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Abstract

Here we compare the environmental niche of a highly polyphagous forest Lepidoptera species, the winter
moth (Operophtera brumata), in its native and invaded range. During the last 90 years, this European tree fo-
livore has invaded North America in at least three regions and exhibited eruptive population behavior in both
its native and invaded range. Despite its importance as both a forest and agricultural pest, neither the poten-
tial extent of this species’ invaded range nor the geographic source of invading populations from its native
range are known. Here we fit a climatic niche model, based on the MaxEnt algorithm, to historical records
of winter moth occurrence in its native range and compare predictions of suitable distributions to records
from the invaded range. We modeled this distribution using three spatial bins to overcome sampling bias for
data obtained from public databases and averaged the multi-continental suitable habitat prediction. Results
indicate that this species is distributed across a wide range of climates in its native range but occupies a nar-
rower range in its invaded habitat. Furthermore, the lack of a close fit between climatic conditions in parts
of its invaded range and its known native range suggests the possibility that this species has adapted to new
climatic conditions during the invasion process. These models can be used to predict suitable habitats for
winter moth invasions worldwide and to gain insight into possible origins of North American populations.
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Introduction

With heightened awareness of the damage caused by biological invasions, biosecurity
programs take on increasing importance for preventing new invasions (Hulme 2009).
Risk assessment plays a key role in biosecurity programs, providing information on like-
ly invasion success and impacts of species, and is used to prioritize preventative meas-
ures (Hayes 2003). A crucial component of the risk assessment process is mapping the
potential range of a species should it become established (Venette et al. 2010). Knowl-
edge of the potential geographical distribution of a candidate invasive species can guide
implementation of both pre- and post-border biosecurity activities such as surveillance.

Understanding and quantifying the ecological niche of a species in its native range
can be used to predict its potential distribution in a novel environment. Ecological
niche models use occurrence data and environmental variables to predict habitat suit-
ability (Guisan and Zimmermann 2000). These models typically use available species
occurrence records to quantify the association of a species” distribution with various
components of its habitat such as climate. Ecological niche models assume that a spe-
cies is well adapted to present climatic conditions and this acclimation assumption is
carried into future distribution forecasts. For practicality, these models typically ignore
the effects of biotic interactions which may limit a species’ potential distribution, and
thus are expressed as a realized niche. Application of ecological niche models to predict
an invading species future range assumes that successful invasion of novel environ-
ments requires similarly matched climates between the native and novel regions (Pan-
etta and Mitchell 1991).

Unfortunately, systematic surveys for most species throughout their ranges are of-
ten impractical, though a wealth of distribution information resides in global databases
and museum collections worldwide. These datasets, such as the Global Biodiversity
Information Facility (GBIF, GBIEorg 2018), assemble occurrence records from many
different sources; however, the intensity of sampling behind these records often con-
tains a sampling bias where more records exist in certain areas (such as near research
facilities or locations with extensive sampling by hobbyists).

A number of methods can be applied to limit this spatial bias. One method of ac-
counting for sampling bias is to use frequencies of background occurrence records of
a conspecific species or an entire genus, often referred to as target group background
bias records, as proxies for sampling effort (Yates et al. 2010). Another method involves
spatially filtering the occurrence records to remove records at distances greater than the
resolution of cells in the environmental layers (Aiello-Lammens et al. 2015; Boria et
al. 2014; Hijmans 2012; Kramer-Schadt et al. 2013; Pearson et al. 2007; Veloz 2009).
Occurrence records can also be thinned based on their environmental/climatic values,
discarding repetitive occurrences in similar climatic conditions (Varela et al. 2014), or
records can be filtered geographically, splitting occurrence records into geographic bins
(Jiménez-Valverde et al. 2011; Radosavljevic and Anderson 2014).

This study focuses the use of ecological niche models for predicting the potential
distribution of the winter moth, Operophtera brumata. The native distribution of this
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species ranges widely through most of Europe (Kozhanchikov 1950) (Fig. 1). Further-
more, larvae of this species are known to have an extremely broad host range, feeding
on the foliage of a wide variety of broadleaf trees and occasionally on certain conifer
species (Wint 1983). Recurrent outbreaks of this insect occur in several regions of its
native range, especially in mountain birch (Bezula pubescence) forests in Fennoscandia
(Jepsen et al. 2008), but also on other hosts, such as Sitka spruce (Picea sitchensis)
planted in the British Isles (Stoakley 1985; Watt and McFarlane 1991) and even on
heather (Calluna vulgaris) in Scotland (Kerslake et al. 1996).

Non-native populations of the species exist in portions of North America with
alien populations established in Nova Scotia, the Pacific Northwest, and New England
(Fig. 1). Winter moth was first accidentally introduced to Nova Scotia in the 1930s
(Hawboldt and Cuming 1950), Oregon in the 1950s (Kimberling and Miller 1988),
near Vancouver, British Columbia around 1970 (Gillespie et al. 1978), and eastern
Massachusetts in the 1990s (Elkinton et al. 2010). It is unknown whether these repre-
sent separate introductions from the native range or a single invasion that has spawned
several secondary introductions. Following the initial establishment of each of these
populations there was some initial range expansion, though in each case, spread may
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Figure |. A map showing the distribution of the native range for winter moth (Operophtera brumata),
recreated from Kozhanchikov (1950), as well as native winter moth occurrence records used as training
records — colored according to three geographic filters (British Isles in red, Fennoscandia in blue and
Central/Southern Europe in green) and evaluation records shown in yellow B map of North American
records reflecting the invaded range separated into three geographic regions (western Canada in brown,
New England in orange and eastern Canada in violet).
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have been limited by climatic conditions, introduction of biological control agents,
and/or by hybridization with the native congener, Bruce spanworm, O. bruceara (El-
kinton et al. 2010).

The objective of this study was to fit ecological niche models based on winter moth
occurrence records from its native range in order to predict the potential invaded range
of this species. Furthermore, as there is much uncertainty about where in Europe the
non-native populations of winter moth originated from (Andersen et al. 2017; Elkin-
ton et al. 2010; Gwiazdowski et al. 2013), we use geographic filtering to compare the
climatic suitability of different potential source populations to each of the invaded
North American populations. We then comment on the utility of geographic filtering
to reduce sample bias in datasets based on public records.

Methods

Modelling approach

The winter moth’s climatic niche was quantified using the machine learning algorithm,
MaxEntv. 3.4.1 (Phillips et al. 2006), using presence-only data for this species. MaxEnt
uses both distribution information and environmental variables to predict potential are-
as of distribution for a species. It provides an estimated likelihood for a species range that
is near uniform and still subject to environmental confines (Elith et al. 2011). MaxEnt,
the most widely used species niche and distribution modelling algorithm (Fourcade et
al. 2014), is eflicient for complex interactions between response and predictor variables
with little sensitivity to small sample sizes. However, difficulties in accuracy arise when
modelling generalist or widespread species (Connor et al. 2018; Jiménez-Valverde et al.
2008; Luoto et al. 2005; Marmion et al. 2009; Segurado and Araujo 2004).

Occurrence records

Presence-only distribution data were assembled from various sources: GBIF (www.
GBIForg, taxon key = 1972449), Barcode Of Life Database (BoldData, www.bar-
codinglife.org), Canadian Forest Invasive Alien Species (CanFIAS, www.exoticpests.
gc.ca) database, Elkinton et al. (2010), Andersen et al. (2017), and Tenow et al.
(2013). These records were cleaned and separated into two subsets — all of the GBIF
records were placed into a training dataset (n = 4151), while records from BoldData,
CanFIAS, Elkinton, Andersen and Tenow were separated into a testing dataset (n =
518). Records from the training dataset, consisting of occurrence records for win-
ter moth in the GBIF database, were downloaded on November 29, 2018 using the
dismo package in R (Hijmans et al. 2017) and the gbif function. Both training and
testing records were cleaned to remove any records where either the latitude or lon-
gitude coordinates were missing. Additionally, these records were filtered temporally,
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keeping only those records between 1970 and 2010, to best align with the environ-
mental layers while maintaining a large sample size. Next, these records were visual-
ized in ArcMap (ESRI 2017) to group locations (Fig. 1) into three regions for native
range records: the British Isles (n = 2846), Fennoscandia (n = 894), and Central/
Southern Europe (n = 398); and three regions for invaded range records (n = 103):
Western Canada, Eastern Canada and New England. The three native range regions
were arbitrarily selected as geographically isolated areas, each with unique densities of
occurrence records. The three invaded range regions were selected because they repre-
sent isolated ranges, though there is a small coastal area where the Eastern Canada and
New England regions are contiguous (Fig. 1). Finally, only unique records were kept
— using the delete identical tool with the advanced license of ArcMap. These cleaned
records were re-projected into the World Molliweide projection, to match that of the
environmental layers, and the latitude and longitude were recalculated before creating

a CSV file to be used in MaxEnt.

Sampling bias

Accurate application of MaxEnt necessitates accounting for the effects of geographi-
cal sampling bias in locations of occurrence data. Use of occurrence data sets that
are spatially biased can result in over-representation of certain environmental features
prevalent in more intensively surveyed areas (Phillips et al. 2009). If the sampling ef-
fort is known, it can be included in the model calibration to correct for sampling bias
(Anderson 2012; Phillips et al. 2009). However, this is rarely the case especially when
using museum records from databases, such as GBIE

We focused our analysis on geographic filtering or splitting of the data into bins
to overcome sampling bias. Due to the winter moth’s extensive geographical range and
the comparatively high density of records in the United Kingdom compared to Cen-
tral/Southern Europe, we selected to split location records from the native range into
three geographical bins: the British Isles, Fennoscandia, and Central/Southern Europe
(Fig. 1) as the simplest method for handling sampling bias.

Environmental variables

Environmental variables included in the model were selected from WorldClim 10
minute resolution variables (Fick and Hijmans 2017). WorldClim version 2 includes
gridded values for 19 bioclimatic variables derived from temperature and precipitation
measurements spanning 1970-2000 collected from a global network of meteorological
stations. All environmental variables were resampled in R using the bilinear method
to a 25 km cell size in the Mollweide projection, which maintains equal areas — an as-
sumption that is required for MaxEnt models (Elith et al. 2011). We chose to use the
following temperature variables that are likely to be of biological importance, BIO1-4,
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Table 1. WorldClim v.2 bioclimatic variables included in the model, and their descriptions.

Variable Description
BIO1 Annual Mean Temperature (°C)
BIO2 Mean Diurnal Range (Mean of monthly (max temp — min temp)) (°C)
BIO3 Isothermality ((BIO2/BIO7) * 100)
BIO4 Temperature Seasonality (standard deviation *100)
BIOG6 Min Temperature of Coldest Month (°C)
BIO7 Temperature Annual Range (BIO5-BIOG6) (°C)
BIO10 Mean Temperature of Warmest Quarter (°C)
BIO11 Mean Temperature of Coldest Quarter (°C)
BIO14 Precipitation of Driest Month (mm)

6-7,10-11 and 14 (Table 1). Insects are ectotherms and therefore their development
is sensitive to accumulated degree days as well as to extreme temperatures (Battisti and
Larsson 2015). For this reason, we concluded that temperature would be more likely
to influence the distribution of winter moth than precipitation, but also identified
drought as possibly affecting the pupal stage which reside in the top layer of the soil
throughout the summer and early autumn, hence the inclusion of BIO14. Given the
polyphagous nature of winter moth larvae, we expected that suitable host plants are
present in most locations of the native and invaded ranges and therefore we did not
include any variable describing vegetation as predictive environmental variables.

Model parameters

We fit MaxEnt models using the following adjustments to default settings. We generat-
ed response curves and jackknife statistics to measure variable importance. Samples files
consisted of training datasets for each spatial bin. Environmental layers were clipped
to a 400 km buffer around each sample file. The projection layers directory consisted
of environmental variables clipped to latitudes above 20°N. The algorithm created 100
replicate models for cross validation. The test sample file was the corresponding testing
dataset, the maximum iterations was changed to 5000 for reaching algorithm optimi-
zation. A statistical analysis was performed on data extrapolated from each model run,
using the receiver operating characteristic (ROC) plot to evaluate model performance.
The area under the curve (AUC) of an ROC curve ranges in values from 0 to 1 (Field-
ing and Bell 1997) with a value of 0.5 indicating that the model performed as good as
random and a value of 1 indicates the model has perfect discrimination.

Selection of an appropriate background extent during ecological niche modeling
is often overlooked. If the considered extent is too narrow to accurately represent the
potential movement of a species over time, the importance of climatic variables in
demarcating a species’ distribution may be underestimated (Barve et al. 2011). We
chose a buffer distance of 400 km, roughly the distance between the Nova Scotia
population and the Massachusetts population. However, this distance is much larger
than the likely generational winter moth maximum dispersal distance; windborne first
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instar larvae are known to balloon 50 m (Edland 1971; Huntley et al. 1995) and adult
females are incapable of flight.

Model complexity can be varied by altering the regularization parameter; this pa-
rameter reduces omission rates. After running the models with regularization values of
0.1, 1 and 3, we chose to use a regularization parameter of 3 to avoid over-fitting our
distribution model.

Analyzing the climatic niche

Ridgeline plots of the distribution of environmental variables (BIO 1-4, 6-7, 10-11,
14) among samples were created to further identify differences and similarities in the
abiotic niche for each spatial bin from the native versus novel locales. Next, principal
components analysis was applied to the nine environmental variables for the pooled oc-
currence records (both native and invaded ranges) and scores for the first two principal
components were plotted separately for each spatial bin (British Isles, Fennoscandia,
and Central/Southern Europe, Western Canada, Eastern Canada and New England) in
order to discern climatic similarities and differences among regions. ArcMap was used
to create a 15 km fishnet of points for the entire study area, which extends 400 km
beyond sites of winter moth occurrences in both the native and novel ranges. Next,
WorldClim layers were speared to assign their values to each point location. Addition-
ally, cells were coded based on their geographic location (spatial bin) and if within
15 km of a winter moth occurrence. These occurrence data were then exported to R
and principal components analyzed with the ‘prcomp’ function in the base R language.

Distribution modelling

Three different MaxEnt models, one fit to occurrence data from each of the three geo-
graphical bins of the native range, were used to predict probabilities of suitable habitat
for winter moth in North America. These three model predictions were then averaged
to create a combined model and these probabilities were classified into three levels of
habitat suitability

MaxEnt output consist of continuous probability values ranging from 0 (unsuit-
able habitat) to 1 (suitable habitat). MaxEnt output provides the modeler with 11
thresholds to choose from when converting the suitability map to a binary map, all
of these thresholds provide a balance between commission and omission rates (Field-
ing and Bell 1997; Phillips et al. 2017). Model outputs were converted to classified
suitability maps. To do this we employed MaxEnt’s ‘balance’ threshold which mini-
mizes 6.00 * training omission rate + 0.04 * cumulative threshold + 1.60 * fractional
predicted area. Values below this threshold were dropped and a composite map was
created, averaging across predicted probabilities from models derived from each of the
three geographical bins in the native range.
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Results

Predictions based on native range occurrences

All three models fit to native range records from spatial bins (Fig. 2) performed better
than random (Table 2; British Isles AUC = 0.795, Fennoscandia AUC = 0.75, Cen-
tral/Southern Europe AUC = 0.816). Predictions of suitable winter moth habitat in
Europe and North America based on averaging probabilities from the three different
models are shown in Fig. 3. The predicted distribution in Europe based on the average
of the three models mostly corresponds well with the extent of the distribution map
from Kozhanchikov (1950) (Fig. 1). However, the predicted area of suitable habi-
tat extends beyond the eastern boundary of occurrence records into the Carpathian
and Caucasus Mountain ranges (Fig. 3). The predicted distribution in North America
correctly predicts the winter moth distribution in western Canada, but also predicts
extensive areas of suitable habitat north of the invaded range, along the coast of the
Cordillera region in Canada and into the Pacific Mountain System of Alaska includ-
ing the Alaska Peninsula. The prediction for suitable habitat in eastern North America
includes a small portion of Nova Scotia, but overall misses most of the Winter Moth’s
current eastern North American range and instead predicts moderately suitable habi-
tat farther north in eastern Newfoundland. Areas of low habitat suitability in North
America are also predicted in the Canadian Rockies, Northern Idaho, Western Mon-
tana and the Appalachian Mountains.

Comparison of predicted distributions based on regional bins

Predicted suitable habitat in North America varies among models fit to different geo-
graphic bins of native occurrence records (Fig. 2). Models fit to occurrences in the Brit-
ish Isles identified only a small region of suitable habitat in North America, in British
Columbia along the North, South and West coasts of Vancouver Island, as well as in
Naikoon Provincial Park on Graham Island and in Washington in the San Juan Islands,
Fidalgo Island, Whidbey Island and along the northern coast of the Olympic Peninsula
from Port Townsend to Neah Bay. Models fit to occurrences in Fennoscandia predicted
the greatest amount of suitable habitat in North America, including the entire coast
of British Columbia and the southern coast of Alaska from the Prince of Wales Island
to the Alaska Peninsula in Western North America and in the East suitable habitat is
found throughout Newfoundland and in spots along the southern and southwestern
coast of Nova Scotia and on Cape Breton Island. The models fit to occurrences in
Central/Southern Europe found moderate to low suitability along the western coast of
British Columbia north to the Alaska Peninsula with a localized region of moderately
high suitability in the vicinity of Vancouver in Western North America, low predicted
suitability along the southeastern coast of Newfoundland, moderate to low suitability
along the southern coast of Nova Scotia, as well as low suitability in the Appalachian
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Figure 2. Model predictions for each spatial bin in the winter moth native range. The column on the
left shows the winter moth training records (shown as black dots) used to make the predictions for suit-
able habitat in the native range and the column on the right shows the suitable habitat prediction for the
invaded range. The prediction is shown from blue (being less suitable) to red (being most suitable).

Mountains and along the New England coast with Cape Cod and Nantucket Island
displaying moderately suitable habitat. Models based on the different geographic bins
highlight varying degrees of suitable habitat in the vicinity of invaded regions of Van-
couver and Vancouver Island; however, the predictions of suitable habitat in Eastern
North America were generally not as congruous with the invaded areas with very little
overlap between models.
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Table 2. Model results for each spatial bin. Percent contribution of environmental variables are in bold
for those variables that showed the highest model gain in isolation; values highlighted in gray represent the
most information not present in other variables, and * denotes balance threshold used for classified maps
which seeks to balance training omission, predicted area and threshold value cloglog threshold.

Winter Moth  sample threshold AUC % Contribution of Environmental Variables
Region size values* BIO1 BIO2 BIO3 BIO4 BIO6 BIO7 BIO10 BIO11 BIO14
British Isles 381 0.1432 0.795 1.1 0.6 9.3 42.8 14.5 0.1 29.5 0.4 1.7
Fennoscandia 379 0.1132 0.75 5.1 6 5.6 0.7 16.4 0.3 47.1 18.7 0.1
Interior Europe 224 0.0806 0.816 1.4 0.6 7 2.4 1.1 33.7 6.2 2.1 45.6
Model Averages 2.5 2.4 7.3 15.3 10.7 114 276 7.1 15.8

Overview
Map

[Legend
|abitat suitabiity
Not suitable

[ Jlow N

[ Medium *

M High 7
Projection: North
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Figure 3. Predicted suitable habitat in native range (panel A) and invaded range (panel B) with occur-
rence records (shown as black dots), this reclassified map is based on the averaged prediction for three
spatial bins in the native range. Probabilities falling below balance threshold values shown in Table 2 for
each of the three models were classified as “not suitable”. Probabilities < 0.25 were classified as “low suit-
ability”, values > 0.25 but < 0.5 were classified as “medium suitability” and values > 0.5 were considered

“high suitability”.

Analysis of environmental variables

Environmental variables contributed differently for each spatial bin (Table 2). Jack-
knife analyses indicated that the relative contribution of different environmental vari-
ables differed considerably among the three models. Temperature seasonality (BIO 4)
is the environmental variable that contributed the most to the model fit from occur-
rences from the British Isles. In the model fit to Central/Southern Europe occurrences,
precipitation during the driest month (BIO 14) contributed the most to this model.
Mean temperature of the warmest quarter (BIO 10) contributed most to the model fit
from Fennoscandia occurrences. When averaging model results for variable contribu-
tion across spatial bins, the environmental variables contributing the most influence in
the native range are BIO 10, 14, 4, 7 and 6.

While there was considerable overlap in the distribution of climatic variables be-
tween the native and invaded ranges, ridgeline plots highlight the variation among
populations (Fig. 4). These plots highlight the similarities between the New England
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Figure 4. Distribution of bioclimatic variables among occurences within various geographic bins. Gray
shading represents winter moth records in the native range. Bioclimatic variables found to contribute the
most for each model area shown here, panel A shows BIO4 (temperature seasonality, standard deviation
*100), panel B shows BIOG6 (minimum temperature of coldest month, °C), panel C shows BIO7 (tem-
perature annual range, °C), pancel D shows BIO10 (mean temperature of warmest quarter, °C), panel E
shows BIO 11 (mean temperature of coldest quarter, °C) and panel F shows BIO 14 (precipitation of

driest month, mm).

region and Eastern Canada, with New England showing more variability in BIO 6, 7,
10 and 11. When comparing Eastern Canada to the native regions, more climatic val-
ues overlap with the Fennoscandia region (BIO 4, 6, 7 and 11) but values of only two
variables (BIO 10 and 14) overlap with the Central/Southern Europe region. Values of
climatic variables from the New England region overlap with the distribution of val-
ues in both Fennoscandia and Central/Southern Europe. The Western Canada region
seems most similar to the British Isles across most climatic variables.

Finally, we used principal components analysis to compare the environmental niche
at occurrence sites for winter moth in each geographic region (Fig. 5). We analyzed the
same climatic variables used in the MaxEnt models (BIO 14, 6-7, 10-11 and 14). The
first axis generally corresponded to values of BIO3, BIO4, BIOG6, BIO7, BIO11 and
BIO14 while the second axis was most strongly related to values of BIO10, but also cor-
responded to values of BIO1 and BIO2. The three native range regions and three invaded
regions were generally segregated in the space defined by these two axes. However, there
was considerable overlap in the distribution of Central/Southern Europe with western
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Figure 5. Plot of occurrences in each geographic region based on their values for the first two principal com-
ponent axes derived from values of the nine environmental variables used in the MaxEnt models (Table 1).

North America. There was also some overlap in the distribution of Fennoscandia and
Central/Southern Europe. Of all invaded regions, the climate in the New England occur-
rence locations were generally the most different from climates within the native range.

Discussion

As expected, each of the three models predicted suitable habitat in portions of Europe
from which occurrence data were located (Fig. 2). Averaging predictions across all
three models from the native range (Fig. 3A) produces a predicted European range very
similar to the range described in Kozhanchikov (1950) (Fig. 1), though the model fails
to predict suitable habitat in Ukraine and southeastern Russia. However, the lack of
predicted presence in these areas could have arisen simply from inadequate sampling
in that region. Winter moth was recently reported from Tunisia (Mannai et al. 2015),
and genetic analyses suggest this population is native to the region (Andersen et al.
2019b). Andersen et al. (2019b) also reported winter moth occurrence in southern
Spain and Italy. Because dates of these observations fall outside of the range of dates
that were used for the climate data (1970-2010), they were not used in our analysis,
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though their inclusion could further change the predicted distribution of winter moth
to include additional Mediterranean locations. The species is also reported as an estab-
lished non-native species in Iceland (Halldérsson et al. 2019).

The average of predictions from the models based on the three native range re-
gions predicts suitable habitat in northwestern Washington, along the coast of Western
Canada and northward along the coast into Alaska (Fig. 3B). Though winter moth has
been established in part of this region (i.e. coastal British Columbia) for over 50 years it
has not spread into most of the predicted region. It is possible that populations in this
region are constrained from expanding into a climatically suitable region by a biotic fac-
tor, such as the introduced parasitoid Cyzenis albicans (Elkinton et al. 2015; Roland and
Embree 1995), other natural enemies (Broadley et al. 2019) though there are only a few
examples where natural enemies are known to constrain the range of an insect species
(e.g., Elkinton et al. 2006, Parry 2008). Another possibility is that hybridization with
the native congener, Bruce spanworm (Andersen et al. 2019a) alters the fitness of invad-
ing populations, thereby constraining their range. Predictions of the model appear to
align with invaded portions of Eastern North America more poorly. The model predicts
most of the invaded portions of Nova Scotia and New England as low suitability but
classifies all of Newfoundland and portions of Labrador, areas that have never been
invaded, as either low or medium suitability. However, it is possible that winter moth
has never had the opportunity to invade these regions since the Gulf of St. Lawrence
separates them from the currently invaded area. As stated earlier, this lack of agreement
in portions of the Eastern North America between the model and winter moth occur-
rence could also be due to hybridization with Bruce spanworm (Havill et al. 2017).

Predictions of suitable habitat based on climatic niche models fit to native occur-
rence records sometimes do not coincide well with actual invaded regions (Broen-
nimann et al. 2007; Jiménez-Valverde et al. 2011; Orsted and Orsted 2019; Roura-
Pascual et al. 2006; Steiner et al. 2008), and this may result from factors such as
species not being in equilibrium with the local climate, release from competitors and
predators, or sampling and dispersal limitations. Fitzpatrick et al. (2007) found similar
results of under-predicting the invasive potential of fire ants using native range occur-
rence records and over-predicting the southern boundary of the native range using
invaded range records, which they concluded was due to fire ants establishing in a
novel environment similar to their native environment and then expanding into novel
climatic environments not available in their native range.

It is not unusual for populations of various species to become locally adapted to
their climate and such local adaptation can result in variation in the potential alien
range of populations originating from different portions of the native range. In such
cases, models built with spatially partitioned occurrence records from the native range
may provide some indication of the geographic origins of invaded populations (Steiner
etal. 2008). However, without prior knowledge of the extent of local adaptation, such
reconstruction of the origins of invading populations may not be possible. In our
analysis, models based on records from all three native regions predict suitability in
the western Canada invaded range near Vancouver and Victoria (Fig. 2). Analysis of
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climatic conditions (Fig. 5) indicates considerable overlap in climate between invaded
areas of Western Canada and all three native regions. Thus, our analysis does not show
any uniquely high similarity of the invaded portion of Western Canada with any sin-
gle region of Europe. Only two models fit to European regions (Fennoscandia and
the Central/Southern Europe) show suitable habitat in Nova Scotia. In the ridgeline
plots (Fig. 4) and the PCA plots (Fig. 5) the records from Eastern Canada fall closest
to those of Fennoscandia, suggesting this region as a possible origin for the Eastern
Canada population. The model fit to the Central/Southern Europe occurrence records
is the only model that predicts suitable habitat in New England, specifically near Cape
Cod. When plotting climatic conditions using PCA (Fig. 5), the New England records
appear to occupy a different niche mainly outside of the distribution of records from
all other regions, though perhaps most similar to the Central/Southern Europe native
region, supporting the hypothesis of that region being the origin of the invasion. How-
ever, we have no evidence of local adaptation to climate in the winter moth’s native
range, so such attribution is tentative.

Adaptation to local environments is often observed in species with large geo-
graphical ranges (Osborne and Sudrez-Seoane 2002; Peterson and Vargas 1993). Dif-
ferences in predictions from models based on native range occurrence records are
apparent in AUC scores (Table 2), the variables of greatest contribution (Table 2)
and the averaged prediction (Fig. 3). Probabilities averaged across the three models
based on native range regions accurately predicted suitable North American habitat
in most of the invaded regions, but predicted particularly high habitat suitability in
invaded portions of the south coast of British Columbia (Fig. 3). However, it also
predicted large areas of medium to high habitat suitability in uninvaded regions
north of both the western and eastern invaded regions. It is suggested that distribu-
tion models may be useful in predicting regions where species are likely to invade,
but may be flawed in predicting subsequent spread in novel regions (Fitzpatrick et
al. 2007; Loo et al. 2007). Given that many of the large areas of predicted suitable
habitat are adjacent to currently invaded areas but remain uninvaded, we suspect
that there may be unknown biotic or abiotic factors (other than the climatic variables
considered here) that limit North American populations into these northern unin-
vaded areas. However, the identity of such biotic factors remains unknown and we
encourage further research into the biotic variables that may be limiting the spread
of winter moth in its invaded regions.

Conclusions

We focused our study on a generalist herbivore, the winter moth, to predict areas in
North America where this species is likely to invade. We applied MaxEnt, the most
widely used species distribution and niche modelling algorithm, to predict the poten-
tial range of suitable habitat for winter moth. Preliminary model runs fit to large re-
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gions of winter moth occurrence highlighted a high sampling bias in the United King-
dom. We implemented a simple method of applying spatial filters based on geography
to reduce sampling bias. Environmental variables were selected based on expectations
of climatic factors likely to be important to the biology of this species. We chose to use
environmental variables at a coarse grain (25 km) due to the widespread nature of this
species and multi-continental areas of interest.

Differentiating the geographic origins for each of the North American winter
moth ranges based on predictions from the various native geographic bins is possible,
assuming local adaptation to climate in native populations. Based upon climatic simi-
larity, central Europe appears to be the most likely origin of non-native populations in
New England. Climatic similarity of the invaded range in Eastern Canada with Fen-
noscandia and Central Europe suggests those regions as likely origins. However, the
Western Canada invaded range appeared equally similar to all native regions and thus
there was no evidence regarding possible origins. All of these conclusions regarding
origin remain speculative and would require confirmation based on genetic similari-
ties. Combining molecular marker studies in ecological niche modelling approaches
can help advance this field (Scoble and Lowe 2010) and improve future predictions of
species distribution trajectories. Furthermore, evidence of hybridization with the na-
tive Bruce spanworm has been shown in New England, Oregon, British Columbia and
Nova Scotia (Andersen et al. 2019a; Elkinton et al. 2010; Havill et al. 2017). If alleles
from Bruce spanworm can introgress into winter moth, then this hybridization may
increase winter moth’s ability to adapt to a novel environment, leading to a shift in the
species’ fundamental niche (Holt and Gaines 1992).

Predicting the potential North American distribution of this invasive species can
aid managers in proactively selecting survey locations for this destructive moth. Areas
outside the current species’ distribution, which are highly suitable for winter moth,
may be prioritized for biosecurity measures to help prevent establishment of this spe-
cies. However, it remains to be confirmed whether winter moth could establish in the
vast regions predicted to be suitable north of currently invaded areas. Given that winter
moth is not currently expanding its range into these areas, many of which are adjacent
to currently invaded regions, there may be unknown biotic factors that limit the range
of this species in ways that are not currently understood.
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Abstract

The illegal pet trade facilitates the global dispersal of invasive alien species (IAS), providing opportunities
for new pests to establish in novel recipient environments. Despite the increasing threat of IAS to the
environment and economy, biosecurity efforts often lack suitable, scientifically-based methods to make
effective management decisions, such as identifying an established IAS population from a single incursion
event. We present a proof-of-concept for a new application of a stable isotope technique to identify wild
and captive histories of an invasive pet species. Twelve red-eared slider turtles (Zrachemys scripta elegans)
from historic Australian incursions with putative wild, captive and unknown origins were analysed to: (1)
present best-practice methods for stable isotope sampling of 7. s. elegans incursions; (2) effectively discrimi-
nate between wild and captive groups using stable isotope ratios; and (3) present a framework to expand the
methodology for use on other IAS species. A sampling method was developed to obtain carbon (5"*C) and
nitrogen (3"°N) stable isotope ratios from the keratin layer of the carapace (shells), which are predominantly
influenced by dietary material and trophic level respectively. Both §"*C and 8N exhibited the potential
to distinguish between the wild and captive origins of the samples. Power simulations demonstrated that
isotope ratios were consistent across the carapace and a minimum of eight individuals were required to
effectively discriminate wild and captive groups, reducing overall sampling costs. Statistical classification ef-
fectively separated captive and wild groups by 8"°N (captive: °"N%o = 9.7%o, minimum of 96% accuracy).
‘This study outlines a practical and accessible method for detecting IAS incursions, to potentially provide
biosecurity staff and decision-makers with the tools to quickly identify and manage future IAS incursions.
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Introduction

Wildlife trade, in particular the legal and illegal pet trade, facilitates the worldwide
movements of invasive alien species (IAS), providing novel introduction pathways into
new environments (Russello et al. 2008, Lockwood et al. 2019). Accidental escapes or
intentional release of alien pets provide numerous opportunities for these species to es-
tablish, particularly where the propagule pressure is high from repeated or mass releases
(Vall-Ilosera and Cassey 2017). If new populations are not detected rapidly, complete
eradication is unlikely and often extremely costly and resource-intensive (Mack et al.
2000). IAS are a key threatening process to global biodiversity loss, thus the preven-
tion of further establishment is critical (Lodge et al. 2006, Baillie et al. 2010). Current
methods for discriminating between a recently escaped or released captive individual
and an individual from an established population are ineffective and rarely identify the
threat early enough for effective eradication (Schmidt et al. 2017). Here, we explore
the potential for a novel application of carbon and nitrogen biogeochemistry for deter-
mining the provenance of a vertebrate IAS incursion.

The relative abundance of stable isotopes within a material is a function of its
synthesis and environmental history, which, in the case of vertebrate animals, pre-
dominantly relates to their diet (Camin et al. 2016). In vertebrate animal tissue, stable
carbon isotope ratios (a measure of the relative abundance of *C/'*C, reported as §"*C)
are linked to the 8" C of the animal’s diet, which, in turn, is strongly influenced by
the relative proportion of the C3 and C4 plants an animal directly or indirectly con-
sumes. Nitrogen stable isotope ratios (a measure of the relative abundance of "N/"N,
reported as 8"°N) are also influenced by the animal’s diet; specifically, they indicate the
trophic position of the animal. Given that a difference in the diet between wild and
captive animals is extremely likely, stable isotope ratios can potentially utilise these
differences to provide information on the origin of the animal (Ziegler et al. 2018).

Stable isotopes are a well-established forensic technique and are a strong candi-
date for identifying the origin of IAS incursions (Cerling et al. 2016). Environmental
research using stable isotopes include tracing vertebrate movements, including track-
ing migratory animals where satellite trackers cannot be used (e.g. MacKenzie et al.
2011, Madigan et al. 2017) and identifying diets and niche positions (e.g. Haubrock
et al. 2020, Pearson et al. 2013). Previous studies have explored stable isotope tools to
distinguish between wild and captive animals with success, including, but not limited
to: short-beaked echidnas (Zachyglossus aculeatus) (Brandis et al. 2018); wolves (Canis
lupis) (Kays and Feranec 2011); African grey parrots (Psittacus erithacus) (Alexander
et al. 2019, Symes et al. 2017); reticulated pythons (Python reticulatus) (Natusch et
al. 2017); and crocodile lizards (Shinisaurus crocodilurus) (van Schingen et al. 2016,
Ziegler et al. 2018). In all of these cases, stable isotopes have proved efficient at iden-
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tifying environmental histories and diets. Yet, with the exception of insects (Holder et
al. 2014, Hood-Nowotny et al. 2016), the use of stable isotopes for determining the
provenance of IAS, early in the incursion process, is relatively unexplored.

Trachemys scripta elegans (red-eared slider turtles) were selected as a case study to
test the efficacy of 8"°C and 8N for biosecurity applications. As one of the world’s
top 100 most invasive species, 1. s. elegans have the potential to establish and spread
in urban and semi-rural areas worldwide (IUCN 2000, Rodder et al. 2009, Banha
et al. 2017). 7. 5. elegans are the most-traded turtle species in the world, where more
than 50 million individuals were exported from USA between 1989 to 1997 to sup-
ply the global pet trade (Telecky 2001) and the trade continues illegally despite being
restricted in most regions (Kitowski and Pachol 2009; Garcia-Diaz et al. 2015). These
animals grow large quickly, resulting in being intentionally released into waterways
when they become undesirable as pets. As a consequence, 7 s. elegans have established
nearly 200 identified breeding populations worldwide (Kikillus et al. 2010). They are
a significant threat to biodiversity, as they compete with native turtles for food and
shelter (Pearson et al. 2013, Balzani et al. 2016) and carry exotic diseases including
Ranavirus and Chlamydia spp. (Johnson et al. 2007, Mitura et al. 2017). As T s. elegans
are omnivorous, the proportions of meat and plant material that may vary between
wild and captive diets are likely to drive differences in 8"°C and 8"°N, making them
good candidates for our case study.

New methodologies are urgently needed to provide early identification of incur-
sions as distinct from established populations, to allow for quick and effective eradica-
tion (Lodge et al. 2006). Here, we present a new application of "°C and 8"N using
historical Australian incursion samples of 7. s. elegans of putative wild and captive
origins to: (i) determine best-practice methods for sampling 7. s. elegans incursions; (ii)
evaluate the use of §°C and 8"N to discriminate between wild and captive individuals;
and (iii) provide a framework to expand the methodology for use on other IAS species.

Methods

Sample collection

1’ s. elegans post-mortem specimens were loaned from the Queensland Museum, the
Department of Primary Industries and Regions, South Australia and the Australian
Museum Research Institute Herpetology Collection. These animals were collected by
state wildlife compliance agencies under their powers to seize animals being kept in
contradiction to legislation or found at-large in wild environments. All animals were
euthanised as per state and territory biosecurity protocols and stored frozen. The na-
tional collection contains seized 7. s. elegans incursions from various locations across
Australia. Due to the nature of the limited sample collection and the value of biosecu-
rity material, twelve animals from various Australian locations (Fig. 1) with sufficient
details to determine the accuracy of their environmental histories were selected, which
were: (i) seized from illegal captive holding or commerecial sale (7 = 4); (ii) surrendered
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Figure |. Locations of Australian 7. s. elegans incursion samples used in this study. Identified estab-
lished populations exist in Sydney, New South Wales (Burgin 2006, Mo 2018) and multiple locations in
Queensland (O’Keeffe 2005).

by members of the public (7 = 3); or (iii) found at-large in wild-states (7 = 5). Sex and
age were determined by dissection and secondary characteristics, according to Grad-
ela et al. (2017). Due to the lack of confirmed established populations, widespread
sampling of different environments and, thus, potential environmental variation in
8C and 8N, was not possible. However, it was assumed these variances would be
captured in the between-individual variation.

Based on the assumed environmental history of the individual turtles, we as-
signed the variable “status” and classified individuals as “wild” or “captive”. While
the majority of animals used in this study had relatively high confidence of their
origin, there remains uncertainty in the status of individuals being correctly assigned
by authorities. Therefore, we created an index to determine the percent confidence
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of correct classification, based on how many secondary characteristics matched the
original assessment by authorities, including: (i) proximity to a known established
population; (ii) presence of algae or wild features on the carapace; (iii) seized by
authorities or surrendered by a member of the public. This provided a confidence
scale for selecting the individuals used for a decision model (Suppl. material 1). Four
individuals seized from captivity had 100% certainty in status, while the remaining
individuals contained varying degrees of uncertainty. Individuals with less than 50%
certainty were classified as “unknown” ( = 2).

Isotopic analysis

Measuring stable isotope ratios from a slow-turnover and inert tissue provides a long-
term record of an animal’s environmental history (Dalerum and Angerbjérn 2005).
The keratin covering a turtles’ carapace in scale-like sections (scutes) was selected due
to its slow, annual growth and ease of sampling (Schneider et al. 2015). Scutes grow
by adding new layers to the base, whilst widening in each layer from the perimeter to
account for growth. Old scutes are then shed from the perimeter of the shell (Clinical
Anatomy and Physiology of Exotic Species 2005). Assuming 7. s. elegans scute growth
is similar to Chrysemys picta from the same sub-family (Emydidae), a new layer of scute
grows in warmer months of spring to summer, while the previous year’s growth is shed;
providing temporal comparisons between years (Alibardi 2005). Shed scute was avail-
able for three turtles (C1, Ul and U2), with primary scutes retained on the carapace
and secondary scute peeled off after freeze-drying. On one individual, a tertiary layer
was available as a second layer of peeling scute.

Carapaces were washed, removed from the body and freeze-dried to separate par-
tially shed scutes, to exclude water contamination and to ensure only one layer of scute
was sampled at a time. Samples on shed scutes were cut using sterile dissecting scissors,
while shavings were collected on attached scutes using sterile scalpels. Scute samples
were weighed and placed in tin capsules for continuous-flow isotope ratio mass spec-
trometry (CF-IRMS) using an Elementar elemental analyser coupled to a Nu Horizon
mass spectrometer at the University of Adelaide. Standards of glycine, glutamic acid
and USGS41 (L-glutamic acid; Reston Stable Isotope Laboratory 2011) were run pe-
riodically to correct for mass effects and instrumental drift during and between runs.
Isotope ratios are reported in per mil (%o), where 8"°C is reported relative to the Vi-
enna Pee Dee Belemnite (VPDB) standard and 8N is reported relative to AIR. The
values of "°C and 8" N were measured during the same analysis.

Sampling size and design

To improve the detectable 8'C and 8"°N separation between captive and wild groups or
to increase effect size differences, the variance of each hierarchal level of sampling (indi-



26 Katherine G. W, Hill et al. / NeoBiota 59: 21-37 (2020)

vidual > scute > sample) needed to be minimised without oversampling (Nicholson and
Holmes 2017). A pilot analysis was performed to provide estimates of the variances of
each hierarchal level of sampling. Calculated variances, along with proposed measures
of detectable differences in isotope ratios, were used to compare different sampling de-
signs that were generated through simulation (Green and MacLeod 2016) with the aim
to determine a suitable sample size of individual animals and number of scutes and sam-
ples within scutes per individual. The most practical sampling method was determined
as that with power > 80% with minimum sampling (Suppl. material 2) to detect the
minimum observed difference of 8N between animals from different status groups.

Analysis of turtle provenance

Differences in mean isotope ratios amongst individual turtle specimens were evalu-
ated using linear mixed effects models. The values of "*C and 8N were fitted inde-
pendently as response variables, with individual turtles as a fixed effect and scute as a
random effect to allow for variation between repeated measurements within a scute.
The models explicitly allowed for differences in variation between individuals, because
heterogeneity within individuals violated the constant variance assumption of the lin-
ear mixed effect models. The effects of sex on §°C and 8"°N were investigated using
linear mixed effect models with and without sex as a term and examined significance
of dropping different independent variables using a Pearson’s chi-squared test. We were
unable to investigate other variables of interest, such as location and climate, due to the
broad variety of the small number of representative samples. Instead, these contribute
to the between-individual variation.

The overall objective was to evaluate if a decision rule could be developed that
allowed wild and captive individuals to be identified, based on their §"°C and 8N
values. To assess this, a classification tree approach was adopted by introducing the
status as a response variable. As the data consisted of multiple observations from the
same individual turtles, a structured cross-validation approach was used to evaluate the
prediction error, with all observations from the same individual included in the ‘hold-
out’ set for prediction; and to avoid over-fitting. Individuals with an unknown status
were omitted, as well as juvenile turtle W1 due to potential differences in diet between
juvenile and adult turtles (Reed and Krysko 2014). The optimal classification tree was
selected using the classification parameter; where misclassification errors were not sig-
nificantly improved with the penalty of adding further nodes. A classification tree was
constructed using this process, including all individual observations across all turtles
to allow for variation within individuals. To analyse the temporal variability across the
shed and retained scutes, separate linear models for each isotope were fitted, to assess
changes in 8"°C and 8" N and thus, diet, over different active seasons.

All analyses were conducted in the R software environment for statistical and
graphical computing (V 3.5.3; R Core Team 2019). Linear mixed effects models were
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ficted with the R package “lme4” (Bates et al. 2014), simulations were performed in
“simr” (Green and MacLeod 2016) and classification trees with “rpart” (Trevor et al.
2009, Therneau et al. 2018).

Results

Sampling size and design

Power simulations indicated nine samples across two separate scutes on the carapace
were sufficient to capture individual variation, while retaining a detectable difference
between wild and captive individuals. Variation between scutes of the same layer (pri-
mary and secondary) was minimal when compared to variation between individuals.
Sampling four individuals per status group (“captive” and “wild” groups, eight indi-
vidual turtles in total) provided the greatest power at a minimum of 96%. The position
of the samples within the scute had no significant effect on 8N ()’ = 1.76, p > 0.05)
nor 8“C (y; = 0.840, p > 0.05).

Analysis of turtle provenance

Status (wild versus captive) was the main factor underlying differences in isotope values.
There was evidence for an effect of status on isotopic ratios (y;= 4.02, p = 0.0451), but no
clear differences between the sexes (y}= 3.66, p = 0.160).

Individual turtles had their own unique 8*C and 8N values and within-individu-
al variation was generally less than between-individual variation (Table 1). Wild turtles
exhibited lower 8N values and a greater spread in 8'°C values compared to captive
turtles (Fig. 2).

Table 1. 5"N and 8"°C means, standard error (SE) and sample sizes () for individual turtles.

Turtle 6N mean 8N SE 6C mean 83CSE n
Cl 13.08 0.40 -21.41 0.22 25
C2 10.51 0.40 -22.24 0.27 26
C3 10.13 0.42 -21.62 0.66 18
C4 10.90 0.40 -19.67 0.28 16
C5 12.58 0.45 -18.33 0.26 15
C6 13.62 0.43 -19.09 0.27 18
Ul 8.03 0.40 -22.53 0.27 18
U2 12.39 0.40 -18.70 0.27 18
W1 7.42 0.42 -20.09 0.52 23
W2 6.44 0.40 -27.26 0.28 24
W3 8.71 0.42 -25.34 0.32 26

W4 9.22 0.41 -22.63 0.29 16
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Figure 2. A Confidence in original status assignment based on select characteristics (Suppl. material 1);
B plot of "*C and 8N means and 95% confidence intervals for captive and wild 7. s. elegans individuals,

coloured according to their assignment confidence described in Figure 2A.

The classification tree showed clear differences between captive and wild groups
associated with 8N (Fig. 3). Only 8N was required to separate captive and wild
groups, with captive animals identified by 8""N%o > 9.7%o, with a success rate of at
least 96%. If 8N information was not included, groups were poorly separated with
captive turtles identified by 8'*C%o > -22%o with success of 81%. Using the generated
classification tree, the two unknown turtles “U1” and “U2” were classified as wild and
captive, respectively (Fig. 3).

Of the three turtles with shed scutes available, all revealed significant differences
between layers in 8C (Cl: F1,31 =100.4, p < 0.0001; Ul: }7351 = 0.0006, p < 0.0001;
U2: F, ., < 0.0001, p < 0.0001) and 8N for turtles C1 and Ul (F,,,=100.4, p <

2,34 31
0.0001; F, . = 82.7, p <0.0001), but not U2 (F1 =1.771, p = 0.192). However, there

2,50 ,34
was no consistency in the direction of change between layers. Furthermore, the §°N
values for each scute layer remained within the classification range of their assigned

status; “wild” and “captive”.
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Figure 3. 513C and 815N means and 95% confidence intervals for the shed and retained scute on three
individuals: captive C1 and unknowns U1 and U2. Layers are labelled as primary (newest growth; re-
tained on carapace) and secondary (older growth; shed scute). An older scute layer was available on turtle

U1, named tertiary (oldest growth; retained scute).

Discussion

Captive and wild 7's. elegans are effectively differentiated by their §'°N. Sampling scute
proved to be a simple method; no specialist equipment was required for collection and
samples could be taken anywhere on the scute and across multiple scutes with minimal
variation within the individual. Although individuals were dissected for this study, the
use of scute shavings is potentially a non-invasive method. This makes the technology
accessible for non-specialist practitioners, such as biosecurity or veterinary staff and for
samples to be collected and sent to a laboratory for analysis and determination of their
origins. Furthermore, the power simulations demonstrated that minimal sampling per
individual is required, reducing the overall sampling costs in time, effort and welfare,
as well as monetary cost.

As material of high biosecurity risk is inherently difficult to obtain, the availability
of T s. elegans and other reptile IAS is limited, while information surrounding an ani-
mal’s history is not always accessible. Wild 7. s. elegans specimens are rare in Australia,
as at-large populations have only been confirmed in Sydney (Burgin 2006, Robey et
al. 2011; Mo 2019) and Queensland (O’Keeffe 2005). Furthermore, 7. s. elegans are
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illegal to import or keep in Australia without a licence, limiting available samples to
those confiscated from illegal keeping (Department of Agriculture and Water Resourc-
es 2017). Here, we used a selection of samples for which we were initially confident
in the assignment of status to an individual. Furthermore, the use of a power analysis
demonstrated that a minimum of eight (z > 8) individuals of known origin was suf-
ficient to obtain a detectable effect size to effectively separate wild and captive groups.

Separation of wild and captive groups used a simple classification tree model,
which effectively differentiated wild and captive individuals with minimal misclassifi-
cation error. As samples with relatively high status confidence were used, this classifica-
tion tree can be adopted as a set of best-practice methods and model to determine the
origins of 7. 5. elegans individuals found in wild-states. However, further refinement
of the model is required, such as including a wider range of locations of samples to
improve the discrimination power.

Differences in the 8"°C and 8"°N composition of scutes from different status groups
are likely primarily influenced by different proportions and sources of plant and animal
material within a turtle’s diet, as well as varied sources of these food groups (Balzani
et al. 2016). The trophic level of captive turtles, as inferred from 8“N, is consistently
higher than for wild populations, despite potential 8N enrichment from agricultural
fertilisers in wild environments (Hofmeister et al. 2013). This is likely influenced by a
higher consumption of meat-based products by captive turtles, including commercial
turtle food (Mazumder et al. 2018). Commercial turtle food often contains marine
origin proteins, which may increase "°C and 8N (Schoeninger and DeNiro 1984).
A similar result has been identified in studies on other reptiles, such as crocodile lizards
(Shinisaurus crocodilurus) and monitor lizards (Varanus spp.), where captive animals
possessed enriched 8N (van Schingen et al. 2016, Natusch et al. 2017, Ziegler et al.
2018). Therefore, 3N is a strong candidate for the expansion of this forensic tech-
nique into other reptile groups, but likely requires species-specific validation.

The 8"C exhibited little power for separating wild and captive groups. As with
8PN, 88C is influenced by a variety of environmental factors. However, "°C was iden-
tified as the most significant separator for wild and captive juvenile 7's.scripta by Aresco
and James (2005). Juvenile turtle W1 showed enrichment in 8"°C , which may be due
to an ontogenetic shift in diet by adult 7 s. elegans (Reed and Krysko 2014). While
8"3C had some separating power and may be applied for a more detailed analysis of 7.
5. elegans dietary behaviour in wild and captive states, we did not find it informative as
a biosecurity tool for separating adult incursions.

For each turtle, where shed scute was available, the 8N and §"°C exhibited signifi-
cant differences between successive active seasons. However, as there was no consist-
ent direction of change in the isotope data, it is unlikely the changes are due to tissue
degradation and instead likely reflected temporal variability in the turtle’s diet. The
variance in 8N was sufficiently small to ensure that the specimen remained within the
same status group, based on the 8" N%o > 9.7%o discrimination value.

It is important to note that the status assignment refers to the confidence that the
turtle was wild or captive for the entirety of the scute growth period. The natal origin
(birthplace) of the turtle cannot be determined using scute growth alone as scutes are
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shed yearly (Alibardi 2005). Natal origin determination requires sampling of a tissue
which has remained inert since hatching, such as bone, as explored by Holder et al.
(2014). Determining a tissue which has remained inert since hatching in 7. 5. elegans
and a comparison to scute material will be extremely useful for future biosecurity efforts.

The exploration of additional biogeochemical tracers may be useful to create a
more diverse set of methods and potentially obtain greater evidence of environmental
origin. Stable isotopes relating to the animal’s water source such as hydrogen (*H/'H)
and oxygen (O/'O or '¥O/'*O) may provide useful information on the animal’s geo-
graphical origin and have been used in other animal tracking applications (Bowen et al.
2005, Hobson and Wassenaar 2018). Furthermore, controlled experiments to deter-
mine the scute-diet fractionation factor in 7. s. elegans may provide greater information
on the animals’ diets.

Conclusions

The values of 8"*C and 8" N in scute keratin are effective at filling the requirement for the
urgent need for effective forensic techniques to quickly identify the origin of 7. s. elegans
(red-eared slider turtle) incursions and has promising potential for applications on other
high-risk IAS species (Lodge et al. 2006, McFadden et al. 2017). Stable isotope ratios
in the scutes of 7 s. elegans provide long-term information on individual environmental
histories and, thus, provide an effective forensic method for identifying the origins of
individuals found in wild-states. This study provides a set of best-practice, relatively
accessible methods for sampling IAS incursions and subsequent analysis, including a
classification tree, to determine the risk of future incursions. These approaches, using an
emerging and effective forensic technique, contribute to the continuing development of
various forensic techniques that are crucial for effective biosecurity efforts.
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Abstract

Biodiversity data are being collected at unprecedented rates. Such data often have significant value for
purposes beyond the initial reason for which they were collected, particularly when they are combined
and collated with other data sources. In the field of invasion ecology, however, integrating data represents a
major challenge due to the notorious lack of standardisation of terminologies and categorisations, and the
application of deviating concepts of biological invasions. Here, we introduce the SInAS workflow, short
for Standardising and Integrating Alien Species data. The SInAS workflow standardises terminologies fol-
lowing Darwin Core, location names using a proposed translation table, taxon names based on the GBIF
backbone taxonomy, and dates of first records based on a set of predefined rules. The output of the SInAS
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workflow provides various entry points that can be used both to improve coherence among the databases
and to check and correct the original data. The workflow is flexible and can be easily adapted and extended
to the needs of different users. We illustrate the workflow using a case-study integrating five widely used
global databases of information on biological invasions. The comparison of the standardised databases
revealed a surprisingly low degree of overlap, which indicates that the amount of data may currently not
be fully exploited in the original databases. We highly recommend the use and development of publicly
available workflows to ensure that the integration of databases is reproducible and transparent. Workflows,
such as SInAS, ultimately increase trust in data, study results, and conclusions.

Keywords
databases, Darwin Core, GBIE invasive alien species, R software environment, reproducibility, standardi-
sation, taxonomy, workflow

Introduction

In recent years, we have observed a tremendous rise in the availability of data in all
fields of biodiversity research (La Salle et al. 2016), including invasion ecology. In par-
ticular, initiatives have emerged to map the occurrence of specific taxa with alien popu-
lations — called ‘alien taxa’ in the following — for major groups such as plants, birds,
amphibians and reptiles (van Kleunen et al. 2015; Dyer et al. 2017a; Capinha et al.
2017); to assess the extent of invasions in particular geographical regions (e.g., Europe,
DAISIE 2009) and habitats (e.g., marine, Ahyong et al. 2019); to document particular
events (e.g., dates of record, Seebens et al. 2017); or to identify and record the presence
of alien species that have negative impacts (e.g., Pagad et al. 2018). Although analyses
of these data sources have led to valuable insights on the historic and current spatial
and temporal patterns and processes of biological invasions (Dyer et al. 2017a; Dawson
etal. 2017; Pysek et al. 2017; Bertelsmeier et al. 2017; Seebens et al. 2018), these new
aggregations of alien species data differ in various respects and are not interoperable.
Biodiversity data sources are often not standardised or directly comparable (Gural-
nick et al. 2018), which limits their value for conservation and research (Bayraktarov et
al. 2019). In invasion ecology, new databases have recently been produced for a range
of different purposes, although they have, to date, been produced largely in isolation.
To remedy this, individual workflows have been created to harmonise and integrate the
information in order to meet particular project goals. These workflows have used dif-
ferent taxonomic and geographical standards and practices, but such standardisations
are not always clearly documented. As a result, databases are often not comparable and
cannot be readily linked, which hampers progress towards improving the taxonomic and
geographic coverage of alien species data and potential insights for research and manage-
ment that might be derived as a consequence (McGeoch et al. 2012). The widespread
lack of standardisation across key data sources on alien species also hinders clear commu-
nication with managers and policy makers (Gatto et al. 2013; McGeoch and Jetz 2019).
Progress in biodiversity research has been facilitated by the development of data
standards (Guralnick and Hill 2009), powerful analytical tools and coherent work-
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flows to, for instance, develop and calculate Essential Biodiversity Variables (EBVs,
Kissling et al. 2018; Jetz et al. 2019) or to clean biodiversity data (Mathew et al. 2014;
Jin and Yang 2020). Recently, using three exemplar alien species, a workflow was con-
structed and tested to integrate data from multiple sources for alien species (Hardisty
etal. 2019). For most comprehensive databases in invasion ecology, the publication of
such workflows and detailed descriptions of database generation remains rare (but see
Dyer et al. 2017b; Pagad et al. 2018). Thus, data management in invasion ecology does
not often meet open science principles, and the databases produced do not qualify as
FAIR, i.e. Findable, Accessible, Interoperable, and Reusable (Wilkinson et al. 2016).
Although the procedures for collating data are often described, the descriptions and
associated metadata are generally insufficient for the workflow to be reproduced. Com-
puter scripts and guidance documents are often not publicly available, which further
impedes reproducibility. Using a standardised, publicly available workflow would en-
able alien species databases to be combined in a transparent and repeatable way, and
improve the format, contents, and interoperability of databases (Mathew et al. 2014).
Such annotated workflows would also guide future data collation efforts such that they
achieve both their own goals and contribute to community-wide efforts to enhance
the quality and quantity of data on alien and invasive species (Hobern et al. 2019). In
particular, any integration of species databases requires a well-documented, repeatable,
coherent, and standardised workflow to match nomenclature and taxonomy based on
a standard concept (e.g., Boyle et al. 2013; Murray et al. 2017), or even to map dif-
ferent taxonomic concepts to each other (Berendsohn 1995). The availability of large
online infrastructures for biodiversity research, such as the Global Biodiversity In-
formation Facility (GBIF), enables taxonomic standardisation in a reproducible and
standardised way, but the potential is still not fully exploited in studies addressing
biological invasions.

Here, we introduce the SInAS (Standardising and Integrating Alien Species data)
workflow that was developed within the course of the synthesis working group “Theo-
ry and Workflows for Alien and Invasive Species Tracking” (sTWIST) at sDiv, Leipzig,
Germany. Following Hardisty and Roberts (2013), we use the term “workflow” as a
description of a series of processes of data manipulation and integration, including
the codes allowing a largely automated approach (see also van der Aalst and van Hee
2002, who use the term “workflow” for a series of standardised processes). The SInAS
workflow serves to integrate databases of regional checklists including information on
spatial and temporal dynamics of alien species using a standardised protocol to merge
taxon and location names. The SInAS workflow combines public taxonomic infra-
structures with procedures, resolutions, and concepts commonly used in biodiversity
research in general and invasion ecology in particular. In the following, we provide a
detailed description of the SInAS workflow and its implementation in R. We demon-
strate its functionality using an example of merging five of the most comprehensive
open access alien species databases currently available. Although the workflow was
developed for merging databases of alien species occurrences, it can be readily adapted
to other databases, including those with associated spatial information.
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The SInAS workflow

The SInAS workflow was created to integrate databases organised as individual
spreadsheet tables, which is the most common format for alien species occurrence
information. In contrast to databases of native species, alien species occurrences are
often associated with a date of first introduction or first date of report for a region as
an alien or naturalised species. Here, we adopt a common use of these “first records”,
which represent the first record of a taxon in a particular region. Following Darwin
Core terminology (Darwin Core Task Group 2009), first records are called “event
dates” in the following.

Three major steps, organised in sequence, form the primary components of the
workflow: 1) initial check and preparation of the original databases; 2) standardisation
of the databases; and 3) merging of the standardised databases (Fig. 1). Standardisation
(step 2) is the most complex step and can be subdivided into specific tasks that each in-
volves the standardisation of one of eight variables: taxon names, location names, event
dates, occurrence status, establishment means, degree of establishment, pathway, and
habitat. An overview of all variables used in this workflow together with definitions and
explanations are given in Suppl. material 2: Tables S1-S4. Each specific task requires a
reference against which data will be standardised (e.g., a list of location names in a par-
ticular format or a list of accepted taxon names and their synonyms). Each task produces
intermediate output tables to report where there was standardisation (e.g., replacements
of original names) and where standardisation was not possible (e.g., missing names and
unresolved names). As input files, each step of the workflow requires the output of the
previous step as input except for step one, where the original database and its metadata
have to be provided (currently implemented as *.xlsx files). In the following section,
a comprehensive overview of the SInAS workflow is provided, while the detailed de-
scription can be found in the Suppl. material 1. The full workflow implemented in R
together with all required input files, examples databases, and a manual are provided as
the SInAS workflow package (see section ‘Data and code availability’ below).

Step 1: Preparation of databases

The first step includes a check of the availability of variables in the original databases.
Variables are categorised into three classes: i) required variables, which must be provid-
ed (i.e., taxon and location names); ii) optional variables, which are associated to the
taxon occurrence (e.g., occurrence status or pathway) or represent entries potentially
useful for data standardisation (e.g., extra taxonomic information); and iii) additional
variables, which are not used within the workflow, but are retained as presented in the
original databases throughout standardisation (e.g., traits). An overview of variables
and definitions is provided in Suppl. material 2: Table S1. The column names of the
required and optional variables in the input databases are harmonised.
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Figure 1. Overview of the Standardising and Integrating Alien Species data (SInAS) workflow that can
be used to merge alien species databases. The workflow consists of three consecutive steps: 1. preparation
of databases, 2. standardisation, and 3. merging. The standardisation step is subdivided into the standardi-
sation of: 2a. terminology, 2b. location names, 2c. taxon names, and 2d. event dates (i.e., first records).
The user can modify the workflow by adjusting the reference tables under ‘user-defined input’. At each
step of standardisation, changes and missing entries are exported as intermediate output that can be used
to check the workflow, the reference tables, or the input data.

Step 2: Standardisation

2a: Terminology

Records of alien species are often associated with information about their occurrence sta-
tus, the degree of establishment, and their pathway(s) of introduction. Such information
is standardised in this step using translation tables (Suppl. material 1). Translation tables
provide information about the entries in the original databases and the corresponding
terms that are to be used in the merged database. These are part of the workflow pack-
age (see section ‘Data and code availability’ below), and follow the recommendations
by Groom et al. (2019) in standardising the Darwin Core terms ‘establishmentMeans’,
‘occurrenceStatus’ and ‘pathway’, and adopting their suggestion to include a new term
‘degreeOfEstablishment’, describing the status of the taxon at a particular location
(Suppl. material 2: Table S1). Strictly speaking, this status is not associated to a taxon,
but a specific population. This means, as Colautti & Maclsaac (2004) already pointed
out, that alien or nonindigenous species are misnomers and these attributes, frequently
referred to simply as “status”, are associated at population level (i.., intersecting taxon
name with locality). In databases covering large regions, such attributes must properly
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be assigned at the right level. However, to be comparable with the wealth of invasion lit-
erature that does not properly attribute “status”, and for reasons of linguistic simplicity,
we still refer to alien species rather than using the correct alien populations. Although
the proposal by Groom et al. (2019) has not yet been ratified by the Biodiversity Infor-
mation Standards organisation, we used it in the workflow as the proposed terminology
covers dimensions critical to invasion biology, policy, and management (McGeoch and
Jetz 2019), and thus will provide helpful information irrespective of its official incorpo-
ration into Darwin Core. The Darwin Core term ‘habitat’ is also standardised within the
workflow; however, as a categorisation of different habitats is not provided by Darwin
Core, we provide one in the respective translation table (Suppl. material 1) based on the
distinction between terrestrial, freshwater, marine, and brackish habitats. The transla-
tion tables can be adjusted by the user in any way, but we highly recommend adhering
to the proposed Darwin Core terminology to avoid having incomparable entries. Non-
matching terms are exported so they can be manually checked.

2b: Location names

Location names are standardised using a user-defined translation table (Suppl. ma-
terial 1), which includes the master location names and the corresponding alterna-
tive formats, languages, and spellings. Locations represent administrative units such
as countries, states or islands. The majority of location names (89%) conform to the
2-digit ISO code (ISO 3166-1 alpha-2) classification. For the remaining locations,
countries were split into sub-national units which are geographically separated from
each other (be they islands, states or mainland areas). For instance, Alaska, Hawaii, and
US Minor Outlying Islands were separated from mainland United States; the Azores
were distinguished from Portugal; and Tasmania from Australia. The full list of loca-
tion names can be found in the input file “AllLocations.xlsx” as part of the workflow
package. Altogether, we used a set of 262 non-overlapping locations covering the ter-
restrial surface of the world. Similar resolutions are used in many studies of biological
invasions (Seebens et al. 2017; Capinha et al. 2017; Dyer et al. 2017b). The location
categorisation can be easily adjusted to any spatial delineation in a user-friendly way
by modifying the input file. Additional information for the location such as two- and
three-digit ISO codes of countries, continents or the World Geographical Scheme for
Recording Plant Distributions regions (WGSRPD, Brummitt 2001) are also provid-
ed. Non-matching location names are exported for reference. A shapefile is provided,
which relates the location to georeferenced polygons for mapping.

2c: Taxon names

Taxonomic standardisation is one of the most important and challenging tasks in bio-
diversity data integration (Rees and Cranston 2017) as taxon names are often consid-
ered the fundamental unit to which other information types are linked (Patterson et al.
2010; Koch et al. 2018). This, however, necessitates the use of a taxonomic backbone
against which all species names are assessed during the standardisation process. In the
absence of a single authoritative nomenclature across all taxa (Banki et al. 2018), we
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used the GBIF taxonomic backbone, which is itself primarily based on the Catalogue
of Life (Banki et al. 2018) (43 % overlap of GBIF backbone taxonomy and Catalogue
of Life at the time of access) and complemented with 50+ other sources of taxonomic
information. The details of these taxonomic sources can be found at the GBIF Secre-
tariat (2019) and the full taxonomy is available for download (http://rs.gbif.org/data-
sets/backbone/). If the taxon name could be found in GBIF either as an exact match, a
synonym or a fuzzy match with a high confidence (see Suppl. material 1), the obtained
‘accepted taxon name’ according to GBIE as well as its given synonym and further
taxonomic information, are returned and stored. Taxon names identified as synonyms
according to GBIF are replaced with the accepted name obtained from GBIE To avoid
mismatches due to spelling errors, GBIF performs fuzzy matching of the full taxon
names. This involves a calculation of similarity between the provided taxon names and
the record provided by GBIE GBIF returns the result of fuzzy matching by the sum-
mary metric “confidence”, which involves cross-checks of taxon names, authorities and
taxonomic information with different weightings (see http://www.gbif.org/developer/
species#searching for more details). In addition to the taxon names, the taxonomic tree
(species, genus, family, order, class, phylum, and kingdom) is obtained from GBIE In
the SInAS workflow, all taxon names that could not be resolved are exported as a list of
missing taxon names for further reference. A complete list of all taxon names (includ-
ing the original names provided in the individual databases, taxonomic information,
taxonomic status of the name, and search results) is exported as a separate list of taxon
names (Suppl. material 1). The user can provide a list of species names and synonyms
to resolve conflicts and errors in GBIF entries.

2d: Event dates

In the SInAS workflow presented here, event dates represent the time of the first docu-
mented occurrence of a species in a region outside its native range, which is also called
‘first record’” (Seebens et al. 2017). Ideally, event dates for the first record of an alien
species are provided as a single year, which is then retained in the workflow. But often
other time ranges are provided. To enable merging and cross-checking of first records
among databases and further analysis, it is necessary to translate these different time
ranges into single years. Such an adjustment of first records requires a set of rules (e.g.,
Seebens etal. 2017; Dyer et al. 2017b), which define how a time range should be treat-
ed to obtain a single year. In the simplest case, the start and the end years of the time
range are provided, and their arithmetic mean is used as the new single event date. In
other cases, time ranges are described in alternative ways such as “1920ies” or “<1920”.
In translating this information, we followed primarily the rules defined in table 3 of
Dyer et al. (2017b). The rules are currently provided as a textual description and the
user has to “translate” non-standard event dates into a single year format according to
the guidelines and examples provided in the file ‘Guidelines_eventDate.xlsx” as part of
the workflow package. The user has the opportunity to modify the rules, but we rec-
ommend sticking to the proposed ones as a standard in biological invasions. Cases of
entries that could not be adjusted are exported from the workflow for cross-checking.
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Step 3: Merging

In the final step of the workflow, the standardised databases are merged into a single
master database. Merging is based on the entries of taxon and location names. That is, all
entries with exactly the same taxon and location name will be merged to obtain a single
entry for each existing combination of taxon and location. This is achieved by first merg-
ing columns of the standardised databases to concatenate their contents and, second, by
merging rows of the final database to remove duplicate entries. Conflicts of multiple event
dates for the same event are resolved by adopting the earlier of the first records. In cases
where conflicts cannot be resolved, the respective entries of all databases are combined to
a single entry of the master database. For instance, if a taxon X in location Y is classified
as ‘introduced’ in one database and ‘uncertain’ in another, the entry in the final master
database for X in Y will be ‘introduced; uncertain’. The user will be informed that conflicts
still exist, which might be solved by adjusting the translation tables or by checking the
original data.

In principle, the SInAS workflow is fully automated once metadata are provided at
step 1. This, however, requires accepting all defaults such as location names and taxo-
nomic classification by GBIF and, more importantly, keeping all unresolved conflicts
that might include unmatched location names or misspellings in the original data.
We therefore recommend running the workflow in an iterative process of running
the workflow, checking warnings and intermediate output tables, resolving conflicts
and errors, and re-running the workflow. Such an iterative process should increase the
match between databases, and therefore the coverage of the final merged database.

A case study

We applied and tested the workflow using five global databases of spatio-temporal alien
species occurrences (Table 1): three with a taxonomic focus, one each on alien birds
(GAVIA, Dyer et al. 2017b), vascular plants (GloNAE van Kleunen et al. 2019), and
amphibians and reptiles (AmphRep, Capinha et al. 2017); one multi-taxon database with
a focus on temporal dynamics (FirstRecords version 1.2, Seebens et al. 2017); and one
with a focus on alien species with negative environmental or socio-economic impacts, i.e.
“invasive alien species” (GRIIS, Pagad et al. 2018; accessed 10th September 2019). These
databases are currently among the most up-to-date and comprehensive global data sources
for alien species distributions, dynamics, and impacts. All databases are publicly available.
The lack of accessibility impeded the incorporation of other global databases such as the
World Register of Marine Introduced Species (WRiMS) or the CABI Invasive Species
Compendium. The databases used here are of varying size, ranging from 1,118 (AmphRep)
to 232,042 (GloNAF) records and including 277 (AmphRep) to 33,687 (GRIILS) taxa.
The databases have different spatial resolutions and follow different taxonomic standards.
Variables from the different databases were mapped onto the variables provided in the
SInAS workflow as outlined in Suppl. material 2: Tables S1-S4. As location names were
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Table I. The taxonomic coverage and size of the original databases on the occurrence of alien taxa before
and after standardisation and merging using the Standardising and Integrating Alien Species data (SInAS)
workflow (see Figure 1). Records were counted multiple times when they were obtained from different
databases. Reductions in total record number were mostly a result of aggregation from the finer spatial
resolution of the original databases to the higher spatial resolution used in the SInAS workflow.

Database Reference Focus of database Total records Number of taxa
(original) (merged) (original) (merged)
GloNAF van Kleunen et al. (2019) Vascular plants 232,042 71,468 14,053 13,545

AmphRep Capinha et al. (2017) Amphibians, reptiles 1,118 854 277 276
GAVIA Dyer et al. (2017b) Birds 27,723 4,494 971 968
GRIIS Pagad et al. (2018) Invasive species 107,302 96,655 33,687 27,128
FirstRecords  Seebens et al. (2017) First records 45,402 45,060 15,231 14,990

provided in different columns in GloNAF and GAVIA, these were merged manually to
obtain a better match with the classification of locations used in the SInAS workflow.
Merging of the five databases resulted in a new database (the sTWIST database)
consisting of two interlinked tables containing records of alien species per location
and a full list of taxa including further taxonomic information (Suppl. material 3).
Depending on the success of the integration of the specific databases, several addition-
al files will be created during the workflow providing missing taxa and location names,
unresolved terms (e.g., of occurrence status and pathways), translated location names
and event dates, and unresolved event dates. In our cases, 17 of these tables were ex-
ported from the workflow for further cross-checking (Suppl. material 5) together with
25 tables, which include the output of each intermediate step and database (Suppl.
material 4). The sTWIST database contains 156,900 records of 35,150 taxa in 257
locations. The resulting alien species numbers globally are in line with the reported
hotspots of biological invasions being the USA (excluding Hawaii and Alaska), the
United Kingdom, New Zealand, Hawaii, and Australia (fig. 2, Dawson et al. 2017).
One consequence of the workflow was that, after cleaning and standardisation, the
number of records dropped (Table 1). For example, the merged sTWIST database
contained only ~30% of the original GIoONAF database. This was mostly due to the
GloNAF database having a finer spatial resolution than the sTWIST database (1,029
vs. 257 regions). Consequently, many regions were combined and records merged.
Altogether, 53,546 taxon names were obtained from all five databases, including
synonyms and multiple entries of individual taxa due to different spellings. A small
proportion (5 %) of these taxon names could not be found in GBIF for different rea-
sons such as misspellings, missing information or unresolved taxonomies. This often
involved subspecies, varieties or hybrids and can be checked in the output files “Miss-
ing Taxa_*” for the individual databases. Most of these unresolved taxon names were
obtained from GRIIS (1,610; 6 % of GRIIS taxa) followed by FirstRecords (802; 5%),
AmphRep (105 4%), GloNAF (261; 2%) and GAVIA (8; <1%). Unresolved taxon
names were kept in the final database but flagged as such in the full list of taxon names
“Taxa_FullList.csv”. Standardisation during the SInAS workflow identified 7,174 syn-
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Table 2. Overlap (in %) of locations, taxa, and taxa by location record between taxonomic and cross-
taxon databases. An overlap between two databases is defined as the number of entries in the taxon-specific
database shared with the cross-taxon database divided by the total number of entries from the taxon-
specific database. It therefore shows how many records of the taxon-specific databases are found in the
cross-taxon ones.

GRIIS FirstRecords
Locations
GloNAF 76 97
GAVIA 76 98
AmphRep 74 98
Taxa
GloNAF 69 45
GAVIA 54 86
AmphRep 61 63
Taxa by location
GloNAF 44 20
GAVIA 26 78
AmphRep 29 41
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Figure 2. The number of alien taxa per region as presented in the final sSTWIST database. Smaller island
regions are depicted by circles, with the size of the circles proportional to the numbers of taxa. Region
delineations are based on Global Administrative Areas (GADM).

onyms (13%), which were replaced by the accepted names provided by GBIE This
finally reduced the number of taxa to 35,150 distinct taxon names.

After standardisation of taxon and location names, the overlap of taxon-specific
databases with the cross-taxon ones was surprisingly low (Table 2). Most regions were
represented in all databases; however, the overlaps for taxa and taxon by location com-
binations were often far below 50%. For instance, only 26% of all records in GAVIA
can also be found in GRIIS, while 20% of the GloNAF records were also included in
FirstRecords. The comparatively low overlap of locations in GRIIS with taxon-specific
databases stems from a few locations only considered separately in GRIIS.
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Discussion

The SInAS workflow is, to the best of our knowledge, the most comprehensive workflow
to standardise and integrate alien species occurrence databases to date. It is also in full
compliance with the FAIR data principles (Wilkinson et al. 2016). The workflow provides
a foundation to develop and apply standards for the harmonisation of taxon names, geo-
graphic resolutions, and event dates. It achieves this using translation tables and rules that
are transparent and linked to existing international schemes such as accepted taxonomic
backbones that can be easily updated as needed. The SInAS workflow also offers the op-
portunity to adapt individual steps to the respective user’s needs, and enables the user to
conveniently report on deviations from the suggested workflow. Reporting of such adjust-
ments is essential for reproducibility, particularly in the field of invasion ecology, which is
rich in competing concepts and terminologies (Falk-Petersen et al. 2006). Thus, the SInAS
workflow will help to differentiate and integrate the various approaches, and finally will
increase trust not only in data but also in study results and conclusions communicated
to the decision makers and the general public (Franz and Sterner 2018). The potential to
customise and extend the workflow increases the range of possible applications such as
the calculation of indicators (e.g., Wilson et al. 2018), the ability to conduct global and
regional assessments of invasive alien species and their control, and the global collabora-
tion being proposed as essential for dealing with priority invaders (Blackburn et al. 2020).
We introduced the SInAS workflow as a tool to integrate databases, but it can also
assist with standardisation within a database to ensure that region or taxon names are con-
sistent, and that terminologies of individual checklists are reported in a more standardised
way. Although the flexibility built into the SInAS workflow makes it more broadly useful,
providing flexibility in a workflow does bear the risk that databases remain incompatible.
For instance, users of the workflow can define their own categorisation of locations, which
might result in even more heterogeneous databases in addition to those that already exist.
It is essential, therefore, that modifications of the workflow are clearly communicated.
As best practice, we recommend that modifications of the input files such as translation
tables, taxon names or any modification of the workflow itself are clearly reported and
published together with the final database. For instance, a change in the list of geographic
regions can be easily attached as a table to the respective publication together with the
link to our workflow. In this way, modifications can be traced back to their origin and
databases remain comparable despite adaptations to individual project goals. We believe
that our proposed workflow will smooth this process and make it easier for individual
researchers to publish not only scientific results in a more consistent way, but also the
underlying workflows to enhance the transparency and reproducibility of the science.
The comparison of the individual databases that resulted from the integration work
done here highlighted an unexpectedly low degree of overlap between them. This re-em-
phasizes, in spite of significant recent advances in alien species data collation, the impor-
tance of: 1) joint collaborative work, 2) freely available data, and 3) shared workflows to
improve the taxonomic, geographic, and temporal coverage and resolution of alien species
data (Hardisty et al. 2019). The low degree of overlap was obviously related to the scope
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of the individual databases — the taxon-specific databases focussed on a high level of spatial
and taxonomic coverage, while cross-taxonomic databases harvest information on a specif-
ic topic such as event dates or impact. Moreover, the databases drew original data records
from different sources, and so each database was constructed using different workflows
with divergent assumptions and supporting concepts. This clearly shows that not only
does the merging of individual databases have to be standardised as proposed here, but the
integration of primary data from the original sources needs to be done in a more reproduc-
ible and transparent way as well (Vanderhoeven et al. 2017; Pagad et al. 2018). Our case
study also highlights that the SInAS workflow and the associated scripts could be used to
assess the reliability of different databases and their components (e.g., Cano-Barbacil et al.
2020) and to identify potential areas of improvement for the respective databases.

Our workflow was developed to integrate taxon lists for individual regions, so-called
checklists. Checklists represent by far the most common representation of spatial infor-
mation on alien species occurrences (Pysek et al. 2012; Brundu and Camarda 2013).
This is somewhat different to other fields of biodiversity research, where occurrence data
are often provided as range maps, grids, plot based lists or point coordinates. In contrast
to populations of native taxa, alien taxa populations are categorised as being alien only
for a particular region and timeframe. The importance of decision-making in an applied
science, such as invasion ecology, means that policies are commonly made for the admin-
istrative units (such as countries or states/provinces) responsible for control efforts, and
the spatial resolution of presence-absence data is low resolution to accommodate both
uncertainty and the precautionary principle when data are intended to inform policy
and management. As a consequence, the decision of what is considered as being alien is
often taken for administrative regions. This is somewhat different for aquatic alien spe-
cies, which are categorised depending on marine regions or water sheds, but these spatial
units can be easily incorporated as additional entries in the table of geographic regions. In
its current form, the SInAS workflow is not capable of handling coordinate-based occur-
rences. While including point-wise occurrences might be possible in future versions of the
workflow, a practical solution would be to assign the coordinate-based location to a re-
gion and add the region to the workflow. For example, point-wise occurrence data for the
Western Mediterranean Sea could be attributed to this region and added to the workflow.

The pervasive challenge in the integration of alien species data from multiple sourc-
es is the variability in the use of terminology (McGeoch et al. 2012). For example, the
term ‘invasive species” has at least three working definitions: alien populations that are
self-sustaining and have naturally spread; alien populations that negatively impact na-
tive species, ecosystems, the economy or human health; or populations (be they native
or alien) that have recently increased in abundance or extent (Richardson et al. 2000;
Blackburn et al. 2011; Carey et al. 2012). As a consequence, merging databases that
use different definitions of alien and invasive alien species could result in a misleading
collation of taxa. Currently, terminologies are not consistently used across databases,
although standard concepts have been published (Blackburn et al. 2011). In the SInAS
workflow, we provide a translation of terms following common standards (Darwin
Core Task Group 2009; Groom et al. 2019), but the definitions of these terms may
vary among primary sources and projects, which often cannot be standardised ret-
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rospectively. It is therefore essential to stick to common definitions and transparent
workflows already in the primary literature, to clearly specify which definition is used.

A further difficulty in combining species data lies in the application of different
taxonomic concepts (Berendsohn 1995) by the data recorders. This is a general prob-
lem in biodiversity and taxonomic research and is not solved within the SInAS work-
flow: it requires collaborative solutions from the relevant research community. While
resolving such taxonomic conflicts would mean the SInAS workflow is more useful,
one should keep in mind that a complete taxonomic resolution is not necessarily re-
quired to provide useful information (Gerwing et al. 2020). Unless this workflow is
used by experienced taxonomists for taxonomic resolution, we recommend sticking to
standards offered by other authorities such as GBIF and report deviations from these
standards. Our workflow eases this reporting process by providing the opportunity to
submit information of modifications together with the databases.

While advancements have been made in other fields of biodiversity research, with
online platforms such as GBIF including a full and citable version control, many data-
bases on biological invasions are still curated by individuals or research groups and might
not be publicly available at all. Changing this situation will require there being: 1) an
incentive for researchers to publish their data online, ideally with a digital object identi-
fier (DOI) and versioning as provided by online platforms such as GBIF or long-term
archives such as Zenodo (https://zenodo.org/) or Dryad (https://datadryad.org), and
following the FAIR principles of data management; 2) professional training and techni-
cal support for data management; and 3) clear guidelines and standards to ease such data
publications (Groom et al. 2019). For some of these aspects, support is already available
but still not widely adopted such as the “Guide to Data Management in Ecology and
Evolution” published by the British Ecological Society (2014). For other aspects, finan-
cial and personnel support is required as individual researchers often do not have the ca-
pacity to ensure long-term maintenance and support, which can only be achieved from
institutions. The importance of adopting the FAIR data principles has been increasingly
recognised by international institutions such as the Intergovernmental Science-Policy
Platform of Biodiversity and Ecosystem Services [IPBES, currently conducting a the-
matic assessment on invasive alien species and their control (https://ipbes.net/invasive-
alien-species-assessment) that depends on the integration of data sources as we have
discussed here] and the European Commission, which provide incentives to scientists
to make their data comparable and available. We believe the workflow presented here
addresses these challenges by providing an example of how to achieve standardisation
across databases and to facilitate the kind of standardisation chosen by the researchers.

The modular structure of the SInAS workflow means that it can form the basis for
the development of future data integration workflows. We foresee several opportunities
for extensions. Translation tables of additional variables such as taxon traits and vari-
ables related to regions and relevant for understanding drivers of biological invasions
(environmental, socio-economic, historic) would add another level of value for both
research and application. The workflow could also be extended to allow for coordinate-
based occurrence records by integrating information of region delineations using Geo-
graphic Information System (GIS) tools. Thus, the SInAS workflow, focussed as it is
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on essential variables for tracking biological invasions (distribution, time, and impact,
Latombe et al. 2017), can be considered the core of an integrated comprehensive work-
flow of data on biological invasions. Global collaborative efforts, supported by readily
accessible, globally representative evidence, are key to stemming the invasion tide.

Data and code availability

The full SInAS workflow including all required R scripts, input files, example databases
and a manual is made freely available at a repository at Zenodo (https://doi.org/10.5281/
zen0do0.3944432) together with the coordinate-based delineations of regions. The re-
leases at Zenodo are linked to a GitHub repository, which ensures full version control of
the code. New releases will be provided under the same DOI. All additional files related
to the case study are attached to this publication as supplementary materials.
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Abstract

Methodological research on species distribution modelling (SDM) has so far largely focused on the choice
of appropriate modelling algorithms and variable selection approaches, but the consequences of choosing
amongst different sources of environmental data has scarcely been investigated. Bioclimatic variables are
commonly used as predictors in SDMs. Currently, several online databases offer the same sets of biocli-
matic variables, but they differ in underlying source of raw data and method of data processing (extrapola-
tion and downscaling). In this paper, we asked whether predictive performance and spatial transferability
of SDMs are affected by the choice of two different bioclimatic databases viz. WorldClim 2 and Chelsa
1.2. We used presence-absence data of the invasive plant Ageratina adenophora from the Western Hima-
laya for training SDMs and a set of independently-collected presence-only datasets from the Central and
Eastern Himalaya to evaluate the transferability of the SDMs beyond the training range. We found that
the performance of SDMs was, to a large degree, affected by the choice of the climatic dataset. Models
calibrated on Chelsa 1.2 outperformed WorldClim 2 in terms of internal evaluation on the calibration
dataset. However, when the model was transferred beyond the calibration range to the Central and East-
ern Himalaya, models based on WorldClim 2 performed substantially better. We recommend that, in
addition to the choice of predictor variables, the choice of predictor datasets with these variables should
not be based merely on subjective decision whenever several options are available. Instead, such decisions
should be based on robust evaluation of the most appropriate dataset for a given geographic region and
species being modelled. Moreover, decisions could also depend on the objective of the study, i.e. project-
ing within the calibration range or beyond. Therefore, a quantitative evaluation of predictor datasets from

alternative sources should be routinely performed as an integral part of the modelling procedure.

Copyright Arunava Datta et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Correlative species distribution models (SDMs, also referred to as ecological niche
models or habitat suitability models) are used to estimate the potential geographic dis-
tribution of species by modelling the relationship between known occurrences of a spe-
cies with its environmental conditions (Guisan and Zimmermann 2000; Pearson and
Dawson 2003; Elith and Leathwick 2009). These models directly relate the occurrence
of a species to its realised multi-dimensional niche (Hutchinson 1957; Pearson and
Dawson 2003) in the environmental space (Soberén and Nakamura 2009; Peterson
etal. 2011) that is provided by the chosen predictor variables. Climatic conditions are
crucial in determining the large-scale distribution patterns of organisms (Woodward
1987; Woodward et al. 2004) and are hence widely used for modelling species distribu-
tions (Pearson and Dawson 2003).

SDMs are frequently applied in invasion biology, conservation biology, evolution-
ary biology and agriculture due to their versatility (Elith and Leathwick 2009; Peterson
et al. 2011). SDMs of invasive species are often used to make temporal and spatial
predictions of climatically-suitable regions that could potentially be invaded (Thuiller
et al. 2005; Ervin and Holly 2011; Jaryan et al. 2013) and thus aid in early detec-
tion, control and eradication of the invasive species (Thuiller et al. 2005; Peterson et
al. 2011). The distribution of invasive plants will most likely change due to climate
change and therefore future projections of invasion from SDMs will further help in
taking long-term management decisions (Thuiller et al. 2005; Peterson et al. 2011).

To avoid misleading recommendations for such management decisions, SDMs and
the resulting predictions or future projections of suitable environmental conditions
and corresponding invasion risks need to be highly reliable. Much of past research has
focused on the development of modelling algorithms and model (i.e. variable) selec-
tion to increase the performance of SDMs (Guisan and Zimmermann 2000; Elith
and Leathwick 2009). Ample studies are available on different methodological aspects,
such as the choice of different modelling algorithms, sample size, sample density, vari-
able selection and spatial resolution of environmental layers on model accuracy and
transferability (Randin et al. 2006; Peterson and Nakazawa 2008; Heikkinen et al.
2012; Wenger and Olden 2012).

Model transferability, either in space or time (Randin et al. 2006; Elith and Leath-
wick 2009), is of particular importance for invasive species to reliably assess their re-
sponse to climate change or to predict their invasive potential in novel areas and for
corresponding management decisions (Clark et al. 2001; Yates et al. 2018). Therefore,
it is essential to assess the predictive accuracy of an SDM, not only within the region
in which it was fitted (i.e. internal validation within the calibration range), but also in
a geographic region different from the calibration range (i.e. external validation on an
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independent dataset) (Heikkinen et al. 2012; Wenger and Olden 2012; Ferndndez and
Hamilton 2015). The model transfer may often involve extrapolation if the ranges of
the predictors are beyond the calibration range of the model. Model transferability is
a particularly challenging issue in species distribution modelling (Aratjo and Guisan
2006; Elith and Leathwick 2009; Peterson et al. 2011; Wenger and Olden 2012). A
recent review on challenges in transferability of ecological models has flagged many
pertinent issues, such as the choice of response variables, sampling bias, choice of mod-
elling algorithm and non-stationarity etc. (Yates et al. 2018).

It has also been shown that the choice of predictor variables can impact model
accuracy and transferability (Bobrowski et al. 2017; Karger et al. 2017; Petitpierre et
al. 2017), but studies, focusing exclusively on the consequences of choosing different
sources providing the same set of predictor variables, are very scarce (Peterson et al.
2011). Consequently, researchers often rely on their subjective decisions for choosing
one source of predictor datasets over others, even if the same set of (potential predictor)
variables are available from different sources.

SDMs have increasingly benefitted from the availability of climatic predictors at
very high resolutions in the form of rasterised GIS layers available from different sourc-
es (Soberén and Nakamura 2009; Peterson et al. 2011). Despite offering the same vari-
ables, such different climatic databases could differ in their actual values since they rely
on different source data and use different interpolation or downscaling algorithms (Bo-
browski and Schickhoff 2017; Karger et al. 2017). Such differences could be particu-
larly relevant in regions of high orographic heterogeneity, which have been shown to be
highly sensitive to prediction errors for multiple plant species (Hanspach et al. 2011).

The most widely-used variables for SDMs are the set of 19 bioclimatic variables
(Peterson and Nakazawa 2008; O’Donnell and Ignizio 2012) that do not only include
annual averages, but also climatic extremes limiting the physiological performance of
biological organisms (O’Donnell and Ignizio 2012). Currently, several databases offer
free access to these bioclimatic variables. WorldClim was one of the first and most fre-
quently used high resolution (30 arc seconds) global bioclimatic dataset derived from
ground weather stations across the globe and interpolated by using latitude, longitude
and elevation as independent variables (Hijmans et al. 2005). In the recent version of
WorldClim (Version 2; Fick and Hijmans 2017), hereafter referred to as WorldClim
2, satellite-derived covariates, such as land surface temperature and cloud cover, have
also been used in the interpolation process to improve the data quality in areas where
ground observations are scarce. Chelsa (Version 1.2; Karger et al. 2017), hereafter
referred to as Chelsa 1.2, is another bioclimatic database that accounts for orographic
patterns of precipitation in mountainous terrains, i.e. it accounts for factors, such as as-
pect and valley exposition by including wind effects (see Karger et al. 2017). Therefore,
it can be assumed that, due to the methodological differences in generating the raster
layers, these databases are not equivalent and hence their use in SDMs could result in
differences in predictive accuracy and, moreover, in transferability.

In this paper, we asked, whether models calibrated on Chelsa 1.2 and WorldClim
2, respectively, differ in terms of internal and external predictive performance. To this
end, we used the invasive plant species Ageratina adenophora (Spreng.) R.M.King &
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H.Rob. in the Himalaya as our study system. Using presence-absence data of A. ad-
enophora from the Western Himalaya as the response, we calibrated generalised linear
models on Chelsal.2 and WorldClim2 data. Transferability of models calibrated on
these two datasets was evaluated using an independent set of presence-only data from
Central and Eastern parts of the Himalaya.

Methods

Target species

Ageratina adenophora (Crofton weed, Asteraceae) is a plant species native to Mexico and
invasive (or even noxious) in more than 30 countries in subtropical regions across the
globe (Auld and Martin 1975; Qiang 1998; Tian et al. 2007; Muniappan et al. 2009;
Poudel et al. 2019). It is a multi-stemmed, perennial herb or undershrub that grows
up to 2 metres and flowers profusely in spring (Tripathi et al. 2012). It was introduced
as an ornamental plant to England in the 19" century (Auld and Martin 1975) and
was later introduced in different parts of the world (Muniappan et al. 2009), such as
the Himalaya (Dehradun, India) in the early 20® century (Datta et al. 2017). In South
Asia, it has expanded its distribution almost throughout the subtropical and sub-tem-
perate belts of the Himalaya, ranging from Arunachal Pradesh in the east to Himachal
Pradesh in the west (Raizada 1976; Tripathi et al. 2012) and also flourishes in moun-
tains of peninsular India (Muniappan and Viraktamath 1993; Muniappan et al. 2009).

Study area and distribution survey

Our study was carried out in a region of the Western Himalaya (Singh and Singh
1987) between 29.96N and 32.55N latitudes and 75.77E and 78.43E longitudes. Our
study area covered five provinces in north-western India and stretched from Dhaul-
adhar range (Himachal Pradesh province) in the west to the mountains of Gharwal
region (Uttrakhand province) in the east. We also covered a considerable part of low-
lying foothills of the Himalaya (Siwalik range).

We haphazardly surveyed 389 locations and recorded the presence or absence of A.
adenophora in the subtropical and temperate zones of the Western Himalaya between
300 m to 3000 m elevation (Fig.1). We targeted this elevational belt based on prior
knowledge about the distribution of the plant from previous reconnaissance surveys
and existing literature on its distribution (Datta et al. 2017). The surveys were con-
ducted in the vegetation periods of 2014 and 2015. Most of the surveys were carried
out along road- and riversides as these are conduits for dispersal of propagules and
are also initial establishment sites of A. adenophora (Z. Lu and Ma 2006; Wang et al.
2011). However, many high elevational areas beyond 2500 m were not accessible by
road and, hence, we used trekking trails for surveying such remote locations. Alpine
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Figure 1. Survey locations of Ageratina adenophora. The region marked by the blue rectangle a shows
the survey area in the Western Himalaya from which 192 presences (red circles) and 197 genuine ab-
sences (blue circles) were used to train the model. The region marked by the green rectangle b shows the
Central and Eastern Himalaya from where an additional set of 85 presence only locations (green circles)
were obtained for evaluating the transferability of the species distribution models trained in the Western
Himalaya.The relief map of the region is depicted in brown. The relief map was made with layer obtained
from Natural Earth and the international borders were digitized from political map of India (9 edition)

published by survey of Inida..

and subalpine regions (> 3500 m) were not surveyed since the plant is known to be
entirely absent from these regions due to extremely low temperatures (Datta et al.
2017). At the scale of the used climatic variables (30 arc seconds or 1 km?), microcli-
matic variations due to trails, roads and water conduits are not a limiting factor for the
distribution of the species. Hence, this potential bias in data acquisition should not
influence the model outcome and general conclusions. To assess model transferability,
we used an independent set of presence-only records (N = 85) that were collected by
experts (see acknowledgements) from Central and Eastern Himalaya (Fig. 1).

Climatic data and variable selection

Due to collinearity amongst the 19 bioclimatic variables, we used a cluster analysis to
select variables seperately for WorldClim 2 and Chelsa 1.2 (Dormann et al. 2013). All
the 19 bioclimatic variables were scaled to zero and unit standard deviation prior to
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cluster analysis. The dendrogram was constructed, based on Spearman’s rank correla-
tion (p) using UPGMA (unweighted pair-group method with arithmetic averages) ag-
glomeration method. A threshold value of of p = |0.7| (Dormann et al. 2013) was used
to prune the dendrogram and select variables that were not highly collinear. This pro-
cedure resulted in five clusters for WorldClim1.2 and seven clusters for Chelsa 2 (see
Suppl. material 1). Selection of a variable within a cluster was primarily based on its
ecological relevance to the study species. For example, the plant is known to be limited
by low temperatures in higher elevations (Datta et al. 2017), therefore the minimum
temperature of the coldest month was selected (bio 6). Similarly, germination of seeds
is known to be limited by moisture in the lower elevations, hence precipitation of the
driest month (bio 14) was preferred over other variables (Datta et al. 2017). In order
to make the models based on WorldClim 2 and Chelsa 1.2 comparable, we ensured
that the set of selected variables was common. However, due to inherent differences
in the correlation sructure, the variable selection procedure yielded slightly different
sets of variables for the two datasets. Finally, five variables were selected for WorldClim
2, while two additional variables were selected in the case of Chelsa 1.2 (see Table 1).
In addition to the two models based on WorldClim 2 and Chelsa 1.2 data, we
calibrated a third model based on Chelsa 1.2 data, but using the same set of five vari-
ables that were selected specifically for WorldClim 2 (Table 1). This allowed us to make
direct and unbiased comparison between the predictive performance of WorldClim 2
and Chelsa 1.2 and to assess whether our conclusions are potentially confounded by
differences in model performance caused by the initial variable selection procedure.

Modelling procedure

We used a multi-model inference approach (Burnham and Anderson 2002) to arrive at
the final model to be used for prediction (Grueber et al. 2011; Symonds and Moussalli
2011; Burnham 2015). The following steps were taken: (1) We fitted generalised linear
models with binomial error distribution and a logit link function to the presence-ab-
sence data of A. adenophora in the Western Himalaya using previously selected climatic
variables (Table 1). All predictor variables were scaled to zero mean and unit standard
deviation. (2) We then obtained models with all possible variable combinations using the
“dredge” function in the “MuMIn” package (Barton 2015) of R (R Core Team 2017).
(3) A subset of best models that differed by 2 or less in AIC from the best model was
considered for a model averaging process (hereafter referred to as “best subset”) (Grueber
et al. 2011). (4) We then averaged model coeflicients, weighted by the corresponding
Akaike weights across all models in the best subset. We used the default “full average”
method for calculating the averaged coefficients (if a variable is absent from one of the
component models, a parameter estimate of “zero” is substituted in the averaging process
(Symonds and Moussalli 2011). This method results in shrinkage of parameter estimates
for those variables which are less important (Grueber et al. 2011) and has been suggested
when prediction from an averaged model is intended (Symonds and Moussalli 2011).
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Table 1. Variable selection for Chelsa 1.2 and WorldClim 2 datasets using UPGMA cluster analysis to
reduce collinearity amongst the variables. Highly correlated variables were removed from each dataset
(using threshold of Spearman’s p = 0.7, see text for details). The selected variables from Chesla 1.2 and
WorldClim 2 are represented by tick mark (v') against the respective variable.

Climatic variable Abbreviation WorldClim2 Chelsal.2
Isothermality bio3 v v
Temperature Seasonality bio4 v
Min Temperature of Coldest Month bio6 4 v
Temperature Annual Range bio7 v
Annual Precipitation bio12 v v
Precipitation of Driest Month bio14 v v
Precipitation Seasonality biol5 v v

Model evaluation

To obtain binary predictions (i.e. presence or absence output) from continuous
probability values, a threshold was selected by maximising the true skill statistic
(TSS), which accounts for both omission and commission errors and is known to
be independent of prevalence (Allouche et al. 2006). The value of TSS can range
from -1 to +1. A value close to +1 indicates good agreement, while a value close to
0 indicates that the model does not perform better than a random model (Allouche
et al. 2006). A value close to -1 suggests that a completely inverse model would be
better. AUC is a common traditionally-used metric for evaluating the performance
of SDMs; however, its efficiency has been questioned (Jiménez-Valverde et al. 2008)
and, therefore, we do not report AUC values.

To assess the transferability (i.e. predictive performance of the model beyond the
calibration area in the Western Himalaya), we used the independent set of presence-
only data from the Central and Eastern Himalaya (Nepal, Sikkim, Darjeeling and
Bhutan; see acknowledgements for contributors). Since we did not have true absence
data from these regions, we could not use ordinary model evaluation metrics such
as TSS. Therefore, we used the Boyce Index for assessing transferability (Boyce et al.
2002; Hirzel et al. 2006). The Boyce Index compares the ratio of predicted frequency
and expected frequency of evaluation points across the prediction gradient using a
moving window approach (Hirzel et al. 2006; Petitpierre et al. 2012). It is a threshold-
independent metric ranging between -1 and +1. Positive values close to 1 indicate
very good agreement of observed presences with the model prediction, while values
very close to zero indicate that the predictions are not better than random. Negative
values of the Boyce Index show that the model is worse than a random model and
makes predictions in areas that are not suitable for the species (Hirzel et al. 2006). For
this purpose, the region of evaluation was defined by drawing a convex hull around
the presence-only evaluation points. The convex hull (polygon) was used to crop the
prediction layer (raster) from the model. Subsequently, the predicted occurrence prob-
abilities were used as a measure of “habitat suitability” (x-axis) and were correlated
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(Spearman’s correlation) with the “predicted to expected ratio” (y-axis) calculated from
the presence-only evaluation points across the prediction gradient using the moving
window approach (Hirzel et al. 2000).

The Boyce Index was calculated using the “ecospat.boyce” function of the “ecospat”
package (Cola et al. 2017). The Boyce Index was also calculated for internal evaluation
(i.e. training range) to facilitate direct comparison between Western and Central and
Eastern Himalaya using presence only data.

Further, SDMs were projected to a much larger geographic area (entire South Asia)
compared to the training area to allow for a general qualitative assessment (i.e. visual
agreement), based on a priori knowledge about the distribution of A. adenophora from
existing literature. R codes for the entire analysis can be found in Suppl. material 3.

Results

Here, we report the predictive performance of the three averaged models using the
multimodel inference approach. The first model (“WorldClim data — WorldClim vari-
able selection”) had two component models (i.e. best subset of models that differed
by 2 or less in AIC), the second model (“Chelsa data — Chelsa variable selection”) had
six component models, while the third model (“Chelsa data — WorldClim variable
selection”) had four component models. The average value of the coefficients for the
bioclimatic variables also differed between the models (Suppl. material 2).

Internal evaluation of the models based on TSS, using presence-absence data,
showed that Chelsa performed marginally better than WorldClim (Table 2). The
“Chelsa data — Chelsa variable selection” had the highest TSS value amongst all models,
while the “Chelsa data — WorldClim variable selection” performed similar to “World-
Clim data — WorldClim variable selection” (Table 2). In contrast, internal evaluation
using the Boyce Index (based on presence-only data) revealed that the performance of

Table 2. Model evaluation metrics for different models using Chelsa 1.2 and WorldClim 2 datasets.
Database refers to the climatic database used for modelling (calibration). Variable selection refers to the
specific set of variables selected using cluster analysis for Chelsa 1.2 and WorldClim 2 datasets (see Table 1
and method section for further details). Sensitivity is the rate of true positives while specificity is the rate of
true negatives. Boyce internal refers to the Boyce Index calculated for the training area and Boyce external
refers to the Boyce Index calculated for Central and Eastern Himalaya where the model was transferred to.
Chelsa 1.2 and WorldClim 2 are written as Chelsa and WorldClim in the table.

Internal evaluation External evaluation
Modelling Variable  Thr PCC Sen Spe TSS MSE  Boyce Boyce index
database  selection index
WorldClim WorldClim  0.69 0.76 0.6 0.92 0.52 0.24 0.61 0.64
Chelsa Chelsa 0.46 0.81 0.76 0.86 0.62 0.19 0.59 -0.14
Chelsa WorldClim  0.54 0.75 0.73 0.77 0.51 0.25 091 0.37

Thr: Threshold to translate continuous occurrence probabilities into presence/absence data; Sen: Sensitivity; Spe: Speci-
ficity; PCC: Percent correctly classified; TSS: True skill statistic; MSE: Mean square error.
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Figure 2. Model projection in South Asia showing the continuous probabilities (left) and binarised pre-
diction (right) from the models. Panel @ and b: WorldClim 2 data and variables selected for WorldClim
2; panel ¢ and d: Chelsa 1.2 data and variables selected for Chelsa 1.2; panel e and f: WorldClim 2 data
but variables selected for Chelsa 1.2.

the Chelsa models was marginally lower than the WorldClim models, while “Chelsa
data — WorldClim variable selection” had the highest Boyce Index (Table 2).

In contrast to internal model evaluation, transferability of the model beyond the
calibration range in the Central and Eastern Himalaya was entirely based on the Boyce
Index because we had only presence data from these regions. The Boyce Index was
highest for the “WorldClim data — WorldClim variable selection” and was slightly
negative for “Chelsa data — Chelsa variable selection”. Negative value of Boyce’s Index
indicated that the model predicted high probability of occurrence even for regions that
were almost unsuitable for the species.

The visual inspection of the prediction maps also showed that the “Chelsa data
— Chelsa variable selection” model produced extremely unrealistic over-predictions
(Fig. 2¢). For instance, the model showed most parts of South Asia to be highly suitable
for A. adenophora, including warm tropical regions of peninsular India. However, in
reality, the species is known to be restricted to moist subtropical and temperate regions
found at higher elevations (Muniappan and Viraktamath 1993).
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To identify whether this over-prediction was simply caused by the selection of vari-
ables based on the Chelsa dataset, we also assessed the performance of the “Chelsa data
— WorldClim variable selection” model. This increased model performance, measured
with the Boyce Index, but stayed considerably below that of the “WorldClim data —
WorldClim variable selection” model (Table 2). Further, transferability was slightly
improved, although many potentially unsuitable regions in central and southern India
were still being predicted as climatically suitable for A. adenophora (Fig. 2d).

Discussion

Using two openly-available bioclimatic datasets, we found that the choice of the cli-
matic dataset had a substantial effect on transferability of SDMs in mountainous re-
gions such as the Himalaya. It is interesting to note that, although the same set of
five variables was used in the multimodel inference approach for “WorldClim data
— WorldClim variable selection” and “Chelsa data — WorldClim variable selection”
models, the number of component models in the “best subset” for “Chelsa data —
WorldClim variable selection” was twice the number of models in “WorldClim data
— WorldClim variable selection”. The contribution of the variables in these two models
also differed considerably. For example, in the “WorldClim data — WorldClim vari-
ables” model, biol5 was the most important variable, but in the case of “Chelsa data
— WorldClim variables”, bio12 was the most important variable. This suggests that the
difference in predictive power between the two databases is most likely due to the un-
derlying differences in the variables and not due to the modelling approach used by us.

We initially expected that the Chelsea 1.2 dataset would perform very well in
mountainous areas because it corrects for orographic patterns of precipitation. Earlier
studies, based in the Himalaya and the Swiss Alps, showed that the performance of
Chelsa was superior to WorldClim. For example, it has been reported that Chelsa 1
outperformed WorldClim 1.4 in predicting the distribution of tree line forming Him-
alayan birch in the Himalaya (Bobrowski and Schickhoff 2017). Karger et al. (2017)
also found a marginally superior performance of Chelsa 1 over WorldClim 1.4 in
predicting the distribution of 67 plant species from Switzerland. However, unlike our
study, none of the previous studies verified the transferability of the models in space
using an independent occurrence dataset from a different geographic region.

Our study yielded contrasting results, especially in terms of reliability when mod-
els are transferred to other regions. This difference could partly be due to the following
reasons: i) earlier studies used older versions of the two climatic databases. WorldClim
has considerably updated their data in the latest version (WorldClim 2) by incorporat-
ing remotely-sensed variables, such as land surface temperature and cloud cover. This
update might have significantly improved the quality of the data in contrast to previous
versions. ii) since Chelsa 1.2 has made several corrections to account for orographic
patterns, especially in precipitation (Karger et al. 2017), these corrections might have
changed the spatial pattern of the correlation structure amongst the variables at a local
scale (Mesgaran et al. 2016). Therefore, the transferability of the model might be com-
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promised when the models are projected to a new region characterised by a different
correlation structure amongst the variables.

It is worth noting that the values of TSS were not very high for any of the models,
indicating that climatic variables alone are not sufficient in explaining the distribution
pattern of A. adenophora. For example, empirical studies have shown that the species
has a narrow pH range from slightly acidic to neutral soils (pH 5 to 7) and cannot
tolerate highly saline conditions (Lu et al. 2006). Moreover, biotic interactions and dis-
persal limitations are also crucial in determining plant distributions (Soberén and Na-
kamura 2009; Peterson et al. 2011). Therefore, including such variables could probably
help in improving the general model performance and transferability for this species.

Although we found WorldClim 2 to perform better in terms of model transferabil-
ity, it is premature to give generalised recommendations for preferring one dataset over
the other, based on this case study alone. The species being studied and the geographic
area of the study may be equally important (Hanspach et al. 2011). Providing a general
overview, on how pertinent the problem is or under which conditions it applies for
which type of species is beyond the scope of this study. We rather want to highlight
the potential problem. We therefore recommend that the evaluation of climatic data-
sets should be performed routinely as an integral part of a modelling exercise and the
database with best predictive performance should be chosen. For application of SDMs
within the training and calibration region, internal validation is reliable, although per-
forming an out-of-area cross-validation procedure is preferable when sample size is suf-
ficient (Wenger and Olden 2012). However, if model transfer to a different geographic
region is desired, validation against an independent occurrence dataset is highly recom-
mended for choosing the most appropriate source of environmental data for the given
study system. Therefore, a quantitative evaluation of predictor datasets from alternative
sources should be routinely performed as an integral part of the modelling procedure.

Data availability

The occurrence data can be found here: https://zenodo.org/record/3875679#.Xt-
g6lz0zZRZ [https://doi.org/10.5281/zenodo.3875679]
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Abstract

After the recent high-impact European outbreaks of Xylella fastidiosa (Xf), a xylem-limited plant pathogen-
ic bacterium native to the Americas, this research aims to rank the risks of potential entry, establishment
and spread of Xfin new countries across Europe, the Middle East and North Africa. A novel risk-ranking
technique is developed, based on combining entry risk drivers (imported plants, direct flights and ferry
connections) with risk factors related to establishment and spread (presence of potential insect vectors,
vulnerable economic crops, alternative hosts and climate suitability) of this pathogen. This reveals that
western European countries have the highest risk for entry, but that the Mediterranean basin runs the
highest risk for establishment and spread of Xf- Lebanon in particular has the highest level of risk for Xfdis-
persal within its suitable territory. Countries without current outbreaks combining high risks of Xfarrival
and establishment are mainly in the Mediterranean basin: Turkey is at the highest level of risk, followed
by Greece, Morocco and Tunisia, which are ranked at the high level. The ranking model also confirms the
vulnerability, in terms of invasion by Xf, of southern European countries (Italy, Portugal and Spain) in
which the pathogen has already been reported. High summer temperatures in these southern countries are
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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likely to be the significant determinant for the overall invasion process, while northern European countries
have a high level risk for the arrival of the pathogen, but relatively low summer temperatures may limit
establishment and spread of major outbreaks. In general, our study provides a useful approach for map-
ping and comparing risks of invasive non-native species and emerging pathogens between countries, which
could be useful for regional horizon scanning and phytosanitary and biosecurity management.

Keywords
alien species, biological invasion, entry, dispersal, plant bacterium, risk drivers

Introduction

Global trade networks are implicated in increasing rates of global spread of plant dis-
eases through transport of live plants and other plant-related products (Chapman et al.
2017). The plant pathogenic bacterium Xylella fastidiosa (hereafter Xfj is an important
example of this process. Originating in the Americas, this plant pathogen has recently
been detected for the first time in several European and Near Eastern countries: Italy
in 2013 (Saponari et al. 2013), France in 2015 (Denancé et al. 2017), Switzerland in
2015 (European and Mediterranean Plant Protection Organization 2015), Spain in
2016 (Olmo et al. 2017), Germany in 2016, Portugal in 2019, and more recently, Is-
rael in June 2019 (European and Mediterranean Plant Protection Organization 2016,
2019a, b). This dangerous non-native pathogen causes several devastating plant diseases
that have huge socio-economic and ecological impacts, motivating risk assessment for
the entry and spread of Xfinto new countries (European Food Safety Authority 2019).

Following detection of Xfoutbreaks in Europe, the EU and some Middle East and
North African (MENA) countries have implemented several risk reduction options to
combat this plant disease and prevent its entry and spread. Despite these actions, there
remains a risk that Xfwill continue to spread to new countries and regions through the
movement of infected host plants (asymptomatic or unknown hosts) or via uninten-
tional transport of insect vectors through equipment as a commodity contaminant or
vehicle “hitchhiker”. This transport risk is likely to be highest in countries with well-
developed transport links to current outbreak areas (Chapman et al. 2017). However,
transport connectivity will only present a serious risk of damaging outbreaks if there
is also a suitable climate and land use to support the establishment and spread (Early
et al. 2018). Therefore, there is a need for an overall country-level risk ranking for Xf'
simultaneously across the EU and MENA region which would allow the selection of
priority countries for more detailed country-specific pest risk analyses.

As such, we aimed to rank the likelihood of potential invasion by Xfof new coun-
tries in these regions, and to provide an overall risk rating by combining rankings for
entry, establishment and spread in order to assess each country’s overall vulnerability
to Xfinvasion. Over the past 20 years, there have been several model frameworks and
studies of alien species risk assessment at an individual-country scale. These include
invasive alien species risk assessment in Great Britain (Mumford et al. 2010), risk
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assessment simultaneously prioritizing the control of invasive plant species and the
conservation of rare plant species in the USA (Miller et al. 2010), risk assessment
models for invasive species and uncertainty in rankings from multi-criteria analysis
in Australia (Benke et al. 2010), a weed screening tool for the US (Koop et al. 2011),
generic ecological impact assessments of alien species in Norway (Sandvik et al. 2013),
risk screening tools for potentially invasive plants, animals and their pathogens in Bel-
gium (D’hondt et al. 2015), and development of a plant risk evaluation tool to assess
the invasive potential of ornamental plants (Conser et al. 2015). In contrast to these
country-specific assessment, only a few studies assess risk across multiple countries,
for example the EPPO prioritization process for invasive alien plants (Brunel et al.
2010), the new protocols for assessment of the environmental impact of pests in the
EPPO decision support scheme for pest risk analysis (Kenis et al. 2012), guidance on
environmental risk assessment of plant pests (European Food Safety Authority 2010),
and the generic impact scoring system (Nentwig et al. 2016) in Europe. Moreover,
a few protocols regarding alien taxa have been developed at the global level, such as
the framework and guidelines for implementing the proposed IUCN (International
Union for Conservation of Nature) environmental impact classification for alien taxa
(Hawkins et al. 2015).

Concerning Xf, the few published studies that have performed risk assessment for
this biological invader are limited to one country (Afechtal et al. 2018), one region
(European Food Safety Authority, 2015, 2018, 2019; Godefroid et al. 2019;) or a
subset of territories (Bosso et al. 2016) mainly based on climate suitability indicators.
Thus, the novelty of the current research is to integrate multiple Xf'risk drivers (i.e.
plant trade, human movements, insect-vectors, host-plants, temperature suitability)
and simultaneously ranks all countries in Europe and MENA region in a way that is
useful for decision makers. In addition, these selected ranking variables (Table 1) are
quantitative (except for vectors), objective (i.e. based on statistics and not on expert
opinions), transparent, consistent, sufficiently specific, and available simultaneously
to all the countries concerned. By quantifying these risk drivers with best available
scientific evidence, the proposed approach is simple to apply and may be used as a
conceptual framework in rating-based risk assessment of other pests to support policy
for appropriate and efficient biosecurity management of Xfand other invading pests.

Methods

Countries included in the risk ranking model

Fifty six countries were selected for this study as shown in Figure 1. Thirty eight in Eu-
rope (Albania/ALB, Austria/AUT Belgium/BEL, Bosnia Herzegovina/BIH, Bulgaria/
BGR, Croatia/HRV, Cyprus/CYD, Czech Republic/CZE, Denmark/DNK, Estonia/
EST, Finland/FIN, France/FRA, Germany/DEU, Greece/ GRC, Hungary/HUN, Ice-
land/ISL, Ireland/IRL, Italy/ITA, Latvia/LVA, Lithuania/LTU, Luxembourg/LUX,
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Macedonia/MKD, Malta/MLT, Moldova/MDA, Montenegro/MNE, Netherlands/
NLD, Norway/NOR, Poland/POL, Portugal/PRT, Romania/ROU, Serbia/SRB, Slo-
vakia/SVK, Slovenia/SVN, Spain/ESP, Sweden/SWE, Switzerland/CHE, Turkey/TUR
and United Kingdom/GBR) and eighteen in MENA (Algeria/DZA, Bahrain/BHR,
Egypt/EGY, Iraq/IRQ), Israel/ISR, Jordan/JOR, Kuwait/KWT, Lebanon/LBN, Libya/
LBY, Morocco/MAR, Oman/OMN, Qatar/QAT, Saudi Arabia/, State of Palestine/
PSE, Syria/SYR, Tunisia/YUN, United Arab Emirates/UAE and Yemen/YEM). Their
selection was based on: (i) their connectivity through the trade of potentially infected
plants for planting and the movement of people as passive vectors, (ii) their abundance
of Xf'host-plants, (iii) their relative summer climate similarity to countries where the
disease is already present, and (iv) their inclusion in the EU and MENA regions.

Data on risk drivers for rankings

The vulnerability of a target country to the entry of Xf'was assessed via six key risk
drivers related to entry (importation of plants for planting, direct air flights and ferry
traffic from countries source of Xf) and four risk drivers related to the establishment
and spread of the bacterium (potential Xf vectors, vulnerable crops, alternative hosts
from the forestry and ornamental sectors, and the suitability of summer temperatures)
as summarized in Table 1. The use of these indicators was justified by: (i) the consid-
eration of trade of plants and movement of passengers as common pathways of Xf'in-
terception mainly in Europe (European Food Safety Authority 2015), (ii) the biology
and ecology cycle of the pathogen as stated by Chatterjee et al. (2008) (the presence of
vectors is essential to transmit the bacterium from infected to healthy plants), (iii) the
economic importance of Xf host-crops in southern European countries and MENA

Figure 1. Countries including in the risk ranking model, labelled with their international codes (ISO3).
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Table I. Risk drivers used to assess overall Xylella fastidiosa invasion risk and their weights.

Category Code and description of the risk driver
Entry (plant trade) |ENT, Live plant imports from three EU countries with major outbreaks (ESP, FRA, ITA).
ENT, Live plant imports from non-EU countries in which Xf'is present but from which the
bacterium has not been intercepted in Europe (ARG, CAN, IRN, PRY, TWN, and VEN).
ENT, Live plant imports from non-EU countries in which Xf'is present and from which the
bacterium has been intercepted in Europe (BRA, CRI, ECU, HND, MEX and USA).
Entry (human ENT, Number of direct airline routes from or near outbreak regions in the EU (ESP, FRA and
movement) ITA).
ENT, Number of direct airline routes from non-EU countries in which Xfis present (ARG,
BRA, CAN, CRI, ECU, HND, IRN, PRY, MEX, TWN, USA and VEN).
ENT,_ Number of annual ferry sailings from ports in or near outbreak regions in the EU (ESD,
FRA and ITA) and from non-EU countries in which Xf'is present (ARG, BRA, CAN, CRI,
ECU, HND, IRN, PRY, MEX, TWN, USA and VEN).
Establishment and | EST, Presence of at least one known or potential Xfinsect-vector.
spread (vectors)
Establishment and | EST, Proportion of agricultural area growing susceptible crops.
spread (host plants) | EST, Proportion covers of forest.
Establishment and |EST, Mean relative Xf growth potential in vulnerable habitats, based on summer mean
spread (climate) temperature.

region, (iv) the abundance of forest as X/ alternative hosts mainly in northern Europe
countries (European Food Safety Authority 2018), (v) the summer optimal tempera-
ture (around 28 °C) for Xf'growth as studied by Feil and Purcell (2001) and, (vi) their
data availability to all selected countries.

As an indicator of the entry risk from plant trade we obtained data on import
volumes of Plants for Planting from potential Xf'source countries between 2000 and
2016 from the Resource Trade Earth database (https://resourcetrade.carth/data) and
from the Taiwanese Bureau of Foreign Trade (https://cus93.trade.gov.tw) (Suppl. ma-
terial 2: Table S1). Xf'is known to infect over 563 cultivated and ornamental herba-
ceous, shrubby and woody species present in cultivated fields, gardens, parks, woods
and forests could be infected by Xfthrough the effective transmission of insect vectors
(European Food Safety Authority 2018). Many host-plants have long asymptomatic
periods or remain fully asymptomatic, causing potentially high transport risk through
trade. For each country, mean annual imports (metric tons) of plant commodity
groups considered capable of carrying viable bacteria were obtained (i.e. bulbs, tubers,
tuberous roots, corms and rhizomes in dormant and in growth; unrooted cuttings and
slips; edible fruit trees, shrubs and bushes and live plants). Import volumes were calcu-
lated separately for three sets of countries in which Xfis present but potentially differ
in import risk: (i) three EU countries with outbreaks (ESP, FRA, ITA), (ii) six non-EU
countries from which the bacterium has not been intercepted coming into Europe
(ARG, CAN, IRN, PRY, TW, VEN), and (iii) six non-EU countries from which Xfhas
been intercepted entering Europe (BRA, CRI, ECU, HND, MEX, USA) (European
Food Safety Authority 2018 Annex D).

Intentional or unintentional human movement of contaminated plant material or
insect-vectors may also lead to new introductions of Xf. To quantify the entry risk from
human movement through international air travel, we calculated the number of annual
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direct airline flights from the airports in or near to outbreaks areas in Europe (specifically
demarcated zones in ESP, FRA and ITA) and from non-EU countries in which Xfis pre-
sent (ARG, BRA, CAN, CRI, ECU, HND, IRN, PRY, MEX, TW, USA, VEN). Flight
data were extracted from the OpenFlights database (https://www.openflights.com) which
covers all flights in 2014. Entry risk from ferry traffic was evaluated using the number
of annual passenger ferry sailings from ports in or near the outbreak areas in Europe and
from the same infected non-EU countries. Ferry data were extracted from scheduled sail-
ings in 2018 listed by Ferry Lines (https://www.ferrylines.com). We initially considered
including road network connectivity as a risk factor, but decided against it because the
relatively small outbreak areas in Europe are far by road from other uninfected countries.

Since Xf'is entirely insect-transmitted, presence of potential vectors was consid-
ered an indicator of risk of establishment and spread. Disease transmission occurs by
xylem-feeding insect vectors, mainly via spittlebugs in Europe. In the Apulia region of
southern Italy, the spittlebug Philaenus spumarius (L.: Superfamily Cercopoidea, Fam-
ily Aphrophoridae) is considered to play the major role in transmitting Xf subspecies
pauca (Saponari et al. 2014). Additionally, other spittlebug species such as Neophilae-
nus campestris and Philaenus italosignus (Hemiptera: Aphrophoridae) are also able to
transmit Xf (European Food Safety Authority 2015, 2018, 2019) suggesting that other
unknown vectors could facilitate outbreaks if Xf were introduced to other countries.
As such, for all countries, we searched for occurrence of the following potential xylem-
feeding vector species: Philaenus spumarius, Neophilaenus campestris, Aphrophora alni,
Aphrophora salicina, Cercopis vulnerata, Cercopis sanguinolenta, Cicada orni, Cicadatra
atra, Cicadivetta tibialis, Cicadella viridis, Lyristes plebejus and Tibicina haematodes.
Data were obtained from Global Biodiversity Information Facility (www.gbif.org),
HemBases (https://hemiptera-databases.org/), 31 Interactive Keys and Taxonomic Da-
tabases (http://dmitriev.speciesfile.org/), Fauna Europea (https://fauna-eu.org) and a
previous literature review (European Food Safety Authority 2015).

Establishment and spread also requires presence of Xfhost plants. This risk indica-
tor was estimated from the cultivated areas of its main vulnerable economic hosts (i.e.
almonds with shell, apricots, blueberries, cherries, sour cherries, green coffee, citrus
fruit nes, stone fruit stone nes, grapefruits including pomelos, grapes, olives, oranges,
peaches and nectarines, pears, plums and sloes). Production data for 2000-2015 were
obtained from the FAOSTAT database (http://www.fao.org/faostat/en/) and convert-
ed into the proportion of the total agricultural area of each country containing vul-
nerable crops. In addition, we obtained the proportion of the total area of each target
country covered by forest, from the same source, as an indicator of alternative host
plants for Xf, which is capable of infecting tree species from genera including Quercus,
Acer, and Ulmus.

Risk from climate suitability was assessed based on summer land surface tempera-
tures, obtained from two regional gridded layers deriving the mean temperature of
the warmest quarter (Bio10) from MODIS satellite data. Europe was covered by the
EuroLST layer at 250 m resolution from MOD11A1 V005 daily temperatures, re-
projected to a 0.05 degree long-lat grid (Metz et al. 2014). Non-European countries
were covered by the Tropical LST layer at 0.05 degree resolution from MOD11C3v5
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monthly temperatures (Deblauwe et al. 2016). Before merging the layers, they were
harmonized through a linear regression fitted to their overlapping areas (EuroLST =
1.923 + 0.930 x Tropical LST, R* = 0.983). Summer land surface temperatures were
converted into a relative Xf'growth potential using published data on 77 vitro bacterial
colony growth rates of Xfat different temperatures (Feil and Purcell 2001). From these
data, a simple growth curve was fitted, with an optimum temperature of 28 °C and
lower and upper growth temperatures of 8 and 35 °C (Suppl. material 1: Figure S1).
This growth curve was rescaled between 0 and 1 and used to map the relative suit-
ability of the summer land surface temperatures. Finally, mean suitable values within
potentially invadable habitat (croplands and forests) were calculated for each country.

Risk ranking

We developed a structured system that ranks nations according to their risk of Xfinva-
sion, combining the above risk drivers that constitute the components of the biologi-
cal invasion process (Fig. 2). Biological invasion is a multistage process, but it can be
simplified into two major stages: entry, involving the transportation and introduction
of the species, and the subsequent establishment and spread of the alien species. Each
stage involves a set of barriers or blocks that the species must overcome to successfully
invade a new territory (Rogg et al. 2003; Blackburn et al. 2011; Seebens et al. 2015;
Early et al. 2016). The overall invasion ranking from the entry and establishment and
spread indicators mentioned above is based on their relative values among all countries
(Early et al. 2016). An established matrix to combine both types of risk is used (Fig. 3).
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Figure 2. Overview of the invasion process of Xylella fastidiosa into a new country, based on the general
framework of Blackburn et al. (2011). The diagram highlights specific risk indicators for each stage of

invasion that were considered in our risk-ranking model.
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Figure 3. Martix for combining entry risk with establishment and spread risk to form an overall assess-
ment of vulnerability to Xfinvasion, based on Early et al. (2016). The diagram assembles five relative rank
categories at each stage of invasion considered in our risk ranking model.

Variables in the analysis (risk driver data) were weighted based on their relative
loadings or importance for the first two axes of a factor analysis (Table 2). Factor analy-
sis has long been used as a multivariate method to combine correlated variables into
smaller numbers of common factors (Venette 2015). In this study, it combined the
multiple risk drivers into two dimensions of risk, which we interpreted as indicators of
entry risk and establishment and spread risk. Prior to the factor analysis, data on all risk
drivers were normalized by Box-Cox power transformation, improve their conformity
to normal distributions. Bartlett’s test of sphericity was used to test for significant mul-
tivariate correlations between variables. In addition, the Kaiser-Meyer-Olkin statistic
was used to describe the proportion of variance captured by the factor analysis. Inspec-
tions of the loadings showed that factors 1 and 2 correspond to increasing gradients of
risk for entry, and establishment and spread, respectively.

Results

The risk indicators used in the ranking are shown in Figure 4. Factor analysis on these
transformed indicators produced an adequate description of their multivariate pattern.
Bartlett’s test of sphericity showed significant correlation among risk drivers (y*= 305.2,
df =45, P <0.001), while the Kaiser-Meyer-Olkin statistic had a value of 0.695, which
is above the 0.5 threshold that is usually accepted for adequate explained variation.
The loadings table (Table 2) shows high positive loadings for entry risk variables
on the first factor, except for direct ferry lines (ENT)), while none of the entry factors
loaded strongly on the second factor. By contrast, establishment and spread risk drivers
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Table 2. Rotated loadings of the risk drivers on two factor analysis axes, showing the contribution of each
risk factor. See Table 1 for explanations of the risk driver codes. Relative loadings of entry drivers on factor
1 and of establishment and spread drivers on factor 2 were used as weights to estimate their combined risks.

Risk driver code Factor 1 loading Factor 2 loading Entry risk weight ~ Establishment and
spread risk weight

ENT, 0.863 0.236 20%
ENT, 0.825 -0.258 19%
ENT, 0.815 -0.114 19%
ENT, 0.778 -0.074 18%
ENT, 0.750 -0.442 17%
ENT, 0.308 0.195 7%
EST, 0.366 0.703 25%
EST, -0.026 0.825 29%
EST, 0.351 0.462 16%
EST. 0.039 0.842 30%

loaded strongly on the second factor, except forest cover, but not on the first. Given this
structure, the first factor was interpreted as a latent variable associated with entry, and the
second factor interpreted as a latent variable indicating risk of establishment and spread.

Entry risk

Figure 5 displays the ranking of Europe and MENA countries according to the entry
risk drivers. Most western European countries have high values of most entry risk in-
dicators (Fig. 4) and as such have the highest overall entry risk. Most MENA countries
appear less exposed to entry risk factors, except for Tunisia, Morocco, Jordan, Kuwait,
Saudi Arabia and the UAE, where the entry risk level is high.

Establishment and spread risk

Figure 6 shows the ranking of Europe and MENA countries according to the four
establishment and spread risk factors relating to insect vectors, host plants and climate
suitability (see also Fig. 4). Among the establishment and spread risk indicators, suit-
able crops and summer temperatures were concentrated around the Mediterranean,
leading to most Middle East and Mediterranean countries being classified at high to
highest risk levels.

In the MENA region, Lebanon is the only country at the highest level of risk, fol-
lowed by Morocco, Tunisia, Egypt, Israel and State of Palestine which are classified at high
risk level. Algeria, Jordan and Syria are ranked at the medium level risk, while the remain-
ing MENA countries are at least risk rank for Xf establishment and spread. In Europe,
Albania, Cyprus, Greece, Italy, Macedonia, Malta, Portugal, Serbia, Spain and Turkey are
classified at highest risk level, while Iceland, Ireland and Norway are at least risk level.
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Figure 4. Maps of the risk indicators used for ranking potential for Xfentry (EN7) and establishment
and spread (ES7) as described in Table 1.
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Figure 5. Rank categorization of Europe and MENA countries according to the six entry risk drivers
of Xylella fastidiosa in relation to the importation of plants for planting, direct air flights and ferry traffic.
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Figure 6. Rank categorization of Europe and MENA countries according to the four establishments and

spread risk drivers of Xylella fastidiosa in relation to vectors, vulnerable economical crops, alternative hosts

and climate suitability.



88 Michel Frem et al. / NeoBiota 59: 77-97 (2020)

Legend

Risk

I Least
[ Lower
[ Medium
Il High
I Highest

Figure 7. Overall rank categorization of Europe and MENA region according to exposure to invasion
by Xfwith respect to combined all entry, establishment and spread risk drivers and using the matrix of
Eatly et al. (2016).

Overall risk of exposure to invasion by Xf

When we combined the risk rankings for entry (Fig. 5) and establishment and spread
(Fig. 6) using the matrix in Figure 2 the countries ranked as most vulnerable were Italy,
Portugal, Spain and Turkey (Fig. 7). Additionally Greece, Morocco and Tunisia were
ranked at a high risk level. Only three countries (Bahrain, Libya and Yemen) yield the
least level of combined risk, although the risk was generally low in northern Europe
and the non-Mediterranean Middle East.

Discussion

The threat of intentional or unintentional species movements leading to the entry and
spread of invasive alien organisms is increased by international trade and travel (Tatem
2009; Early et al 2016; Chapman et al 2017). For X, recent outbreaks and intercep-
tions of infected imported plants for planting in Europe show that Xf'spreads to new
countries via this pathway (European Food Safety Authority 2015). Most countries in
Europe and the MENA region are increasingly connected with each other and with
global sources of Xfin the Americas and Asia through the trade in imported plants and
human travel. Given weaknesses in current phytosanitary regulations and airport in-
spection structures in parts of the region, especially in some MENA countries, it is pos-
sible that passengers could carry with them potentially infected planting material, or



Xylella fastidiosa may invade new countries 89

that transport infrastructure could accidentally carry Xf insect vectors. Consequently,
there is a real risk that Xf' may continue to overcome geographical barriers and infect
new countries, potentially leading to major new disease outbreaks. Our assessment
of the joint risks of Xf'entry and establishment and spread therefore provides a useful
approach for regional risk assessment by ranking the relative risk across 56 countries.
In particular our analysis identified a contrast between entry risk and the risk of
establishment and spread. This was clearly seen in the factor analysis loadings, in which
entry risk drivers loaded strongly on axis 1, while establishment and spread risk drivers
loaded strongly on axis 2. Based on this, countries in western Europe and also Turkey
tended to score highly for entry risk, principally because they import greater volumes
of plants from infected countries in Europe and globally and had greater numbers of
direct flight connections originating in infected regions. By contrast, risk of establish-
ment and spread was ranked mostly based on the degree to which crops grown in
a country are known to be susceptible to Xfand whether the summer temperature
was apparently well suited to Xf colony growth. Presence of vectors was also weighted
strongly in the factor analysis, but did not have a big influence on the results since near-
ly all countries had at least one potential vector species recorded as present (Fig. 4g).
Countries with vulnerable crop types and summer mean land surface temperatures
close to the optimum of 28 °C (Feil and Purcell 2001) were mainly located around the
Mediterranean basin, where many countries were assessed to have low entry risk. The
known world distribution of Xf'is shown in the suppl. material 5: Table S4.
Consequently, few countries were ranked very highly for both entry risk and estab-
lishment. Of those that were, three countries already have major Xfoutbreaks, namely
Italy, Spain and Portugal, whose outbreak was discovered after this study was con-
ducted. Greece and Turkey were also ranked in the highest risk group but so far remain
disease free. Giildiir et al. (2005) reported the detection of Xfon seven almond trees
uprooted in Turkey. However, following this detection, the Turkish National Plant
Protection Organization declared that Xf'did not occur in the country. Outside of the
top-ranked countries, Morocco and Tunisia were ranked as high risk countries, on the
basis that they scored fairly highly for both entry and establishment and spread. So far,
Xfhas not been detected in those countries. However, a pest risk analysis conducted for
Morocco concluded that the overall likelihood of Xfspread in the country is very likely,
providing support for our assessment (Afechtal et al. 2018). Interestingly, in our study
France was ranked as medium overall risk, despite it having outbreaks on its south coast
and on the Mediterranean island of Corsica. The primary reason for this is that France
also includes more northerly regions with less suitable summer temperatures and less
vulnerable crop types. Therefore, despite France clearly having areas at high risk of the
disease, the national—scale resolution of the study reduced its overall risk ranking.
Our findings are broadly consistent with other risk assessment studies for Xf'in
Europe and MENA region. For example, data-driven species distribution modelling
studies using a wider range of climate variables than we assessed generally confirm our
simple mapping of temperature risk (Bosso et al. 2016; European Food Safety Author-
ity 2019). For example, Godefroid et al. (2019) predicted the potential distribution of
Xfsubsp. fastidiosa in Spain, France, Italy, Croatia, Greece and Turkey, and the coastal
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regions of North Africa, which is consistent with our simple forward projections based
only on an iz vitro growth curve (see Suppl. material 1: Fig. S1). In addition there
have been recent detections of Xfin some of the countries that we rated as high risk for
establishment based on temperature and crop types. This includes Lebanon, in which
Temsah et al. (2015) reported Xfon oleander, although Habib et al. (2016) disagreed
with this finding. It also includes Israel, in which Xfis under containment after a recent
detection on almonds in the Hulla Valley (European and Mediterranean Plant Protec-
tion Organization 2019b). By contrast, countries such as Germany, Switzerland and
Netherlands were ranked as having low or medium risk for establishment and spread.
In those countries Xf'has been intercepted in trade or infected plants within protected
indoor locations (consistent with their highest ranking for entry), but has not been
able to spread to the wider environment (European Food Safety Authority 2019).

Limitations of the study

Important limitations of this study include its country-level resolution, reliance on data
of differing quality, missing risk factors with insufficient data to include and uncertainty
about how to combine risk factors into overall risks. As discussed above, the country-
level resolution of the analysis affected results for countries that appear largely unsuitable
for Xf, but have small areas that are at high risk, such as France. Future approaches could
use high resolution gridded data on the risk drivers to try to map risk at a higher resolu-
tion, addressing this problem. One reason that we were limited to a country-level analy-
sis was that some datasets were only available at that resolution. Notably international
trade data is only available for countries and vector distributions are too poorly mapped
to allow regional breakdowns. As plant trade is the major pathways of Xfintroduction,
there seems little prospect of mapping entry risk at higher resolutions. However, avail-
ability of gridded climate and land use data (see Suppl. material 1: Fig. S1) could allow
higher resolution mapping of those components of establishment and spread risk.

Due to lack of adequate data across Europe and the MENA region we did not
feel able to include some other potentially relevant risk drivers. Individual host plant
species (other than major crops) and insect vector distributions were not mapped well
enough to consider. We also did not consider variation in risk for different subspecies
of Xf, of which at least three are present in Europe and the MENA (Xf'subsp. pauca,
multiplex and fastidiosa) and all differ in host plant range and temperature-growth
responses (European Food Safety Authority 2019). In addition, lack of information
meant our the analysis did not account for variation in management regimes in differ-
ent countries, including farmers’ cultural management (i.e. crop genetics, use of resist-
ance/tolerant cultivars, presence of transgenic plants, vegetation, vector control etc.),
surveillance and monitoring programs, or phytosanitary regulations at the import stage
or testing capacity. However, with more complete data the present ranking model
could be extended to include additional risk indicators.

The results of this type of study can also be sensitive to how risk indicators are
combined. We suggest that our use of factor analysis to weight additive risk combina-
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tion ensured that our individual risk rankings for entry and establishment and spread
followed the major gradients in the assessed drivers of those risks. In addition, we
explored alternative schemes, including multiplicative risk combinations, and found
these produced qualitatively similar results. In addition, we used an established ma-
trix to combine both types of risk (Fig. 3; Early et al 2016), though it is likely that
our results are somewhat sensitive to this choice of matrix. Furthermore, relative risk
rankings such as those produced here are sensitive to the set of countries included in
the analysis, which is why we endeavored to include the widest range of countries in
the geographical regions that may be threatened by Xfs arrival in Europe. Ideally, we
would convert our qualitative rankings into quantitative probabilities of entry and
quantitative measures of spread potential. However, until large numbers of entry and
outbreak events are observed, allowing us to link particular risk drivers to actual prob-
abilities of invasion it will be difficult to improve upon qualitative ranking.

Conclusion

Regional risk assessment for high-impact invasive alien species such as Xfrequires ap-
proaches that incorporate multiple risk drivers to simultaneously rank countries for
multiple stages of invasion, such as the approach developed here. The world is increas-
ingly connected by international plant trade and human travel, which are potential
drivers of Xfentry into new areas where the presence of insect vectors, the abundance
of host-plants as well as the climate suitability play an important role for its dispersal.
As such our approach could be useful for both individual countries to understand their
risk of Xfrelative to other countries, and if applied across many different pests it could
be useful to identify priority species. It is also useful for supra-national organizations
interested in Plant Health (i.e. EPPO, EFSA, and EU) who can use country-level risk
rankings to prioritize phytosanitary resources among countries. In this context, the
strength of this study is that it creates a tool for mapping, ranking and combining
multiple sources of invasion risk at country-level.

Overall, we identified the most vulnerable new countries to Xf invasion are
mainly located in the Mediterranean basin, particularly Turkey, Greece, Morocco
and Tunisia. As such, this research provides important information in terms of
potential exposure by Xf; for policy makers or stakeholders in high risk countries
where Xf has not yet been reported. We suggest that these countries and other
ranked with relatively high risk should conduct detailed individual risk analysis,
take preventive measures, and if necessary, improve their surveillance systems for
early Xfdetection in plants and insect-vectors, and raise awareness to prevent socio-
economic and ecological impacts on their ecosystems. In addition, our approach
could be adapted to assess the specific risks for other important invasive alien spe-
cies, irrespective of their origin, potential area of invasion and whether or not they
have already invaded parts of the risk assessment region. As such, it provides a use-
ful addition to tools and methods more commonly applied in regional-scale risk
assessment for invasive alien species.
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Abstract

Establishing mixed-species tree plantings and fencing them to protect seedlings from herbivory is a valu-
able strategy for reconnecting forest fragments separated by agropastoral lands. However, fencing may
provide exotic plants with the escape from herbivory required to invade the understory of planted com-
munities. Here we take advantage of such a situation to ask how the identity of planted species and the
resulting canopy cover influenced invasion success by the Asian swordtail fern (Nephrolepis brownii Desv.
Nephrolepidaceae) in a 13-year-old tropical restoration experiment. Through a seed addition experiment,
we also evaluated the effects the ferns had on recruiting seedlings. We found that the invasion was most
acute in the unplanted control plots where canopy cover was consistently scarce. Frond density correlated
negatively with canopy cover, though most of the variance in the model is explained by the design of our
experiment (#m = .161, c = .460). Between planting treatments that differed in the dispersal mode of the
planted trees, the wind-dispersed treatment had higher fern density and longer fronds than the animal-
dispersed treatment. The animal-dispersed treatment had the highest recruiting species richness, which
was negatively correlated with fern density (7 = .748). The seed addition experiment confirmed that mor-
tality rates increased where frond density was higher (F, 4, =7-159, p = .011) and germination rates were

lowered for the smaller-seeded species (F, ,, = 13.2, p = .002). To prevent recalcitrant understory layers

42
from establishing in plantings in the future, we recommend: (1) establishing larger plantings or expanding
existing ones to minimize edge effects (particularly light filtration), (2) supplementing young plantings
with additional seedlings to prevent canopy gaps from forming, and (3) planting an assemblage of species

that cover the full forest strata and have consistently full tree-canopies.

Keywords
Edge effects, invasive species, Los Tuxtlas Biosphere Reserve, Nephrolepis brownii, tropical restoration

plantings, Veracruz
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Introduction

Mixed-species plantings are established to enhance the natural succession of forests in
degraded lands (Parrotta and Knowles 2001; Lamb et al. 2005; de la Pefia-Domene et
al. 2013). These plantings can be used to reconnect forest fragments as a stepping-stone
biological corridor, a design that provides greater flexibility of land use for local land-
owners than continuous biological corridors do (Rey Benayas et al. 2008). For example,
the space in between plantings can be used as pasture for cattle, so long as the plantings
are fenced to prevent cattle from devouring recruiting seedlings (Holl and Quiros-
Nietzen 1999; Aide et al. 2000). However, fences will protect plants indiscriminately,
including unwanted exotics. Under favorable light conditions, release from herbivory
can enable exotic plant species to act as aggressive invaders, altering the structure of the
understory and potentially the fate of the restored patches (Keane and Crawley 2002).

Invasive plant species can arrest succession by dominating the plant understory
through resource competition and allelopathy, resisting displacement by native species
for an extended period of time (Young and Peffer 2010). A dense understory can also
benefit small seed-eating mammals such as rodents, elevating the rate of seed predation
under the invaders’ canopy (den Ouden 2000). An understory characterized by such
pervasive disruptors of succession is known as a ‘recalcitrant understory layer’ (Royo
and Carson 2006). Species capable of forming this layer typically have three key char-
acteristics: (1) rapid vegetative growth (e.g., often spreading through rhizomes), (2) re-
duced susceptibility to elimination, and (3) have long-living genets (Young and Peffer
2010). Eliminating a recalcitrant understory layer is possible when a dense tree canopy
cover has already been established, but this is time-consuming and labor-intensive
(Hill and Silander 2001; Douterlungne et al. 2010).

Ferns provide multiple examples of recalcitrant understory layers (Horsley 1993;
George and Bazzaz 1999a, b; Marrs et al. 2008). Their ability to suppress seed germi-
nation is supplemented by slow decomposition of fern litter that tends to accumulate
under fern thickets (George and Bazzaz 1999b; Allison and Vitousek 2004). One fern
species with potential for establishing recalcitrant understory layers is the Asian sword-
tail (Nephrolepis brownii Desv.) (Hovenkamp and Miyamoto 2005; Sharpe and Shiels
2014). It is naturalized in the tropical Americas where it is considered an invasive spe-
cies with important economic and ecological implications (Proctor 1989; Robinson
et al. 2010; CABI 2019). Where established, it is common from sea level to 1700 m
in forests, although it is most common in open vegetation (e.g., roadsides, riverbanks,
open thickets). This species ability to arrest succession has not been evaluated, despite
its continued presence in some tropical restoration plantings in Veracruz, Mexico.

Here we use the presence of N. brownii in our 13-year-old restoration planting ex-
periment in tropical Mexico to assess (1) the invasibility of these plantings and (2) the
effect that N. brownii has on recruiting seedlings. For the former, we evaluate the ex-
tent of the invasion using frond density (m™?) by restoration treatment and in response
to canopy cover. The restoration treatments include two planting treatments that differ
in the dispersal mode of the planted trees (wind-dispersal vs. animal-dispersal) and an
unplanted control simulating natural succession. Canopy cover differs between plots
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but is especially lacking in the control treatment. Given how species capable of form-
ing recalcitrant understory layers typically benefit from lacking tree cover (Royo and
Carson 20006), we predict that the ferns would be more numerous in the unplanted
controls and in plantings with lower tree-canopy cover. As an additional assessment of
invasive success, we use frond length measurements, predicting that they correlate with
frond density. This hypothesis is based on previous studies that have shown reduced
size-density tradeoffs for invasive plants, allowing them to dominate the understory
(Jakobs et al. 2004; Royo and Carson 2006). We also predict that other disturbance-
adapted species capable of dominating understory, such as exotic grasses and hemi-
epiphytic lianas, will be more common in the unplanted control treatment.

To assess the effect V. brownii has on plant recruitment we compared recruited
woody species richness in response to frond density. We predicted that higher frond
density would result in lower species richness. To verify that this pattern was not purely
correlative, we established a seed addition experiment under varying frond densities to
evaluate seedling performance. We predicted that small-seeded tree species would be
most affected by frond density, with lower germination, higher mortality, and lower
biomass than larger-seeded species. Examining the invasibility of these plantings re-
vealed design improvements that could prevent future plantings from developing a
recalcitrant understory of V. brownii, and possibly of other invasive species.

Methods

Study area

The study was conducted in the Los Tuxtlas Biosphere Reserve (~3,300 km?), in the
state of Veracruz, Mexico. Mean annual rainfall in the region is 4,900 mm and tem-
perature 27 °C. Dry seasons typically extend from March through May and rainy
seasons from June to February (Gonzdlez-Soriano et al. 1997). Deforestation driven by
the demand for cattle pasture has resulted in highly fragmented forests in the region
(Mendoza et al. 2005). These fragments are home to +350 tree species, the majority of
which are dispersed by animals (Ibarra-Manriquez et al. 2015).

Restoration Plantings Experiment

Restoration plantings were established in June 2006 to facilitate the movement of
plants and animals in a permanent agricultural landscape. The rationale was to deter-
mine if planted animal-dispersed tree species accelerated tropical forest succession by
attracting more dispersal agents that bring forest seeds with them than planted wind-
dispersed stands or unplanted controls. The experiment consisted of 24 30 x 30 m
fenced plots set on an 8 x 3 grid, each separated by 35 m of actively grazed pasture
(central GPS point 18°35'43.64"N, 95°06'06.29"W). The plantings included three

treatments: Eight plots were planted with seedlings of 12 native animal-dispersed spe-
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cies (animal), eight with seedlings of 12 native wind-dispersed species (wind), and
eight were left unplanted to simulate natural succession (control) (Fig. 1). Each plot
is divided into four subplots of 13 x 13 m separated by a 4 m wide open corridor.
Some planted species in the animal-dispersed treatment like Ficus yoponensis (Desv.),
Inga sinacae (M. Sousa & Ibarra-Manr.), and Stemmandenia donnel-smithii (Rose) have
been fruiting consistently since 2010. However, seed rain between planted treatments
has not differed significantly (Popoca-Ortega 2016).

To date, seedlings of 78 species of trees that were not planted have recruited in
experimental plots (unpublished data from 2019 census). For details on the experi-
mental design, the study area, and early-recruitment patterns, see de la Pefia-Domene
etal. (2013).

Study species

Nephrolepis brownii is a terrestrial, sometimes epiphytic fern, native to Southeast Asia.
This species is more drought-resistant than most ferns due in great part to its erect
rthizomes (Hovenkamp and Miyamoto 2005). The capacity of N. brownii to spread
through underground runners allows it to quickly exploit gaps in the canopy (Sharpe
and Shiels 2014), a characteristic seen in other fern species capable of forming a recalci-
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Figure |. Experimental design of the 24 restoration plots belonging to three treatments: (A) plots plant-
ed with animal-dispersed trees, (W) plots planted with wind-dispersed trees, and (C) unplanted control
plots. Adapted from de la Pefia-Domene et al. (2013).



Effects of a recalcitrant understory fern layer in a restoration experiment 103

trant understory layer (Young and Peffer 2010). Aboveground, this species typically has
5 or 6 fronds per ramet, though the ramets themselves can be difficult to distinguish in
the field. In this study, we use frond counts to estimate fern density. A full description
of N. brownii is provided by Hovenkamp and Miyamoto (2005). Specimens collected
from this study are deposited in the herbarium HUMO of the Center for Biodiversity
and Conservation Research of the Autonomous University of the State of Morelos and
the herbarium of the Biological Station of Los Tuxtlas.

Census of N. brownii and Recruiting Seedlings

To evaluate the extent of the invasion, we randomly established 4 1 m? quadrats (total
of 384) within each subplot of every plot. To select quadrats, we used a random num-
ber generating code in RStudio to yield four numbers from 1 to 169, each number rep-
resenting a possible quadrat in the 13 m? subplots. We counted the number of fronds
within each quadrat. We also recorded the presence of grass or hemiepiphytic lianas in
the quadrats as percent cover where present. This was done to account for other types
of understory layers that might suppress tree recruitment. Quadrats were treated as
“grass- or liana-dominated” when percent cover exceeded 50%. To obtain frond length
measurements, we haphazardly selected five unfurled fronds per quadrat to measure.
The recruiting plant community (> 10 c¢m tall woody plants) within the 1 m* quadrats
and the trees creating canopy cover over the quadrat (recruits over 1.3 m tall) were re-
corded and identified to species. The latter was done to determine the frequency with
which planted trees provided canopy cover over the recruiting seedlings and/or ferns.
To estimate canopy cover, a photograph of the canopy covering each quadrat was taken
from the middle of the quadrat at a height of -~ 1.3 m and analyzed using the environ-
mental application for iOS devices, %Cover. The raw results of this study are available
in Suppl. materials 4, 5.

Seed Addition Experiment

To determine whether fern cover affected the germination, growth, and survivorship of
tree seedlings, we established a seed addition experiment within the restoration plots.
Two late-successional, animal-dispersed tree species characteristic of the forest of Los
Tuxtlas, Brosimum alicastrum (Sw.) and Guarea grandifolia (DC.), were selected for this
study. Previous censuses showed that recruitment of these two species in the plantings
were rare, which allowed us to more easily keep track of the fate of added seeds.

Seeds of animal-dispersed B. alicastrum (8—13 x 13—18 x 13—18 mm) and G. gran-
difolia (13-25 x 10-15 x 8-15 mm) were collected from 20 and 4 fruiting adults re-
spectively in early-to-mid June of 2018 (seed dimensions from Ibarra-Manriquez et al.
2015). Seeds were cleared of remaining aril and wiped with 10% Ethanol before being
dispersed to a randomly selected subplot within each plot in late June. Each selected
subplot received 20 B. alicastrum and 12 G. grandifolia seeds spread out around four
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equidistant points close to the center of the subplot to minimize competition between
them. The specific location of the added seeds was marked with stake flags and seed-
lings were tagged with flagging tape as they germinated. Monthly censuses were carried
out for a year to record germination, mortality, and seedling height. Seedlings were
harvested in late June of 2019 to assess performance through biomass allocation: (1)
total leaf count, (2) leaf dimensions (length and width), (3) leaf mass, (4) root mass,
(5) shoot mass, (6) root-to-shoot ratio, and (7) total seedling mass. Mass measure-
ments were taken after the seedlings were dried for 48 hours in a desiccating chamber
at 40 °C. The raw results of this experiment are available in Suppl. material 6.

Statistical Analysis

Differences in average frond density were analyzed using a generalized mixed-effects
linear model with a negative-binomial distribution where the nested design (quadrats
within subplots within plots) was included as a random effect. Differences in frond
length between treatments were analyzed using a mixed-effects linear model where
each frond is the experimental unit and the random nested effect accounts for this
additional level (fronds within quadrats within subplots within plots). To evaluate the
relationship between frond density and frond length however, we used average frond
length per quadrat to avoid pseudo-replication. Here too, we used a mixed-effects
model with the nested design of the census at a quadrat scale included as a random ef-
fect. The relationship between frond density with canopy cover was also analyzed using
a mixed-effects linear model with the same random nested effect as the previous model.
An ANCOVA was used to determine if the relationship between frond density and
canopy cover differed by treatment. Differences in recruiting species richness between
treatments were analyzed using a generalized linear model with a Poisson distribution
log link. Linear regressions were used to evaluate the effect of frond density on spe-
cies richness. An ANCOVA was used to determine if the relationship between frond
density and recruiting species richness varied by treatment. For the species richness
models, data was pooled by plot in light of how smaller scales artificially limit the vari-
able’s range of values. Quadrats that were grass- or liana- dominated (> 50% cover)
were excluded from models that used frond density or length as a variable.

To determine if B. alicastrum and G. grandifolia differed in their response to frond
density, we compared the relationship between their biomass features and frond den-
sity using ANCOVA. Frond density in these cases corresponded to the averaged frond
density of the subplot where the seeds had been sown. The analyses were carried out at
a subplot scale to avoid pseudo-replication of frond density values and because quadrat
measurements from the earlier census did not correspond to where seeds were sown.
When the interaction was significant, we evaluated the effects of frond density using
linear regressions for each species.

In January 2019, trespassers cut some of the germinated seedlings. Most of the
cut seedlings survived, but all were excluded from the mortality and biomass features
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ANCOVAs. All analyses were carried in RStudio (“R version 3.6.1 (2019-07-05)”)
using the Ime4 package to fit linear and generalized mixed-effects models (Bates et al.
2015), the MuMin package to estimate marginal (7, considers only variance of fixed
effects) and conditional correlation coefficients (¢, takes both fixed and random ef-
fects into consideration) (Barton 2015), and the ImerTest package to obtain p-values
and approximations for denominator degrees of freedom for the mixed-effects models
(Kuznetsova et al. 2017). The sjPlot package (Liiddecke 2019) was used to create mixed-
effects model summaries (Suppl. material 7).

Results

Extent of Invasion of N. brownii

Of the 384 1 m* quadrats established for the census, 306 (80%) were recorded
with N. brownii. The degree of invasion follows a progression by treatment; the
control treatment has the highest degree of fern infestation (94.53% of quadrats
have ferns), followed by the wind-dispersed treatment (82.81%), and then the
animal-dispersed treatment (71.88%) (Fig. 2). Pairwise comparisons reveal that
the control quadrats have significantly higher frond density than the animal-dis-
persed treatment (z = 3.417, p > .001) and marginally higher frond density than
the wind-dispersed treatment (z = 1.729, p = .083). Differences between planting
treatments were marginally significant (z = 1.743, p = .081; Fig. 3A). The con-
trols also had longer fronds than the animal- (ANOVA, r = 7.056, p < .001) and
wind-dispersed stands (z = 5.49, p < .001). Differences between planted treatments
were marginally significant (r = 1.829, p = .068; Fig. 3B). Frond density is posi-
tively correlated with average frond length (F1,252.76 =128.8, p > .001, ¥m = .327,
7c = 444, Fig. 4A) and negatively correlated with canopy cover. In the case of the
latter, more of the variance in the model is accounted for when the nested design
of the census is considered (F = 33.665, p > .001, m = .161, r’c = .460,

1,311.29
Fig. 4B). The relationship between frond density and canopy cover does not dif-
fer between treatments (ANCOVA, F2,351.65 = 1.126, p = .325). Control plots had
more quadrats dominated by grass or lianas (18/128) than did animal- (3/128) and

wind-dispersed treatments (1/128).

Effect of Invasion on Recruitment

Within the quadrats established for the census, a total of 54 woody plant species re-
cruited, the majority of them animal-dispersed and all of them native except for Citrus
sp. Recruited species richness was lower in controls (average = 6.8) than either planting
treatment, though only marginally to the wind-dispersed treatment (vs. animal: aver-
age = 10.5, z=2.533, p = .011, vs. wind: average = 9.38, z = 1.841, p = .060). Differ-
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Figure 2. Ground cover of ferns, grasses, or lianas for the 384 1 m? quadrats excluding recruiting and
planted forest plants. Each colored square represents a 1 m? quadrat in the (A) animal-dispersed, (W)
wind-dispersed, or (C) unplanted control plots. Grass and liana quadrats were characterized as such when
more than 50% of the ground cover was composed of grasses or lianas.
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Figure 3. A boxplots of frond density (m?) and B frond length (cm) by restoration treatment. Lower
and upper box boundaries represent 25% and 75" percentiles, respectively. Lower and upper error lines

represent Q1 — 1.5 * IQR and Q3 +1.5 * IQR, respectively. Middle band represents median values.

ences in richness between plantings were not statistically significant (z=.713, p = .476;
Fig. 5A). The relationship between frond density and species richness varied margin-
ally between treatments (ANCOVA, F, = 2.823, p = .080). In the animal-dispersed
treatment there was a strong, negative correlation between species richness and frond
density (FI,G = 17.84, p = .006, = .748). No significant relationships were observed
between these variables in the wind-dispersed (FI,G = 2.224, p = .186, = .271) and
control treatments (F1,6 =.929, p = .372, = .134, Fig. 5B).
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Figure 4. Relationship between frond density with A frond length and B percent canopy cover. Frond
length values represent an average from five randomly selected fronds per quadrat. Band shades represent

95% confidence intervals.

Seed addition experiment

Frond density differentially influenced seedling performance by species (Fig. 6). The
relationship between frond density and germination rates differed between B. alicas-
trum and G. grandifolia (ANCOVA, F.  =9.88, p =.003). For B. alicastrum, germina-

1,42

tion rates were negatively correlated with frond density (linear regression, F, =132,

p =002, 7 =.386) while G. grandifolia showed no trend (linear regression, F, , =.484,
p =494, ¥ = .023). Species also differed marginally in the seedling height response to
frond density (ANCOVA, F =383 p= .058). Brosimum alicastrum showed no trend
(linear regression, F, = = .862, p = .366, * = .05) while G. grandifolia showed taller
seedlings as frond density increased (linear regression, F, = 5.424, p = .030, * = .205).

Frond density had marginally significant, negative effects on total leaf count

(F, ,, = 3.103, p = .086, 7 = .196). This pattern was similar for the two species (AN-
COVA, F . =.731p= .398). Leaf length, leaf width, leaf mass, total seedling mass,

shoot mass, and roots mass did not show trends in response to frond density (p > .1).
However, root-to-shoot ratios did show a negative correlation with frond density for
G. grandifolia (linear regression, F, , =5.006, p =.035, ” = .194) that was not observed
with B. alicastrum (linear regression, F1,17 =.289, p = .548, ¥ = .017). An ANCOVA
confirmed that the species differ marginally in how frond density influenced their root-

to-shoot ratios (ANCOVA, F =288 p= .098).

,38
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Figure 5. Species richness by A treatment and in response to B frond density at a plot scale. Error bars
represent standard error. Band shade represents 95% confidence intervals. Dashed lines indicate non-
significant correlations (p > .1). Solid lines indicate significant correlations (p < .05).

Mortality rates increased with increasing frond density (7,
pattern was similar for both species (ANCOVA, F3) o =245, p = .624), although B. ali-
castrum showed higher mortality rates than G. grandifolia (F, ,; = 7.159, p = .011).
Brosimum alicastrum seedlings were also unable to survive past beyond 53 fronds per
m? while G. grandifolia seedlings still survived in areas with over 80 fronds per m”.

4 =338, p<.001). This

Discussion

Our results show that restoration treatments influenced the development of recalci-
trant understory layers of V. brownii. Unplanted control plots meant to simulate natu-
ral succession were the most affected; this treatment had both the highest frond density
and longest frond length. This clearly shows that low development of tree canopies
enables invasion by exotic species released from herbivory. Effects of tree cover are also
supported by the negative relationship between frond density and tree-canopy cover
across treatments, which our model confirmed is largely explained by the design of
our experiment. The importance of early development of a tree canopy layer is con-
sistent with practices of the indigenous Lacandon Maya people of Chiapas, Mexico,
who plant rapidly growing balsa (Ochroma pyramidale Cav. ex Lam. Urb.) to create a
dense, wide canopy capable of suppressing the growth of another invasive fern species



Effects of a recalcitrant understory fern layer in a restoration experiment 109

1:00 =25 = . " 150 :
e § 1 2 e £
© " - WP i
o 075 ¢ £ . g 4 el R S.120 .
= 5 20 O Gt copy-— =
o 0.50 ‘D — I 4= .
3 T g, Frasay 2 90 et 1
£ 025 25 S3Y NN 5
£ s ol p= B
53 3 o 60
& 00w 8 02 o Y
_025 U) 10 © . .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
s 038 . 225 . B
E b g g 0.6
50 o ®® . ) o o o .
e 5 06 T2 . =20 @05 » .
5 40 L e 173 . [=)] *o—o . g °*
T & (L] = oo = < o Pl o
E e - =04 - - 615 .‘ g ‘-'04 —_-n: BT
& 30 -SUNNEE s 2 st S > 1
< P, T 1 1) Be_ s w £ 03 #8= Ty
il‘) L -1 0.2 22 1.0 G 75} . N
20 & o e e L e .
. v B o . .« 02 <.
0 20 40 60 80 0 20 40 60 80 = 0 20 40 60 80 0 20 40 60 80
. o 1.75 LT 1.00 e .
=
So7r . © 1.50 e
@ o o ‘g’ 1.25 o Species
g 05 o agiie 5 1.00 f <+ Brosimum alicastrum
3 :__.‘_"x_ - - o I ~ Guarea grandifolia
=¥ & 8= S
&’ 0.3 SSe i ‘é 0.75 =
P . : ° be)
. « X050 .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Frond Density /' m?
Figure 6. Seedling biomass responses of Brosimum alicastrum and Guarea grandifolia to frond density
(m?). Frond density values are the averages of each subplot’s quadrat measurements where seeds were
sown. Band shade represents 95% confidence intervals. Dashed lines indicate non-significant correlations
(p > .1). Two-dashed lines indicate marginally significant correlations (.05 < p < .1). Solid lines indicate

significant correlations (p < .05).

(Preridium aquilium, Douterlungne et al. 2010; 2013). Balsa was one of the species we
planted in the wind-dispersed treatment, but its low representation in the stands (1/12
of planted trees) likely limited its fern-suppressing attributes.

Differences between planting treatments provide additional insights. The animal-
dispersed treatment had marginally lower frond density (average: 18.44/m?) than the
wind-dispersed treatment (average: 25.42/m?). Though not as large a difference as that
between either planting treatment or the control (average: 38.02/m?), it suggests that
the assemblage of planted species influences the invasibility of the plantings. One likely
reason why the wind-dispersed treatment is more vulnerable could be the higher inci-
dence of canopy gaps (Suppl. material 1). Considering this treatment has 1.3x more
surviving planted trees, this is surprising (Suppl. material 2). However, when we de-
termined the tree species that provided canopy cover over our quadrats, we found that
relative to the animal-dispersed treatment, it was 1.2x less likely for planted trees to be
part of the canopy cover in the wind-dispersed treatment (Suppl. material 1). In other
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words, the boon the animal-dispersed treatment provides in curtailing the fern invasion
is likely due to the growth patterns of the planted species that yield wider, more perma-
nent canopies with multiple layers than the species we planted in wind-dispersed plots.

Differences between planted treatments are likely a byproduct of our experimental
design; the species planted were chosen by dispersal mode and successional status (4
pioneers and 8 late-successionals) without focusing on the strata they filled in the forest
or their phenology. As a consequence of this, the wind-dispersed treatment had one
small tree species, three subcanopy species, and eight canopy tree species. In contrast,
the animal-dispersed treatment is more balanced with three small, three subcanopy,
and six canopy tree species (Suppl. material 3). Additionally, wind-dispersed species
usually drop their leaves to maximize seed dispersal during the dry season, thereby
enhancing light penetration for at least four months of a year (reviewed by van Schaik
etal. 1993). Leaf drop is consistent with the increase in leaf-litter mass we detected in
wind-dispersed plots (Valencia-Esquivel 2012).

Our results are consistent with the generalization that species selection influenc-
es the development of forest structure and the return of biodiversity (Parrotta and
Knowles 2001; Sansevero et al. 2011; Longworth and Williamson 2018). We con-
sider it important that future planting designs consider the strata that the assemblage
of planted species will fill as they mature as well as their deciduous phenology and
dispersal mode. The development of multiple, permanent or semi-permanent canopy
layers will restrict the growth of recalcitrant understory layers. Furthermore, we suggest
that practitioners prevent the development of canopy gaps by supplementing plantings
with additional planted seedlings where necessary.

It is noteworthy that in our plantings, even a full canopy cover with multiple layers
failed to prevent the invasion of N. brownii. This is likely due to the small size of the
plots. At 30 x 30 m, these plantings experience adverse microclimatic conditions from
edge effects known to alter forest structure (Magnago et al. 2015). The clearest way to
minimize edge effects, including the light regimes that benefit invasives, is to maximize
the size of the plantings (Laurance 2008).

Our survey of the plantings also confirmed that recruiting species richness is lower
where frond density is higher, though this relationship was only statistically significant
in the animal-dispersed treatment. The controls showed lower species richness than
the planting treatments, likely because the unplanted plots are also subject to greater
seed dispersal limitations that can explain the lower recruitment rates (Popoca-Ortega
2016). Nonetheless, results from the seed addition experiment strongly suggest that
the relationship between frond density and species richness is a consequence of the
adverse effects of fern cover on recruiting seedlings. The two sown seed species were
both suppressed by fern invasion but performed differently in response to frond den-
sity. Brosimum alicastrum showed lower germination rates, and higher mortality rates
in response to frond density while G. grandifolia showed greater shoot length, lower
root-to-shoot ratio, and higher mortality rates. The difference in germination rates can
be explained by differences in seed size between species. Guarea grandifolia produces
seeds up to 3x larger than B. alicastrum (calculated from seed dimensions provided by



Effects of a recalcitrant understory fern layer in a restoration experiment 111

Ibarra-Manriquez et al. 2015). Greater seed mass provides germinating seedlings with
more resources with which to grow in closed canopy conditions (Foster and Janson
1985). For G. grandifolia, resources are evidently invested in shoot length when the
seedlings are covered by the understory canopy of V. brownii. This is reflected in the
root-to-shoot ratios too; for G. grandifolia, the ratio increases with increasing frond
density while B. alicastrum shows no pattern.

The differences these species exhibit in germination suggest that the tree species
most likely to grow past the understory fern layer are those with greater seed mass. This
is problematic in the context of restoration plantings because large-seeded species are
less likely to be dispersed across inhospitable matrices (e.g., pastures) than small-seeded
species (reviewed by Wunderle 1997; Beltran and Howe 2019). Even if these large
seeds are dispersed to fern-infested plots, mortality rates are still higher where fronds
are denser. Ultimately this means that invasion by V. brownii limits tree seedling re-
cruitment and shapes the seedling community by favoring seeds large enough to ger-
minate and grow past the understory but small enough to be dispersed to the plantings.

We do not observe N. brownii growing outside the plots as well as it does inside
of them. This is likely because of the cows that graze the surrounding pasture; we have
observed them eating the fronds that manage to grow past the outline of the fences.
However, eliminating the fences in an attempt to suppress the ferns would terminate
restoration; livestock eat tree seedlings as well as V. brownii. We have also not found
N. brownii growing within the Los Tuxtlas primary forest, which is likely because of
the deep shade cast by multiple layers of trees (some taller than 30 m) and/or endemic
grazers that browse understory plants (e.g., Tayasu pecari, Sylvilagus spp.). One solu-
tion to restoration plantings facing this problem may be direct seeding and/or planting
of large-seeded tree species capable of growing past the ferns and shading them out.
However, further research with additional tree species is required to ascertain how an
understory layer of V. brownii affects species of different seed size and life history.

Conclusion

Nephrolepis brownii suppressed tropical forest succession in our tropical restoration
plantings experiment. The fern invasion was most successful in unplanted control
plots, highlighting the importance of tree canopy cover. In the animal-dispersed treat-
ment where recruiting species richness was highest, there was also a negative correla-
tion between frond density and tree-seedling recruitment. Our seed addition experi-
ment confirmed that this inverse relationship was not simply correlative but caused
by the ferns themselves. Future studies should evaluate how restoration plantings can
be designed to make them less likely to develop recalcitrant understory layers. While
fences cannot be removed to allow ungulate grazers in, we suggest testing the effects of
(1) planting an assemblage of species that cover multiple forest strata and have more
permanent tree canopies, (2) supplementing canopy gaps with additional seedlings,
and/or (3) expanding the dimensions of the plantings.
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Abstract

Invasive Alien Species (IAS) threaten biodiversity, ecosystem functions and services, modify landscapes
and impose costs to national economies. Management efforts are underway globally to reduce these im-
pacts, but little attention has been paid to optimising the use of the scarce available resources when IAS
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are impossible to eradicate, and therefore population reduction and containment of their advance are the
only feasible solutions.

CONTAIN, a three-year multinational project involving partners from Argentina, Brazil, Chile and the
UK, started in 2019. It develops and tests, via case study examples, a decision-making toolbox for manag-
ing different problematic IAS over large spatial extents. Given that vast areas are invaded, spatial prioritisa-
tion of management is necessary, often based on sparse data. In turn, these characteristics imply the need
to make the best decisions possible under likely heavy uncertainty.

Our decision-support toolbox will integrate the following components:

(1) the relevant environmental, social, cultural, and economic impacts, including their spatial distri-
bution;
(ii) the spatio-temporal dynamics of the target IAS (focusing on dispersal and population recovery);

(iii)  the relationship between the abundance of the IAS and its impacts;
(iv) economic methods to estimate both benefits and costs to inform the spatial prioritisation of cost-
effective interventions.

To ensure that our approach is relevant for different contexts in Latin America, we are working with model
species having contrasting modes of dispersal, which have large environmental and/or economic impacts,
and for which data already exist (invasive pines, privet, wasps, and American mink). We will also model plau-
sible scenarios for data-poor pine and grass species, which impact local people in Argentina, Brazil and Chile.
We seek the most effective strategic management actions supported by empirical data on the species’
population dynamics and dispersal that underpin reinvasion, and on intervention costs in a spatial con-
text. Our toolbox serves to identify key uncertainties driving the systems, and especially to highlight gaps
where new data would most effectively reduce uncertainty on the best course of action. The problems we
are tackling are complex, and we are embedding them in a process of co-operative adaptive management,
so that both researchers and managers continually improve their effectiveness by confronting different
models to data. Our project is also building research capacity in Latin America by sharing knowledge/
information between countries and disciplines (i.e., biological, social and economic), by training early-
career researchers through research visits, through our continuous collaboration with other researchers
and by training and engaging stakeholders via workshops. Finally, all these activities will establish an
international network of researchers, managers and decision-makers. We expect that our lessons learned
will be of use in other regions of the world where complex and inherently context-specific realities shape
how societies deal with IAS.

Keywords
abundance impact relationship, adaptive management, biological invasions, dispersal, Ligustrum lucidum,
models, Neovison vison, Pinus contorta, Pinus radiata, Urochloa spp, Vespula germanica

Introduction

Globally, invasive alien species (IAS) threaten biodiversity, ecosystem functions and
services, modify landscapes and traditional livelihoods, and impose costs to national
economies. The impacts of IAS are increasingly being documented worldwide (e.g.
Simberloff et al. 2013, Haider et al. 2018, Taylor et al. 2019). Eradication efforts
have been successful in island ecosystems or during the early stages of invasions, but
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their results are very limited for most of the worst invaders in continental situations
(Jones et al 2016). In contrast, population reduction and containment of existing
populations are critical to reducing the cumulative impacts of those IAS that can-
not be eradicated (Bomford and O’Brien 1995). This is because the prevention and
detection have failed for numerous IAS; eradication is often not possible for IAS
with cultural or economic importance, or those that are already widespread (Iriarte
et al. 2005; Novillo and Ojeda 2008). A variety of frameworks have accordingly
been developed to help manage these IAS, but the lack of available management
tools remains a constraint on the ability of resource managers to develop long-term
management plans (Larson et al. 2011). Responding to the challenge of established
IAS requires the urgent development and implementation of evidence-based policy
and decision-making systems for evaluating cost-effective strategies that limit their
populations and reduce their impacts without eradication.

While there have been many advances in control techniques and management
plans for species- and context-specific cases, multiple opportunities remain to advance
in more holistic cross-taxa approaches. This is particularly pressing in developing re-
gions, such as Latin America, where resources for management are extremely scarce,
knowledge and data are limited, and the threat of IAS is large and increasing (Nunez
and Pauchard 2010). In these circumstances, managers must often shift their focus to
a combination of slowing down or containing the invasion complemented with the
long-term management of established populations in subsets of invaded areas where
this is both practically feasible and cost-effective. For these strategies to be effective
over their long operational horizons, there is a need to minimise reinvasion from exist-
ing populations, which in turn leads to recurring costs as the pressure from these popu-
lations remains constant over time. Local communities and management authorities
bear those costs, and management must be optimised to minimise expenditure while
retaining crucial ecosystem services and allowing the sustainable economic develop-
ment of local communities.

The long-term management of IAS is plagued with uncertainties and complexi-
ties. While much of the invasion science literature contributes to the understanding
of the mechanisms underpinning biological invasions, the exchange of resources and
information on how to deal appropriately with established IAS in different social, eco-
nomic, and ecological systems is substantially less advanced. Adaptive management or
‘learning by doing’ provides a suitable framework to create collaborative and interdisci-
plinary approaches focused on resolving the problems associated with IAS (Allen 2000,
Johnson et al. 2015). Adaptive management involves specifying dynamic models of
the case-study system, parameterized with empirical data and recursively updated by
monitoring the response of the system to management interventions. This approach
helps contend with uncertainties, incorporates existing knowledge in a quantitative
fashion, considers the different dimensions of IAS management, and evaluates the
adequacy of the interventions.

Our aim in this paper is to introduce an applied three-year multinational pro-
ject and a group of more than 20 researchers and practitioners from Argentina, Bra-
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zil, Chile and the UK, which seeks to improve the strategic, long-term management
of harmful IAS that cannot be eradicated and must be managed. Our work centers
around four priority, data rich, and six secondary, relatively data-poor, problematic
exemplar species established in Latin America. Our priority species are the glossy privet
(Ligustrum lucidum — privet hereafter) in Argentina, pines in Chile and Argentina
(Pinus contorta and P radiata - pines hereafter), and the American mink (Neovison
vison — mink hereafter) in Chile and Argentina. Secondary, relatively data-poor, spe-
cies are the yellowjacket wasp in Chile (Vespula germanica — yellowjacket hereafter),
invasive African grasses (Urochloa decumbens, U. brizantha), and the pines P elliottii
and P raeda in Brazil and Argentina. The name of this project (CONTAIN) refers to
the impossibility of IAS eradication and the need for containment of their population
growth and impacts in the face of reinvasion.

Latin America, our study system

A colonial history and a heavy reliance on horticulture, industrialised agriculture, for-
estry, and aquaculture, resulted in the introduction of numerous alien species in Latin
America. For example, 18 alien mammal species are present in Latin America (20%
of world mammalian species introduced), creating a hotspot of alien mammals in the
southern temperate ecoregion of South America (Iriarte et al. 2005; Novillo and Ojeda
2008). Some of these alien species became damaging IAS, and now pose substantial
problems. Some ecosystems are being fundamentally transformed by these IAS, as they
dominate landscapes and drive major ecological processes. These include the novel
communities of muskrat (Ondatra zibethicus), Canadian beaver (Castor canadensis),
and mink now found in parts of Patagonia (Fasola and Valenzuela 2014). Notably, one
recent study estimated that should Canadian beaver occupy all its suitable habitat in
Tierra Del Fuego islands, it would result in >1 million tonnes of carbon being released
to the atmosphere as a result of dam-building (Papier et al. 2019). Many plants with
known invasive potential have also been introduced to support horticulture and for-
estry, as well as for ornamental purposes and pastures. Some of these species became
invasive while others are naturalized and only now are beginning to spread across both
semi-natural and human-disturbed ecosystems. These IAS include several Pinus species
(specifically, P radiata, P contorta, P elliottii), which have been described as represent-
ing a potential time-bomb, or invasion debt, based on their impacts elsewhere (Taylor
etal. 2019). IAS from other taxa are also raising concerns such as the glossy privet, an
evergreen tree dispersed by native birds. These species disrupt successional processes
in forests in many parts of the world, threatening biodiversity and ecosystem services
(Richardson and Rejmdnek 2011). Besides impacting vegetation dynamics (Dama-
sceno et al. 2018), African invasive grasses are changing fire regimes due to the increase
in fuel load, leading to more intense and severe fires in tropical savannahs such as those
covering large tracts of Brazil (Gorgone-Barbosa et al. 2015). Introduced carnivorous
Vespula wasps notoriously restructure communities and alter resource flows, having a
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detrimental impact on pollination services and the apicultural industry in many parts
of the world, including Latin America (Lester and Beggs 2019).

Project approach

Following the tenets of adaptive management, we will develop and trial on the ground
a decision-support toolbox to allocate management interventions in space and time ef-
fectively, based on conceptual and practical advances from IAS management practices
in e.g. New Zealand, Australia, and the United States (e.g. Baker 2017). The key ele-
ments of this decision-support toolbox include:

(1) the relevant environmental, social, cultural and economic impacts of IAS, in-
cluding their spatial and temporal distribution;

(ii)  the spatio-temporal dynamics of the target species, with a focus on understand-
ing and forecasting how dispersal and population recovery after management
shape reinvasion and spread;

(iii)  the relationship between the abundance of the focal IAS and its relevant impacts
in the focal areas;

(iv)  economic methods to estimate both the benefits and costs of interventions to
spatially develop and rank prioritisation of cost-effective actions to manage in-
terventions associated with IAS in space and time.

We seek to integrate the components described above in a mechanistic and stream-
lined fashion adapted to the idiosyncrasies and local contexts of our case studies in
Latin America. To do so, we need to identify rules for selecting management strategies
based on species’ life histories, environmental goals, and socio-economic objectives.
Indeed, planning durable IAS management requires determining the extent to which
abundance of IAS should be reduced. Specifying what residual density is tolerable is
a socio-ecological question involving consideration of the resilience of native species
to IAS, the economic costs of IAS damage and the management costs required to
achieve the residual density. Such costs typically rise exponentially as density decreases
(Holmes et al. 2015). Furthermore, the ability of native species and ecosystem func-
tions to be maintained in the presence of IAS is highly variable (Bradley et al. 2019).
Different species and economic activities have different density-impact functions on
native biota (Norbury et al. 2015). Some highly vulnerable species are devastated by
even occasional incursions (e.g. predator-naive flightless birds, Blackburn et al. 2004),
while others can persist under low to moderate IAS density. The propensity of a small
number of IAS individuals (e.g. small tree stands) to fuel the further spread of IAS
also varies according to species traits, impinging on what residual density is manage-
able (Yokomizo et al. 2009). Thus, specifying management objectives in a spatial and
temporal context is non-trivial, and indeed, it is often the case that such objectives are
lacking or only vaguely articulated.
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We identify the dispersal dynamics of IAS as critical to the success of management
strategies, representing both a challenge and an opportunity. Whether mainly active
(in animals) or passive (in plants), dispersal is notoriously subject to complex patterns
of density and resource dependence. Propagule pressure after the naturalization stage
may depend upon the age and stage structure of the source populations (Travis et al.
2011) and may be constrained by the permeability of the environment (Schurr et al.
2008). Yet, despite rapid advances in the understanding of dispersal biology, a knowl-
edge gap exists regarding how to use this understanding to reduce the negative impacts
of IAS on native species. A better understanding of IAS dispersal strategies may expose
their vulnerabilities and incorporating such knowledge could improve management
efficiency. For instance, depending on the target species, control may be more effective
if performed in areas that act as sources (Baker 2017), or where active dispersers may
be intercepted before they reach vulnerable areas (Caplat et al. 2014). Other species,
such as the mink, may be best controlled if habitat selection by dispersers makes them
settle reliably in high quality sites that are turned into ecological traps through targeted
culling (Melero et al. 2018).

A final crucial issue to consider is that there is scant guidance for practitioners on
how to allocate limited effort spatially, given that IAS spread through active or seed
dispersal. This is necessary, as it has been recognized that there is spatial heterogeneity
in TAS impacts within invaded landscapes (Latzka et al. 2016), and it is also known
that impacts often increase exponentially with IAS density (Norbury et al. 2015; Brad-
ley et al. 2019). Considering this explicitly is a key novelty of CONTAIN. Differ-
ent management actions can target different stages of IAS spread, and the effects of
management depend largely on the spatial configuration of the targeted area and on
spatial aspects of spread. Source areas may produce propagules that spread through the
landscape, fuelling reinvasion and further spread of the IAS. Their success depends on
the behavior of dispersers, and the spatial and temporal variation in establishment suc-
cess. The latter often co-varies with gradients in habitat quality and conspecific density,
including those created by management. Thus, the redistribution of IAS in space in re-
sponse to management actions may create ‘halos’ of decreased density spanning larger
areas and delivering collateral benefits to local communities using natural resources
in the vicinity of management action (Glen et al. 2013). Conversely, compensatory
reproduction and dispersal (or increased establishment rate) may negate the impact of
interventions according to the prevailing flux of dispersers or variation in the effects
of land-use on establishment. Exploiting the potential predictability in the patterns of
dispersal-driven reinvasion is particularly valuable in areas where access is limited or
difficult and agencies would require substantial resources to tackle IAS. Therefore, this
predictability can be harnessed to optimize management operations in challenging and
uncertain circumstances.

Preserving and enhancing the livelihoods and biodiversity affected by the most
damaging IAS in Latin America is likely to require recurrent management interven-
tions extending in perpetuity. This challenge is ideally suited for adaptive management.
Despite its success for achieving good outcomes, implementations of formal adaptive
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management approaches are scarce, owing to a lack of suitably trained staff able to op-
erate in an interdisciplinary context at the interface between quantitative research and
management (Williams et al. 2009). This deficit of human capacity in Latin America
is critical, and even though there are increasing efforts to manage IAS, they do not
necessarily contribute to an applied body of knowledge, and they sometimes lack a
solid scientific foundation, which increases costs and reduces effectiveness. We pre-
sent a program of research and reciprocal knowledge transfer representing a genuine,
multi-country partnership using an adaptive management approach for tackling the
challenges of securing biodiversity for sustainable livelihoods and economy and for
maintaining and restoring natural capital in the face of IAS.

Methodology

Our project is organized around five work packages (WPs, Fig. 1). The sequence of the
WPs fits the adaptive management and forecasting cycle, which presupposes:

(i)  development of an initial model of the system using whatever data are available,

(i)  use of the model to identify key parameters and uncertainties,

(iii)  design and collection of data to address those uncertainties,

(iv)  specifying and exploring management scenarios (with associated costs and benefits).

(v)  WPS5 crosses over other WPs and is designed to build social capital and capa-
bilities of managers, NGOs, government agencies, and scientists to achieve a
sustainable and positive change in the way IAS are managed in Latin America.

WP1. Specify generic models of IAS range reinvasion in response to management
using RangeShifter

The goal of this WP is to develop and test a modelling platform to be applied as a
decision tool for informing management efforts targeted at controlling IAS. We will
incorporate key ecological mechanisms as well as costs of management, in order to test
the effectiveness of alternative management options.

We will build upon the strong foundations provided by the RangeShifter software
developed at the University of Aberdeen (Bocedi et al. 2014). RangeShifter is a flexible
platform for modelling species” ecological and evolutionary dynamics across spatially
complex landscapes. It applies an individual-based modelling approach with consider-
able flexibility for adapting to the biology of a user’s focal species. RangeShifter has
already been used for a broad range of applications, which consider how demography,
landscape structure and dispersal behavior influence spread rates of plants and ani-
mals, including the case of mink in Scotland (Fraser et al. 2015). The software already
contains two process-based models for simulating the transfer phase of dispersal for
actively dispersing animals and two dispersal kernels for simulating plant seed disper-
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sal. We will add new modules to model 1) wind-dispersal of seeds, 2) animal-mediated
dispersal of seeds, 3) land use/cover changes and 4) IAS control in space and time.

We will model the spatial dynamics of wind-dispersed invasive plants using the
WALD model (e.g. Caplat et al. 2012), a simplified mechanistic dispersal model which
retains the essential physics while being mathematically tractable (Katul et al. 2005).
WALD parameters can be calibrated from the field or estimated from literature values,
and the model has been shown to provide a close fit to empirical measurements of
wind dispersal (see Caplat et al. 2012).

We will also model seed dispersal by animals using the 2Dt dispersal kernel (Clark
et al. 1999), because this approach allows us to fit short and long dispersal distances,
which is suitable for zoochorous seed dispersal (Herrera et al. 2011). The parameters
for the 2Dt kernel for privet are already available for the Yungas ecoregion in Argen-
tina (Powell and Ardoz 2018), which is one of the study systems for the CONTAIN
project, including also environmental variability effects on dispersal (e.g. tree density).

We will develop a population management module in RangeShifter to simulate the
removal of varying numbers of the focal IAS across space and time. It will provide a
range of management strategies that differentially target specific ages/stages/sexes and
spatial locations in an approach where management options can be compared accord-
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ing to their effectiveness at reducing the impacts of IAS (Caplat et al. 2014) and limit-
ing the damage they cause. We will further expand this approach by incorporating the
costs of management into the model, enabling management options to be ranked by
cost effectiveness, which is highly relevant for managers.

WP 2. Specify models of range reinvasion after management for exemplar species.

We will apply our generic IAS model (WP1) to the exemplar species mentioned ear-
lier and for which sufficient knowledge exists such that we can develop management
models. We will parameterize the models with data from the literature, results from
ongoing management interventions and new data when necessary. We will test model
predictions against data collected in the field using an integrated approach.

To parameterize the models and kickstart an adaptive management programme,
we will consider three exemplar plant species (privet, 2 contorta, and P radiata, Box 1),
and we will derive stage-structured estimates for survival and fecundity as well as rate
of seedling/sapling establishment. For privet, appropriate data exist on bird-mediated
seed dispersal distances, gut passage time (needed for mechanistic dispersal model,
Powell and Ardoz 2018), canopy height, land cover (Montti et al. 2017), and their
potential impacts (Fernandez et al. 2017). To develop spatially realistic management
scenarios, we will additionally use the outputs from WP1 to include spatially varying
costs for realistic management options.

To start the adaptive management of privet, we will conduct experimental manage-
ment of privet invasion sources in the subtropical montane forests (Yungas) in North-
western Argentina. We will test different types of interventions (cutting privet indi-
viduals by mechanical and chemical methods against no actions) in the invasion front
of privet adjoining the native forest. Additionally, we will measure the effects of active
restoration of native vegetation, which includes planting saplings of native species. We
will evaluate the effectiveness of these treatments by measuring privet individual and
population recovery (re-sprout, survival, seed arrival and reestablishment) and natural
regeneration (seed arrival, establishment, survival and growth of native trees) to find
the most effective method to manage the invasion and restore native plant diversity
in invaded forests. During two fruiting seasons, we will determine how the distance
to privet seed sources and seedbank suppression affects seed arrival, germination, and
sapling growth of privets as well as native trees.

For pines, our mechanistic models of effective dispersal will be based on the char-
acteristics of the source population (propagule pressure, canopy height, distance, wind
speed, and direction), and habitat characteristics for seedling recruitment (canopy
cover, ground cover, and microclimate). We will build upon our extensive data on P
contorta invasion and management, and potentially re-survey permanent plots set up
in Chile and Argentina to understand invasion trajectories, legacy effects, and the rein-
vasion after management (Pauchard et al. 2016). We will also estimate individual seed
production for pines across different sites, for both plantations and stands arising from
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invasion. In addition, we will evaluate the impact of pine invasions on the productiv-
ity of native grasslands along a gradient of pine invasion density. Furthermore, we will
conduct experimental management of 2 radiata, the most widely planted pine species
in Chile (c. 1.8 million ha). Realistic management (i.e. following current practices in
the region) will be applied (i.e. mechanical removal or girdling) to plots stratified by
habitat (native forests, grasslands, and shrublands), landscape context (distance to pine
plantations, adjacent patches) and invasion stage (early or advanced). We will measure
reinvasion from the seed bank and adjacent stands to estimate dispersal parameters. We
will assess the economic costs and logistic constraints for all these treatments in order
to parameterize the models.

The estimation of model parameters for mink will be based on studies in its na-
tive and European invaded ranges, including previous removal interventions (Melero
et al. 2015, 2018; Oliver et al. 2016; Fasola and Roesler 2018). Our models will ac-
count for settlement probability relative to distance from natal site, habitat metrics and
conspecific density (Melero et al. 2018), and the relationships between reproductive
parameters and density (Melero et al. 2015). Our models will be tested against data
from empirical work on mink focussing on ongoing management in highly contrasting
regions of Chile and Argentina. We will estimate the effective dispersal of reinvading
mink culled in Los Rios, Chile, and in Buenos Aires Plateau, Argentina, using geo-
referenced archived tissue samples. Following genotyping, we will reconstruct likely
pedigrees (Oliver et al. 2016), estimating dispersal as the distance between the location
of capture and likely natal site. The outcome will be a quantification of the probability
of successful dispersal from one area to another given variation in mink density caused
by management activity and habitat productivity. Metrics of success will include the
viability and population dynamics of affected endemic bird species as well as indica-
tors of farmers’ livelihoods. We will evaluate the former through field surveys and
detailed monitoring data on aquatic bird abundance and breeding success that we will
retrospectively link to model predictions and observations on residual mink density.
Previous surveys of farmers, collected as part of a participatory management program
in Los Rios region (SAG 2017), will be extended to assess the relationship between
region-wide mink density and losses of poultry to mink predation.

WP3. Explore long-term management success criteria

Providing model-informed advice on management effectiveness requires clear criteria
for success to have been determined. Such criteria are lacking. Here, we take an inter-
disciplinary participatory approach to determine the economic impacts of IAS and the
costs associated with their removal at different spatial and organisational scales.

The species chosen as case studies (Boxes 1, 2) differ in the nature of the economic
costs produced, their spatial distribution, and their impact across different societal
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Box I. Exemplar plant species: @ Pinus contorta invasion from a commercial plantation in the Patagon-
ian steppe in Coyhaique Alto, Aysén Region, Chile. b Zitrdus rufiventris (a native bird in Yungas), eating
Ligustrum lucidum fruits from an invaded forest in north western Argentina. ¢ errado (tropical savannah)

invaded by Urochloa brizantha evidencing the dominance of the invasive species.
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Pinus contorta and P radiata are our priority exemplar species of wind-dispersed IAS. Some pines are fast growing conifers highly
suitable for forestry, which is why so many pine species have been widely introduced in Southern America, where there are no native
pines. Pines are very successful at increasing their range due to a number of adaptations: a simple breeding system that allows selfing and
cross-pollination by wind; high seed production from an early age; mechanisms for long-distance seed dispersal by wind; high seedling
establishment in disturbed areas; and the ability to grow in a wide range of abiotic conditions (Richardson 1998). The invasion of pines
generally originates from forestry plantations, which disperse most of their seeds to a distance of 100 m, but occasional long-distance
dispersal events also occur (Caplat et al. 2012). This creates an invasion front that slowly advances from the plantation edge following the
prevailing wind direction, but also many invasion islands far from the plantation that contribute to a faster range expansion. In general,
very few abiotic or biotic conditions stop or even slow down a pine invasion, the lack of ectomycorrhizal fungi being one of the most
important constrains to their spread (Nufiez et al. 2009). Because some pines are adapted to fire, this disturbance accelerates the invasion
process and creates suitable habitats for seedling establishment in the absence of competition with native plants (Singh et al. 2018).

Pine invasions in Argentina, Chile and Brazil mainly affect treeless ecosystems, such as grasslands and shrublands (Richardson et
al. 1994, Simberloff et al. 2010), with substantial impacts on the hydrological and nutrient cycles and modifications to the habitats of
native species (Taylor et al. 2017, 2019). As a result, pastures invaded by pines in Argentina show a reduction in productivity affecting
cattle grazing (Nufiez et al. 2017). In Chile, pine invasions increase the frequency and intensity of fires, with great risks for human
settlements. The process of biotic homogenization, caused by replacement of native species during pine invasions, negatively affects the
touristic scenery of Patagonia, which is one of the major sources of income in the region. In Argentina, the limited management efforts
against pine invasions are restricted to protected areas carried out by the National Parks Administration, with no attention to most
of the invaded areas in the country (Nufiez et al. 2017). In Chile, management efforts are focused on ecosystems that are critical for
biodiversity conservation and largely driven by forestry certification standards (from the Forestry Stewardship Council) which foresters
need to fulfil (Nunez et al. 2017). Successful management experiences from New Zealand and South Africa show that pine invasions
can be controlled using mechanical or chemical methods. Such interventions can be costly and do not guarantee the recovery of the
native ecosystems, which may need to be actively restored (Nufiez et al. 2017).

African grasses are a threat to open ecosystems of South America, such as the Cerrado and the Llanos (Milton 2004). These species
were intentionally planted for cattle pastures (Brossard and Barcelos 2005), but due to their physiological characteristics, such as high
biomass and seed production, they can easily spread to protected areas (Pivello et al. 1999). The main species found in protected areas in
Brazil are from the genus Urochloa (U. bri ha, U. decumb U. humidicola). Moreover, Melinis minutiflora, Megathyrsus maximum,
Hyparrenia rufa and Andropogon gayanus are other major IAS commonly found in protected areas of Cerrado. Their presence in the

natural systems leads to a decrease in the abundance and diversity of native species, mostly grasses (Damasceno et al. 2018), as well
as an increase in dead biomass, leading to more severe fires (Gorgone-Barbosa et al. 2015). Some studies have had partial success in
their control by using fire, herbicides, shading and manual removal (Assis 2017; Damasceno & Fidelis submitted). Therefore, adaptive
management can be an important tool at least to reduce the damage that these species impose on invaded areas (Damasceno et al. 2018).

The privet is a bird-dispersed Asian tree species invading ecosystems globally (Aragén and Groom 2003; Aslan 2011). In
Argentina, this species was introduced and initially spread by people, and is used primarily for urban shade, amenity, living fences
and windbreaks. After its introduction, the first steps of the expansion process involve a rapid and massive colonization of disturbed
habitats near the introduction points, which are generally human settlements (Hoyos et al. 2010, Montti et al. 2017). After this first
stage, seed sources become more abundant and widespread. Finally, once the species is well established, privet may form mono-specific
stands that will dominate the entire tree community of the invaded habitat. The effects of privet on native forest are evident, modifying
community species composition (Ayup et al. 2014) and ecosystem functions (such as nutrient turnover), and producing shifts in
environmental conditions such as soil moisture and light availability (Zamora Nasca et al. 2014). Additionally, privet can slowly invade
the native forests without human intervention (Malizia et al. 2017), because the species is dispersed not only by humans but also by
native fruit-eating birds (Aragén and Groom 2003). In 2015, the National Strategy on Invasive Exotic Species from the Argentinian
Government included privet as one of their eight most relevant IAS to test and promote management initiatives (Ministerio de
Ambiente y Desarrollo Sustentable, 2016).
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groups. The plant species have impacts on both direct and indirect economic values,
including through sustainability certification schemes of exotic crops. On the other
hand, the animal species have potential differential and more significant effects on
small-holders’ livelihoods and nature-based tourism activities. Our exemplar species
also differ in terms of the speed and nature of their dispersal, which affect the risks and
benefits associated with immediate action relative to a responsive approach (Epanchin-
Niell 2017). This WP comprises four main activities.

Identify the main management and damage costs associated with each case study
species, using secondary data and benefit transfer approaches (estimating economic
values for ecosystem services by transferring available information from studies else-
where, see e.g. https://sciencebase.usgs.gov/benefit-transfer), plus focused primary
data collection where necessary.

Evaluate the cost-effectiveness of management measures and policies. The range of
measures to be considered will be determined through discussions with relevant stake-
holders e.g. policy makers, from each national context. The impact of timing on policy
effectiveness will also be considered (Sims et al. 2016).

Evaluate the potential effectiveness of proposed management measures accounting
for how people’s individuals’ behavior may affect IAS management, e.g. cropping and
management decisions made by farmers.

Gain an understanding of the degree to which individuals and businesses are likely
to account for the impact of their management activity on other activities and establish
how government interventions may effect changes in behavior related to managing IAS
to the levels that lead to improved societal benefits.

WP4. Co-develop adaptive management solutions

Having built capacity in WP3 and show-cased the approach with the work on our fo-
cal study species, we will explore strategic options for a wider set of IAS and seek cross-
taxonomic generalities. To this effect, we will co-design management strategies with
stakeholders and other researchers for emerging and potential future IAS for which
data are currently sparse, but for which there are high societal demands for effective
management strategies.

Our partners, researchers and practitioners from Latin America, will take a leading
role in this work package. For instance, while we selected our exemplar IAS because
of their importance in the partner countries, other species such as Pinus elliotii and P
taeda are transforming grasslands in northern Argentina and southern Brazil (Zenni
and Simberloff 2013; Brandes et al. 2019, Durigan et al. 2007; Box 1). We will carry
out workshops with foresters to explore plausible management scenarios that might be
applicable for data-poor species, as well as future scenarios involving synergies between
IAS. Some IAS, like the yellowjackets, affect local communities wherever they occur by
damaging beekeeping, horticulture, and tourism (Magunacelaya et al. 1985, Box 2),
yet range-wide containment would be prohibitively expensive. Participatory manage-
ment as performed by poultry farmers suffering from mink predation in Los Rios
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Box 2. Exemplar animal species: a Critically endangered Hooded grebes killed by a single American
mink in Austral Patagonian highland plateau b Mink trapped in a raft deployed along rivers draining the
plateau where Hooded grebe breed ¢ Yellowjackets (Vespula germanica) feeding on a piece of meat.

Mink are our exemplar of a highly mobile and damaging mammalian predatory IAS. In Chile alone, the losses to invasive mink
are estimated at US$9.5 million per year, with US$8.1millions corresponding to biodiversity losses and US$1.4 millions allocated
to control operations (UNDP 2017). Mink have become extremely abundant in southern Chile, fully invading Los Rios, Los Lagos,
Aysén and Magallanes regions, which comprise part of the Valdivian rainforest ecoregion, a recognized global biodiversity hotspot. The
livelihood of autochthonous communities inhabiting coastal areas is severely affected due to loss of intertidal bio-resources (Ruiz et al.
1996). Since 2015, Ministry of Agriculture staff (partners in CONTAIN) have initiated a large participatory pilot mink control project
in Los Rios region focused on reducing the hardship to smallholder poultry farmers caused by mink predation and, as a by-product,
preserving the wildlife resources on which ecotourism relies. More than a thousand farmers have removed >5,000 mink in the first 5
years, resulting in marked declines in predation of poultry. Surveys of participants demonstrate very high levels (>99%) of support for
the continuation of the project (SAG 2017), but the long-term goals of management and over what scale they can be achieved sustain-
ably have not yet been articulated. In Austral Patagonia, Argentina, mink threaten endemic upland bird species, including the critically
endangered hooded grebe Podiceps gallardoi, with extinction (Roesler et al 2012; Fasola and Roesler 2018). Here, Aves Argentina
(partners in CONTAIN) is leading a determined, high investment, mink trapping effort to avert extinction of the grebe, focused on
the Buenos Aires Plateau (Fasola and Roesler 2016), an area of few rivers and a steep productivity gradient. Dispersing mink invade
the upland nesting lakes of grebes seasonally, and because grebes are naive to predation, single dispersers devastate local populations by
surplus killing. A broad strategic goal for management is to push mink back to the lowlands, near the newly established Patagonia Na-
tional Park, where control can be sustained at lower costs and from where dispersers would not threaten endangered endemic species.

The German wasp or German yellowjacket is native to Eurasia and northern Africa and has invaded e.g. New Zealand, Australia,
South Africa, Chile, Argentina, United States of America and Canada (D’Adamo and Lozada 2009). Since its introduction in Chile
in the 1970s, it has expanded its distribution range and negatively affected several economic activities, including agriculture and tour-
ism (Estay et al. 2008). The aggressive nature of this IAS and its impact on rural economies has moved local communities to organize
around the management of this species, even though eradication is no longer possible.

region (Chile) is one solution not yet widely used in Latin America. We will kick-start
participatory adaptive management with farmers in rural communities already part of
the participatory program Comunidad Humedal in Chile. This will serve to evaluate
the effectiveness of fipronil meat-baiting by local residents (Sackmann et al. 2001) to
control yellowjackets while at the same time gathering information on the scale of
subsequent recolonization by yellowjackets. This will directly feed into the pioneering
local IAS management plans recently launched by the municipality of Valdivia in Los
Rios region and now emulated by others.

WP5. Train in process-based modelling, contemporary ecological statistics, and
economic valuation

We implement adaptive management approaches to counteract problematic IAS. Our
work involves different researchers, policy and decision-makers, and stakeholders asso-
ciated with diverse species and ecosystems problems. To facilitate this international co-
operation, we have created an inclusive training program open to external researchers
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and practitioners from other Latin America organizations. It runs in parallel with re-
search to foster a common approach based on the modern population-modelling tools
underpinning adaptive management. This was augmented by a training workshop on
economic valuation which is also central to developing effective adaptive management.
Our training seeks to empower researchers to represent IAS within Bayesian integrated
population models (IPMs) to estimate demographic and dispersal parameters for the
RangeShifter decision tool. Where observational data are scant, as is the case with some
problematic IAS, prior information may be used from related systems. The ability of
IPMs to propagate sources of uncertainty arising from observation error, parameter
uncertainty and process stochasticity will feed into the co-design of monitoring pro-
grams that are crucial to continuously improve IAS management effectiveness through
adaptive management beyond the lifespan of the funded project.

Outlook

CONTAIN brings together researchers with not only diverse taxonomic focus (mam-
mals, insects, trees, and grasses) but also contrasting research traditions, even when it
comes to IAS. This reflects the prevailing research cultures in the participating coun-
tries and a dominance of diagnostic-focussed research over management. Latin Ameri-
can researchers include plant scientists working on dispersal, experts in IAS biology
and researchers and practitioners already involved in the management of the mink as
part of mixed academic or government initiatives. The UK team contributes experi-
ence in large-scale participative adaptive management of mink, but also plant ecology,
agent-based modelling, statistical methods and rural economy expertise. The research-
ers appointed by the project deliver crucial expertise, including from New Zealand IAS
management and from the forestry industry. None of the participating researchers has
individually yet attained CONTAIN’s aim to combine ecological, economic and so-
ciological knowledge in a decision-support toolbox of broad applicability to the man-
agement of IAS that cannot be eradicated. The first few months of CONTAIN have
initiated a common journey towards this aim, facilitated by meetings and exchanges,
involving joint learning, a blending of research cultures and a common understand-
ing of the benefits of transnational cross-taxa approach, considering the idiosyncratic
aspects of the diverse socio-ecological contexts in which long term management ought
to take place. A shared and contagious vision of the importance of evidence and under-
standing to guide management will no doubt be one output of CONTAIN.

A major challenge CONTAIN faces is that adaptive management requires a long
period of time to show results, while both the required research and implementation
funding to achieve that goal are short-term, typically three years (Mill et al. 2020).
There are grounds for optimism, however. We found that awareness of the societal
issues caused by IAS is high and the appetite for trial solutions is higher still. Indeed,
following the launch workshop of CONTAIN in Chile, where the achievements of the
Service for Agriculture and Livestock (SAG)’s evidence-led participatory management
program for mink in the Los Rios region and the international interest this elicited
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were highlighted to regional and national authorities, substantial progress has been
achieved with funding and trans-regional (in Chile) and trans-national (between Chile
and Argentina) management of mink. Thus, the CONTAIN project emerges as a real
opportunity to not only improve our understanding of management of IAS, but also
to improve the way government and communities deal with this important problem.
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