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Abstract

Geospatial analyses were used to investigate the spatial distribution of populations of Halyo-

morpha halys, an important invasive agricultural pest in mid-Atlantic peach orchards. This

spatial analysis will improve efficiency by allowing growers and farm managers to predict

insect arrangement and target management strategies. Data on the presence of H. halys

were collected from five peach orchards at four farms in New Jersey from 2012–2014

located in different land-use contexts. A point pattern analysis, using Ripley’s K function,

was used to describe clustering of H. halys. In addition, the clustering of damage indicative

of H. halys feeding was described. With low populations early in the growing season, H.

halys did not exhibit signs of clustering in the orchards at most distances. At sites with low

populations throughout the season, clustering was not apparent. However, later in the sea-

son, high infestation levels led to more evident clustering of H. halys. Damage, although

present throughout the entire orchard, was found at low levels. When looking at trees with

greater than 10% fruit damage, damage was shown to cluster in orchards. The Moran’s I

statistic showed that spatial autocorrelation of H. halys was present within the orchards on

the August sample dates, in relation to both populations density and levels of damage. Kri-

ging the abundance of H. halys and the severity of damage to peaches revealed that the

estimations of these are generally found in the same region of the orchards. This information

on the clustering of H. halys populations will be useful to help predict presence of insects for

use in management or scouting programs.

Introduction

The spatial arrangement of insect populations in an area could influence actions taken by pest

managers, and therefore must be understood. Since insects are mobile organisms governed by

the need to feed and reproduce, they often disperse themselves in space in predictable ways. In

stores containing food products, Indian meal moth (Plodia interpunctella Hübner) has been
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found concentrated around areas with concentrations of birdseed and pet products [1].

Broadly speaking, insect populations can exhibit either a homogeneous (uniform), random, or

clustered arrangement in space [2]. These patterns are affected by the spatial scale of investiga-

tion. A uniform pattern is one that is evenly distributed across a landscape. A random pattern

of distribution means that individuals are equally likely to occur at any location in the area. A

clustered distribution is one in which many individuals are concentrated closely together with

large areas containing few or no individuals. This spatially heterogeneous distribution could

result from environmental constraints, such as a landscape feature like availability of resources,

climate, or soil type. For example, the area of gypsy moth and spruce budworm defoliation has

been found to increase or decrease depending on fluctuations in temperature and precipitation

[3]. The input of chemicals and physical manipulation on farms results in changes to the land-

scape. Understanding these changes is important to our understanding of how agricultural

pests are spatially distributed.

Spatial heterogeneity generally describes the variability of a distribution of multiple species

or a population of organisms across a landscape. Populations of insects might exhibit different

distribution patterns in landscapes depending on their context, so spatial heterogeneity is an

important factor to take into account when making management choices. These patterns can

change throughout the year, as there can be different environmental factors that cause the

individuals to move around, such as resource availability or proximity to other fruiting crops.

For example, Mediterranian fruit fly, Ceratitis capitata Wiedemann, adults were found to

aggregate in apricot and peach orchards in late summer, and in apple orchards with ripe fruit

in autumn. By November, populations exhibited a random distribution [4].

Spatial clustering can occur at a variety of distances and can manifest at different spatial

scales [5]. Scale refers to the spatial extent of ecological processes [6]. This concept can influ-

ence how a process is viewed in the field. At shorter distances and smaller spatial scales, indi-

vidual insects might seem to be evenly distributed. However, when looking at an orchard as a

whole or an entire farmscape, clustering or other spatial distributions might become more

apparent. For example, there could be a population of insects on only the northern end of an

orchard and very few or no individuals on the remainder of the trees. If a farm manager is sur-

veying only the northern portion of this orchard and sees a population of insects on those

trees, he or she may apply treatments to the entire orchard when only a portion required treat-

ment. A small extent such as an orchard would be a homogeneous culture of fruit trees, but

when observing a larger extent containing the orchard (e.g. a farm), the area would be consid-

ered a heterogeneous mix of different crops. Organisms of different sizes (e.g. a mosquito and

a bird) will also have varied responses and interactions with these extents. Individual insects

might also respond differently to an environment at a smaller or larger scale. Therefore, it is

important to examine organisms at multiple scales when conducting research [7,8,9].

The brown marmorated stink bug, Halyomorpha halys Stål, is an invasive pest of multiple

agricultural and ornamental crops in the United States [10]. The earliest detection of H. halys
was in Allentown, PA in samples collected in 1996, and has since then spread throughout the

United States to 42 states, where it is considered a severe agricultural pest in six states and has

agricultural pest status in eight states [11,12]. Halyomorpha halys has a significant impact on

stone fruit, and has, in years experiencing large infestations, caused almost complete crop loss

to some growers [13]. When damaged by the insect, the stone fruit becomes unmarketable due

to damage to the fruit tissue or deformation of the fruit itself [14]. Recent years of heavy infes-

tation have increased the insecticide and management input for farmers, reducing the effec-

tiveness of established IPM programs [15]. Halyomorpha halys has the ability to feed on

multiple plants, and with this trait has been able to spread quickly across the landscape. In less

than 20 years since its detection, it has established populations throughout the majority of the
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lower 48 states. Because of the ubiquity of this pest and the threat it poses to our food security,

informed and focused tactics would save costs and improve efficacy of management of H.

halys.
Using GIS and exploratory analysis of data can lay the groundwork for further investiga-

tions into the underlying mechanisms behind spatial patterns [16]. With more accessible ways

to visualize and explain spatially referenced data through software and statistical packages,

researchers and managers are becoming more cognizant of the importance of spatial heteroge-

neity. A Ripley’s K test can be used to determine whether or not clustering occurs in a spatial

process. This test has been used to explain the spatial distribution of a wide range of subjects,

including tree species, gopher mound locations, and road-kill [17,18,19]. It has been extended

to insect populations; caddisflies were found to be clustered along with rocks used as oviposi-

tion sites in two stretches of streams at different spatial scales [20]. A Moran’s I can be used to

test for spatial autocorrelation of points in an area. Johnson and Worobec (1988) showed that

grasshoppers in Alberta are autocorrelated at a geographic scale [21]. In addition to these sta-

tistical tests, semivariograms are used to characterize the spatial structure of data, and are

closely associated with kriging, an interpolation method commonly used to predict values

within a spatial framework. Kriging has been used as a forecasting model of gypsy moth defoli-

ation and estimate densities of Colorado potato beetle for site-specific management [22,23]. In

this study, we looked at how clustering of H. halys populations in peach orchards changed

over time, and in several different landscape contexts. Additionally, we examined one orchard

in detail by investigating all sampled dates for whether or not damage by H. halys clustered in

tandem with its presence in the field. We hypothesized that low populations of H. halys early

in the summer would have low levels of clustering and their spatial distribution would be ran-

domly distributed or dispersed, likely due to lack of ripe fruit. Later in the season, when fruit

has matured and population levels are higher, clustering would occur and these populations

would exhibit higher levels of spatial autocorrelation than smaller populations. This should

occur regardless of the land use surrounding each site. This understanding of spatial patterns

and spatial heterogeneity would benefit the development of not only insecticide applications,

but also sampling methods and the predictions of insect movement and dispersal. Our specific

objectives were to determine the time of season at which clustering of H. halys will most likely

occur, and if populations are spatially autocorrelated in the orchard.

Materials and methods

Ethics statement

No endangered or protected species were involved in this study. We obtained permission from

private farmers for access and data collection in their orchards.

Site selection

Five orchards at four farms were selected to be monitored based on region and landscape con-

text. Two of the farms are research and extension centers owned by Rutgers University, the

Rutgers Fruit and Ornamental Research and Extension Center (Cream Ridge) in Cream

Ridge, New Jersey, and the Rutgers Agricultural Research and Extension Center (RAREC) in

Bridgeton, New Jersey. Multiple crops are cultivated and grown at these research stations.

The other two farms, one in Hunterdon County, New Jersey (Farm N) and one in Gloucester

County, New Jersey (Farm S), are commercial farms that contain multiple peach orchards.

Farm N has multiple crops and smaller peach orchards than Farm S, which is primarily peach

orchards. Peach orchards at each farm were selected for sampling based on information gath-

ered from extension scouts and farmers about H. halys infestation levels in earlier years.

Stink bug clustering in peach orchards
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Infestation levels were, in the past, considered to be moderate to high in the orchards selected

for sampling. Orchards were of mixed variety, and the immediate landscape around separate

orchards at the same farm was different. The landscape context, categorized broadly into agri-

culture, barren land, forest, urban, wetlands, and water within 1 km and 5 km around each

orchard, was calculated by creating buffer regions around each orchard using the two distance

categories, then quantifying the amount of area distinguished as each land-use category. Land-

use shapefiles were from the 2012 New Jersey Department of Environmental Protection assess-

ment of land-use land cover [24].

Two orchards were selected for sampling at Cream Ridge [CR1 (1 hectare, Lat: 40.116358,

Long: -74.524597), CR2 (0.55 hectare, Lat: 40.117880, Long: -74.522183)], one at RAREC [R1

(1.64 hectares, Lat: 39.516111, Long: -75.200391)], one at Farm N [N1 (2.3 hectares)], and one

at Farm S [S1 (4.5 hectares)]. Orchard composition changed year-by-year due to removal or

loss of trees or expansion of sampling area, so the number of sampled trees in each orchard

each year varied. The orchards at Cream Ridge, CR1 and CR2, are located in central New Jer-

sey, Farm N is located in northwestern New Jersey, and Farm S and the RAREC are located in

southeastern New Jersey (Fig 1). Since there were a large number of sampling dates at multiple

orchards, two dates per site per year were analyzed for signs of clustering. One date repre-

sented low, but increasing populations of H. halys as the fruit was ripening, typically in June or

July. The other represented high populations with orchards containing ripe fruit, typically in

late July or through August. Thus, the two sampling dates represented distinct periods in H.

halys population growth early and late in the growing season. Blacklight collections of H. halys
adults was conducted on-site at RAREC and Farm N from 2012–2014 and at Cream Ridge in

2014. Scatterplots of abundance are provided for comparison with orchard-collected data.

Sampling for H. halys

Sampling for H. halys was conducted from 2012 through 2014 in peach orchards across New

Jersey. This consisted of weekly samples from May through late August at selected orchards.

The specific orchards selected for sampling varied in different years depending on infestation

level. At sites in years in which low infestation levels (fewer than 5 H. halys individuals per

week) persisted into early-mid July, sampling for the remainder of the season was aborted. The

omitted sites were visited at times in which populations were high at other sites to confirm low

or nonexistent populations. Sampling consisted of 1.5 minute visual surveys of trees for H.

halys eggs, nymphs, and adults while circling each tree. All trees in the selected orchards were

sampled. In 2012, 138 trees were sampled at CR1 and 150 trees at CR2. In 2013, 257 trees were

sampled at CR1, 401 trees at R1, 321 trees at Farm N, and 421 trees at Farm S. In 2014, 227

trees were sampled at CR1 and 401 trees at R1 (Fig 1).

Sampling for damage

In the CR1 orchard, all sampled trees were visually surveyed for damaged peaches on 2 July

2014 and 12 August 14. Damage sampling consisted of 1.5 minute visual counts of the number

of peaches that were superficially damaged. This includes peaches that had resin gumming,

catfacing, and obvious puncture wounds. This type of damage is characteristic of piercing-

sucking insects, and in these fields, H. halys was the most prevalent damaging piercing-sucking

insect. Damage per tree was quantified as the percent of total fruit counted in that time period

that was damaged. Since almost all trees had at least one damaged fruit, a tree was qualified as

having damaged fruit if it had 10% or more of its fruit damaged to differentiate between those

trees with very few damaged fruit and those that with moderate to severe levels of damage.

Stink bug clustering in peach orchards
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Fig 1. Locations of the surveyed sites and the number of sampled trees in orchards from 2012–2014.

https://doi.org/10.1371/journal.pone.0170889.g001
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This was needed to conduct the Ripley’s K analysis because the test cannot account for the

magnitude of damage.

Data analysis

For the purposes of this paper, we define a point as an arbitrary location. A point pattern is a

set of points in a region or on a surface. The objective of this analysis is to determine if the

point pattern exhibits a pattern over an area or if it is randomly dispersed. A point pattern can

be distributed in any of the three distribution patterns stated earlier: random, uniform, or clus-

tered. Exploratory analysis of point patterns, including visualization through maps, extrapola-

tion of point densities, and estimation of spatial dependence among points can lead to further

analyses investigating how and why these point patterns were created.

In a scenario investigating an insect population’s spatial distribution, we are looking at a

point pattern with a number of events in an area and testing for patterns that do not resemble

complete spatial randomness. A method for describing whether a point pattern is clustered in

space is the Ripley’s K function, which has been used to describe clustering of Sirex noctilio F.

in pine plantations and the distribution of wooly apple aphid, Eriosoma lanigerum Hausmann,

in apple plantings [25,26]. This method, unlike other methods of spatial descriptive statistics,

uses a wide range of distances, from the shortest distance between points to the furthest dis-

tance between points. This is important because spatial clustering can occur at different spatial

scales. The clustering is visualized in plots of the K(t) function. Our null hypothesis of a point

pattern of an insect population in a field is one of complete spatial randomness. Any deviation

from this at specific distances indicates clustering of populations at those distance scales. Devi-

ations above a null confidence envelope are considered clustered, while deviations below the

null confidence envelope indicate a more dispersed pattern.

Point process data were mapped from each sample date at each site to visually display the

pattern in ArcMap [27]. The Ripley’s K function is defined as

KðtÞ ¼ l
� 1E½N�

where λ is the density of points and N is the number of events within a certain distance from a

randomly selected event [28]. The Ripley’s K function was used to explain the spatial arrange-

ment of point patterns, which in this case is the locations of H. halys within the sampled peach

orchard. The K function does not take into account the magnitude of the number of individu-

als on each tree, but only the presence of individuals. Ripley’s K plots were created and dis-

played using the Kest function in the spatstat package in R [29]. Confidence intervals were

created using the Kest and envelope functions. The envelope command creates confidence

envelopes by using Monte Carlo simulations testing the null hypothesis of complete spatial

randomness.

Tobler’s law states that “everything is related to everything else, but near things are more

related than distant things” [30]. Samples taken from different locations might not be indepen-

dent. Spatial autocorrelation measures the similarity of a set of spatially distributed points and

their associated values [31,32]. In comparison to randomly associated points, positively auto-

correlated points are more similar and occur near one another while negatively autocorrelated

points are less similar than expected. The Moran’s I statistic has been used in ecological analy-

ses to measure spatial autocorrelation.

A Moran’s I was used to test for spatial autocorrelation of the points in the field. This test

explains to what degree the occurrence of an event in space is likely to affect the occurrence

of an event in a neighboring or nearby space. In order to assess spatial autocorrelation, the

observer needs to determine a distance measure that defines what is meant by two observations

Stink bug clustering in peach orchards
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being close to one another. These distances are placed into a weights matrix that includes rela-

tionships between all points. So, if there are n sample points, this weights matrix will be n × n.

The Moran’s I statistic uses this weights matrix, where the formula for Moran’s I is

I ¼
N
Xn

i¼1

Xn

j¼1
wijðxi � �xÞðxj � �xÞ

Xn

i¼1

Xn

j¼1
wij

� �Xn

i¼1
ðxi � �xÞ2

where N is the number of observations, x is the variable of interest, �x is the mean of the vari-

able, xi and xj are the variable values at a locations i and j, and wij is a weight index of the loca-

tion of i relative to j [33]. This statistic varies on a scale of -1 to +1, with -1 indicating a high

negative spatial autocorrelation, or a highly dispersed pattern, 0 indicating no spatial autocor-

relation, or a random pattern, and +1 indicating high positive spatial autocorrelation, or a clus-

tered pattern. A Z-score and corresponding p-value are calculated which indicate whether or

not we can reject the null hypothesis that the point feature values are randomly distributed

across the study area. The Z-score is calculated with the following formula:

Z ¼
I � E½I�
ffiffiffiffiffiffiffiffiffi
V½I�

p

Where E[I] = -1/(n-1) and V[I] = E[I2]-E[I]2. Analysis was conducted in R using the moran.

test of the package ‘spdep’.

A semivariogram can also be used to measure spatial autocorrelation in observations at

sampled locations, model the relationships among sample locations, and is involved in esti-

mating values at unsampled locations. Semivariance is a statistic defined as:

gðhÞ ¼
1

2nðhÞ

X

ði;jÞ:hij¼h

ðxi � xjÞ
2

Where γ(h) is the semivariance for distance h, n(h) is the total number of pairs at distance h,

and hij is the distance between locations i and j. The variogram is a plot of the semivariance

against distance between pairs of points. The values on the plot increase until it levels off

because observations that are closer together should be more similar than points that are sepa-

rated by a large distance. The value at which the points level off is called the “sill” and the dis-

tance to this value on the x-axis is called the “range”. This gives us an idea of the general range

of spatial dependence, which is fitted to the plot then used to model the dependence for an

interpolation method such as kriging. Semivariograms were created using the “variogram”

and “fit.variogram” commands in the ‘gstat’ package in R [29].

Kriging is an interpolation method that is based on the surrounding measured values and

the statistical relationships among the measured points. It utilizes a semivariogram model to

estimate the value of points at unsampled locations. The distance between points and the varia-

tion between points within a specified radius is used to estimate these values. The general for-

mula for a kriging estimator is as follows:

ZðuÞ � mðuÞ ¼
XnðuÞ

a¼1

la½ZðuaÞ � mðuaÞ�

where u and ua are location vectors for the estimation point and one of the neighboring data

points, n(u) is the number of data points in the local neighborhood used for estimation, m(u)

and m(ua) are estimation values of Z(u) and Z(ua), and λa(u) is the kriging weights. The main

goal is to determine weights, λa, that minimize the variance of the estimator. Ordinary kriging
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was used in this analysis, in which the mean is assumed to be constant in the local neighbor-

hood of each estimation point. Interpolation was conducted to estimate the abundance of H.

halys and the severity of fruit damage in peach orchards at CR1, Farm S, and R1. At each site,

assessments for abundance of H. halys and fruit damage were done on the same date. At CR1,

kriging analysis was conducted for sample dates 7 July 2014 and 12 August 2014, at Farm S for

12 August 2013, and R1 for 21 August 2013. Data collection was the same used for the cluster-

ing and spatial autocorrelation analysis. This analysis was conducted in R using the “ksline”

command of the ‘geoR’ package and the “krige” command of the ‘gstat’ package [29].

Results

The landscape within 1 km around each orchard varied among the sites. Agriculture was pre-

dominant around CR1, CR2, and R1, while forest surrounded the majority of Farm N (S1 Fig).

The sites CR and R1 are within highly productive agricultural regions in New Jersey, whereas

Farm N is closer to more forested, mountainous areas. The agriculture surrounding these

orchards consisted of a mixture of tree fruit orchards, ornamental farms, soybeans, and Christ-

mas tree farms. Plantings at Cream Ridge were comprised of predominantly apricots, apples,

and peaches with small amounts of raspberry, strawberry and squash. Farm S was surrounded

by a relatively equal mix of agriculture, forest, and urban areas. Within 5 km of each orchard,

the patterns of land use remained similar to that within 1 km. However, around CR1 and CR2,

agricultural land use dropped from 72% to 46% of the total land use (S1 Fig).

Population densities of H. halys were higher based on visual sampling towards the end of

July and through August (Fig 2). Populations were relatively low in the month of June and

Fig 2. Total number of H. halys (nymphs and adults) at each site found through visual sampling. (a) 2012, (b) 2013, and (c) 2014.

https://doi.org/10.1371/journal.pone.0170889.g002
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early July, with few individuals found on the sampled trees (Fig 2). Blacklight trap captures at

Farm N in 2012 showed two strong peaks of H. halys adults in late July and late August (Fig

3A). Trap captures at RAREC in 2013 indicate high catches from mid-June through July, with

lower but still notable populations during sampling (Fig 3B). Few individuals were found in

the Cream Ridge blacklight trap at the end of August, differing from the numbers found

through our visual sampling (Fig 3B). In 2014, H. halys were found in high numbers in both

the blacklight trap (Fig 3C) and physical sampling (Fig 2C) in late June through August.

Data for the sampling dates chosen at the orchards were mapped to show the presence of H.

halys on trees and to visualize their distribution. These maps showed a representation of high

and low levels of clustering of H. halys across different sampling dates and sites. At CR1 in

2012 (Fig 4a and 4b), although populations were low, H. halys were found occasionally on the

July 12 sampling date and at the southern section of the orchard on the August 30 sampling

date. In 2013 and 2014, individuals were found along some of the rows in the middle of the

orchard and not the southern-most trees (Fig 4c–4f). Within CR2 on 15 August 2012 (Fig 5),

individuals were found throughout the field on most trees. In Farm N (Fig 6), individuals

began the season clustered towards the northern part of the orchard, but moved to the middle

rows of the orchard later in the season. The number of trees containing individuals in Farm S

(Fig 7) was low, and clustering was not apparent. In R1 (Fig 8), individuals were concentrated

in rows towards the northeastern half of the orchard. Although these maps are helpful to make

general decisions about whether or not populations are clustering, it is difficult to tell at what

scale or distance they are exhibiting this behavior.

Fig 3. Total number of H. halys adults found in blacklight traps at sites. (a) Farm N in 2012, (b) RAREC and Cream Ridge in 2013, and (c) RAREC in

2014.

https://doi.org/10.1371/journal.pone.0170889.g003
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The Ripley’s K analysis allows us to graphically examine the distances at which clustering

occurs. The red line in the graphs of the Ripley’s K analysis represent a theoretical completely

spatially random pattern, and the grey area around it is a 95% confidence envelope of complete

spatial randomness. The black line represents the collected data, and shows the degree at

which the point process is clustering at different distance classes. Populations in CR1 on 12

July 2012 (Fig 9a) show no clustering, but on 30 August 2012 show clustering to be occurring

when points are further than 5 m away (Fig 9b). Subsequent years appear to be the same, with

Fig 4. Abundance of H. halys in the CR1 peach orchard on (a) 12 July 2012, (b) 30 August 2012, (c) 2 July 2013, (d) 27 August 2013, (e) 7 July

2014, and (f) 12 August 2014.

https://doi.org/10.1371/journal.pone.0170889.g004
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clustering of individuals occurring in August (Fig 9c–9f). CR2, however, shows clustering of

populations throughout the season in 2012, although clustering was more pronounced on

23 August 2012 than on 19 July 2012 (Fig 9g and 9h). At Farm N and Farm S (Fig 9i–9l), indi-

viduals do not appear to be clustered on 9 July 2012 but clustered on 23 August 2012. At R1

Fig 5. Abundance of H. halys in the CR2 peach orchard on (a) 19 July 2012 and (b) 15 August 2012.

https://doi.org/10.1371/journal.pone.0170889.g005

Fig 6. Abundance of H. halys in the Farm N peach orchard on (a) 9 July 2012 and (b) 13 August 2012.

https://doi.org/10.1371/journal.pone.0170889.g006
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(Fig 9m–9o), clustering occurred in the first year of sampling (2013) but did not appear to

cluster in 2014.

The Moran’s I statistics showed that the level of spatial autocorrelation within orchards was

low on almost all sample dates except for 23 August 2012 at Farm N and 21 August 2013 at R1.

Fig 7. Abundance of H. halys in the Farm S peach orchard on (a) 8 July 2013 and (b) 12 August 2013.

https://doi.org/10.1371/journal.pone.0170889.g007

Fig 8. Abundance of H. halys in the R1 peach orchard on (a) 21 August 2013, (b) 10 July 2014, and (c) 5 August 2014.

https://doi.org/10.1371/journal.pone.0170889.g008
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Fig 9. Ripley’s K analysis of the presence of H. halys at the sampled peach orchards (a) CR1 12 July 2012 (b) CR1 30 August 2012 (c)

CR1 2 July 2013 (d) CR1 27 August 2013 (e) CR1 7 July 2014 (f) CR1 12 August 2014 (g) CR2 19 July 2012 (h) CR2 15 August 2012 (i)

Farm N 9 July 2012 (j) Farm N 13 August 2012 (k) Farm S 8 July 2013 (l) Farm S 12 August 2013 (m) R 21 August 2013 (n) R 10 July

2014 (o) R 5 August 2014.

https://doi.org/10.1371/journal.pone.0170889.g009
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However, at most of the sites in sampled years, there was a significant trend for the Moran’s I

statistic in August to be closer to the value of 1 than the value in July (Table 1), showing that

the distribution deviates from the expectation of randomly distributed and correlated points.

Damage was assessed in the CR1 peach orchard in 2014 on two separate sampling dates.

Maps indicate varying levels of damage throughout the field, and most trees had some dam-

aged fruit (Fig 10). There were more trees with greater than 10% of fruit damaged on the

August sampling date than on the July sampling date. Damage clustered on both sampling

dates, whether looking at only trees with greater than 10% of fruit damaged (July and August)

or the range of damage throughout the field (July), as shown by the level of positive spatial

autocorrelation of fruit damage on trees within the orchards (Table 2).

At CR1 on 7 July 2014, kriging estimated a small population of H. halys on the southern

part of the orchard, and damage assessments showed a larger portion of fruit was damaged in

that same part of the field, with some low levels of damage through the remainder of the field

(Fig 11a and 11b). On 12 August 2014, only a small population of H. halys was found in the

middle of the orchard (Fig 11c). However, more damage was found at the center of the orchard

and the northeastern row of trees (Fig 11d). At Farm S on 12 August 2013, a small population

of H. halys along with low levels of damage was present at the western part of the orchard (Fig

11e and 11f). The orchard at R1 had the highest levels of H. halys infestation among the sam-

pled sites, and kriging indicated a high level population along the northeastern part of the

orchard (Fig 11g). Percent fruit damage was high throughout the orchard, especially towards

the southern edge (Fig 11h).

Discussion

This is the first study to document the distribution of H. halys in peach orchards. Our results

provide strong evidence for clustering that varied over time. There was greater clustering in

Table 1. Moran’s I statistic for the measurement of spatial autocorrelation in sampled orchards.

Site Date of sampling Moran’s I statistic P-value

CR1 7/12/12 -0.0137 0.5449

8/30/12 0.0732 0.2057

7/2/13 -0.0063 0.5666

8/27/13 0.1891 0.0049*

7/7/14 -0.0075 0.5740

8/12/14 0.0637 0.1098

CR2 7/19/12 -0.0127 0.6148

8/15/12 0.0287 0.3636

Farm N 7/9/12 -0.0117 0.5657

8/23/12 0.5727 < 0.0001*

Farm S 7/8/13 -2.3809e-3 0.5

8/12/13 -0.0015 0.4898

R 8/21/13 0.3331 < 0.0001*

7/10/14 -0.0129 0.583

8/5/14 0.0765 0.0909

A positive Moran’s I statistic represents positive spatial autocorrelation, while a negative value indicates

negative spatial autocorrelation. Values closer to -1 or 1 indicate stronger measures of autocorrelation. The

p-value indicates whether or not the null hypothesis of randomly distributed points can be rejected. An

asterisk is used to mark significant P-values.

https://doi.org/10.1371/journal.pone.0170889.t001
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August at high population levels, and low clustering in July at low population levels. Clustering

of instances of damage occurred when levels of damage were high later in the season. Investi-

gating the location and levels of H. halys populations in orchards enables us to learn about the

distribution of the pest in relation to time and space. Since populations of H. halys varied

Fig 10. Maps showing the level of fruit damage (greater than 10% damaged fruit) at CR1 on (a) 2 July 2014 and (b) 12 August 2014 and the

overall % damaged fruit (c) 2 July 2014 and (d) 12 August 2014 followed by Ripley’s K graphs of clustering.

https://doi.org/10.1371/journal.pone.0170889.g010

Table 2. Moran’s I statistic for the measurement of spatial autocorrelation of fruit damage in CR1 in 2014.

Date of sampling Level of Damage Moran’s I Statistic P-value

7/2/14 % of damage1 0.3998 4.472e-7*

>10% fruit damaged2 0.1774 0.0092*

8/12/14 % of damage1 0.0974 0.1079

>10% fruit damaged2 0.3529 1.1418e-5*

A positive Moran’s I statistic represents positive spatial autocorrelation, while a negative value indicates negative spatial autocorrelation. Values closer to -1

or 1 indicate stronger measures of autocorrelation. The p-value indicates whether or not the null hypothesis of randomly distributed points can be rejected.

An asterisk is used to indicate significant p-values.
1 Damaged fruit throughout the field
2 Only trees with greater than 10% fruit damaged

https://doi.org/10.1371/journal.pone.0170889.t002
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throughout the sampling season at different sites, we believed that they would exhibit different

levels of clustering and spatial autocorrelation throughout this period. Feeding in aggregations

has been linked to the tendency of insect populations to outbreak [34]. Our results show that

clustering of H. halys populations occurred mostly on the later sampling dates, when popula-

tion levels were higher in the orchards. Since this is most prevalent during the August sample

dates when fruit is ripe or ripening, it suggests that populations are clustering at times and in

areas with suitable resources. In addition, later sampling dates could have had H. halys immi-

grants from nearby areas attracted by aggregating individuals already in the orchard. Our kri-

ging analysis of R1 estimated large populations of H. halys at the northeastern part of the

orchard in addition to large levels of damage throughout the area, especially towards the south-

ern section. There is a forested edge past the northeastern part of the orchard, leadings us to

believe that many H. halys migrate from there into the northeastern row. Although there was

no indication of high populations of H. halys in the southern part of the orchard on the day of

sampling, the high levels of damage there could be a result of migration to and from an adja-

cent field of soybeans south of the orchard. A helpful follow-up study investigating the

Fig 11. Kriging interpolation of the abundance of H. halys (a,c,e,g) and the severity of damage (percent of damaged fruit) (b,d,f,h) in peach

orchards. (a) CR1, 7 July 2014, H. halys, (b) CR1, 7 July 2014, damage, (c) CR1, 12 August 2014, H. halys, (d) CR1, 12 August 2014, damage, (e) Farm

S, 12 August 2013, H. halys, (f) Farm S, 12 August 2013, damage, (g) R1, 21 August 2013, abundance of H. halys, (h) R1, 21 August 2013, damage. The

brighter and whiter the color, the higher the abundance or level of damage.

https://doi.org/10.1371/journal.pone.0170889.g011
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clustering on field edges in relation to the phenology of surrounding crops within the farm-

scape. A recent study has found that injury to apple due to H. halys is not uniformly distributed

in commercial apple orchards, and injury was generally higher along borders at forested edges

[35].

Although trap captures in blacklights were high in late-June through July, it might not nec-

essarily indicate high levels of H. halys in nearby orchards. Populations could be drawn into

the blacklight from other neighboring host plants that are a more suitable food source at that

time. The levels of positive spatial autocorrelation between points on August sample dates

demonstrate that abundance of H. halys on one tree is influenced by its abundance on nearby

trees. While additional studies are being conducted to determine the abiotic and biotic con-

tributors to this aggregation of H. halys populations, our analysis presented here shows that

there are differences in how populations behave and distribute themselves in the orchard

depending on time and space.

There are a variety of factors that contribute to a population of individuals exhibiting a

clustered distribution. These could include environmental factors such as availability of food

resources, sunlight, refuge, proximity to other infested trees or a number of other biotic or abi-

otic factors. For example, aphids in an apple planting were shown to cluster within short dis-

tances from other heavily infested trees [36]. The stink bugs Nezara viridula L. and E. servus
Say have been found to aggregate on a cotton-peanut border when dispersing from peanut to

cotton as they switch food resources [37]. Maps of interpolated N. viridula density show dis-

tinct aggregations at borders on sampling dates when the peanut growing season is ending and

cotton bolls become a preferred food source. Population levels of N. viridula have also been

shown to be highly influenced by the stage of soybeans in fields [38]. This linkage between

resources, landscape and aggregation of individuals suggests that clustering of H. halys popula-

tions could also result from differences in resource availability across a landscape. Studies on

H. halys have begun to examine the prevalence of an edge effect of aggregation in field crop

and ornamental settings [39,40]. Halyomorpha halys was shown to disperse from corn to adja-

cent soybean, particularly at the time when soybeans were developing.

Clustering of insect populations can have an impact on the larger context of the landscape

and potentially on abiotic factors. For instance, clustering of damage caused by populations of

western spruce budworm has been shown to be linked to a decrease in the risk of forest fires in

the seven years following infestation [41]. This is thought to be due to the smaller amount of

needles in years following defoliation. Our results show clustering of piercing-sucking damage

to peaches that is positively spatially autocorrelated. Although other insect species can cause

similar damage to peaches, H. halys was the most common piercing-sucking insect found in

the orchard and was likely the cause of most of the damage we observed. In addition, clustering

of damage occurred along with clustering of H. halys. A reduction of the H. halys population

would presumably reduce the amount of damage found in orchards.

Further studies should investigate the distribution of H. halys in orchards under different

population densities. During the current studies, numbers of H. halys were not as high as in

previous years, which might have affected their distribution and aggregation in the field. Less

clustering would occur with our model because the model is more robust with larger counts.

Additionally, the relative strength of aggregation pheromone at higher levels of population

may contribute to the increase in clustering. It would be interesting to investigate and relate

the levels and distribution of natural enemies and native pentatomids to H. halys to see if the

potential for predation or competition caused population reductions. Also, we would like to

know if these spatial patterns hold when populations are high throughout orchards, i.e. will H.

halys continue to exhibit clustering or show signs of a more uniform or random dispersion in

those situations?
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Semivariograms, kriging, and the Ripley’s K and Moran’s I statistics have a wide breadth of

applications for investigating spatial point processes in nature. From stored product pests, dis-

tribution of caddisflies, distribution of grasses and shrubs, determining the spatial structure of

sugar maples and even to moose-vehicle collisions these have been powerful tools to display

variations in spatiotemporal patterns [42,43,44,45,46]. Findings in our study have implications

for management on the farm level. Management strategies might want to consider the location

of late-season varieties as well as the location of future plantings of these varieties and the like-

lihood of attracting aggregations of H. halys. Since H. halys clusters and populations are spa-

tially autocorrelated, being aware of their orchards’ structure would help growers predict

where the most suitable resources for H. halys would be located during the growing and har-

vesting seasons. Scouting in peach orchards should focus on areas with ripening and ripe fruit,

then proceed to locations where ripening occurs throughout the orchard and farm. Farm man-

agers should keep in mind that populations of H. halys are positively spatially autocorrelated

in peach orchards on these later dates, and thus individuals are more likely to be closer to

other individuals and larger populations. Scouting and management interventions would

likely benefit from targeting these areas. Linking clustering of H. halys to landscape structure,

such as food availability and distance to habitat and other resources remains to be seen. Under

the range of landscapes in which our sampled orchards are located, clustering was found to dif-

ferent degrees.

Supporting information

S1 Fig. Landscape context around orchards CR1 and CR2 (1km(A) and 5km(B)), Farm N

(1km(C) and 5km(D)), Farm S (1km(E) and 5km(F)), and R1 (1km(G) and 5km(H)).

(TIF)

Acknowledgments

The authors thank the growers who allowed us to sample in their orchards and for the techni-

cal assistance of Cory Haluska, Michael Hwang, and Alex Kaufman.

Author Contributions

Conceptualization: NGH CR GCH.

Data curation: NGH.

Formal analysis: NGH.

Funding acquisition: NGH CR GCH.

Investigation: NGH CR GCH.

Methodology: NGH CR GCH.

Project administration: CR GCH.

Resources: NGH CR GCH.

Software: NGH.

Supervision: CR GCH.

Validation: NGH.

Visualization: NGH CR GCH.

Stink bug clustering in peach orchards

PLOS ONE | https://doi.org/10.1371/journal.pone.0170889 March 31, 2017 18 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170889.s001
https://doi.org/10.1371/journal.pone.0170889


Writing – original draft: NGH CR GCH.

Writing – review & editing: NGH.

References
1. Arbogast RT, Kendra PE, Mankin RW, McGovern JE. Monitoring insect pests in retail stores by trapping

and spatial analysis. J Econ Entomol. 2000; 93(5): 1531–1542. PMID: 11057728

2. Fortin M, Dale MT. Spatial analysis in ecology. In: El-Shaarawi AH, Piegorsch WW, editors. Encyclope-

dia of environmetrics. John Wiley and Sons; 2002. Pp. 2051–2058.

3. Williams DW, Liebhold AM. Herbiverous insects and global change: potential changes in the spatial dis-

tribution of forest defoliator outbreaks. J Biogeogr. 1995; 22(2): 665–671.

4. Papadopoulos NT, Katsoyannos BI, Nestle D. Spatial autocorrelation analysis of a Ceratitis capitata

(Diptera: Tephritidae) adult population in a mixed deciduous fruit orchard in northern Greece. Environ

Entomol. 2012; 32(2): 319–326.

5. Wiens JA. Spatial scaling in ecology. Funct Ecology. 1989; 3(4): 385–397.

6. Fortin MJ, Dale M. Spatial analysis: a guide for ecologists. 1st edition. Cambridge University Press,

Cambridge; 2005.

7. Wiens JA. Spatial Scaling in Ecology. Funct Ecol. 1989: 3(4): 385–397.

8. Roland J, Taylor PD. Insect parasitoid species respond to forest structure at different spatial scales.

Nature. 1997: 386: 710–713.

9. Schweiger O, Maelfait JP, Wingerden WV, Hendrickx F, Billeter R, Speelmans M et al. Quantifying the

impact of environmental factors on arthropod communities in agricultural landscapes across organiza-

tional levels and spatial scales. J Appl Ecol. 2005: 42: 1129–1139.

10. Leskey TC, Hamilton GC, Nielsen AL, Polk DF, Rodriguez-Saona C, Bergh JC et al. Pest status of the

brown marmorated stink bug, Halyomorpha halys in the USA. Outlooks on Pest Management. 2012; 23

(5): 218–266.

11. Hoebeke ER, Carter ME. Halyomorpha halys (Stål) (Heteroptera: Pentatomidae): a polyphagous pest

from Asia newly detected in North America. Proc Entomol Soc Wash. 2003; 105(1): 225–237.

12. Leskey TC, Hamilton GC. Brown marmorated stink bug working group meeting. 2015. http://www.

northeastipm.org/neipm/assets/File/BMSB-Working-Group-Meeting-Report-Dec-2014.pdf.

13. Rice KB, Bergh CJ, Bergmann EJ, Biddinger DJ, Dieckhoff C, Dively G et al. Biology, ecology, and man-

agement of brown marmorated stink bug (Hemiptera: Pentatomidae). J Integr Pest Manag. 2014; 5(3):

1–13.

14. Nielsen AL, Hamilton GC. Seasonal occurrence and impact of Halyomorpha halys (Hemiptera: Pentato-

midae) in tree fruit. J Econ Entomol. 2009; 102(3): 1133–40. PMID: 19610429

15. Leskey TC, Short BD, Butler BR, Wright SE. Impact of the invasive brown marmorated stink bug, Halyo-

morpha halys (Stål), in Mid-Atlantic tree fruit orchards in the United States: Case studies of commercial

management. Psyche. 2012.

16. Liebhold AM, Rossi RE, Kemp WP. Geostatistics and Geographic Information Systems in Applied

Insect Ecology. Annu Rev Entomol. 1993; 38: 303–327.

17. Clevenger AP, Chruszcz B, Gunson KE. Spatial patterns and factors influencing small vertebrate fauna

road-kill aggregations. Biol Conserv. 2003; 109(1): 15–26.

18. Klaas BA, Moloney KA, Danielson BJ. The tempo and mode of gopher mound production in a tallgrass

prarie remnant. Ecography. 2000; 23(2): 246–256.

19. Robert J, Dalling JW, Harris KE, Yavitt JB, Stallard RF, Mirabello M et al. Soil nutrients influence spatial

distribution of tropical tree species. Proc Natl Acad Sci U S A. 2006; 104(3): 864–869.

20. Lancaster J, Downes BJ, Reich P. Linking landscape patterns of resource distribution with models of

aggregation in ovipositing stream insects. J Anim Ecol. 2003; 72: 969–978.

21. Johnson DL, Worobec A. Spatial and temporal computer analysis of insects and weather: grasshoppers

and rainfall in Alberta. Memoirs of the Entomological Society of Canada. 1988 120: 33–48.

22. Hohn ME, Liebhold AM, Gribko LS. Geospatial modeling for forecasting spatial dynamics of defoliation

caused by the gypsy moth (Lepidoptera: Lymantriidae). Environ Entomol. 1993: 22(5): 1066–1075.

23. Weisz R, Fleischer S, Smilowitz Z. Map generation in high-value horticultural integrated pest manage-

ment: Appropriate interpolation methods for site-specific pest management of Colorado potato beetle

(Coleoptera: Chrysomelidae). J Econ Entomol. 1995: 88(6): 1650–1657.

Stink bug clustering in peach orchards

PLOS ONE | https://doi.org/10.1371/journal.pone.0170889 March 31, 2017 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/11057728
http://www.northeastipm.org/neipm/assets/File/BMSB-Working-Group-Meeting-Report-Dec-2014.pdf
http://www.northeastipm.org/neipm/assets/File/BMSB-Working-Group-Meeting-Report-Dec-2014.pdf
http://www.ncbi.nlm.nih.gov/pubmed/19610429
https://doi.org/10.1371/journal.pone.0170889


24. New Jersey Department of Environmetal Protection. 2012 Imagery. NJDEP 2012 Land use/land cover

update. http://www.nj.gov/dep/gis/lulc12c.html.

25. Corley JC, Villacide JM, Bruzzone OA. Spatial dynamics of a Sirex noctilio woodwasp population within

a pine plantation in Patagonia, Argentina. Entomol Exp Appl. 2007; 125(3): 231–236.

26. Alspach PA, Bus VGM. Spatial variation of woolly apple aphid (Eriosoma lanigerum Hausman) in a

genetically diverse apple planting. N Z J Ecol. 1999; 23(1): 39–44.

27. ESRI 2013. ArcGIS Desktop: Release 10.2. Redlands, CA: Environmental Systems Research

Institute.

28. Ripley BD. The second-order analysis of stationary point processes. J Appl Probab. 1976; 13: 255–266.

29. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. 2014. http://www.R-project.org/.

30. Tobler W. A computer movie simulating urban growth in the Detroit region. Economic Geography. 1970;

46(2): 234–240.

31. Koenig WD. Spatial autocorrelation and ecological phenomena. Trends in Ecology and Evolution. 1999;

14(1): 22–26. PMID: 10234243

32. Legendre P. Spatial autocorrelation: trouble or new paradigm? Ecology. 1993; 74: 1659–1673.

33. Moran PAP. Notes on Continuous Stochastic Phenomena. Biometrika. 1950; 371: 17–22.

34. Wallner WE. Factors affecting insect population dynamics: Differences between outbreak and non-out-

break species. Annu Rev Entomol. 1987; 32: 317–340.

35. Joseph SV, Stallings JW, Leskey TC, Krawczyk G, Polk D et al. Spatial distribution of brown marmo-

rated stink bug (Hemiptera: Pentatomidae) Injury at harvest in mid-Atlantic apple orchards. J Econ Ento-

mol. 2014: 107(5): 1839–1848. https://doi.org/10.1603/EC14154 PMID: 26309274

36. Alspach PA, Bus VGM. Spatial variation of woolly apple aphid (Eriosoma lanigerum Hausman) in a

genetically diverse apple planting. N Z J Ecol. 1999; 23(1): 39–44.

37. Tillman PG, Northfield TD, Mizell RF, Riddle TC. Spatiotemporal patterns and dispersal of stink bugs

(Heteroptera: Pentatomidae) in peanut-cotton farmscapes. Environ Entomol. 2009; 38(4): 1038–1052.

https://doi.org/10.1603/022.038.0411 PMID: 19689882

38. Schumann FW, Todd JW. Population dynamics of the southern green stink bug (Heteroptera: Pentato-

midae) in relation to soybean phenology. J Econ Entomol. 1982; 75: 748–753.

39. Venugopal PD, Dively GP, Lamp WO. Spatiotemporal dynamics of the invasive Halyomorpha halys

(Hemiptera: Pentatomidae) in and between adjacent corn and soybean fields. Journal Econ Entomol.

2015. http://dx.doi.org/10.1093/jee/tov188.

40. Venugopal PD, Martinson HM, Bergmann EJ, Shrewsbury PM, Raupp MJ. Edge Effects Influence the

Abundance of the Invasive Halyomorpha halys (Hemiptera: Pentatomidae) in Woody Plant Nurseries.

Environ Entomol. 2015. http://dx.doi.org/10.1093/ee/nvv061

41. Lynch HJ, Moorcroft PR. A spatiotemporal Ripley’s K-function to analyze interactions between spruce

budworm and fire in British Columbia, Canada. Can J For Res. 2008; 38: 3112–3119.

42. Arbogast RT, Kendra PE, Mankin RW, McGovern JE. Monitoring insect pests in retail stores by trapping

and spatial analysis. J Econ Entomol. 2000; 93(5): 1531–1542. PMID: 11057728

43. Lancaster J, Downes BJ, Reich P. Linking landscape patterns of resource distribution with models of

aggregation in ovipositing stream insects. J Anim Ecol. 2003; 72: 969–978.

44. Amras C, Pugnaire FJ. Plant interactions govern population dynamics in a semi-arid plant community. J

Ecol. 2005; 93(5): 978–989.

45. Fortin M, Drapeau P, Legendre P. Spatial autocorrelation and sampling design in plant ecology. Plant

Ecol. 1989: 83(1): 209–222.

46. Mountrakis G, Gunson K. Multi-scale spatiotemporal analyses of moose-vehicle collitions: a case study

in northern Vermont. Int J Geogr Inf Sci. 2008; 23(11): 1389–1412.

Stink bug clustering in peach orchards

PLOS ONE | https://doi.org/10.1371/journal.pone.0170889 March 31, 2017 20 / 20

http://www.nj.gov/dep/gis/lulc12c.html
http://www.R-project.org/
http://www.ncbi.nlm.nih.gov/pubmed/10234243
https://doi.org/10.1603/EC14154
http://www.ncbi.nlm.nih.gov/pubmed/26309274
https://doi.org/10.1603/022.038.0411
http://www.ncbi.nlm.nih.gov/pubmed/19689882
http://dx.doi.org/10.1093/jee/tov188
http://dx.doi.org/10.1093/ee/nvv061
http://www.ncbi.nlm.nih.gov/pubmed/11057728
https://doi.org/10.1371/journal.pone.0170889

