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Abstract Georgia is known for its extraordinary rich
biodiversity of plants, which may now be threatened due
to the spread of invasive alien plants (IAP). We aimed to
identify (1) the most prominent IAP out of 9 selected
potentially invasive and harmful IAP by predicting their
distribution under current and future climate conditions
in Georgia as well as inits 43 Protected Areas, as a proxy
for areas of high conservation value and (2) the
Protected Areas most at risk due to these [AP. We used
species distribution models based on 6 climate variables
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and then filtered the obtained distributions based on
maps of soil and vegetation types, and on recorded
occurrences, resulting into the predicted ecological
distribution of the 9 TAP’sat a resolution of 1 km?”. Our
habitat suitability analysis showed that Ambrosia
artemisiifolia, (24 and 40 %) Robinia pseudoacaia
(14 and 19 %) and Ailanthus altissima (9 and 11 %)
have the largest potential distribution (predicted % area
covered), with A. altissima the potentially most increas-
ing one over the next 50 years (from 9 to 13 % and from
11 to 25 %), for Georgia and the Protected Areas,
respectively. Furthermore, our results indicate two areas
in Georgia that are under specifically high threat, i.e. the
area around Thbilisi and an area in the western part of
Georgia (Adjara), both at lower altitudes. Our procedure
to identify areas of high conservation value most at risk
by IAP has been applied for the first time. It will help
national authorities in prioritizing their measures to
protect Georgia’s outstanding biodiversity from the
negative impact of IAP.

Keywords Biological invasion - Biodiversity -

Protected Areas - Species distribution models SDM -
Climate change - Conservation

Introduction

A significant component of human-caused global
change is invasive species, which can act as active
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drivers of ecosystem changes (Gurevitch et al. 2011;
Vilaet al. 2011). Furthermore, their impact is expected
to increase under climate change (Pauchard et al.
2009).To protect global biodiversity from the effect of
invasive alien plant species (IAP), it is important to
identify regions most at risk of invasion, as well as
local species that might be vulnerable to such inva-
sions. As rare species are already especially threatened
by human activities and environmental change, there
is a special need to protect them from additional
danger coming from alien invaders (Vicente et al.
2011). Besides, many invasive species cause various
diseases (e.g., allergic rhinitis and severe asthma
caused by Ambrosia artemisiifolia) in the population
of affected areas. These health problems cause losses
of work time and costs of medical visits and medica-
tion, and may prevent tourist from visiting these areas
(Richter et al. 2013). Furthermore, projected climatic
change will exacerbate the current situation and lead
to more widespread health problems in the near future
(Richter et al. 2013). In agriculture, many IAP are also
significant agricultural weeds, causing yield loss in
many crops (Miiller-Schirer and Collins 2012).

In this study we focus on Georgia because it is
known for its extraordinary rich biodiversity of plants
and its unparalleled diversity of landscapes. Georgia is
found within the Caucasus Region, which is ranked by
Conservation International (Anonymous Conservation
International 2012) among the planet’s 34 most
diverse and endangered hotspots (Mittermeier et al.
2005, 2012). It is also one of WWF’s global 200
vulnerable eco-regions, identified as globally out-
standing for biodiversity (Anonymous WWF 2012).
Georgia has a unique flora and is a refuge for many
plant species that are remnants of ancient Mediterra-
nean flora. Of the approximately 4,400 species of
vascular plants occurring in Georgia’s 76,400 km?,
about 380 species (9 %) are endemic. Increasing
evidence indicates that this extraordinary wealth is
now under threat due to the spread of alien plants,
which has mainly increased due to changes in land use,
cross-country pipeline construction and habitat
destruction (Kikodze et al. 2010). Some of the alien
plants have a high potential to become so called
“transformer species”, i.e. invasive species with a
high impact on the ecosystem (Ehrenfeld 2010), and
the impact of these invasive plants is increasing
worldwide, with on average a decreased abundance
and diversity of the resident species in invaded sites
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(Pysek et al. 2012). A recent survey in Georgia
identified 380 alien plant species (excluding cultivated
species), of which 134 species have become natural-
ized. Among these, 16 species have established in
nature and spread to the detriment of native species
and are thus considered as invasive following the
definition by Richardson et al. (2000) and thus listed
accordingly in Kikodze et al. (2010). For Georgia, it is
thus important to (1) identify introductions of exotic
species at an early stage, (2) monitor their potential to
become invasive, and (3) predict areas where they
could spread. The two first steps have recently been
performed in Georgia by Kikodze et al. (2010). What
remains to be done is to determine where these species
could spread.

The question of how plant species are distributed on
Earth has a long history in ecology. Today, this
question is tackled with modelling approaches that
have their roots in quantifying species-environmental
relationships (Guisan and Thuiller 2005). Predictive
species distribution modelling can provide a useful
and cost effective tool for conservation planning and
biodiversity management (Aradjo and Guisan 2006;
Rodriguez et al. 2007; Guisan et al. 2013). Species
distribution modelling is an ideal method to determine
how invasive plant species are distributed and how
further they may spread (e.g. Thuiller et al. 2005;
Petitpierre et al. 2012). One way to assess the pressure
of invasive species on the native flora is to define the
geographical overlap between areas predicted suitable
for an invasive species and the distribution of native
rare and endangered species (Vicente et al. 2011). It is
also important to determine how this impact on the
native flora is likely to change in the future with
changing climate (Dirnbock et al. 2003). Therefore,
the distributions of such native and exotic plant
invaders need to be determined both under current
and future climatic conditions.

Instead of directly assessing the distribution of rare
endangered plant species, already established “Pro-
tected Areas” can be used as a proxy. In the definition
of the IUCN, Protected Areas are “a clearly defined
geographical space, recognised, dedicated and man-
aged, through legal or other effective means, to
achieve the long-term conservation of nature with
associated ecosystem services and cultural values”
(Dudley 2008). Therefore, these Protected Areas are a
good way to delimit areas of high conservation value
with regard to plant biodiversity, including a larger
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number of such endangered plant species that need
specific protection. Moreover they are also reasonable
units to manage and provide other services to the
public, e.g. for eco-tourism, which is an important
source of income for the economy of Georgia
(Kikodze and Gokhelashvili 2007).

For efficient cost-and-time-effective conservation,
it is important to prioritize and identify those areas,
which are under the biggest risks, and those plant
invaders with the highest risk to infer negative impact,
with the predicted range size as a first dimension
determining impact (Parker et al. 1999). In this paper
we identify the areas with the highest conflict rate
between biological invasion and conservation value by
measuring the overlap between the areas of potential
invasions by the most problematic alien species and the
Protected Areas in Georgia. We applied the following
three-step procedure: (1) we mapped the 43 Protected
Areas of Georgia, (2) predicted the potential suitable
areas of nine selected IAP in Georgia under current and
future climate conditions and (3) overlaid the maps of
the predicted IAP occurrences with the Protected Areas
of Georgia to identify the most prominent IAP and to
determine areas most at risk of invasions.

Methods
Study area

The study area is Georgia, located at the crossroads
of Western Asia and Eastern Europe, between
latitudes 41° and 44° N, and longitudes 40° and 47°
E, with an area of 67,900 km? (Fig. 1). It is bounded
by the Black Sea to the west, Russia to the north,
Turkey and Armenia to the south, and Azerbaijan to
the southeast. The climate of Georgia is extremely
diverse, considering the nation’s small size. There are
two main climatic zones, roughly separating the
eastern and western parts of the country. The Greater
Caucasus Mountain Range plays an important role in
moderating Georgia’s climate, protecting it from
colder air masses from the north. The Lesser
Caucasus Mountains partially protect the region from
the influence of dry and hot air masses from the
south. Climatic zones are determined by distance
from the Black Sea (west to east) and by altitude
(greater to lesser Caucasus) and ranges from sub-
tropical to continental zones.

Invasive study species

In Georgia, 16 invasive species have been identified by
Kikodze et al. (2010) based on the definition by
Richardson et al. (2000). Out of these 16 species, the
nine presently most abundant or with a high potential
to rapidly spread and cause impact on sensitive
ecosystems (Table 1). This selection process was
based on the author’s expert knowledge on their status
in other countries and available scoring systems for
prioritizing IAP combined with local knowledge on
habitat vulnerability and occurrences of endangered
endemic plants, but no specific scoring system has
been applied (cf. e.g. Leung et al. 2012, for a review on
scoring systems).

Among these species, four originate from North
America: one tree (Robinia pseudoacacia, a forest
pant), two shrubs (Opuntia humifusa and Opuntia
phaeacantha both dry grassland plants) and one herb
(A. artemisiifolia classified as ruderal plant). The
other five originate from East Asia: three shrubs
(Vitex rotundifolia a pioneer plant, Clerodendrum
bungei and Spiraea japonica, both ruderal plants),
one herb (Miscanthus sinensinsis, a ruderal plant),
and one tree (Ailanthus altissima, a dry grassland
plant). These invasive plants have been naturalized
and produce reproductive offspring, often in very
large numbers, at large distances from parental plants
and thus have a high potential to spread (Kikodze
et al. 2010).

Collection of species occurrence data

To run the species distribution models, geographic
coordinates representing the species occurrence are
needed. In a classical approach, data from the native
range of a species are used to train the models and then
to project them into potential invaded ranges. Follow-
ing Broennimann and Guisan (2008) we used pooled
data from all the ranges of a species to fit the models.
This approach accounts for eventual niche shifts
during invasions of the new range (Broennimann
et al. 2007). Even though niche shifts are in general
rare among terrestrial plant invaders (Petitpierre et al.
2012), we chose to include all available data to obtain
more accurate models for an improved prediction of
the distribution in the invaded range (see also Beau-
mont et al. 2009). Therefore, occurrence data were
selected for the native and invasive species range on a
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Fig. 1 Predicted potential distribution in Georgia based on
native and invasive climatic niches and after considering the
environmental filters at present climatic conditions (a, ¢, e) and
in 2060 (b, d, f) for of A. artemisiifolia (a, b), R. pseudoacacia

global scale. At global scale, different online herbar-
ium and state agencies were screened to obtain a
dataset as complete as possible. A list of the databases
used is given in Annex 1. Only data with a precision
higher than 1 km were used. For additional occurrence
data in Georgia, herbarium records were also taken
from the Thbilisi State University Herbarium and the
Batumi Botanical Garden Herbarium. These occur-
rence data were completed by several field surveys
conducted by the authors across Georgia in 2011 and
2012 (cf. Annex 2). The coordinates of the occur-
rences were recorded with a Garmin eTrex © 12
parallel channel GPS receiver. A table with the
number of records by species and sampling method
is given in Annex 2.
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Azerbaijan

(c, d) and A. altissima (e, f): Different colours show percentage
of predicted habitat suitability under current conditions.
Asterisks indicate known occurrences of the species and grey
frames show Protected Areas (cf. text for details)

Protected Areas in Georgia

The IUCN is the most important organisation for
setting and defining the different categories of Pro-
tected Areas. The current six categories and one
subcategory were defined in 1994 and include: Ia
Strict Nature Reserve, Ib Wilderness Area, II National
Park, III Natural Monument or Feature, IV Habitat/
Species Management Area, V Protected Landscape/
Seascape, and VI Protected Area with sustainable use
of natural resources.

Georgia uses IUCN categories (Anonymous, [UCN
2012) as guidelines to set up their Protected Areas
under the law of Georgia on Protected Areas (Anon-
ymous, ELAW 2012). At present the total size of
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Table 1 Threat potential of the studied nine invasive alien
plants to Georgia: Biology, habitat, origin (NA: North Amer-
ica, EA: Eastern Asia) and percentage of area predicted to be
covered by each of the selected invasive alien plants and for the

Protected Areas alone, and the number of Protected Areas
predicted to be occupied by each species under current and
future conditions, with respective increase/decrease over the
next 50 years

Species name Origin Life form % Surface predicted A% % Surface predicted in =~ A% # Protected A
in Georgia Protected Areas Areas
Today Future Today Future Today Future
A. artemisiifolia NA Herb 23.99 25.07 +1.08 40.40 43.53 +3.13 36 34 -2
R. pseudoacacia NA Tree 13.82 13.28 —0.55 18.93 21.36 +2.42 29 27 -2
A. altissima EA Tree 8.73 13.19 +4.46 10.54 25.10 +14.55 17 20 +3
C. bungei EA Shrub 4.27 4.32 +0.05 1.88 1.98 +0.10 5 5 0
O. phaeacantha NA Shrub 0.82 1.56 +0.75  0.77 1.64 +0.87 2 4 +2
S. japonica EA Shrub 0.62 0.29 -0.32  0.29 0.00 -029 2 0 -2
M. sinensis EA Herb 0.23 0.21 —0.03 0.06 0.06 0 1 1 0
O. humifusa NA Shrub 0.10 0.81 +0.71  0.01 1.51 +150 1 4 +3
V. rotundifolia  EA Shrub 0.04 3.66 0 0.00 0.00 0 0 0 0

Protected Areasis 511,123 hectares, which is about 7 %
of the country’s territory. Forests cover about 75 % of
the Protected Areas. They are classified as 14 Strict
Nature Reserves, 8 National Parks, 4 Natural Monu-
ments, 15 Managed Nature Reserves and 2 Protected
Landscapes (Fig. 1; Table 2). The primary function of
these Protected Areas in Georgia is the protection of the
natural heritage of the country and of unique natural and
cultural monuments (Anonymous, Agency of Protected
Areas, Georgia 2009).

Bioclimatic data sets

To calibrate models of the distribution of species, we
selected six climatically derived variables considered
critical to plant physiological function and survival
(Bartlein et al. 1986). These are tmax (maximal temper-
ature of the warmest month), tmin (minimal temperature
of the coldest month), tar (temperature annual range),
twetq (mean temperature of the wettest month), pwet
(precipitation of wettest month) and pdry (precipitation
of driest month). Data were obtained from the WorldC-
lim database (Anonymous, WorldClim 2012; Hijmans
et al. 2005), and were used in this studywithout
modifications and with a resolution of 30 arc seconds
(~1 km) for the calibration of models and the predic-
tions in Georgia, or with a resolution of 10 arc minutes
for worldwide predictions (~ 16 km) (see next section).

Future climate projections for the decade of 2050
(average for 2041-2060) based on Scenario A1B from

the 4th Assessment Report of the IPCC Climate
Change 2007 (IPCC Climate Change 2007)were
extracted from the WorldClim dataset (Hijmans
et al. 2005), for the same six Bioclimatic variables
as used for the calibration of the models. The Al
storyline and scenario family describes a future world
of very rapid economic growth and global population
that peaks in mid-century and declines thereafter, and
the rapid introduction of new and more efficient
technologies. The three Al groups are distinguished
by their technological emphasis: fossil intensive
(A1FI), non-fossil energy sources (A1T), or a balance
across all sources (A1B) (IPCC Climate Change
2007).

Species distribution modelling

We used the occurrence data collected for the selected
nine species in combination with the Bioclimatic data
to predict the potential distribution of the species in
Georgia using a correlative species distribution mod-
elling approach (Guisan and Thuiller 2005). We used
the ensemble forecasting approach implemented in the
BIOMOD package (Thuiller et al. 2009; version
1.1.14) in R (R Development Core Team Team
2011; version 2.15.0).

This approach that consists in combining predic-
tions of several modelling techniques into one ensem-
ble prediction has been shown to reduce uncertainty in
predictions (Aragjo et al. 2005). Here we calculate the

@ Springer



D. J. K. Thalmann et al.

1046

1qoWIASIA
4 HASd90Y ‘LIVINY [ ASd90Y ‘LIVINY  LIVANY  LIAVIINV  S06ST  SL6L'T 00001 00001  SSE ! shorw  [LI
4Sd90¥ ‘'VHANdO dSd90d
9 ‘WNHNdO ‘NNgdT1D ‘LIVINYV ‘LIVIV S¢  ‘VHdNdO ‘NNgd10 ‘LAVEY ‘LIVIV  LIVAANV  LIVENV  0L8ST LSKO'E  00°001 00001 O BQOAY SIAISUY €
JUIWNUO [DAMIDN []] “UOUDIYISSD]D N/
0 0 0000°0 00000 000 000 wo€el noyeArf  6CI
1 LIVINY I LIVANY  LIVANVY  LIVAANV  1L60°0 0S€00 LTO 600 8S8°01 noysnL  O¢l
1 dSdd0d [4 4Sd9dO¥ ‘LIVANVY ~ dSd90¥  dSd90d 0900 S¥01'0  SO'T SO'1 0T8%C [UBAO[USBA  6€
[4 LIVINY ‘LIVIV 14 dV(IdS ‘ASddO¥ ‘LIVINYV ‘LIVIV  LIVANV LIVIAV €€61°0 $92T0 100 T 100°6€ noyyIoy 0T
1negereyy]
€ 4Sd90¥ ‘LIVINY ‘LTVIV € 4Sd9dOY ‘LIVINY ‘LIVIV  LIVANV  LIVINV  99.T1 8T680 +9+vS  €v'LT  vETT9 -rwoliog L
[4 4Sd90Y ‘LIVINY [ 4Sd9OY ‘LIVANY LIAVINV LIAVIINV S6ec’l  SOEI'l  L¥'89  98°GS  TT89 nedly 88
4Sd90¥ ‘'VHdNdO H4Sd90¥ ‘'VHANdO
9 ‘WNHNdO ‘NNgdT1D ‘LIVINYV ‘LIVIV 9 ‘WNHNdO ‘NNFgdTD ‘LIVINYV ‘LIVIIV  LIVINV  dSdd0d  11€ST 90I€T 6866  $8S6  STHTT ISIIqQL 86T
dSd90d
14 ASd40¥ ‘NISSIN ‘NNgd1D ‘LIVIIV S ‘NISSIN ‘NNgdT1D ‘LIVINY ‘LIVIIV ~ dSd90d  LAVEANV  T0IST LY9ST SE€86  LI'66  908°CI BRI Gl
YD [PUOYDN ] “UOUDIYISSD]D NI
[ 0 00000 00000 000 000 0281 fueAo[yseA 091
€ LIVINY I LIVANY  LIVANVY  LIVAAV  SITT°0  1S200  81°0 cro 8S8°01 noysnL el
BIOSSNTIA!
€ ASd90Y ‘LIVINY [ 4Sd90Y ‘LAVANY  LIVANY  LIAVIIAV 10110 LETIO  69F 69 10y -epunsildy - 6T
0 LIVINY I LIVENY  LIVANVY  LIVAAV  0CeC’0  €TEE0 T00 €00 Tee nonqoy 08
1 4Sd90Y ‘LIVINY LTIV IV € ASd90Y ‘LIVINY ‘LIVIIV  LIVINV  LIVIAV  $€S9°0 +I0S0 €96E  TE9 S6T°TT peposeT  9¢
€ 4Sd90Y ‘LIVIINY [ 4Sd9OY ‘LIVANY  LIAVINV LIVIINV 1690 SILS0 168 96°¢ 88€9 IAgery  9¢
9 4Sd90Y ‘LIVIINY ‘LTIVIIV € 4Sd9OY ‘LIVINY ‘LIVIV  LIVANV LIVIANV  $S€8°0 +88S0 SE€vy  LITI  0T8F1 rwoliog 9
4 ASd90¥ ‘LIVINY ‘LTIVIIV € 4Sd9Od ‘LIVENY ‘LIVIIV  LIVANV  LIVEAV  8SLLO 00160 000F  000v  986C unaueqeq 14
4 ASd90Y ‘LIVINY ‘LTIVIIV € ASd90d ‘LAVANY ‘LIVIIV  LIVANV  LIVINV  SHOI'l 92660 69°Sy  $891 68791 BSIY ¥C
BYOINYS
€ 4Sd90Y ‘LIVIINY ‘LTIVIIV € ASd9O¥ ‘LAVINY ‘LIVIV  LIVINV  LAVINV  I1€SY'T  ¥6LTT 1689  0L9€ 6180y  -®IsunD-nyysd €T
1 4Sd90Y ‘LIVIINY [ 4Sd9O¥ ‘LIVANY LIAVINV LIAVIINV 0681 86951 0096 0098 798 elesieq S
€ ASd90Y ‘LIVIINY [ 4Sd9Od ‘LIVANY LIAVINV ~ dSdd0Od  089S'T L0S8T 00001 00001 ¥SE erdeles  ¢/1
€ 4Sd90¥ ‘LIVINY ‘LTIVIIV € ASd9OY ‘LIVANY ‘LIVIV  LIVANV LIVINV  T8/ST 0T8TT 6£96  SL98  €0L01 gstury] - /61
4Sd90¥ ‘'VHdNdO
C ‘WNHNdO'NNFHTO' LIVIINY LTV IV 14 4Sd90¥ ‘NNgd1D ‘LIVIAY ‘LIVIIV  LIVANV ~ dSd90d  L6S8T 911€T L9988  L998  OvO'l LreA(weLrey 6
204252y 2UMIDN 191U D] SUOUDIYISSD]D NON]
aIng Kepo], oemng Aepoj, amng Kepo],
amyny amng yq ur  Kepo) Kepo) yq ur sjeaIy) 9 ds 1 urw (ey) ou
ds # Surmooo soroads [y dS # Surmodoo saroads [y jsowr ay) Surunodoo dg Jo Kyisuayug £q vd 900 vy aweN  vd

T 9[qe] 99s suoneraaIqqe soroads jue[d 10 "SUONIPUOD ONRWI[O SINNJ PUE JUIIIND
Topun gare pa3odjoxd ay ur mooo 03 Jo1pard om et saoads SATSEAUT [[e pue saroads oArseAur juepunqe jsour dy ‘((ury 1) 1oxid 1od pajorpad soroads sAIseAUT JO IoqUINU UBAW
oY) £q) 181 JO AJISULIUT Y} ‘SA10ads USI[E QAISBAUI SUO ISBI] I8 AQ POIOA0D Bale Jo oSejuaorad oy ST pajsI :eISI1090) Jo (V) Sealy pajodloid ¢f oy Jo Tenuajod jeary], g d[qel

pringer

as



1047

Areas of high conservation value in Georgia

I LIVANV T LIVANVY  LIVIANV  LIVAAY  9L100 #1000 0TT 01re 8S8°01 noysnL  I€l
€ ASd40Y ‘LIVINY ‘LIVIIV € ASd90¥ ‘LIVANY ‘LIVIIV  LIVINV  LIVINVY  ISPI'T T990T 608  LTLL  06l1°C mgsmuryy L]
adpospupy pa1dajold A uouvIYissvld NON]
0 0 00000 00000 000 000 811 eJeIRpeIN - 9C1
0 0 00000 00000 000 000 6¢8 freyoueyy) 6Tl
0 0 00000 00000 000 000 0ce epIS 8Tl
0 0 00000 00000 000 000 ¥8¥°€ fueqepiey QI
I LIVANV 1 LIVANV  LIVAANY  LIVIAV €000 S1€0°0 060 0sC 002T°S runydeyn 8
T ASd90Y ‘LIVINY T ASd90¥ ‘LAVIINV ~ dSd90d  9Sdd0d  1Tv0°0  9SI1T0 0070 56 9¢¢’l wor  ¢¢
€ 4Sd90Y ‘LIVINY ‘LIVIIV 4 ASd90¥ ‘LAVAINY  LIVAANV  LIAVIINV  9€€L°0  SILTO 99'LT  0S9C  001°€ qonaL €1
I LIVINV [ LIVANY  LIVANY  LIVINY  SLTTO0 T0LE0  vE9L  06L8 6tV nomqoy 61
€ ASd40Y ‘LIVINY ‘LIVIIV C ASd90¥ ‘LAVINY  LIVIAV  LIAVIINVY  60SL0 0890 O¥'C o€l 000CC BISI Tl
C ASd90Y ‘LIVINY C ASd90¥ ‘LAVINY  LIVIAV LIAVIINV  €89¥°0 1€56'0 000 IT1T 890°C sy pe
dSd40d
¥ ASd90¥ ‘NNgd1D ‘LIVANY ‘LIVIV ¥ ‘NOgaIO ‘LIVAAY ‘LIVIIV  LAVIAV  LIVIANV  SS80'T €691l 6L'1T  6L'1T  LII'S nowely I
€ 4Sd40Y ‘LIVANY ‘LIVIIV C ASd90d ‘LIVINY  LIVAANV LIVINV  8S6T'T 8I€TT  8LLL Iv'LS 1L69 o 8¢
HSd9d0d
S ‘VHdNdO ‘WNHNdO ‘LIVINY ‘LIVIIV € ASd90¥ ‘LIVANY ‘LTIVIIV  LIVINV LIVINV  TL6L'T 89851 1888 SL'IS 7668 IAZPpON 1
€ 4Sd90Y ‘LIVINY ‘LIVIIV € ASd90¥ ‘LIVANY ‘LIVIIV  LIAVINV  LIVINV  $20TT  €6191 €LTL  L696  9SIT npepose ¢
I LIVIIV € dV(IdS ‘dSdd0¥ LIV IV LIVIIV dVIIdS 6SI1°T 10681 0000l 0000 S6C Lmqosjes| 1T
244952y 2UMIDN PISDUPIN A “UONDIYISSD]D NO]
urejdpoor
I LIVANV I LIVANVY  LIVAANV  LIVEIAY  06¥0°0 0€0S0 00%S  00SL  #0C luezery [4
1QOWIASA!
I LIVANV 1 LIVANV  LIVAAV  LIVIIAV  S0980 0LT60 TEY6  vES6  #SE shatew QLI
aIng Kepo], omng Aepo], omng  Aepo],
amjng amng yq ur  Kepoy Kepoy ydq ut syeany) 9% ds 1 urw (ey) ou
ds # Surumodoo sorads [y dS # Surumnosoo saroads [y jsowr oy} Surnooo dg Jo Kysuoyuy Kq vd 990 BAY aweN  vd

penunuod g dqe],

pringer

As



1048

D. J. K. Thalmann et al.

median predictions of three different techniques:
Gradient Boosting Machine (GBM; Friedman 2001),
Random Forest (RF; Breiman 2001) and MaxEnt
(Phillips et al. 2006). These modelling techniques are
now commonly used for species distribution model-
ling and further explanations are available in Thuiller
et al. (2009). Note that for C. bungei, only the models
RF and MAXENT were used because there was not
enough precise data to run the GBM model.

To calibrate the models, a set of 10,000 absences
were randomly drawn within the biomes occupied by
the species and used along with the presences to
calibrate the models. With this approach we automat-
ically adapt the extent of the study area to each species
and make sure that absences are not drawn from
regions that have not been accessible to the species
since it speciated (Barve et al. 2011). We gave the
10,000 absences the same weight as the presence to
ensure a prevalence of 0.5 in the calibration of the
models (Phillips and Dudik 2008). We calibrated the
models using a random sample of 80 % of the original
presence-absence data, and model performance was
assessed using the remaining 20 % of the data. Three
different methods have been used to evaluate the
accuracy of the models: Probability of detection
(POD; ranges from 0 to 1; ThuillerW et al. 2009),
True Skill Statistics (TSS; ranges from —1 to I;
Allouche et al. 2006)) and Boyce index (ranges from
—1 to 1; Boyce et al. 2002). POD simply assesses the
rate of correctly predicted presences. TSS is similar to
a Cohen’s kappa index that measures whether the
amount of correctly predicted presences is higher than
expected by chance, but corrects for the prevalence of
occurrences in the dataset (Allouche et al. 2006). The
Boyce index measures whether the distribution of
predicted values at sites where the species is present
correlates with the distribution of predicted values
throughout the study area (Hirzel et al. 2006). Here
this correlation is measured with Pearson’s correlation
as in Petitpierre et al. 2012. The entire calibration
procedure was repeated 10 times for each species to
assess the variability in model performance.

The fitted models were first projected on the whole
world with a resolution of 10’ x 10’ resolution (cf.
Annex 3 for the global model of A. artemisiifolia and
its statistics as an example) and were then projected on
Georgia at a resolution of ~1 km x ~1 km. Maps
were produced, which show areas where more than
50 % of the models predict the species to be present
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and thus can be considered as highly suitable for the
species. Models calibrated under current conditions
were projected into future climates under the scenario
A1B (IPCC Climate Change 2007) to generate species
distribution maps for the decade 2060.

In order to get more realistic maps of ecological
habitat suitability, we used three ecological datasets
(kindly provided by Giorgi Mikeladze, Tbilisi Botan-
ical Garden)to filter the resulting potential climatic
distributions. These were soil type (69 different types;
provided by the Department of Soils, Agricultural
University of Georgia; all GIS data were prepared by
GIS-Lab), vegetation type (29 types; Bohn et al. 2004)
and the differentiation between forest, shrub or open
vegetation (created by digitizing soviet topographic
maps). The filters were species-specific and exclude
soil and vegetation types with no species occurrences
in Georgia, based on the recorded occurrences (our
field data and herbarium records). Thus, the filtered
predicted distributions are subsets of the predicted
climate niches including only environment types,
where the species can realistically occur.

Finally, all nine maps, one per species, where more
than 50 % of the models predicted the species to be
present were overlaid under current and future
climatic conditions resulting in a combined map
illustrating areas suitable for colonization of the nine
species and thus, indicating areas with the highest
threat potential by the pool of studied IAPs.

Results

Invasion potential of the nine invasive alien plant
species in Georgia and in its Protected Areas

The distribution for each of the nine invasive alien
species was predicted based on the occurrences in their
native and invaded range. All species distribution
models resulted in a good model evaluation score
using POD, TSS and Boyce (Annex 4). Based on our
habitat suitability analysis for Georgia, we predict the
largest potential distribution for A. artemisiifolia, R.
pseudoacacia and A. altissima for both Georgia as
well as the Protected Areas, occurring in 36, 29 and 17
Protected Areas, respectively (out of 43; Table 2;
Fig. 1a, c, e). A. artemisiifolia has 23.99 % of the
surface area predicted in Georgia and 40.40 % in
Protected Areas under current conditions. This will
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slightly increase in the next fifty years to 25.07 and
43.53 %, respectively (Fig. la, b). Under current
conditions, R. pseudoacacia is the second most widely
distributed, with 13.83 % in Georgia and 18.93 % in
Protected Areas (Fig. 2c, d), and occurrences are
predicted to remain fairly stable in the next decades. In
contrast, under future conditions, A. altissima is
predicted to be the second most widely distributed
IAP in Protected Areas with 25.10 %, due to a very
high increase of 14.55 % in the next 50 years (Fig. le,
f).With 4.27 % surface predicted in Georgia and
1.88 % in Protected Areas, Clerodendrum bungai is a
moderately invasive plant and is predicted to be stable
over the next 50 years. O. phaeacantha, S. japonica,
Miscanthus sinensis, O. humifusa and V. rotundifolia
are predicted to be less invasive than the other species,
with areas predicted across Georgia between 0.82 and
0.04 %. Finally, V. rotundifolia, a coastal species that
has e.g. invaded many fragile beach-dune ecosystems
of the southeastern United States (Cousins et al. 2010),
occurs in Georgia along the Black Sea coast, but is
predicted to not occur in a single Protected Area both
under current and future climatic conditions. Further-
more, as a coastal plant, its spread potential will
remain limited. C. bungei, S. japonica, M. sinensis and
V. rotundifolia are only predicted in the lowlands of
the western part of Georgia in the Adjara region. In
contrast, the two Cactaceae species O. humifusa and
O. phaeacantha are only predicted in the drier regions
around Tbilisi and the eastern part of Georgia (data not
shown). Although predictions indicate doubling of
their distribution over the next 50 years, the predicted
area remains below 2 % of the Georgia’s territory
(Table 1).

Predicted combined distribution of all nine
invasive alien plants

The combined predicted distribution maps of the IAP,
after restriction using the three ecological filters, were
projected on the map of Georgia containing the 43
Protected Areas (Fig. 2a). This showed which areas of
Georgia, but especially also of the Protected Areas,
can be expected to be colonised by a high number of
invasive alien species and thus are under the highest
risk due to IAP. Two areas, one around Tbilisi and
some parts in western Georgia (Adjara),have an
especially high threat potential from IAP, with at least
6 species (out to the nine studied ones) having a

probability of more than fifty per cent to be present.
The region around Tbilisi could be especially endan-
gered in the future, as prediction maps reveal a high
increase in pixels where at least six IAP are predicted
to be present with a probability greater than fifty per
cent due to climate changes. The Adjara region at the
Black Sea coast in contrast is expected to stay stable
over the next 50 years (Fig. 2b).

Protected Areas most at risk to invasive alien
plants

The threat potential for each Protected Area ordered
by IUCN classification is given in Table 2. We found
17 Protected Areas that have more than fifty per cent of
their area predicted to be suitable for at least one
invasive species to occur. Eight of them are quite small
with <1,000 hectares (cf. Table 2) and their conser-
vation objectives are rather monumental structures
(IUCN class III, cf. Table 2) than local biodiversity.
Two of the large Strict Nature Reserves have a high
percentage of their area predicted to be covered by
invasive species under current conditions and are thus
exposed to a high risk by IAP. These are the Kintrishi
Strict Nature Reserve with 86.75 % of area suitable to
be covered and a predicted intensity of threat of 2.28
IAP/1 km? and the Mariamjvari Strict Nature Reserve
with 86.67 % of area suitable to be covered and an
intensity of threat of 2.31. Furthermore, the area of
Kintrishi is predicted to increase in the future by
9.64 %. Focusing on the National Parks, also the
Thilisi and the Mtirala National Park are among the
most threatened ones with 95.85 and 99.17 %,
respectively, of area predicted to be occupied by at
least one invasive species and a predicted intensity of
threat on average of 2.5 IAP/1 km® Among the
Managed Nature Reserves we found three specifically
threatened parks. These are the Lagodekhi, Nedzvi
and the Ilto Managed Nature Reserve, with 96.97,
51.75 and 57.41 % of their area predicted to be
occupied by at leastone invasive species under current
conditions. The Nedzvi Nature Reserve has the highest
increase with 37.06 % over the next 50 years for the
area predicted to be occupied.

Our study further indicates that the Protected Areas
most threatened by IAP are located at lower altitudes
and close to large cities, whereas areas in the Greater
and Lesser Caucasus Mountains are less at risk (cf.
Table 2). This is well in line with findings by
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Alexander et al. (2011) and Seipel et al. (2012) who
found a significant relationship between altitude and
predicted number of invasive species, with more
invasive species predicted at lower altitudes.

Discussion

Species distribution modelling and predicting
ecosystem impact of invasive alien plants

Ecological science is challenged to predict potential
consequences of global change for biodiversity (Gui-
san and Rahbek 2011; Nogues-Bravo and Rahbek
2011). To our knowledge, the procedure presented in
this study to identify areas of high conservation value
most at risk by potentially harmful IAP has been
applied for the first time. Bustamante and Seoane
(2004) conducted a pilot study in this sense, but this
was restricted to just two species of IAP and two target

@ Springer

endangered native plants and using generalized linear
model. Another similar study was conducted by
Vicente et al. (2011), with one IAP threatening one
native species. No study so far assessed the potential
threat of the most important IAPs at a national level on
the native biodiversity under current and future
climatic conditions.

Invasion potential of the nine alien plant species
in Georgia and in its Protected Areas

Among the studied IAP, the predicted potential
distribution was largest for A. artemisiifolia, A.
altissima and R. pseudoacacia, both across Georgia
as well as in the Protected Areas, thus parks are
generally affected in the same way as the whole of
Georgia (Fig. 1; Table 2). Both A. artemisiifolia and
A. altissima are on the black list of invasive plant
species of Europe, and M. sinensis is on the Alert List
(EPPO 2014), indicating that plants rated as highly
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invasive across Europe also are predicted to be the
most invasive ones in Georgia. In turn, our findings
with regard to targeted management interventions
against IAP thus also have importance for other
European countries. A. altissima was predicted to be
the one with the highest spread potential over the next
50 years, especially in Protected Areas with a very
high increase of 14.5 % to a total of 25.10 % of their
area (Fig. 1; Table 1). Two species are predicted to
remain stable over time, M. sinensis and V. rotundi-
folia, while S. japonica may even decreases over the
next 50 years (Table 2).

Identifying areas of high conservation value at risk
by invasive alien plants

Two regions in Georgia, Tiblisi in the east and Adjara
in the west, have been identified to be under special
threat by IAP, i.e. ecological conditions of these
regions are suitable for many of the invasive species
and local biodiversity is therefore under a high risk to
be negatively impacted by IAP. There is now
substantial evidence that climate change is increas-
ingly affecting species and ecosystems (Brooks et al.
2006; Chen et al. 2011), and thus also the distribution
of invasive plant species and their likely impact
(Hellmann et al. 2008). Our study showed that
Protected Areas at lower altitudes are expected to
harbour more IAP than regions at higher altitudes, and
that by 2060, the intensity of threat is predicted to be
especially high around Thilisi (Fig. 1; Table 2).

We acknowledge that our approach is just the first
step in predicting ecosystem impact of IAP, by
identifying those geographic areas where IAP impacts
are most likely to occur. Unfortunately, still little is
known on ecosystem impacts of IAP (Blackburn et al.
2011; Gurevitch et al. 2011; Vila et al. 2011; Sun et al.
2013). According to Parker et al. (1999), total impact of
an invader includes three fundamental dimensions: (1)
range size, (2) abundance or biomass and (3) per-capita
or per-biomass effect. In a specific invaded area,
invasive species may affect the biogeochemical pools
and fluxes of materials and energy, thereby altering the
fundamental structure and function of their ecosystems
(Ehrenfeld 2010). In 80 % of the cases studied, impact
on native plants and/or vegetation composition was
indeed found (Pysek et al. 2012). Nevertheless, impact
can be assumed to be larger for more widely distributed
than for locally restricted IAP (Parker et al. 1999).

Conclusion

Ecological science is challenged to predict potential
consequences of global change for biodiversity (Pere-
ira et al. 2010, Guisan and Rahbek 2011). Our study
showed that predictive species distribution modelling
provides a useful and cost effective tool for contrib-
uting conservation planning and biodiversity manage-
ment. It constitutes a novel and innovative approach to
identify (1) IAP with high invasion potential both at
present time and in the future under climate change
and (2) areas of high conservation value that are
particularly at risk to become negatively impacted by
IAP (i.e. conflict areas). The total size of the 43
Protected Areas in Georgia is 511,123 hectares, which
is about 7 % of the country’s territory. Our procedure,
presently only based on the selected nine study IAS
(an extension to 30 IAS is underway), will provide the
baseline data needed for authorities and personnel
involved in the management of Protected Areas to
decide on where to best invest money and time for
efficient IPA management by prioritizing IAP with the
highest spread potential and Protected Areas most at
risk by IAP. Further economic studies that explicitly
consider both management costs and damages are
needed that include the deductability of specific IAS,
the effectiveness of the control method and labor
requirements as well as a monetary measure of
invasion damages (Cacho et al. 2007; Epanchin-Niell
and Hastings 2010). Thus, our findings can signifi-
cantly contribute to the conservation of Georgia’s
outstanding biodiversity, by suggesting areas of
Georgia where endemic species are most in need of
protection actions against the effect of invasive plants.
We believe that our predictions are especially realistic,
as the models not only consider the climate envelope,
but also the ecological niche based on the environ-
mental filters (vegetation and soil types) available at a
very high resolution for Georgia. As the Protected
Areas are established by the government and managed
through the Georgian law, they are a good place where
to start conservation actions against IAPs, as the legal
tools are already available for them.

As a next step, we are planning to develop and
apply IAP monitoring schemes for selected Protected
Areas. This will provide accurate and actual spread
data of IAP at sites differing in habitat types and
climatic conditions, which will in turn help to validate
and improve models of IAP spread. In addition and in
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order to give the various IAP some sort of a impact
value based on whether a species is known to have
impact (on native species, communities Or ecosys-
tems), we will use published lists of species that
appeared in studies on impact of invasive plants.
Combining these values with the present and actual
distribution data should further improve our precision
in delimiting areas most at risk by IAP and in
identifying the IAP of highest concern. Furthermore,
studies are presently underway to identify plant
biodiversity hotspots based on occurrences of the
380 endemic plants to Georgia that can then be
superimposed to areas susceptible to invasion by IAP
to more specifically assess the potential impact of IAS
to the local and endangered flora.
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