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Abstract Climate is a determinant factor in species
distribution and climate change will affect the species
abilities to occupy geographic regions. Prosopis
Jjuliflora is one of the most problematic invasive species
and its biological invasion causes various negative ef-
fects in tropical, arid, and semi-arid regions of the world.
As eradication efforts subsequent to the establishment of
an alien invasive species are costly and time-consuming,
assessing patterns of the introduction of an invasive
species to new regions is among the most cost-
effective means of monitoring and management of nat-
ural ecosystems. In this study by using the concept of
species distribution modeling (SDM) and maximum
entropy (MaxEnt) method, the effect of climate change
on the current and future distribution of P. juliflora has
been assessed at a global scale. Bioclimatic variables in
current condition and 2050 regarding two global circu-
lation models (GCM) and two climate change scenarios
were considered as explanatory variables. Our results
showed that annual mean temperature (BIO1), annual
precipitation (BIO12), and temperature mean diurnal
range (BIO2) represented more than 87% of the varia-
tions in the model, and with an AUC of 0.854 and TSS
of 0.51, the model showed a good predictive perfor-
mance. Our results indicate that on a global scale, suit-
able ranges for P, juliflora increase across all the GCM
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and RCP scenarios. In a global scale, Mediterranean
Basin, Middle East, and North America are regions with
the highest risk of range expansion in the future. Re-
garding the negative impacts of P, juliflora on structure
and function of natural habitats in the invaded areas,
findings of this study could be considered as a warning
appliance for the environmental monitoring of the re-
gions highly sensitive to the global invasion of the
species. We suggest that assessing impacts of climate
change on the global distribution of the invasive species
could be used as an efficient tool to implement broad-
scale and priority-setting monitoring programs in natu-
ral ecosystems.
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Introduction

One of the most prominent manifestations of human
activities on natural ecosystems is the introduction of
exotic species into new habitats which is referred to as
“biological invasion” (Vila etal. 2011). The most salient
impact of biological invasion is change in the normal
functioning and structure of ecosystems (McCary et al.
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2016; Ehrenfeld 2010; Vila et al. 2011) through reduc-
ing the ecological diversity of target habitats and ho-
mogenizing the biological structure of their respective
animal and plant communities (Jeschke et al. 2014;
Schirmel et al. 2016), increasing production and impos-
ing change in food web (McCary et al. 2016; Zavaleta
etal. 2001), and consequently through affecting ecosys-
tem services and human communities (Pejchar and
Mooney 2009).

On the other hand, climatic similarity between native
and target areas has been identified as the most impor-
tant prerequisite for a successful biological invasion and
establishment (Scott and Panetta 1993; Thuiller et al.
2005). In many cases, invasive plants spread and estab-
lishment may be restricted due to the climatic dissimi-
larity between regions (Pysek et al. 2003). Species cli-
matic niche evolves very slowly due to the niche con-
servatism (Wiens et al. 2010). This has been an origin to
develop species climatic niche based on the current
distribution of the species and project it to new areas
to find suitable habitats for the presence of the species
(Guisan et al. 2013; Thuiller et al. 2005). Furthermore,
producing highly accurate and large-scale climatic data
and developing sophisticated statistical methods in rela-
tion to ecological niche modeling (ENM) have im-
proved the ability to predict species distribution models
(SDMs) and the invasion probability of numerous ani-
mal and plant species (Guisan and Thuiller 2005;
Guisan et al. 2013).

Climate change is expected to substantially influence
ecosystem biodiversity and processes as well as species
phenology, genetic composition, distribution, and inter-
actions (Scheffers et al. 2016; Franks et al. 2014). One
of the most obvious effects of climate change on biodi-
versity is the projected change in species geographical
ranges (Chen et al. 2011; Garcia et al. 2014). Over the
past century, increasing evidence of climate change
impacts on biodiversity patterns has been documenting
a globally consistent rate of range shift in many species’
geographic distributions (VanDerWal et al. 2013;
Parmesan 2006). Nevertheless, treatments have mostly
focused on native species as their conservation is the
primary concern (Wang et al. 2014; Yousefi et al. 2015).
Invasive species also show responses to climate change,
and their responses have ecological and economic con-
sequences. Inherent characteristics of many invasive
plants, for example, their broad climatic tolerances and
large geographic distribution (Hellmann et al. 2008;
Qian and Ricklefs 2006), may influence their responses
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to climate change. Short-time maturity and low seed
mass are other characteristics that facilitate rapid range
shifts of invasive plant species (Rejmanek and
Richardson 1996). High phenotypic plasticity has wide-
ly been proposed as an important contributor to the
invasive plant’s success (Davidson et al. 2011). More-
over, climate change due to global warming will be
favorable to species preferring warm and humid regions
by offering them wider geographical extents in the fu-
ture. This issue exacerbates the risk of invasive species
dispersion and their consequent impacts on local com-
munities (Pereira et al. 2010; Walther et al. 2002). Stud-
ies have shown that eradication efforts subsequent to the
establishment of an alien invasive species are costly and
time-consuming (Gallien et al. 2012; Genovesi 2005).
Hence, predicting and preventing the introduction of
alien invasive species to a specific region is viewed as
the most important cost-effective means of monitoring
and management of habitats and ecosystems
(Broennimann and Guisan 2008; Thuiller et al. 2005).
Therefore, an attempt is made in this research to evalu-
ate the effect of climate change on the global distribution
of mesquite tree (Prosopis juliflora) as one of the most
problematic invasive species introduced to natural eco-
systems. P, juliflora (family: Fabaceae) is known as an
invader and has caused biodiversity loss and land use
change in different parts of the world. This species has a
wide evergreen canopy height ~ 14 m and is native to
the Caribbean, Central, and North America. Rapid
growth, nitrogen fixation, and tolerance to arid and
semi-arid regions are among the most distinguishing
characteristics of this species (Pasiecznik et al. 2004).
Mesquite develops a deep and strong root system, en-
abling the plant to tap underground water. The initial
introduction of this species is most successful due to
forming dense thickets, its palatability to livestock, and
herbivores, as well as its high reproduction performance
by producing up to 40 kg of seedpods and up to 60,000
seeds a year (Alban et al. 2002). Moreover, the plant’s
pod contains a high amount of sugar content which
attracts herbivores who contribute to seed dispersal by
eating and defecating the seeds into new locations.
Environmental stressors such as drought improve the
establishment of P juliflora (Al-Rawahy et al. 2003)
because this plant has a high seed viability and germi-
nation rate in the soil and takes advantage of changed
conditions to occupy new areas and exert competition
pressure on native species. Moreover, the allelopathic
ability of P. juliflora to prevent other plants’ seed
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germination should also be taken into account (Shiferaw
et al. 2004). Due to these abilities and characteristics,
P, juliflora is a well-known invasive species in Austra-
lia, Africa, India, and other parts of the world (Aboud
et al. 2005). It is recognized as one of the three most
influential types of invaders in Ethiopia and Sudan in
which state laws have been constructed and implement-
ed to eradicate this species (Jama and Zeila 2005). In
many arid and semi-arid regions of the world, the spe-
cies invasion into high biodiversity riparian ecosystems
is regarded as a serious threat (Geesing et al. 2004).
Socioeconomic impacts of such an invasion on the
livelihoods of local communities can also be very di-
verse; however, its adverse effects have been more
reported in the literature (Mwangi and Swallow 2008).

In this research, the SDM analysis by using MaxEnt
and focusing on climatic variables was performed to
predict the present range and future distribution pattern
of invasive American mesquite for 2050. MaxEnt is a
machine-learning algorithm to predict the potential dis-
tribution (e.g., habitat suitability) of a species from
presence data and independent environmental variables.
Importantly, the MaxEnt method has been extensively
used to investigate vulnerability of natural ecosystems
to invasion by alien invasive species under current and
future climate change scenarios (Fandohan et al. 2015;
Kumar et al. 2015). Here, two global circulation models
(GCMs) under two climatic scenarios were employed to
derive an accurate estimate of changes in the invasion
pattern of P. juliflora. Resulting from this research, it
will be possible to delineate probable changes in the
distribution pattern of invaded areas as well as areas
prone to the invasion in the future in response to climate
change. Furthermore, these findings can be used to
direct management and prevention practices toward
areas with the greatest risk of invasion.

Materials and methods
Occurrence points

The species occurrence points used to conduct SDM were
obtained from a number of sources. We conducted a
direct field sampling in Iran from 2016 to 2017 and also
used data recorded by provincial bureaus of the Depart-
ment of Environment. A total number of 225 presence
points were obtained from our sampling efforts in Iran.
Global distribution data were collected from the Global

Biodiversity Information Facility and scientific publica-
tions. Records with no GPS coordinates but exact locality
names were georeferenced using Google Earth 7.1. For
visual assessment and check spatial accuracy, all points
were mapped using Diva-GIS v7.5 (R. Hijmans et al.
2012). Because of the probable spatial autocorrelation of
the presence points, caused by different magnitudes and
protocols of field sampling, we screened occurrence
points to only one point within a 10-km radius buffer
using ENMTools software (Warren et al. 2010). Overall,
a total number of 1128 presence points from various parts
of the world were gathered. Applying the screening pre-
processing, 582 presence points (501 presence points
from the entire global distribution and 81 presence points
from Iran) were obtained for the SDM analysis. At the
first look, our initial occurrence records might seem
spatially biased toward better survey areas (for example
native areas and Iran). Using two recommended strate-
gies, spatial screening (Kramer-Schadt et al. 2013) and
background weighting (explained below; Elith et al.
2010), helped us to perform a bias-adjusted model of
P, juliflora’s global distribution.

MaxEnt and all correlative distribution models re-
quired background points, or pseudo-absence points,
to fit the model (Phillips et al. 2006). Generally, MaxEnt
randomly locates 10,000 background points in the
whole extent of the environmental variables. Using ran-
dom points within the area indicates that the occurrence
points are a random sample from all locations where the
species is present, which is unlikely because species
points are from extant patches with suitable environ-
ments (Elith et al. 2010). Moreover, in terms of invasion
modeling, there are areas with fewer records due to more
recent invasions and/or areas that have been poorly
sampled (Shabani et al. 2016). Elith et al. (2010) rec-
ommended to generate a weighting surface based on the
density of presence point and allocate background
points regarding the density of this map. This method
reduces the bias raised from favoring points of heavily
sampled areas over those from sparsely sampled areas
(Shabani et al. 2016). To do this, firstly, a raster of kernel
density of occurrence points was generated in ArcGIS.
We then allocated 10,000 background points in the
extent of environmental variables regarding the proba-
bility distribution of the kernel density map. We then
fitted the MaxEnt model with this input which is known
as sample with data (SWD). Figure 1 shows the global
distribution of occurrence points and weighted back-
ground points.
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Fig. 1 Global distribution of presence points (red color) of Prosopis juliflora and background points (gray color) used to conduct current

and future model of the biological invasion of the species

SDM procedure and climate change

SDM analysis was conducted using MaxEnt software
v.3.3.3 (Phillips et al. 2006) and bioclimatic layers
derived from WorldClim dataset (R. J. Hijmans et al.
2005) at a 2.5 arc-minute resolution. Generally, various
statistical models have been developed to predict the
distribution of a species (Elith et al. 2006). Beyond
classical and simple regression methods (e.g. general-
ized linear models GLM), complex modeling based on
machine learning, for example, artificial neural net-
works, maximum entropy, random forest, and booster
regression trees, have widely been used in recent years
(Franklin 2010). Among these, MaxEnt has been
proved as specifically capable of handling complex
interactions between response and predictor variables
and to be robust to small sample sizes (Phillips et al.
2006; Wisz et al. 2008). MaxEnt works based on
presence-background data rather than presence-
absences data, and most importantly, does not under-
take that background data precludes the probability of
occurrence (Evangelista et al. 2008). This particularly
makes MaxEnt a highly appropriate method for model-
ing the distribution of alien and invasive species as
these species tend to establish and expand their range
to new areas beyond their native distribution (Elith
et al. 2010). Furthermore, its simplicity of use has
made MaxEnt the most broadly used SDM algorithm.
In November 2018, 9101 citations were reported in the
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Web of Science for the article (Phillips et al. 2006)
describing this method. Before the modeling, to avoid
collinearity, the pairwise Pearson correlation coeffi-
cients between the variables were calculated and from
those with a correlation coefficient greater than 0.75
one variable was selected for modeling. Accordingly,
variables annual mean temperature (BIO1), mean diur-
nal range (BIO2), mean temperature of wettest quarter
(BIOS), annual precipitation (BIO12), precipitation of
driest month (BIO14), and precipitation seasonality
(BIO15) were used to conduct the modeling approach.
We used 75% of occurrence points to construct the
model and the remaining 25% were used for valida-
tion. The importance of the climatic variables was
determined using the Jackknife method and the model
accuracy was examined based on the area under the
curve (AUC) of the receiver operating characteristic
(ROC) plot. To identify suitable cells from unsuitable
ones, we converted continuous MaxEnt model to bi-
nary presence/absence map based on the threshold
maximum training sensitivity plus specificity which is
recommended by Liu et al. (2005) as a reliable thresh-
old. Regarding this threshold, we also calculated sen-
sitivity (percentage of presence points classified in the
presence areas by the model) and specificity (percent-
age of background points classified in the absence
areas by the model) to obtain the true statistic skill
(TSS) of the model as follows: TSS = sensitivity +
specificity — 1.
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To assess the impact of climate change on the distri-
bution of the species, future climate model for 2050 was
conducted based on two global circulation models
(GCM), including CCSM4 (Gent et al. 2011) and
MIROCS5 (Watanabe et al. 2010). These two GSMs are
among the most commonly used models to assess the
impact of climate change on biodiversity distribution.
Using different GCMs also allowed us to assess the
uncertainty from selecting GCMs as these differ clearly
among regions (Flato et al. 2013). For each GCM, we
considered two representative concentration pathways
(RCPs), namely RCP 4.5 and RCP 8.5. By this, we
included a moderate and an extreme greenhouse gas
emission scenario in our analyses (Van Vuuren et al.
2011). To track changes in the potential distribution of
the species, we calculated the percentage of cells gained
or lost the climatic suitability for the two GCM models
and the two RCPs compared to the current distribution
of the species.

Results

Model performance based on AUC and TSS was
0.854 and 0.51, respectively, demonstrating that the
MaxEnt model discriminated finely between pres-
ence points versus weighted background points.
BIO1, BIO12, and BIO2 were identified as the most
important variables in determining suitable habitats

for P, juliflora by explaining 59, 15.2, and 12.9% of
the variation in the model, respectively, and 87%
collectively. Figures 2 to 4 represent the worldwide
climatic suitability for P. juliflora under the current
and future climatic scenarios. According to the
MaxEnt model, there are regions showing high suit-
ability under current climatic conditions in all conti-
nents (Fig. 2); however, percentages of climatic suit-
able regions vary greatly (Table 1). Based upon the
current climatic condition, we found low climatic
suitable extent for P. juliflora in the northern hemi-
sphere, while high suitability was predicted for near-
equator regions in Africa, South America, and south
of Asia.

Tracking the impacts of climate change on the
distribution of the species revealed that on a global
scale, suitable range sizes for P. juliflora increase
across all the GCM and RCP scenarios (Table 1)
(Fig. 3 and 4). In another word, the results showed
that the projected range gain was greater than range
loss across all climate change scenarios; however, the
degree of projected range change varies between
them. Totally, the potential range gain was projected
to be 23.30-28.11%, while the range loss was
projected to be 12.99-17.95%. As we expected, the
highest increase in range size (i.e., range gain) was
projected for extreme climate change scenarios (RCP
8.5) with 27.51% and 28.11% for CCSM and
MIROCS, respectively.

Fig. 2 World climatic suitability for Prosopis juliflora in current climatic conditions. Blue to red colors shows the gradient of suitability

from low to high
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Fig. 3 Worldwide change in climatic suitability for Prosopis juliflora in 2050 based on CCSM4 global circulation model for RCP 4.5 (a)

and RCP 8.5 (b)

On a continental scale, our SDM approach showed
an increase in the extent of suitable habitats in the
species’ native range in South Africa, as well as for
the invaded areas, except for Australia for which the
range loss is projected to be greater than range gain
(Table 1). We found that Europe is projected to gain
extraordinary extent of suitable range (from 244 to
281%) for P, juliflora by 2050. North America showed
the second-high magnitude of range gain (46.94—
66.28%) followed by South America (24.25-30.62%),
Asia (23.46-29.06%), and Africa (9—14.91%). More-
over, given a between-country comparison of gain/loss
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range shifts, we found that some countries will experi-
ence a trade-off between habitat loss and gain while
some other countries will be faced with either habitat
loss or habitat gain (Figs. 5 and 6). According to these
results, in almost all the studied climatic scenarios, the
top ten countries with the highest absolute suitable
habitat increase include Brazil, USA, China, Mexico,
Iran, Iraq, Argentina, South Africa, Saudi Arabia, and
Algeria. On the other hand, ten countries with the
highest absolute suitable habitat decrease are Australia,
Saudi Arabia, India, Sudan, Chad, Niger, Mali, Colom-
bia, and Mexico.
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Fig. 4 Worldwide change in climatic suitability for Prosopis juliflora in 2050 based on MIROCS global circulation model for RCP 4.5 (a)

and RCP 8.5 (b)

Discussion

We used the concept of SDM to predict the distribution
model of P, juliflora as an invasive species and to project
it to current and future climate conditions. The projec-
tions were used to assess changes in the extent of occu-
pation areas and identify areas facing with forthcoming
invasion risks of the species. While several aspects influ-
ence a site’s susceptibility to a plant invasion, climate
conditions seem to play main roles in global scale
(Thuiller et al. 2005). Climate change often is in favor
of invasive species due to worsening environmental con-
ditions for indigenous species which undermine their

competitive power against invaders on ecosystem re-
sources (Hellmann et al. 2008). Invasive species, on the
other hand, have the inherent ability to tolerate wider
environmental ranges or adapt to new environmental
conditions (Vila et al. 2011). This means that invasive
species may experience a process of niche shift in new
regions due to their inherent plasticity and the lack of their
native competitors (Alexander and Edwards 2010;
Broennimann and Guisan 2008). For example, Gallagher
et al. (2010) have found that a large expansion of species
introduced to Australia due to high plasticity, with c¢. 75%
of target species facing novel biomes. Accordingly, as
suggested in other studies (Broennimann and Guisan
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Table 1 Changes in the geographic distribution of Prosopis juliflora

Current vs CCSM 4.5 Current vs CCSM 8.5 Current vs MIROC 4.5 Current vs MIROC 8.5

Gain Loss Gain Loss Gain Loss Gain Loss
Africa 14.91 9.55 153 11.92 13.88 9 14.76 9.48
Asia 23.46 12.68 29.06 13.23 21.63 11.8 27.09 13.95
Australia 9.79 18.81 10.77 26.47 11.8 19.25 12.55 25.1
Europe 244.96 0.66 251.75 0.84 275.03 6.27 281.06 6.04
North America 56.75 12.16 66.28 13.71 46.94 16.03 57.45 13.57
South America 24.25 15.37 24.7 12.97 29.05 8.66 30.62 12.26
Global 23.30 12.99 27.51 15.91 24.79 14.09 28.11 17.95

2008; Shabani and Kumar 2015), we used occurrence
data of both native and invaded regions to develop the
potential distribution of P. juliflora.

Our SDM analysis on global invasion risk of the
species reveals large areas prone be colonized on several
continents, but at different rates due to the different
combination of scenarios and general circulation
models. Based on the current climate SDM, our model
indicates regions with suitable climatic conditions fa-
voring invasion in native ranges, and regions where
invasive populations already exist. Furthermore, our
results highlight regions in the horn of Africa, Mediter-
ranean ranges (e.g., north of Africa and south of Eu-
rope), and central and western Africa as highly vulner-
able to potential invasion, as these regions show suitable
climatic conditions for P. juliflora and are likely to be
occupied by invasive populations. Further detailed re-
search is expected to be carried out on the invasion risk
of'this species in countries which, based on the results of
this study, will provide larger suitable areas due to
climate change.

Fig. 5 Area (based on the 80000 1
number of cells) of habitat loss 60000 +
and gain in countries with the 40000 -
highest changes based on CCMS 20000
RCP 4.5 (dark) and RCP 8.5 0 -
(gray) ~20000 1
-40000 4
-60000
-80000 4
-100000 1
m § % &)
=
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The success of invasive exotics in penetrating and
establishing themselves in specific communities can be
attributed to their superiority in relation to particular local
indigenous species, in terms of a combination of
measurable categories. Shiferaw et al. (2004) identified
the dormancy, germination, and dispersal of the
P, juliflora seed as the key botanical factors supporting
its ability to establish in new areas (see also A El-
Keblawy and Al-Rawai 2005). Its rapid reappearance
and recovery after coppicing is an evidence of resilience
that qualifies P. juliflora as a highly competitive invasive
species (Shiferaw et al. 2004). Sharma and Dakshini
(1998) reported the resultant substratum degradation
due to the rapid growth and invasive spread of
P juliflora in semi-arid and arid regions in the north
and north-west of India. The severe decline in soil pH,
K, N, P, and organic matter content validates research into
future P, juliflora distribution and the usefulness of such
studies for farmers, soil scientists, and soil organizations
(see Ali El-Keblawy and Al-Rawai 2007). Eradicating
P, juliflora is thus likely to increase plant diversity in
these soils.
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Although invasive P, juliflora has noticeably nega-
tive impacts on resident communities, attempts to erad-
icate invasive populations are inadequate. Recent docu-
ments highlight the urgent need to plan invasive species
risk assessments to contribute to the development of
management strategies and monitoring programs
(McNeely 2001; Kettunen et al. 2009). Similar to other
invading species, P. juliflora is highly vulnerable in
early establishment stages when eradicative efforts are
more efficient and cost-effective. For example,
Rejmanek (2000) outlined that 2 out of 3 management
objectives for addressing alien invasive species includ-
ing prevention and early detection are related to invasion
prediction. SDMs represent a quick and cost-efficient
tool to evaluate the current and future invasion potential
of non-indigenous species (Guisan et al. 2013; Early and
Sax 2014). In addition, SDMs facilitate the identifica-
tion of areas with high susceptibility to invasion and
help to prioritize management actions (Thuiller et al.
2005). According to our results monitoring plans and
preventive measures should predominantly focus on the
P, juliflora’ northern ranges, particularly Mediterranean
basin and North America, to prevent further spread and
establishment of the species.

There are further drivers that could intensify the risk
of invasive plants and change their distribution. More-
over, treats from human pressure and land use change,
which is intensifying particularly in the Mediterranean
Basin and Middle East (Maiorano et al. 2011; Early and
Sax 2014), is an important issue for their native com-
munities. In fact, land use degradation coupled with the
introduction and plantation of invasive species through
hampering the effective efficiency of the native species
to track climate change increase the vulnerability of
native communities (Gilman et al. 2010; Oliver and
Morecroft 2014). Furthermore, fine-scale environmental
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variables may affect distribution and abundance of
P, juliflora (Wakie et al. 2014), a factor not considered
in our models because of the focus on the climatic niche
of the species and projection to the future. Detailed
modeling using variables representing the fine-scale
heterogeneity may provide more accurate results for
local and regional land management. For example, re-
motely sensed indices such as normalized difference
vegetation index (NDVI), enhanced vegetation index
(EVI), soil moisture, and topographic factors could be
used to develop local or regional models of P, juliflora
distribution.

Conclusion

Dispersal opportunities, ecological suitability, and natu-
ralization in the new habitat facilitate the spread of the
alien species in the new region (Rejmanek et al. 2005).
Invasion possibilities can be predicted and evaluated
before an invasion occurs (Thuiller et al. 2005). In
response to changing climate, range shift takes place in
the distribution of the species and might facilitate the
invasion of the alien species to new areas. In this re-
search, we used the concept of species distribution
modeling and climatic variables to predict the current
and future patterns of P, juliflora’s global distribution.
Our results revealed that global warming favors
P juliflora and patterns of range expansion will be
happening in the near future. The main strength of this
research is to identify key geographical areas that are
highly susceptible to invasions. Particularly, we found
patterns of pollward expansion to higher latitudes, in-
cluding North America, Meditteranean Basin, and Mid-
dle East, resulting in challenges for ecosystem manage-
ments in these regions. Regarding the negative impacts
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of P. juliflora on structure and function of the natural
habitats in the invaded areas, findings of this study thus
could be considered as a warning appliance for the
environmental monitoring of the regions highly sensi-
tive to the global invasion of the species.
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