Ecological Applications, 30(5), 2020, 02103
© 2020 by the Ecological Society of America

Drivers of global Scolytinae invasion patterns

M. VicTORIA LANTSCHNER, "> JuaN C. CORLEY,"*> AND ANDREW M. LiepHoLD>*

'Grupo de Ecologia de Poblaciones de Insectos, Instituto de Investigaciones Forestales y Agropecuarias Bariloche (IFAB), INTA —

CONICET, Modesta Victoria 4450, Bariloche, Argentina
2Departamento de Ecologia, CRUB Universidad Nacional del Comahue, Quintral 1250, Bariloche, Argentina
3Northern Research Station, USDA Forest Service, 180 Canfield Street, Morgantown, West Virginia 26505 USA

4Faculty of Forestry and Wood Sciences, Czech University of Life Sciences Prague, 165 00 Praha 6, Suchdol, Czech Republic

Abstract.  Biological invasions are affected by characteristics of invading species, strength
of pathway connectivity among world regions and habitat characteristics of invaded regions.
These factors may interact in complex ways to drive geographical variation in numbers of inva-
sions among world regions. Understanding the role of these drivers provides information that
is crucial to the development of effective biosecurity policies. Here we assemble for the first
time a global database of historical invasions of Scolytinae species and explore factors explain-
ing geographical variation in numbers of species invading different regions. This insect group
includes several pest species with massive economic and ecological impacts and these beetles
are known to be accidentally moved with wood packaging in global trade. Candidate explana-
tory characteristics included in this analysis are cumulative trade among world regions, size of
source species pools, forest area, and climatic similarity of the invaded region with source
regions. Species capable of sib-mating comprised the highest proportion on nonnative Scolyti-
nes, and these species colonized a higher number of regions than outbreeders. The size of
source species pools offered little power in explaining variation in numbers of invasions among
world regions nor did climate or forest area. In contrast, cumulative trade had a strong and
consistent positive relationship with numbers of Scolytinae species moving from one region to
another, and this effect was highest for bark beetles, followed by ambrosia beetles, and was low
for seed and twig feeders. We conclude that global variation in Scolytine invasions is primarily
driven by variation in trade levels among world regions. Results stress the importance of global
trade as the primary driver of historical Scolytinae invasions and we anticipate other hitchhik-
ing species would exhibit similar patterns. One implication of these results is that invasions
between certain world regions may be historically low because of past low levels of trade but
future economic shifts could result in large numbers of new invasions as a result of increased
trade among previously isolated portions of the world. With changing global flow of goods
among world regions, it is crucial that biosecurity efforts keep pace to minimize future inva-
sions and their impacts.
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INTRODUCTION

For most groups of organisms, the primary driver of
the problem of biological invasions is globalization
(Hulme 2009, Seebens et al. 2018). Specifically, the
movement of humans and objects in trade has histori-
cally caused inadvertent transport of organisms outside
of their native ranges, placing them in ecosystems where
they have no previous evolutionary history. Because
many of these invading organisms have substantial eco-
logical impacts following their establishment in nonna-
tive habitats, there is an urgent need to understand the
specific drivers of invasions that cause variation both in
numbers of alien species establishing in areas but also
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variation in numbers of species originating from differ-
ent areas (Liebhold et al. 2016, Seebens et al. 2018). Ulti-
mately, this knowledge can be of critical value in
forming effective biosecurity policies aimed at minimiz-
ing numbers of future invasions (Hulme et al. 2008).

Analysis of geographical patterns of historical inva-
sions is a useful method for inferring the relative impor-
tance of different factors influencing invasions.
Geographic variation in numbers of established nonna-
tive species may reflect both historical variation in
propagule pressure as well as variation in habitat charac-
teristics that make certain areas more prone to invasions,
i.e., “invasibility” (Pysek et al. 2010, Liebhold et al.
2013, van Kleunen et al. 2015, Liebhold et al. 2016,
2018, Dawson et al. 2017). Furthermore, recent work
has also determined that geographical variation in
source species pool sizes may play an important role in
determining numbers of species invading other regions
(Liebhold et al. 2017, Seebens et al. 2018).
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The Scolytinae (Coleoptera: Curculionidae) are a
large and diverse group of insects, that exhibit many
different habits and utilize various types of host tis-
sues of trees and other plants. Several species in this
group are capable of causing severe impacts on forests
due to their ability to mass-attack and kill host trees
(Raffa et al. 2008, Biedermann et al. 2019). The two
major groups of Scolytinae are true bark beetles,
which feed on the inner bark, and ambrosia beetles,
which cultivate and feed on symbiotic ambrosia fungi
that grow in the xylem. Additionally, there are several
species that feed in seeds, cones, and roots of woody
plants, and species that feed on stems and roots of
non-woody plants (Kirkendall et al. 2015). Mating
systems also vary among scolytines, ranging from sim-
ple monogamy, to heterosanguineous polygyny, and to
consanguineous polygyny (inbreeding; Kirkendall
et al. 2015). This variety of mating systems and host
feeding habits, together with their cryptic nature that
allows them to be accidentally transported in raw logs
and wood packaging material (Brockerhoff et al.
2006, Meurisse et al. 2019) makes them very success-
ful in invading new habitats (Wood and Bright 1992,
Kirkendall and Faccoli 2010, Brockerhoff et al. 2013,
Haack et al. 2013). Many Scolytinae species have
already established in regions outside of their native
ranges and several of these have become serious pests
(Marini et al. 2011, Haack et al. 2013, Lantschner
et al. 2017).

Several authors have explored patterns of Scolyti-
nae invasion and possible drivers at sub-continental
or continental scales. In the United States and Eur-
ope, it was found that volume of imports was a
strong predictor of the number of exotic Scolytinae
species. It has also been highlighted that drivers can
differentially affect bark and ambrosia beetle inva-
sions. For example, climatic factors (temperature and
precipitation) were found to be important in deter-
mining the number and pattern of colonization of
exotic ambrosia beetles in the United States but bark
beetles were found to be able to colonize larger areas
within the United States because of their lower
dependency on strict climatic conditions (Marini
et al. 2011, Rassati et al. 2016). Host breath and
reproductive system are important biological attri-
butes affecting establishment probabilities; in both
the United States and Europe most established non-
native Scolytinae species are polyphagous and are
capable of sib-mating (inbreeders) (Kirkendall and
Faccoli 2010, Haack et al. 2013).

However, no studies have assessed invasion patterns of
Scolytinae at a global scale, considering all biogeo-
graphic regions. In this study, we analyze global patterns
of historical Scolytinae invasions. We used worldwide
records of historical establishment of nonnative Scolyti-
nae outside of their native ranges to test for the effects
of factors explaining these patterns, considering their
feeding habits and mating systems. Various explanatory
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characteristics that we considered included species pool
sizes, propagule pressure (using trade volume as a proxy)
and habitat characteristics related to invasibility (climate
and forest area).

MATERIALS AND METHODS

Study area

This study was conducted at a global scale with all
land areas (excluding Antarctica) divided into six bio-
geographic regions: Nearctic, Neotropic, Palearctic,
Indo-Malay, Afrotropic, and Austro-Pacific (Fig. 1).
These divisions are slightly modified from Wallace’s
classification, to match national political boundaries.
Australasia and Oceania were merged into a single Aus-
tro-Pacific region because there were relatively few
Scolytinae species in Oceania.

Non-native Scolytinae data collection

We compiled records of Scolytinae species established
outside of their native region from a variety of sources
including both published scientific articles and public
online databases of first discoveries prior to 2020 (see
Appendix S1: Table S1 for a full list of sources). It
should be noted that we considered only nonnative spe-
cies originating from distant regions or other continents,
i.e.,, we excluded species invading or expanding their
ranges within portions of the same biogeographic region
in which they are native. We searched primarily in regio-
nal monographs and catalogs (Wood 1982, 2007, Wood
and Bright 1992), as well as in online databases (Atkin-
son 2019, CABI 2019) and published nonnative species
compilation lists (Kirkendall and Faccoli 2010, Haack
et al. 2013, Kirkendall 2018). We also conducted a
search for published papers reporting the establishment
of nonnative Scolytinae species at a global scale in Goo-
gle Scholar, using the following key words “Scolyti-
nae + nonnative” and “Scolytinae + invasive.” We
included in our analyses only records of species that have
established self-sustaining populations in a nonnative
region (i.e., species that have been found for consecutive
years and at different locations in the invaded region).
For each nonnative species, we compiled information
(from the same sources) on both native and invaded
ranges, classified into the six regions using the literature
and databases. It should be noted that there are several
species with widespread global distributions and for
which there is no certainty on the identity of their native
ranges. In these cases, we used the native region consid-
ered most likely based on the criteria of specialists
(mainly Wood and Bright 1992, Wood 2007, Haack
et al. 2013, as well as other updated specific publications.
See Appendix S1: Table S1 for more detail). Widely dis-
tributed species for which the native range is very uncer-
tain were excluded from analyses involving regions of
origin and destination, but were included in the analysis



July 2020

DRIVERS OF GLOBAL SCOLYTINAE INVASION

Article €02103; page 3

{LI . o 2
= =]
] f:;/‘::f‘ N 4;{ T60°N
2L
3
T = T30°N
I Afrotropic
Austro-Pacific
[ Indo-Malaya -—-ﬁa\\w 1°
Nearctic o L
Neotropic 9
i Palearctic . \5 +30°S
Vi Y,
y
I ’t‘ N &
0 2,000 4,000 km
A T60°S
T T T T T T T T T ¥ T T
150° W 120° W 90° W 60° W 30°W 0° 30°E 60°E 90°E 120°E 150° E 180
Fic. 1. Geographical ranges of the world’s biogeographical regions.

of total colonized regions (see same section for more
detail on this).

We also classified each species based on their feeding
habit and mating system, since these biological attributes
are expected to influence the introduction and establish-
ment success of species. We considered four feeding
groups: (1) bark beetles (BB), species that feed primarily
on inner bark or phloem (i.e., phloeophagy) of trunks
and branches; (2) ambrosia beetles (AB), species that
feed primarily on fungi growing in galleries excavated in
xylem tissue (i.e., xylomycetophagy); (3) seed and twig
feeders (ST), species that feed in seeds or outer layers of
fruit, (i.e., spermatophagy), or the pith (i.e., myelo-
phagy) or phloem of twigs; (4) root feeders (R), species
feeding in roots of herbaceous plants (i.e., herbiphagy)
(Haack et al. 2013, Kirkendall et al. 2015, Vega et al.
2015). Furthermore, we considered two mating systems:
(1) inbreeders, species for which sib-mating has been
documented, and (2) outbreeders, species for which mat-
ing only occurs between unrelated individuals (Kirk-
endall et al. 2015).

Explanatory variables

We identified a set of variables that could potentially
explain the observed patterns of global Scolytinae inva-
sions.

Number of native Scolytinae species in the recipient
region.—We obtained information on the number of
native Scolytinae species for each of the three feeding
guilds in each biogeographical region from Hulcr et al.
(2015). Numbers of native species presumably reflect, in
part, the diversity of ecological niches present in each
region.

Cumulative imports.—We compiled information on the
total value of imports between regions. We considered
the total value of imports as proxy for propagule pres-
sure, because scolytines are associated with wood and
wooden products, such as pallets, crates, dunnage, and
logs, which are present in a large part of cargo (McCul-
lough et al. 2006, Haack et al. 2014). Annual value of
import data was obtained from the Correlates of War
project (Barbieri et al. 2009, Barbieri and Keshk 2016).
These data consisted of annual bilateral trade (import/
export) values between every country pair from 1870 to
2014 expressed in U.S. dollars. Because of changes in
national identities, independence of former colonies and
other reasons, there existed gaps in the bilateral trade
data. Consequently, we filled the gaps in data derived
from the Correlates of War database and extended it
back to 1850 using a second trade data set obtained
from Federico-Tena World Trade Historical Database
(Federico and Tena-Junguito 2019). This global trade
database includes exports and imports, in both current
and constant prices (US$) from 1800 to 1938 and
includes not only countries but also colonies (that are
now independent countries). Imports were expressed in
billions of U.S. dollars per year, adjusted to 2018 values
utilizing the Consumer Price Index (Federal Reserve
Bank of Minneapolis 2018). We grouped all countries by
region and summed cumulative annual imports to all
countries in each region to express total trade flow
between each pair of regions. It should be noted that
total values of imports include all types of commodities,
most of which are associated with wood packaging, but
not all (i.e., oil, petroleum gases). Unfortunately, more
precise data, with imports broken down by commodity,
are not available for the temporal and geographic span
of this analysis.
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Forest area.—We estimated land area covered with for-
ests in each region, based on the Terrestrial Ecoregions
of the World map (Olson et al. 2001) (downloaded as a
GIS layer; available online).®

Climatic similarity.— We estimated a climatic similarity
index between each pair of regions. Within the forest
area GIS layer for each region, we estimated the area
occupied by each major climatic group using the
Koppen-Geiger system (Kottek et al. 2006). This classifi-
cation system divides climates into five main groups:
tropical, dry, temperate, continental, and polar. The
measure of similarity (ranging from 0 to 1) for each pair
of regions was calculated as

5
2 KG = 1 PKG.iPKG,j
5 5 ;
(Xke—1Pkei T kG —1Pka,)/2

CSiy =

where CS; ; is the climatic similarity between region i/ and
J; and pkg, is the fraction of forest in region i with Kop-
pen-Geiger climate class KG.

Number of host plant families.—We compiled informa-
tion on the number of host plant families for each
Scolytinae species as a proxy of their diet breath. We
classified the species in two categories, those that feed on
species from one or two plant families, and those who
feed on species of three or more plant families. This
information was obtained from Wood and Bright (1992)
and complemented with specific publications for the spe-
cies for which information was not available (see
Appendix S1 for a full list of sources).

Data analysis

We calculated average numbers of regions invaded by
each species broken down by feeding habit and mating
system. To evaluate whether the number of regions colo-
nized by each species was related to their level of host
specificity, feeding habit or mating system we performed
a x° test. We calculated total numbers of species invad-
ing two categories of numbers of colonized regions (in-
cluding the native range): two to three and four to six.
We classified species by their number of hosts in two cat-
egories: oligophagous (species that use hosts from one
or two plant families) and polyphagous (species that use
hosts from three or more plant families). In the case of
feeding habit, we used three categories: AB, BB, and ST
(we excluded root feeders from the analysis because of
the low number of observations: two). For mating sys-
tem, we considered two categories: inbreeders and out-
breeders.

Simple cross-correlations were calculated between
each explanatory variable and the number of nonnative

® https://www.arcgis.com/home/item.htm1?id=be0f9e21de7ada
61856dad78d1c79eae
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Scolytinae invading from each pair of source and receiv-
ing regions. The variables were square root transformed
to meet model assumptions of normality and
homoscedasticity of errors. We also fitted linear multiple
regression models to identify variables that explained
observed global patterns of historical Scolytinae inva-
sions. Specifically, we sought to explain variation in the
number of species native to region i that invaded region
J» expressed as I;;. Better model fits were obtained when
we expressed number of invasions as the percentage of
the total number of native species present in the source
region 7;;./N;; x 100. We fitted regression models using
all species, and independent models separating species
by feeding habit (i.e., AB, BB, and ST; we did not fit a
separate model for root-feeding species because of their
low numbers) and by mating system (i.e., inbreeding and
outbreeding). We evaluated potential explanatory vari-
ables, the number of native Scolytinae species in the
native (source) region (in a given feeding guild), the
number of native Scolytinae species in the invaded
region (in a given feeding guild), historical cumulative
imports, forest area, and climatic similarity between
pairs of regions. We used all combinations of all six
regions (30) as replicate observations. To avoid multi-
collinearity, we evaluated correlation coefficients
between all possible pairs of predictor variables, setting
a limit of r < 0.7 for retaining correlated variable pairs.
As none of our predictors had r > 0.7, we retained all
the variables. We started with a full model containing all
variables and used a backward stepwise approach to
identify a best fitting model for predicting the global pat-
tern of Scolytinae invasions. Variables with the largest P
value were dropped singularly in each step. Linearity
between the independent and dependent variables was
visually evaluated from a matrix of scatter plots and
plots of residuals against the predicted values, and nor-
mality of the residuals was evaluated using the Kol-
mogorov-Smirnov test. The best models were identified
based on Akaike Information Criterion corrected for
small sample sizes (AIC,) and relative AIC, (AAIC,).

REsuULTS

General results

We identified 123 Scolytinae species that have estab-
lished outside of their native region: 42 bark beetles, 51
ambrosia beetles, 29 seed- and twig-feeding species, and
1 root-feeding species. Seventy-three (59%) of these non-
native scolytines are inbreeders, while 50 (41%) are out-
breeding species (Appendix S1). The Nearctic is the
region with the highest number of nonnative Scolytinae
species (69), while Indo-Malaya has the lowest number
(12, Figs. 2B, 3). Ambrosia beetles were the largest pro-
portion of species established in the Afrotropical, Aus-
tro-Pacific, Nearctic, and Palearctic regions, while
nonnative seed and twig species dominated the Neotrop-
ical and Indo-Malaya regions (Fig. 2B). In contrast, the


https://www.arcgis.com/home/item.html?id=be0f9e21de7a4a61856dad78d1c79eae
https://www.arcgis.com/home/item.html?id=be0f9e21de7a4a61856dad78d1c79eae

July 2020

Palearctic region has the highest proportion of native
Scolytinae species that invaded elsewhere (7.85%), while
the Neotropic region, the most diverse in terms of num-
ber of native species, has the lowest proportion of species
invading elsewhere (1.02%, Figs. 2A, C).

Considering all possible pairs of regions described by
origins (native regions) and destinations (invaded
regions) of invading species, we found that by far, the
highest fraction of species from a region that invaded, 7;
#IN;;, was for species native to the Palearctic that
invaded the Nearctic (5.4%), followed by species from
Palearctic to Neotropic (3.1%), and from Indo-Malaya
invading the Nearctic (2.7%, Fig. 3A). On the other
hand, the highest cumulative trade between regions con-
sisted of exports from the Nearctic imported to the
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Palearctic, and from the Palearctic to the Nearctic
region, together comprising 41% of total global interna-
tional trade (Fig. 3B). Regarding climatic similarity
between regions, the Neotropic, Afrotropic, and Indo-
Malaya were more similar with each other than with the
other regions, while the Nearctic and Palearctic were
similar to each other, and differed from the rest of the
regions. The Austro-Pacific region, on the other hand,
showed an intermediate climatic similarity with all
regions (Fig. 3C).

We also identified seven additional species that have
widespread distributions, but for which the native/non-
native range is unknown (i.e., Dryocoetes krivolutzkajae,
Hypothenemus  eruditus, Hypothenemus  fuscicollis,
Eccoptopterus spinosus, Euwallacea xanthopus, Xyleborus
bidentatus, Xylosandrus mancus). Overall, 48.5% (63 spe-
cies) of the analyzed Scolytinae species are established in
two regions (including the region of their native range)
and 7.7% (10 species) are established in all six regions.
These species with global distributions are Coccotrypes
carpophagus, Coccotrypes dactyliperda, Euwallacea sim-
ilis, Hypothenemus areccae, Hypothenemus eruditus,
Hypothenemus seriatus, Xyleborinus saxesenii, Xyleborus
affinis, Xylosandrus compactus, and Xylosandrus mori-
gerus. All of these species are ambrosia beetles or seed
and twig feeders, and are host generalists (each had six
or more host families) and were inbreeders (Fig. 4). The
frequencies of species established in two to three regions
vs. four to six regions was significantly different among
feeding habits and mating systems (x> = 11.79,
P <0003 and x> =11.22, P<0.001, respectively).
Most bark beetles species only established in two or
three regions, including the region of their native range
(88% in two or three regions, 12% in four to six regions),
for ambrosia beetles 71% of the species established in
two or three regions and the remaining 29% in four to
six regions, while for seed- and twig-feeding beetles, the
percentage of species established in two or three regions
was almost the same than those established in four to six
regions (52% and 48%, respectively; Fig. 4). On the
other hand, most outbreeding species established in only
two or three regions (90% in two or three regions, 10% in
four to six regions), while inbreeders had a much larger
proportion of species established in a larger number of
regions (61% in two or three regions, 39% in four to six
regions; Fig. 4).

Bivariate correlations

Cumulative trade was the explanatory variable most
highly correlated with numbers of invasions occurring
between pairs of regions, I;;; however, this correlation
was only marginally significant (Appendix S1: Table S2).
When invasion frequency was expressed as a fraction of
species native to the source regions, [;;./N;;, trade was
again the most highly correlated explanatory variable
and this correlation was significant. None of the other
explanatory variables were significantly correlated.
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Regression model

Expressing invasion frequency as the number of non-
native Scolytine beetles occurring between pairs of
regions, /;;, regression models for all Scolytinae, ambro-
sia beetles, bark beetles, seed and twig feeders, outbreed-
ers, and inbreeders explained between 8% and 40% of
the wvariation among combinations of regions
(Appendix S1: Tables S3, S4) and, in most cases, the per-
centage of explained variability in the number of nonna-
tive species invading between pairs of regions was less
than when invasion frequency was expressed as a frac-
tion of species native to the source regions, /; /N; ;. Con-
sequently, we present below the results of the models

using this second dependent variable. We found consis-
tent patterns in terms of the relative importance of the
variables included in the best models for each of the six
groups (Tables 1, 2). The best fitting models explaining
the percentage of all Scolytinae species, ambrosia beetles,
bark beetles, as well as inbreeding and outbreeding spe-
cies from each region that invaded other regions
included only one variable, cumulative import value,
which was positively related to the percentage of species
invading. Each model explained different percentages of
the variation; for all species together, the model
explained 19% of the variation, for ambrosia beetles
19%, for bark beetles 37%, for outbreeding species 40%,
while for inbreeding species the percentage of explained
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variation was very low (5%). On the other hand, the best
fitting model explaining the percentage of seed and twig
feeders from each region that invaded other regions
included two variables, trade and the number of native
species in the region of destination, and both variables
were positively related to the dependent variable. This
model explained 45% of the variation (Tables 1, 2).
When considering other plausible models (AAIC < 2)
obtained for each group of species, we found that models
for all Scolytinae species, bark beetles only, and out-
breeding species only included a positive effect of the
number of native species at destination (Table 1). For
ambrosia beetles, plausible models also included a posi-
tive effect of climatic similarity (Table 1), while for seed
and twig feeders and inbreeders, the plausible models
also included negative effects of forest area (Table 1).

Discussion

The Coleoptera is globally the most species-rich insect
order and Curculionidae is the largest Coleoptera fam-
ily, so it comes as no surprise that there are a large num-
ber of Scolytinae species that have established outside of
their native range. The success of the Scolytinae as inva-
ders can be attributed, in part, to the existence of an
effective invasion pathway, namely movement in wood
and wood packaging material, objects that are ubiqui-
tous in global trade (Haack 2001, Brockerhoff et al.
2006).

There are estimated to be almost 6,000 Scolytinae spe-
cies worldwide (Hulcr et al. 2015) but only a small frac-
tion (2.17%) has been detected to be established outside
of their native region. Most of these invading species

(59%) are inbreeders, a much higher proportion than
inbreeders comprises in the world Scolytinae fauna
(about 27%, Kirkendall et al. 2015). The majority of
nonnative scolytine species have only established in one
nonnative region outside of their native range (Fig. 4).
Moreover, 10 species have established in all six regions,
and all of these species are polyphagous (utilize more
than five plant families as hosts) ambrosia, twig- or
seed-feeders and inbreeders. Based on chance, host gen-
eralists are more likely to encounter suitable hosts and
successfully establish than a host specialist and this likely
explains the apparent greater invasion success of gener-
alist species. On the other hand, inbreeders are probably
more successful in invading new regions because they
might have lower Allee effect thresholds than outbreed-
ers, since mating takes place among siblings before dis-
persal, avoiding difficulties of mate location, and
inbreeders probably suffer much less from inbreeding
depression than outbreeders (Jordal et al. 2001, Peer and
Taborsky 2005). Both inbreeding and polyphagy have
been described as traits that favor Scolytinae invasibility
in Europe and the United States (Kirkendall and Faccoli
2010, Haack et al. 2013). It should be noted that host
breadth and mating system are generally different
among feeding guilds, most bark beetles (i.e., phloeo-
phagous species) are specialists, breeding in one family
of host plants, and are outbreeders; while most ambrosia
beetles and seed and twig feeders are polyphagous and
regular inbreeders (Fig. 4; Beaver 1979, Kirkendall et al.
2015).

Numbers of nonnative scolytines vary considerably
among the six world regions (Fig. 2C). The Indo-
Malaya region has the lowest number of established
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TaBLE 1. Summary of variables included in multiple regression models explaining the percentage of species from each region that
established in others considering (1) all species, (2) ambrosia beetles, (3) bark beetles, (4) seed and twig feeders, (5) outbreeders,

(6) inbreeders.
Dependent variable and model Variables R? k AlCc A AlCc
Percentage of total
4 Trade 0.191 2 —44.78 0.00
3 Trade + Nat spp D 0.210 3 —43.03 1.75
2 Trade + Nat spp D + Clim Sim 0.227 4 —40.99 3.79
1 Trade + Clim Sim + Nat spp D + Forest 0.228 5 —38.13 6.65
Percentage of AB
4 Trade 0.192 2 —3.26 0.00
3 Trade + Clim Sim 0.224 3 —2.00 1.26
2 Trade + Nat AB spp D + Clim Sim 0.251 4 —0.41 2.85
1 Trade + Nat AB spp D + Clim Sim + Forest 0.252 5 2.49 5.75
Percentage of BB
4 Trade 0.374 2 —48.98 0.00
3 Trade + Nat BB spp D 0.400 3 —47.79 1.19
2 Trade + Nat BB spp D + Forest 0.432 4 —46.77 2.21
1 Trade + Nat BB spp D + Forest + Clim Sim 0.435 5 —44.02 4.96
Percentage of ST
3 Nat ST spp D + Trade 0.452 3 0.44 0.00
2 Nat ST spp D + Trade + Forest 0.516 4 0.68 0.24
4 Nat ST spp D 0.330 2 1.34 0.89
1 Nat ST spp D + Trade + Forest + Clim Sim 0.525 5 3.20 2.75
Percentage of Outbr
4 Trade 0.400 2 —52.01 0.00
3 Trade + Nat spp D 0.431 3 —51.09 0.92
2 Trade + Nat spp D + Forest 0.441 4 —48.95 3.06
1 Trade + Nat spp D + Forest + Clim Sim 0.442 5 —46.11 5.90
Percentage of Inbr
4 Trade 0.052 2 21.67 0.00
3 Trade + Forest 0.113 3 22.14 0.47
2 Trade + Forest + Clim Sim 0.120 4 24.57 2.90
1 Trade + Forest + Clim Sim + Nat spp D 0.121 5 27.45 5.78

Notes: Models are ranked according to their Akaike information criterion corrected for small sample sizes (AIC.). Clim Simil,
climatic similarity index; Forest, forest area; Nat AB spp D, number of native ambrosia beetle species in the region of destination;
Nat BB spp D, number of native bark beetle species in the region of destination; Nat spp D, total number of native Scolytinae spe-
cies in the region of destination; Nat ST spp D, number of native seed- and twig-feeding species in the region of destination; Trade,
total cumulative imports; AB, ambrosia beetles; BB, bark beetles; Inbr, inbreeding; Outbr, outbreeding; ST, seed and twig feeders.

nonnative species. This may reflect the relatively low

connected via

trade

similar

climates

total forest area in that region as well as trading pat-
terns; while the Indo-Malaya region historically
imported a reasonably large amount from the Palearc-
tic, it has not imported much from -elsewhere
(Fig. 4B). On the other hand, since the Indo-Malaya
region has a large species pool of native Scolytinae
(Fig. 2B), it is no surprise that it is the second largest
source of invading species (Fig. 2A). In contrast, the
Nearctic is the most invaded region (Fig. 2C) but it
has only a moderate size native species pool (Fig. 2B)
and has not been the source of a large number of spe-
cies invading elsewhere (Fig. 2A). This may be
explained in part by the very strong trade connectivity
between the Nearctic and Palearctic (though it has rel-
atively weak connectivity to the rest of the world) and
secondly because of the high climatic similarity
between these regions compared to others (Fig 3B).
Even though the Nearctic and Palearctic are strongly

(Fig. 3B), there is a strong difference in invasion pat-
terns. The Palearctic is the largest source of invading
species but relatively few species have established there;
the Nearctic exhibits the opposite pattern. Mattson
et al. (2007) noted this same phenomenon when ana-
lyzing global patterns of invasions of all forest insects
(including Scolytinae) and hypothesized that these dif-
ferences might be explained by the comparatively low
species richness of European trees as a result of the
last glaciation. These authors stated that the reduced
richness of woody species in the Palearctic regions
makes it generally more difficult for randomly invad-
ing phytophagous species to establish successful popu-
lations because there are fewer potential hosts
(Mattson et al. 2007). This appears to be a plausible
explanation, and generally supported by recent studies
positively linking insect invasion success with plant
diversity (Liebhold et al. 2013, Guo et al. 2019).
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TABLE 2. Parameters of the best fitting models (lowest AIC,)
explaining the percentage of species from each region that
established in others (inv spp) considering all species,
ambrosia beetles, bark beetles, seed and twig feeders,
outbreeders, and inbreeders.

Dependent variable and predictor Coefficient 7| P
Total inv spp

Intercept 0.655 5.013  0.000

Trade 0.142 2.572 0.016
AB inv spp

Intercept 0.690 2.646 0.013

Trade 0.284 2.577 0.016
BB inv spp

Intercept 0.067 0.550 0.587

Trade 0.210 4.086 0.000
ST inv spp

Intercept -0.155 -0.242  0.810

Trade 0.212 1.792  0.084

Nat ST spp D 0.123 2.314 0.029
Outbr spp

Intercept 0.047 0.402  0.691

Trade 0.211 4.323  0.000
Inbr spp

Intercept 1.443 3.650 0.001

Trade 0.206 1.237 0.226

Note: Trade, square root of total cumulative import value.

The pattern of nonnative species of each feeding guild
(i.e., bark beetles, ambrosia beetles, and twig and seed
feeders) established in the different regions was similar
(Fig. 4B), but the origin of these species varied. In the
Palearctic and Nearctic regions, most of the native spe-
cies that established elsewhere were bark beetles, while in
the other regions ambrosia beetles and twig and seed
feeders where more common (Fig. 4C). This probably
reflects the fact that most Scolytinae species in tropical
regions (dominant in Indo-Malaya, Neotropic, and
Afrotropic regions) are ambrosia beetles, while most
Scolytinae species in temperate forests (dominant in
Palearctic and Nearctic regions) are true bark beetles
(Hulcr et al. 2015, Kirkendall et al. 2015).

It should be noted that the degree of exploration for
Scolytinae in different parts of the world is likely to be
uneven. While the scolytines of the Nearctic, most of the
Palearctic, as well as Australia, and New Zealand are
well known, the native and nonnative species of most of
the Neotropic, the Afrotropic, and the Indo-Malay
regions have been less intensely studied (Hulcr et al.
2015) and, consequently, there could be a bias in the
observed patterns. Another limitation of our analysis is
that we only attempted to account for trade connecting
invaded regions with the native ranges of species. But
recent analyses indicate that for many species, invasions
of new regions often originate from previously invaded
regions, a phenomenon described as the “bridgehead
effect” (Bertelsmeier and Keller 2018). Unfortunately,
for most species, the precise global topology of historical
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global invasion histories is unknown and reconstruc-
tions of these topologies based upon genetic analyses are
available for only a few species.

Comparison of various models explaining frequencies
of invading Scolytinae species, separately considering
the different feeding habits and mating systems, indi-
cated that the value of cumulative imports was consis-
tently the strongest explanatory variable (Tables 1 and
2). This likely reflects that wood packaging provides an
excellent pathway for historical Scolytinae invasions and
wood is ubiquitous in international trade (Haack 2001,
Brockerhoff et al. 2006). While trade is not the primary
pathway for all invading species, it is a primary pathway
and explains geographical variation in numbers of non-
native species of a variety of taxa (PysSek et al. 2010,
Liebhold et al. 2013, 2016, 2018, van Kleunen et al.
2015, Chapman et al. 2017, Dawson et al. 2017, Meur-
isse et al. 2019). Our results are consistent with those
found at a smaller scale in Europe and the United States,
where the value of imports explained variation in num-
bers of nonnative bark and ambrosia beetles (Marini
et al. 2011, Rassati et al. 2016). Interestingly, when ana-
lyzing the independent effect of trade on the percentage
of species of each feeding and mating guild from a
region that invaded other, the models that explained
higher percentages of variation were those for outbreed-
ers (40%) and bark beetles (37%), followed by ambrosia
beetles (19%), while the explanatory power of the models
for inbreeders and seed and twig feeders was very low
(5.2% and 4.6%, respectively). This probably reflects the
fact that propagule pressure is more relevant for the
establishment of bark beetles, which represent the largest
part of outbreeding species, since these species are prob-
ably exposed to higher Allee effect thresholds during
invasions than inbreeders. Additionally, it is likely that
some of the ambrosia beetles and most seed and twig
feeders were introduced in association with other prod-
ucts like seeds, fruit, cuttings and live plants (Haack
et al. 2013), which are not as well represented by the
total value of imports. Therefore, we recognize that total
trade volume is only an approximate estimate for scoly-
tine propagule pressure, since not all species have the
same probability of being transported in wood products
and packaging material associated with general trade.
Consequently, other more precise variables, such as sco-
lytine interception frequency from border inspections
would be a better proxy for propagule pressure, but such
data are available from only a few countries and may not
represent a random sample of arriving species (Brocker-
hoff et al. 2006, Haack et al. 2013).

Additional predictor variables were relevant in
explaining invasion frequencies when we performed sep-
arate analyses for each feeding guilds. Climatic similarity
between donor and receiver regions was slightly relevant
only for ambrosia beetles (the second best fitting model
included this variable, Tables 1 and 2), indicating that
ambrosia beetles have a higher probability of invading
regions with climates similar to their native ranges
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(Table 2). Rassati et al. (2016) also found that nonnative
ambrosia beetles tended to be more diverse in wetter and
warmer regions within the United States, in contrast to
nonnative bark beetles, which were able to colonize lar-
ger areas. These authors hypothesized that this might be
because ambrosia beetles have a strict dependence on the
growth of symbiotic fungi and consequently on rainfall,
while bark beetles appear to have a lower dependency on
climatic factors (Rassati et al. 2016). Our analyses also
indicate that native species richness in the invaded region
has a positive effect on the percentage of bark beetles as
well as outbreeding species invading (Table 2). This sug-
gests that competition with native species (i.e., biotic
resistance) does not adversely affect invasion success at
this large scales, but instead, numbers of native species
reflects the diversity of ecological niches available for
invading bark beetle species, or the availability of certain
hosts (i.e., tree phylogenetic groups) that are most com-
monly preferred by a large number of Scolytinae species
(e.g., Pinus species or family Moraceae; Wood and
Bright 1992).

Although we considered the availability of forest area
in each region, we did not attempt to account for the
availability of suitable host species when modeling inva-
sion frequencies, but this factor would have obvious
effects on invasion success. In this sense, it should be
noted that plant taxa are geographically structured at a
global level with the greatest phylogenetic differences
occurring between plants in the southern and northern
hemisphere (Box 2002). Because herbivore host special-
ization tends to be structured around host phylogeny
(Futuyma and Agrawal 2009), it probably is less likely
for invasions to be successful following transport
between the northern and southern hemispheres than
within the same hemisphere, particularly for non-tropi-
cal species. This may be why there have been compara-
tively few historical Scolytinae invasions between
regions in the northern and southern hemispheres
(Fig. 3). It should be added that insect seasonality is
another factor that can hinder invasions between hemi-
spheres and could also explain this pattern in Scolytinae
invasions. The opposing seasonality of a species trans-
ported between hemispheres could represent a strong
barrier to their successful establishment, especially for
species with obligate diapause requirements (Schebeck
et al. 2017). Although it would have been very interesting
to analyze how host similarity between regions explains
the historic Scolytinae invasion pattern, there are insuffi-
cient data available to quantify its effect. Also, it should
be noted that historical trade connectivity and host simi-
larity between regions may be confounded since the
most heavily trading regions, Palearctic and Nearctic,
are also very similar in the phylogenetic composition of
their tree flora. Consequently, our results should be
interpreted cautiously, and further studies are needed to
explore the combined effect of trade and host plant simi-
larities in explaining invasion frequencies. This is espe-
cially relevant in the context of increased
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implementation of plantation forestry using nonnative
tree species (Wingfield et al. 2015) and planting of alien
tree species in urban settings. The introduction of exotic
tree species around the world creates opportunities for
associated herbivore insect species to expand their range
and invade new regions where suitable hosts were previ-
ously unavailable (Branco et al. 2015, Hurley et al.
2016).

Data on Scolytinae invasions show that there have
been relatively few invasions between certain world
regions, and this can be mainly explained by low rates of
trade connecting these regions. In the future, it is likely
that global trading patterns may realign, and this can be
anticipated to result in increased numbers of invasions
between these portions of the world. In order to mini-
mize future impacts of invasions by scolytines and other
invading organisms, it is essential that the intensity of
biosecurity programs, such as phytosanitary treatment
of imported commodities, as well as border and post-
border surveillance (Poland and Rassati 2019), in these
previously isolated regions track increases in trade vol-
umes (Early et al. 2016).

ACKNOWLEDGMENTS

This work was supported by a grant from Agencia Nacional
de Promocion Cientifica y Tecnoldgica - PICT 2016-0705, Inter-
national Cooperation grant CONICET-NSF, grant EVA4.0,
No. CZ.02.1.01/0.0/0.0/16_019/0000803 financed by OP RDE
and by the USDA Forest Service. We thank two anonymous ref-
erees for useful suggestions.

LiTERATURE CITED

Atkinson, T. H.2019. Bark and ambrosia beetles database.
http://www.barkbeetles.info

Barbieri, K., and O. M. G. Keshk. 2016. Correlates of War Pro-
ject trade data set codebook, version 4.0. http://correlatesof
war.org

Barbieri, K., O. M. G. Keshk, and B. M. Pollins. 2009. Trading
data: evaluating our assumptions and coding rules. Conflict
Management and Peace Science 26:471-491.

Beaver, R. A. 1979. Host specificity of temperate and tropical
animals. Nature 281:139-141.

Bertelsmeier, C., and L. Keller. 2018. Bridgehead effects and
role of adaptive evolution in invasive populations. Trends in
Ecology & Evolution 33:527-534.

Biedermann, P. H. W, et al. 2019. Bark beetle population
dynamics in the Anthropocene: challenges and solutions.
Trends in Ecology & Evolution 34:914-924.

Box, E. O. 2002. Vegetation analogs and differences in the
Northern and Southern Hemispheres: a global comparison.
Plant Ecology 163:139-154.

Branco, M., E. G. Brockerhoff, B. Castagneyrol, C. Orazio, and
H. Jactel. 2015. Host range expansion of native insects to exo-
tic trees increases with area of introduction and the presence of
congeneric native trees. Journal of Applied Ecology 52:69-77.

Brockerhoff, E. G., J. Bain, M. Kimberley, and M. Knizek.
2006. Interception frequency of exotic bark and ambrosia
beetles (Coleoptera: Scolytinae) and relationship with estab-
lishment in New Zealand and worldwide. Canadian Journal
of Forest Research 36:289-298.

Brockerhoff, E. G., M. Kimberley, A. M. Liebhold, R. A.
Haack, and J. F. Cavey. 2013. Predicting how altering


http://www.barkbeetles.info
http://correlatesofwar.org
http://correlatesofwar.org

July 2020

propagule pressure changes establishment rates of biological
invaders across species pools. Ecology 95:594-601.

CABI. 2019. Invasive species compendium. www.cabi.org/isc

Chapman, D., B. V. Purse, H. E. Roy, and J. M. Bullock. 2017.
Global trade networks determine the distribution of invasive
non-native species. Global Ecology and Biogeography
26:907-917.

Dawson, W.,, et al. 2017. Global hotspots and correlates of alien
species richness across taxonomic groups. Nature Ecology &
Evolution 1:186.

Early, R., et al. 2016. Global threats from invasive alien species
in the twenty-first century and national response capacities.
Nature Communications 7:12485.

Federal Reserve Bank of Minneapolis. 2018. Consumer Price
Index (Estimate) 1800. https://www.minneapolisfed.org/com
munity/financial-and-economic-education/cpi-calculator-inf
ormation/consumer-price-index-1800

Federico, G., and A. Tena-Junguito. 2019. World trade, 1800—
1938: A new synthesis. Revista de Historia Economica-Jour-
nal of Iberian and Latin American Economic History, 37:
9-41.

Futuyma, D. J., and A. A. Agrawal. 2009. Macroevolution and
the biological diversity of plants and herbivores. Proceedings
of the National Academy of Sciences USA 106:18054-18061.

Guo, Q., S. Fei, K. M. Potter, A. M. Liebhold, and J. Wen.
2019. Tree diversity regulates forest pest invasion. Proceed-
ings of the National Academy of Sciences USA 116:7382 LP-
7386.

Haack, R. A. 2001. Intercepted Scolytidae (Coleoptera) at U.S.
ports of entry: 1985-2000. Integrated Pest Management
Reviews 6:253-282.

Haack, R. A., R. J. Rabaglia, and J. E. Pena. 2013. Exotic bark
and ambrosia beetles in the USA: potential and current inva-
ders. Pages 48-74in]. E. Pena, editor. Potential invasive pests
of agricultural crops. CAB International, Wallingford, UK.

Haack, R. A, et al. 2014. Effectiveness of the international phy-
tosanitary standard ISPM No. 15 on reducing wood borer
infestation rates in wood packaging material entering the
United States. PLoS ONE 9:¢96611.

Hulcr, J., T. H. Atkinson, A. I. Cognato, B. H. Jordal, and D.
D. McKenna. 2015. Chapter 2—morphology, taxonomy, and
phylogenetics of bark beetles. Pages 41-84 inF. E. Vega and
R. W. Hofstetter, editors. Bark Beetles. Academic Press, San
Diego, California, USA.

Hulme, P. E. 2009. Trade, transport and trouble: managing
invasive species pathways in an era of globalization. Journal
of Applied Ecology 46:10-18.

Hulme, P. E., et al. 2008. Grasping at the routes of biological
invasions: a framework for integrating pathways into policy.
Journal of Applied Ecology 45:403-414.

Hurley, B. P, J. Garnas, M. J. Wingfield, M. Branco, D. M.
Richardson, and B. Slippers. 2016. Increasing numbers and
intercontinental spread of invasive insects on eucalypts. Bio-
logical Invasions 18:921-933.

Jordal, B. H., R. A. Beaver, and L. R. Kirkendall. 2001. Break-
ing taboos in the tropics: incest promotes colonization by
wood-boring beetles. Global Ecology and Biogeography
10:345-357.

Kirkendall, L. R. 2018. Invasive bark beetles (Coleoptera, Cur-
culionidae, Scolytinae) in Chile and Argentina, including two
species new for South America, and the correct identity of the
Orthotomicus species in Chile and Argentina. Diversity 10:40.

Kirkendall, L. R., and M. Faccoli. 2010. Bark beetles and pin-
hole borers (Curculionidae, Scolytinae, Platypodinae) alien to
Europe. ZooKeys 56:227-251.

Kirkendall, L. R., P. H. W. Biedermann, and B. H. Jordal. 2015.
Chapter 3—Evolution and diversity of bark and ambrosia

DRIVERS OF GLOBAL SCOLYTINAE INVASION

Article e02103; page 11

beetles. Pages 85-156 in F. E. Vega and R. W. Hofstetter, edi-
tors. Bark beetles. Academic Press, San Diego, California,
USA.

Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006.
World map of the Koppen-Geiger climate classification
updated. Meteorologische Zeitschrift 15:259-263.

Lantschner, M. V., T. H. Atkinson, J. C. Corley, and A. M.
Liebhold. 2017. Predicting North American Scolytinae inva-
sions in the Southern Hemisphere. Ecological Applications
27:66-77.

Liebhold, A. M., D. G. McCullough, L. M. Blackburn, S. J.
Frankel, B. Von Holle, and J. E. Aukema. 2013. A highly
aggregated geographical distribution of forest pest invasions
in the USA. Diversity and Distributions 19:1208-1216.

Liebhold, A. M., T. Yamanaka, A. Roques, S. Augustin, S. L.
Chown, E. G. Brockerhoft, and P. Pysek. 2016. Global com-
positional variation among native and non-native regional
insect assemblages emphasizes the importance of pathways.
Biological Invasions 18:893-905.

Liebhold, A. M., E. G. Brockerhoff, and M. Kimberley. 2017.
Depletion of heterogeneous source species pools predicts
future invasion rates. Journal of Applied Ecology 54:1968—
1977.

Liebhold, A. M., T. Yamanaka, A. Roques, S. Augustin, S. L.
Chown, E. G. Brockerhoff, and P. Pysek. 2018. Plant diversity
drives global patterns of insect invasions. Scientific Reports
8:12095.

Marini, L., R. A. Haack, R. J. Rabaglia, E. Petrucco Toffolo,
A. Battisti, and M. Faccoli. 2011. Exploring associations
between international trade and environmental factors with
establishment patterns of exotic Scolytinae. Biological Inva-
sions 13:2275-2288.

Mattson, W., H. Vanhanen, T. Veteli, S. Sivonen, and P.
Niemeld. 2007. Few immigrant phytophagous insects on
woody plants in Europe: legacy of the European crucible?
Biological Invasions 9:957-974.

McCullough, D. G., T. T. Work, J. F. Cavey, A. M. Liebhold,
and D. Marshall. 2006. Interceptions of nonindigenous plant
pests at US ports of entry and border crossings over a 17-year
period. Biological Invasions 8:611-630.

Meurisse, N., D. Rassati, B. P. Hurley, E. G. Brockerhoff, and
R. A. Haack. 2019. Common pathways by which non-native
forest insects move internationally and domestically. Journal
of Pest Science 92:13-27.

Olson, D. M., et al. 2001. Terrestrial ecoregions of the world: a
new map of life on earth. BioScience 51:933-938.

Peer, K., and M. Taborsky. 2005. Outbreeding depression, but
no inbreeding depression in haplodiploid ambrosia beetles
with regular sibling mating. Evolution 59:317-323.

Poland, T. M., and D. Rassati. 2019. Improved biosecurity
surveillance of non-native forest insects: a review of current
methods. Journal of Pest Science 92:37-49.

Pysek, P, et al. 2010. Disentangling the role of environmental
and human pressures on biological invasions across Europe.
Proceedings of the National Academy of Sciences USA
107:12157-12162.

Raffa, K. F., B. H. Aukema, B. J. Bentz, A. L. Carroll, J. A.
Hicke, M. G. Turner, and W. H. Romme. 2008. Cross-scale
drivers of natural disturbances prone to anthropogenic ampli-
fication: The dynamics of bark beetle eruptions. BioScience
58:501-517.

Rassati, D., M. Faccoli, R. A. Haack, R. J. Rabaglia, E. Pet-
rucco Toffolo, A. Battisti, and L. Marini. 2016. Bark and
ambrosia beetles show different invasion patterns in the USA.
PLoS ONE 11:¢0158519.

Schebeck, M., E. M. Hansen, A. Schopf, G. J. Ragland, C.
Stauffer, and B. J. Bentz. 2017. Diapause and overwintering


http://www.cabi.org/isc
https://www.minneapolisfed.org/community/financial-and-economic-education/cpi-calculator-information/consumer-price-index-1800
https://www.minneapolisfed.org/community/financial-and-economic-education/cpi-calculator-information/consumer-price-index-1800
https://www.minneapolisfed.org/community/financial-and-economic-education/cpi-calculator-information/consumer-price-index-1800

Article €02103; page 12

of two spruce bark beetle species. Physiological Entomology
42:200-210.

Seebens, H., et al. 2018. Global rise in emerging alien species
results from increased accessibility of new source pools. Pro-
ceedings of the National Academy of Sciences USA 115:
E2264-E2273.

van Kleunen, M., et al. 2015. Global exchange and accumula-
tion of non-native plants. Nature 525:100-103.

Vega, F. E., F. Infante, and A. J. Johnson. 2015. Chapter 11—
The genus Hypothenemus, with emphasis on H. hampei, the
coffee berry borer. Pages 427-494inF. E. Vega and R. W. B.
T.-B. B. Hofstetter, editors. Academic Press, San Diego, Cali-
fornia, USA.

M. VICTORIA LANTSCHNER ET AL.

Ecological Applications
Vol. 30, No. 5

Wingfield, M. J., E. G. Brockerhoff, B. D. Wingfield, and B.
Slippers. 2015. Planted forest health: The need for a global
strategy. Science 349:832-836.

Wood, S. L. 1982. The bark and ambrosia beetles of North and
Central America (Coleoptera: Scolytidae), a taxonomic
monograph. Great Basin Naturalist Memoirs 6:1-1356.

Wood, S. L. 2007. Bark and ambrosia beetles of South America
(Coleoptera: Scolytidae). Page 900. Monte L. Bean Life
Science Museum, Brigham Young University, Provo, Utah,
USA.

Wood, S. L., and D. E. Bright. 1992. A catalog of Scolytidae
and Platypodidae (Coleoptera), Part 2. Great Basin Natural-
ist Memoirs 13:1-835.

SUPPORTING INFORMATION

Additional supporting information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/eap.2103/full


http://onlinelibrary.wiley.com/doi/10.1002/eap.2103/full

