with a subtraction of a unit of density to the density of dispersing

hosts at each step. Each unit is sent to one of the patches inside the dispersal radius with proba-
H
bility P, = —, where C{' is a normalization constant. Dispersal to neighboring lattices is given
r..
gt
H
with probability P, = R—‘, with Ry representing the characteristic distance between nodes on
L

the external network. The number of dispersal steps for each patch i is given by the integer
part of by (Eq 3). If hYy" < 1 no dispersal is implemented. After all patches i are accounted for
on all lattices, host populations are updated.

Parasitoid dispersal is implemented in an analogous fashion, with a slight difference
depending on the type of the local patch. For crop patches i, the density of dispersing parasit-
oids at generation t is given (according to Reigada et al. [36]) by:

fout _ H ii (4)
w T S,

but only if H;; > 0 (host density on site i after dispersal stage). If H; ; = 0 all the local parasitoid
population disperses, thus f = f, .. Parameter yy gives the maximum parasitoid dispersal for
small host densities and large parasitoid densities, while parameters H® and f° represent the
necessary number of hosts to keep parasitoid at the patch, and the tolerance to parasitoid con-
specifics, respectively.

For the refuge patch i, the density of dispersing parasitoids at generation t is:

2

.fi(.,)tut = luFf _l,'_[fo (5)

Parasitoids disperse within a radius Rp, according to a similar process as the one for hosts,
P
i
2)
ji
tion constant. We assume stronger distance limitation on parasitoid dispersal, thus the squared
P
i

(R)”

with neighboring patches being chosen with probability P, = where C! is a normaliza-

distance on the denominator. Neighboring lattices can be reached with probability P, =
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Again, no dispersal step is implemented if 7

< 1. All parasitoid populations are updated
after all sites i on all lattices are visited. Spatial population dynamics simulations were imple-

mented in FORTRAN.

Parameterisation

We investigated two regional connectivity arrangements, ring and star networks, and three
different distributions of refuge areas, random, block and border. A number N = 10 of nodes
on the external network (regional connectivity) was considered for all the scenarios. For the
square lattice, we fixed L = 33, resulting in a total L x L = 1089 patches for each lattice (if each
patch has 10-100 m?, each square lattice has approximately 1-10 ha). We also assumed reflec-
tive boundary conditions for the square lattices. Six values of occupation fractions for refuge
areas were considered in the lattices: 0.008, 0.023, 0.045, 0.074, 0.111, 0.155, and 0.207 (corre-
sponding to 9, 25, 49, 81, 121, 169, and 225 patches), distributed according to one of the three
arrangements. For the border distribution refuge area fractions were considered up to 0.111
(corresponding to an almost completely covered perimeter of the square lattice). Although all
the analyses were done with the fractions of refuge areas, in the Results section (section) we
chose to show them as percentages to improve clarity.

Parameters for the interaction and dispersal stages, in particular maximum dispersal rates
and tolerances of hosts and parasitoids to conspecifics at the same patch (see complete descrip-
tion on Methods), were obtained from a previous host-parasitoid experimental setting [37].
Since we were interested in the long-term behaviour of the system, attack rate and initial densi-
ties were adjusted to guarantee species coexistence in the majority of the simulations. All simu-
lations start with initial densities of 300 hosts and 4 parasitoids, placed in one of the crop
patches. For the star network, individuals are initially placed at the central node of the star. For
the ring network, the node index for the initial placement is irrelevant, since all nodes are iden-
tical in connectivity structure. Parasitoids have their dispersal radius parameterised according
to short (Rp = 1) or long (Rp = 3) range dispersal. The set of parameters is summarized in
Table 1.

Variables of interest

The effects of landscape structure and parasitoid dispersal ranges on host dynamics were eval-
uated on two variables: the average host density per crop site (total host density on each lattice
divided by the number of crop sites) and the average host occupancy per crop site (number of
sites occupied by hosts divided by the number of crop sites on the lattice). Simulations were
iterated for T'= 5000 generations. Average host density and occupancy were calculated over
the last 100 generations for each simulation. The value T = 5000 corresponds to a very conser-
vative choice, since fewer than 100 initial steps are typically needed to reach average values of
host densities at each node of the external network. This choice, however, ensures no initial
transients affect the patterns we describe (see S1 Fig in S1 File for examples of typical time
series of host and parasitoid densities). For each fraction of refuge areas considered, 50 sample
simulations were run with the same set of parameters.

We also assessed how spatial structure and parasitoid traits influence time variation on host
dynamics. We calculated the Coefficient of Variation (CV = s/X; ratio between the standard
deviation, s, and the mean, ¥, of a given sample) for the last 100 generations of the host density
time series. We obtained one estimate of the CV for each of the 50 sample simulations, for
each fraction of refuge areas and each value of parasitoid dispersal radius. The CV expresses
how much the densities in a given interval deviate from the mean density for that interval, and
can be used to compare scenarios with different means. Thus, we use it as a proxy to measure
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Table 1. Parameter values for the spatially-explicit simulation model.

Parameter name |Parameter description Values**
A Host growth rate (crop site) 1.5

k Host carrying capacity (crop site) 3000

c Average number of parasitoid offspring emerging from each host 1

a Parasitoid attack rate 0.05

Ara Parasitoid growth rate (refuge area) 1.01

kra Parasitoid carrying capacity (refuge area) 100

Ul Maximum host dispersal rate (large host density) 0.85

hy Host tolerance to conspecifics 100

Ry Host dispersal radius (within regular lattice) 3*

Ur Maximum parasitoid dispersal rate (large parasitoid and small host densities) | 0.4

H, Host density threshold to prevent parasitoid dispersal from patch 300

fo Parasitoid tolerance to conspecifics 100

Rp Parasitoid dispersal radius (within regular lattice) 1%, 3*
R; Distance between nodes on external network (regional distance) 6*

L Square lattice size 33 (L* =1089)
N Number of nodes on external network 10

* Lattice unit distance.

** Densities and carrying-capacities in units of number of individuals.

https://doi.org/10.1371/journal.pone.0267037.t001

strong deviations from the mean density, or the propensity of a given scenario for the occur-
rence of population outbreaks.

Statistical analyses

In order to evaluate how the two dependent variables of interest, namely average host density
per crop site and average host occupancy per crop site, would respond to changes in percentage
and distribution of refuge areas, as well as to the network structure representing regional con-
nectivity, we have performed linear regression analyses to evaluate significant differences in the
slopes. The fraction of refuge areas was used as continuous independent variable with the three
distributions of refuge areas (random, block, and border) as levels of a categorical variable. For
the star network, an additional categorical variable representing the connectivity degree of
nodes (peripheral and central) was also considered. Comparisons between slopes obtained
from linear regressions were also performed for the coefficient of variation of host density.

For the comparisons, we have performed T-tests for statistical significance of the difference
in the slopes obtained from the regressions, considering each parasitoid radius (Rp = 1 and
Rp = 3) separately. Thus, for the ring network we have pairwise comparisons for the slopes for
each categorical distribution of refuge areas, while for the star network, pairwise comparisons
for the distributions are done for each category of connectivity separately. Homoscedasticity
and normality of the residuals for the regressions were checked for consistency. All the statisti-
cal analyses were performed in R and the results can be found in the Supporting Information
(see S1 and S2 Tables in S1 File).

Results
Ring network

Fig 2 shows the results for the average host density per crop site (Fig 2—first row) and the aver-
age host occupancy per crop site (Fig 2—second row) for the ring network, as functions of the
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Fig 2. Host variables—Ring network. Average host density per crop site (first row) and average host occupancy per crop site (second row) as functions
of the percentage of refuge areas on the lattice, for random, block, and border distributions of refuge areas (first, second, and third columns,
respectively). Ten points are shown for each percentage of refuge areas, one for each node on the external network. Each point corresponds to the
average density or occupancy for that node over 50 simulations, with error bars showing one standard error of the mean. Results are shown for two
values of parasitoid dispersal radius Rp = 1 (blue circles) and Rp = 3 (orange triangles). External network (regional connectivity) has ring topology.

https://doi.org/10.1371/journal.pone.0267037.9002

percentage of refuge areas on the square lattices. For each percentage of refuge areas, results
were obtained for two parasitoid dispersal radii Rp = 1 and Rp = 3. Ensemble averages are
shown with error bars, corresponding to one standard error of the mean. For each set of
parameters, 50 samples were simulated. Densities and occupancies for the 10 nodes of the
external network are shown, with 10 circles (Rp = 1) and 10 triangles (Rp = 3) for each value of
percentage of refuge areas.

For all the scenarios, the 10 points for each fraction of refuge areas present very similar val-
ues, showing no significant difference in host variables among different nodes of the external
network. This result follows directly from the topological equivalence between nodes on the
ring network, with enough time given to populations to fully spread through the network
(averages were calculated for the last 100 generations of the time series). Values for density and
occupancy of hosts for Rp = 3 are always lower than the values obtained for Rp = 1.

For all the distributions of refuge areas, the average density of hosts per crop site decreases
as the fraction of refuges increases, with the largest reduction obtained for the random distri-
bution (Fig 2, top left panel). The decrease in host density for the random distribution, how-
ever, is followed by the largest increase in average occupancy of hosts per crop site on the
lattice (Fig 2, bottom left panel). This increase does not represent a simple spread of host
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individuals on the lattice, since the total lattice densities (host density per site times number of
crop sites) decrease when the fraction of refuge areas goes from 0.008 to 0.207.

Each distribution of refuge areas determines different responses of the dependent variables
as the proportion of refuge areas increases. We show significant differences on the slopes of
the regression curves for both host density and host occupancy, comparing the three refuge
distributions in pairs (S1 Table in S1 File), for both values of parasitoid dispersal ranges (Rp =
1 and Rp = 3). The only exception are the slopes for host density of block and border distribu-
tions for Rp = 1 (Fig 2, top central and top right panels) which are not significantly different
(p = 0.4043—S1 Table in S1 File).

Star network

Fig 3 shows the effect of the distributions of refuge areas on host density and occupancy as ref-
uge area increases, for both parasitoid dispersal ranges (Rp = 1 and Rp = 3) for the star network.
Host density and host occupancy show a clear separation of the values in two distinct catego-
ries: the peripheral nodes of the external network (empty symbols) and the central node (filled
symbols). The central node presents consistently lower densities and higher occupancies com-
pared to peripheral nodes, for each percentage of refuge areas on all the scenarios.
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Fig 3. Host variables—Star network. Average host density per crop site (first row) and average host occupancy per crop site (second row) as functions
of the percentage of refuge areas on the lattice, for random, block, and border distributions of refuge areas (first, second, and third columns,
respectively). Ten points are shown for each percentage of refuge areas, one for each node on the external network. Peripheral nodes are represented as
empty symbols and central nodes as filled symbols. Each point corresponds to the average density or occupancy for that node over 50 simulations, with
error bars showing one standard error of the mean. Results are shown for two values of parasitoid dispersal radius Rp = 1 (blue circles) and Rp = 3
(orange triangles). External network (regional connectivity) has star topology.

https://doi.org/10.1371/journal.pone.0267037.9003
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A reduction of the difference between peripheral and central nodes as the fraction of refuge
areas increases can be seen, in particular for the random and border distributions (both for
density—Fig 3, top left and top right panels—and occupancy—Fig 3, bottom left and bottom
right panels). For the block distribution, this reduction in the differences between node catego-
ries is less pronounced and shows a slight increase for host occupancy at Rp = 3 (Fig 3, bottom
central panel).

The effects of refuge distributions on the responses of host densities and host occupancies
to the percentage of refuge areas are statistically significant, separately compared for each para-
sitoid radius and node category (S2 Table in S1 File). The exceptions are the difference
between block and border distributions on host density, for central nodes and Rp = 1, and the
difference between random and border on host occupancy, for peripheral nodes and Rp = 3,
which present large confidence intervals on the estimation of slopes.

The separation between central and peripheral nodes reveals an important aspect that
could not be observed on the ring network. For the ring network, the border distribution pres-
ents a small variation in host density and occupancy, as the fraction of refuge areas increases
(Fig 2, top right and bottom right panels). For the same distribution of refuge areas on the star
network, there is a clear decrease in density and increase in occupancy for the peripheral
nodes as the percentage of refuge areas increases, while the central nodes present no clear vari-
ation (Fig 3, top right and bottom right panels). Thus, the connectivity of this lattice on the
regional scale influences how host densities and occupancies will be affected by local percent-
ages of refuge areas. For other refuge distributions (random and block) in star networks, host
densities decrease and host occupancies increase as refuge areas increase, for peripheral and
central nodes, with significant differences in these tendencies when refuge distributions are
compared (S2 Table in S1 File).

Values for host density and occupancy corresponding to the parasitoid dispersal radius Rp
=3 are always lower than the ones obtained for Rp = 1 (Fig 3), if comparisons are made
between nodes on the same category of regional connectivity (peripheral nodes with Rp = 1
compared to peripheral nodes with Rp = 3, for example).

Coefficients of variation (CV) of host density

Fig 4 shows the results for the ensemble averages of the CV for host density per crop site, for
random, block and border distributions of refuge areas, in ring and star external networks.
Our results show that the interplay between regional connectivity and spatial distribution of
refuges influences the variability in relation to the mean density (measured by the CV) for the
majority of the scenarios, with significant differences in regression slopes when comparing
pairs of distributions of refuge areas (S1 and S2 Tables in S1 File). Important exceptions are
the comparisons between block and border, for the ring network with Rp = 3, and between
block and border in the star network, for both central and peripheral nodes, with Rp = 1, for
which the differences in slopes are not significant.

For the random distribution, an increase in the percentage of refuges leads to a decrease in
the CV for both ring and star networks. The variation on the CV is not as evident for block
and border distributions. For the star network, however, a clear separation in the values of CV
for peripheral and central nodes (empty and filled symbols, respectively) is also shown, with
central nodes presenting consistently lower values of the CV, for every percentage of refuge
areas. For the border distribution in the star network (Fig 4, bottom right panel), an initial
decrease in CV can also be noted at peripheral nodes, stabilising after 5% of refuge areas. For
the central nodes, the CV increases following an increase in refuge areas, leading to a reduction
on the separation between peripheral and central nodes.
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Fig 4. Coefficients of variation—Ring and star networks. Coefficients of variation (CV) for host density per crop site as a function of the percentage
of refuge areas for the ring (first row) and star (second row) networks with random, block, and border distributions of refuge areas (first, second, and
third columns, respectively). Ten points are shown for each percentage of refuge areas, one for each node on the external network. For the star network,
peripheral nodes are represented as empty symbols and central nodes as filled symbols. Each point corresponds to the average CV for that node over 50
simulations, with error bars representing one standard error of the mean. Results are shown for two values of parasitoid dispersal radius Rp = 1 (blue
circles) e Rp = 3 (orange triangles).

https://doi.org/10.1371/journal.pone.0267037.9004

The values of the CV for Rp = 3 are slightly greater than the ones for Rp = 1 in all of the sce-
narios, except for the border distribution in the ring network (Fig 4, top right panel), and for
larger fractions of refuge areas for the border distribution in the star network (Fig 4, bottom
right panel).

Discussion

Understanding how the structural characteristics of the landscapes affect species dynamics and
distribution is fundamental to devise better strategies for pest control and conservation. Land-
scape composition has been widely recognised to have an important effect on biological con-
trol in agroecosystems, specifically in terms of proportion and distribution of non-crop or
semi-natural habitats, by providing shelter and alternative resources for natural or introduced
enemies [14, 22, 38, 39]. Moreover, it has also been shown that different scales of landscape
structure from local to regional level are important to understand pest dynamics and distribu-
tions in natural and managed environments [7, 8, 40]. Our main goal was to establish how
these two scales of spatial organisation interact and determine different responses to popula-
tion dynamics of interacting species.

We used a host-parasitoid mathematical model to investigate the influence of spatial struc-
ture on population dynamics, focusing primarily on host density and occupancy on the

PLOS ONE | https://doi.org/10.1371/journal.pone.0267037  April 14, 2022

12/17


https://doi.org/10.1371/journal.pone.0267037.g004
https://doi.org/10.1371/journal.pone.0267037

PLOS ONE

Host-parasitoid dynamics in agroecosystems

landscape. We explored two different spatial scales: at the local scale, analysing different pro-
portions and distribution of refuge areas, and at the regional scale, different patterns of con-
nectivity on the landscape. Parasitoid dispersal radius, another relevant parameter for the
host-parasitoid interaction, was also varied, showing how the interplay between biotic and abi-
otic aspects might produce both qualitative and quantitative changes on the observed patterns.
Our results reveal three non-intuitive key findings about the role played by refuge areas on
species dynamics.

First, we show that hosts” temporal and spatial dynamics are dependent not only on the pro-
portion of parasitoid refuges on the landscape, but also on their distribution and on the con-
nectivity structure at the regional scale. In our model, refuge areas correspond to non-crop
patches where it is possible to find alternative hosts and food supplies, allowing reproduction
and maintenance of a small population of parasitoids [22]. Therefore, it was expected that an
increase in the number of refuge sites (viewed as landscape sources of parasitoids) would
always be associated with decreases in density and occupancy of hosts at crop sites [41]. How-
ever, our results show that decreases in density and occupancy are not always the rule, with sig-
nificant differences on the response of these variables to refuge proportions, depending on the
spatial distributions of refuges.

Second, the results we have obtained show how host populational patterns are dependent
on the parasitoid dispersal radius, but also how spatial structure plays a fundamental role.
While in most cases an increased parasitoid dispersal radius leads to decreased values for host
density and occupancy and increased values for coefficients of variation, changes to this gen-
eral expectation can be seen for specific spatial arrangements (see border distribution in Fig 4,
top right and bottom right panels). This fact suggests that the choice of agents for biological
control should take into account not only dispersal or interaction traits, but also the landscape
structure where this control is meant to be applied [42].

Third, the difference on the patterns observed for ring and star networks shows that the
same distribution of refuge areas at the local scale may present meaningful differences on the
dynamical effects depending on the landscape connectivity at the regional scale. The separa-
tion on the host population variables related to peripheral and central nodes for the star net-
work highlights an important interplay between local distribution of refuge areas and
landscape connectivity, since the more connected nodes in the regional scale (central nodes on
the external networks) consistently present smaller values for host density and larger values for
host occupancy. For the ring network, there was no significant distinction between patterns
observed for each node.

In an agricultural context, where hosts could represent insect-pests for crop areas, our
results might inform design strategies for biological control, through the analysis of landscape
connectivity and restructuring of refuges to sustain natural or introduced populations. With
units of production located on a regional landscape with different degrees of connectivity, bio-
logical control of pests would benefit of an integrated regional approach [43, 44]. In this sce-
nario, our results suggest that the identification of central and peripheral nodes, might help to
articulate directed actions on key units, such as engineering refuge distributions or augmented
biological control.

Comparing the three refuge distributions, the random distribution presented the largest
reduction on host density as a function of the proportion of refuge areas, in agreement to the
beneficial effect of high edge density on pest control in real landscapes [10]. The choice of this
refuge distribution as the best candidate for pest control in the context of our modelling
approach, however, must be treated with caution. As a simplifying assumption, we have not
considered possible variations of population growth of parasitoids at refuge sites. At these
sites, we assume logistic growth for parasitoids, with population stochasticity only due to
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dispersal. A complex population model could be obtained, for example, by considering the
dynamics of alternative hosts at refuges. This would have a relevant effect on the dynamical
response of populations subject to the random distribution of non-crop areas, particularly for
small fractions of refuges on the lattice, since these sites would be fairly isolated. In this sce-
nario, the assumption that all of them could constitute, at any time, refuges capable of support-
ing stable communities of alternative hosts would no longer hold. Thus, the dynamics of
alternative hosts at refuge areas constitutes an important aspect to be addressed in future
work.

We show a clear distinction in effectiveness of host density reduction, measured by differ-
ences in slopes for different spatial distributions of parasitoid refuges. This relates to a long
running discussion regarding the relevance of refuge and native area fragments on the mainte-
nance of natural enemies populations and biodiversity conservation in general [45-48], spe-
cially regarding the effects of size and distribution of these fragments. Although our work
hints to the relative role of fragmentation for biological control on agroecosystems, a complete
evaluation of the matter would also consider the dispersal patterns of the species under study
[49]. Nevertheless, our results clearly present a separation between the percentage of refuge
habitats and their spatial distribution, which has also been the focus of much recent debate
(50, 51].

Finally, although we have focused essentially on the population variables of hosts, under-
standing the reciprocal actions of these variables with the population dynamics of parasit-
oids is extremely important to comprehend the biotic and abiotic factors that condition the
spatio-temporal species patterns in this context. In particular, future work should address
how refuge distributions and regional connectivity influence the occurrence of population
outbreaks for both species in time and space. The study of these interrelations can provide
valuable knowledge to inform policy on pest control and spatial structuring of these
landscapes.

Supporting information

S1 File. Supporting information with time series for host and parasitoid densities, for dif-
ferent distributions of refuge areas (S1 Fig) and summary statistics for ring and star net-
works (S1 & S2 Tables).
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