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ABSTRACT: The high spread of Parthenium hysterophorus in Ethiopia had become a major threat to
the various suitable ecosystems in the country. Therefore, the identification of factors facilitating its
distribution and mapping of suitable habitats is vital to design future management strategies. A total of
1,352 P. hysterophorus occurrence records and 19 bioclimatic variables were collected from different
sources. An ecological niche model was used to map the current and future (the years 2050 and 2070)
habitat suitability for P. hysterophorus. The ensemble model revealed that 72.8%, 18.5%, 6.8%, and
1.9% of the total area were unsuitable, low, moderate, and high suitable habitats under current climate
conditions respectively. The high suitability area by 2050 and 2070 under Representative Concentration
Pathway (RCP) scenarios RCPs 2.6, 4.5, and 8.5 will be 8.4%, 8.5%, 9.6%, and 7.8%, 6.1%, and 16%,
respectively. We found that the current predicted unsuitable area will probably be vulnerable to loss of
176.9%, 188% and 125% under RCPs 2.6, 4.5, 8.5 respectively by 2050 whereas vulnerable loss of
166.7%, 164.7%, 3,500% were predicted under RCPs 2.6, 4.5, and 8.5 by 2070. The mean diurnal range,
precipitation of the coldest quarter, and annual mean temperature were identified as the most
determinant of the distribution of the species. The threats of this species on native biodiversity and the
economy will be high in the future unless management action is undertaken. Our study suggests that all
relevant stakeholders should be organized to combat the expansion of this invasive species to new areas

particularly protected areas.
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INTRODUCTION

Biological invasion has become one of the key causes of environmental degradation and economic loss in
most of the countries across the world (Simberloff, 2011). It is one of the main drivers of biodiversity loss
(Thapaetal., 2018) and its impacts have been predicted to increase even further under global climate change
(Singh et al., 2011; Bukombe et al., 2013). Climate change refers to statistically identifiable changes in the
mean and/or variability of climate properties that persist over an extended period, particularly over decades
(Ochieng et al., 2016). It will exacerbate the long-term distribution of invasive species (Bellard et al., 2018).
Species are forced to adapt or to alter their geographical range tracking climatic changes, and many species
migrations have already been documented in a variety of habitats under climate change conditions (Grimm,
2013). In comparison with native species, invasive species are more likely to adapt to new climatic
conditions because they are usually abundant, tolerate a broad range of climatic conditions, cover wide
geographic ranges, and have highly competitive biological traits (Subhashni and Lalit, 2014). Both
expansion and contraction of habitat suitability of invasive species following climate change were reported
(Roger et al., 2015; Ahmad et al., 2019). Therefore, more detailed studies need to be undertaken to analyze
how climate change will modify the existing plant invasions (Manzoor et al., 2018).

Parthenium hysterophorus L. (Asteraceae) is an annual or perennial (short-lived) flowering plant that
degrades natural ecosystems and causes a significant hypersensitive reaction in people and domesticated
livestock (Adkins and Shabbir, 2014). It's native to America and is thought of as a serious weed globally (
Bukombe et al., 2013). Currently, it is known to occur in several countries in Africa including Ethiopia,
South Africa, Kenya, Tanzania, Somalia, Madagascar, and Mozambique (Zuberi et al., 2014). The high
spread of P. hysterophorus in Ethiopia has become a major threat to the various suitable ecosystems
including flora, fauna, and microbes (Shiferaw et al., 2018).

The threat of P. hysterophorus has been increasing with the rapid growth of globalization and the changing

climate (Tamiru, 2017). P. hysterophorus weed can invade a range of crops, and a particular concern is the
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invasion of cereal crops such as rice, wheat, maize, teff and sorghum (Adkins and Shabbir, 2014). In such
crops, it is reported to reduce yields by as much as 40% in India and by as much as 40% and above in
Ethiopia, if not managed (McConnachie et al., 2011). The yield reduction in Ethiopia is a serious threat to
Ethiopian food security. The species is a major problematic weed to agriculture due to its ability to invade
large areas in a short space of time (Amare, 2018).

A variety of factors have been suggested to influence invasiveness. These factors govern the extent to which
a species introduced outside its native range may overcome various biotic and abiotic barriers to determine
its establishment in a new environment (Singh et al., 2011). Resource availability may be a key factor that
determines the susceptibility of a community to invasion by exotic species (Meyer et al., 2021). The
fluctuating resources hypothesis states that a plant community becomes more liable to invasion whenever
there is a rise in the number of unused resources (Zhang et al., 2022). Climate and edaphic conditions are
thought to be fundamental determinants of the potential distribution of invasive species (Ahmad et al.,
2016). Physiological properties and reproductive and life-history characteristics are also cited frequently to
clarify the invasiveness of plant species (Zuberi et al., 2014).

The importance of the factors role in explaining the success of plant invaders, their establishment, spread,
and better performance within the invaded range depends on the sort of species, spatial scale, and native
environmental context (Funk, 2013; Kueffer et al., 2014); Van Kleunen et al., 2015). This happens as a
result of the effect of the complex interactions between plants, climate, and soil at an area scale (Kardol et
al., 2014; Svenning et al., 2014), thereby influencing invasiveness. Therefore, factors that influence patterns
of invasion observed in one site or continent are also difficult to extrapolate to other continents or sites
because those observations are specific to a time, place, and spatial scale. Strikingly, factors that deter or
promote the establishment and invasion of P. hysterophorus under climate change are not well known in

developing countries including Ethiopia, as most studies were conducted in developed countries.
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Despite its recognition to be as among the worst invasive alien species, its potential distribution under
climate change scenarios in Ethiopia has yet to be investigated. It is therefore important to understand its
spatial distribution across landscapes and predict its potential shifts and impacts on various ecosystems.
Species distribution models (SDMs) are scientifically proven tools for assessing and predicting the impacts
of climate change on the distribution of flora and fauna from occurrence (presence only or presence and
absence) data (Thapa et al., 2018).
This study is therefore designed (1) to explore the potential distribution of P. hysterophorus under current
and three future Representative Concentration Pathway scenarios (RCP 2.6, RCP 4.5, and RCP 8.5) for the
two time periods (2050 and 2070), and (2) to identify if environmental factors (precipitation and
temperature) derived bioclimatic variables influenced the invasion of P. hysterophorus.

MATERIALS AND METHODS
Study area description
Ethiopia is located in the horn of Africa between 3° 15" N and 48° E. Ethiopia is in the tropical zone lying
between the equator and the tropics of cancer. It has an area of about 1.13 million km?. In Ethiopia, the
climate varies mostly with altitude, and it goes from the hot and arid climate of the lowlands to the cool
climate of the plateau (Fazzini et al., 2015). Lying just north of the equator, the country experiences little

variations in temperature throughout the year (Figure 1).



EthJBD, 5(1): 60-79 64

W00 35°U0°F P 00°E A500°E SO0 S5°00°E
A s A 'S A A
Anssal Mean Temperature of Exhiopea (year 2050)
15°0'0"N+ N | S°00°N
10700"NA - 100N
SH0"NA SO0"N
Legend
Annual Mean Temperature
ooo{ TN s-235 000
B 235 - 325 0 2025 525 1,050 K iheenesors
L} L) L L) L L)
W00°E O0E UPO0E 45700} UPOUTE S8°00°E

Figure 1. Location of the study area.

Ethiopia has three different traditional climate zones based on elevation (Fazzini et al., 2015). The primary
climate zone is Kolla (tropical zone) is below 1830 meters in elevation and has an average annual
temperature of about 27°C with an annual rainfall of about 510 millimetres. The Danakil Depression is about
125 meters below sea level and also the hottest region in Ethiopia where the temperature climbs up to 50°C.
The second is Woina Dega (Subtropical zone). This includes the highlands areas of 1830 to 2440 meters in
elevation have an average annual temperature of about 22°C with annual rainfall between 510 and 1530
millimetres. The third is Dega (cool zone) is above 2440 meters in elevation with an average annual
temperature of about 16°C with annual rainfall between 1270 and 1280 millimetres. The major soil types
vary in response to parent materials and landforms among other factors of soil formation. Rock types affect
soil texture and mineralogy while landform affects the spatial distribution of soils due to complex erosion

and depositional processes. Nitisols and Vertosols dominate basalt formation whereas leptosols exclusively
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dominate hill slopes irrespective of the geological formation (Abebe et al., 2023). This physiographic
diversity makes the country suitable for the invasion of P. hysterophorus.

Parthenium hysterophorus occurrence point data collection

A total of 1,184 species occurrence records of P. hysterophorus were obtained from the Global Biodiversity
Information Facility (GBIF) database (www.gbif.org) https://doi.org/10.15468/dl.eh3qux, (accessed on 29
August 2020). To check the ground truth, we collected 168 occurrences of the species in the study area
employing a Global Positioning System (GPS). The species occurrence points were collected at 500 m
successive intervals. We selected a maximum of 1 km sampling interval to reduce sampling bias using the
spatial thinning method. Finally, a total of 1,162 occurrence records were used to run the models.
Environmental variables

Nineteen current bioclimatic variables were downloaded from the WorldClim database version 2
(www.worldclim.org) at a spatial resolution of 30 seconds approximately~1km? (Table 1). These variables
were computed from minimum, maximum, and average values of monthly, quarterly, and annual ambient
temperatures further as precipitation values recorded from 1970 to 2000 (Fick and Hijmans, 2017). For
future projection, we used bioclimatic variables representing simulations for 3 climate change RCP

scenarios (RCP 2.6, RCP 4.5, and RCP 8.5) for the two time periods (2050 and 2070).


http://www.gbif.org/
https://doi.org/10.15468/dl.eh3qux
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Table 1. The 19 bioclimatic variables downloaded from the WorldClim database.

List of variables Code  Scaling Units
Annual Mean Temperature Biol 10 Degrees Celsius
Mean Diurnal Range (Mean of monthly Bio2 10 Degrees Celsius
Isothermality (BIO2/BIO7) Bio3 100 Degrees Celsius
Temperature Seasonality (Standard Deviation) Bio4 100 Degrees Celsius
Max Temperature of Warmest Month Bio5 10 Degrees Celsius
Min Temperature of Coldest Month Bio6 10 Degrees Celsius
Temperature Annual Range (BIO5-B106) Bio7 10 Degrees Celsius
Mean Temperature of Wettest Quarter Bio8 10 Degrees Celsius
Mean Temperature of Driest Quarter Bio9 10 Degrees Celsius
Mean Temperature of Warmest Quarter Biol0 10 Degrees Celsius
Mean Temperature of Coldest Quarter Bioll 10 Degrees Celsius
Annual Precipitation Biol2 1 Millimeters
Precipitation of Wettest Month Biold 1 Millimeters
Precipitation of Driest Month Biol4 1 Millimeters
Precipitation Seasonality Biol5 100 Fraction
Precipitation of Wettest Quarter Biole 1 Millimeters
Precipitation of Driest Quarter Biol7 1 Millimeters
Precipitation of Warmest Quarter Biol8 1 Millimeters
Precipitation of Coldest Quarter Biol9 1 Millimeters

Sources: Fick et al, 2017

Modelling approach

Several species distribution models (SDM) are widely employed in many ecological applications (Ahmad
et al., 2019). These models establish relationships between occurrences of species and biophysical and
environmental factors in the study area. However, one model does not provide the most effective predictive
accuracy in SDM. Therefore, an ensemble of many SDM algorithms was employed to produce better
accuracy. We used five modeling algorithms analyzed under the SDM packages in R statistical software (a
generalized linear model (GLM), support vector machine (SVM), a random forest algorithm (RF), boosted

regression tree (BRT), and multivariate adaptive regression splines (MARS)) to construct most effective
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predictive accuracy.

As these bioclimatic variables are often correlated, it ends up in poor model performance and misleading
interpretations (Dormann et al., 2013). Therefore, Pearson’s correlation analysis was performed. Then, each
pair of highly correlated variables with Pearson’s parametric statistic (r2 < 0.8) was selected for modelling
the species distribution. After pairwise correlations among predictors variables with correlations below |r| <
0.8 were considered unproblematic. We removed the highly correlated pairs and also the minor variable
after assessing variable importance. Finally, seven variables remained for model fitting.

Forecasting accuracy and substantiation of the models were assessed supported area under receiving
operator curve (AUC), and sensitivity (true positive rate) against 1-specificity (false positive rate). AUC
values range from O to 1. The values of AUC between 0 - 0.5 were considered poor, 0.5 - 0.8 fair, 0.8 - 0.9
good and 0.9 - 1 superb while validating the importance of variables (Ahmad et al., 2019). Only the model
with a good forecasting index and AUC > 0.8 was built for the final ensemble model from the projection
outputs (Gallien et al., 2012).

The Receiving Operator Curve (ROC) provides another technique for the assessment of the accuracy of
ordinal score models. The development of the ROC utilizes all possible thresh for classifying the scores into
confusion matrices, obtaining each matrix sensitivity and specificity; and then comparing sensitivity against
the corresponding proportion of false positives (equal to 1-specificity). Evaluation of accuracy was assessed
by dividing the presence points into training and test points per species. The training dataset comprised 70%
of the data and therefore the test dataset comprised 30% of the species occurrence points. Finally, one
ensemble projection of the current and six ensemble projections of future habitat suitability reminiscent of
three RCPs (2.6, 4.5, and 8.5) for the years 2050 and 2070 were obtained.

Image classification and analysis

The changes in habitat suitability between current and future climate conditions were assessed under all

RCPs by identifying climate suitability areas where suitable habitat was projected in the present and future.
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The habitat suitability changes for the current and future were examined under four categories to spot areas
of unsuitable, low, moderate, and high suitability using ArcGIS 10.6. We used two indicators to research
the role of climate change on the distribution of P. hysterophorus. The primary indicator was changes in the
percentage of the unsuitable area (AC) and the second indicator was the share gain or loss area for 2050 and

2070 (CH). The indicators were calculated as per Sintayehu et al. (2020) using the subsequent formula.

Af-AC
AC = 22 X 100% 1)
CH = 2225 X 100% 2)

Where Af is the predicted suitability area in the future and, AC is the non-suitable predicted habitat under
current climate conditions.

Variable’s importance

The variable's grandness provides statistics on the significance of each variable in the model. It was assessed
by employing the getVarimp function in R software with permutation-based on two metrics (Pearson
Correlation and AUC) method. The percent contribution of each variable was calculated as 1-correlation

values by keeping the other variables constant (Harisena et al., 2021).

RESULTS
Model performance
The mean of each model was presented (Table 2). The final ensemble model has a mean AUC value of 0.91.
This showed the prediction accuracy of the model was high.

Table 2. The model mean performance based on AUC value in predicting the potential distribution of

Parthenium hysterophorus in Ethiopia.

Model GLM SVM RF BRT MARS

AUC 0.84 0.89 1 0.9 0.9

‘AUC’ = Area Under Receiving Operating Curve, GLM = Generalized Linear Model, SVM = Supportive Vector Machines, RF
= Random Forest Algorithm, BRT = Boosted regression Tree, MARS = Multivariate adaptive regression splines.
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The mean area under the receiving operating curve for the training dataset and test dependence of the
ensemble model were 0.85 and 0.84 respectively (Figure 2). The mean area under the ROC of the ensemble
model showed that the prediction accuracy of the model in predicting the potential distribution of the P.

hysterophorus under changing climate change was 0.84 under current climate conditions.

ROC plot
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Figure 2. Average sensitivity (true positive rate) vs. 1-specificity (false positive rate) of Parthenium

hysterophorus in Ethiopia.

Current predicted suitable area

The current habitat suitability area percentages and distribution map are shown in Table 2 and Figure 3. The
ensemble model showed that 72.8% of the area of the country is not suitable for the distribution of P.
hysterophorus. The model also depicted that 18.5%, 6.8%, and 1.9% areas were identified as low, moderate,

and high suitability areas for the P. hysterophorus respectively.



EthJBD, 5(1): 60-79 70

Carret habitas switability map of Parthesinm fysterophorwy

Legeond
Suitability

Figure 3. Current habitat suitability maps for P. hysterophorus in Ethiopia.

Future predicted P. hysterophorus habitat suitability area

Compared to the current habitat suitability, the total predicted area of high suitability by 2050 will gradually
increase by 8.4%, 8.5%, and 9.6% under RCP (2.6, 4.5, and 8.5) respectively (Table 3, Figure 5). Similarly,
the highly suitable area by 2070 will be expected to increase by 7.8%, 6.1%, and 16% under RCPs (2.6, 4.5,
and 8.5) respectively. But compared to the future predicted high suitable area of the year 2050, the predicted
high suitable area by 2070 will be expected to decrease by 0.6 % and 2.4% under RCP (2.6 and 4.5)

respectively.
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Table 3. Percent (%) predicted area of habitat suitability of Parthenium hysterophorus under changing

climate scenarios for current and future periods (2050 and 2070) in Ethiopia.

Years Scenarios Total suitability (%)
Unsuitable Low Moderate High
Current _ 72 19.0 6.8 2.0
2050 RCP2.6 26 44 21.7 8.4
RCP4.5 25 44.6 21.7 8.5
RCP8.5 32 43.4 15 9.6
2070 RCP2.6 27 445 20.7 7.8
RCP4.5 27.2 45.7 21 6.1
RCP8.5 2.0 25 57 16

Variable’s importance

The evaluation of the selected variable importance (training gain) of the selected variables based on

correlation metrics is shown in Figure 4. Among the selected variables, the mean diurnal range (Bio2)

(53.9%) followed by precipitation of coldest quarter (Bio19) (26.1%) and annual mean temperature (Biol)

(11.4%) contributed a high percentage.
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Figure 4. Mean percent contribution of each variable to the ensemble model for prediction of suitable

habitat for P. hysterophorus in Ethiopia (biol= annual mean temperature, bio12=annual precipitation, biol4

= precipitation of driest month, biol5 = precipitation seasonality, bio19 = precipitation of coldest quarter,

bio2 = mean diurnal range, bio3 = isothermality).



EthJBD, 5(1): 60-79 72

Vulnerability assessment or change detection

Future habitat suitability projections map under RCP (2.6, 4.5, and 8.5) for the years 2050 and 2070 showed
that compared to current habitat suitability, the future unsuitable habitat will be invaded under future climate
change scenarios by P. hysterophorus (Figure 5). In 2050, the current unsuitable habitat will be vulnerable
to invasion by -176.9%, -188%, and -125% under RCP 2.6, 4.5, and 8.5, respectively (Table 4).

Table 4. Percentage of change (gain or loss) of habitat suitability of Parthenium hysterophorus for current
and future periods (2050 and 2070) under RCP (2.6, 4.5, and 8.5) in Ethiopia.

Decades Scenarios % Change compared to the current suitability
Unsuitable Low Moderate High
Current - - - - -
2050 RCP2.6 -176.9 56.8 68.7 76.2
RCP4.5 -188 57.4 68.7 76.5
RCP8.5 -125 56.2 54.7 79.2
2070 RCP2.6 -166.7 57.3 67.1 74.4
RCP4.5 -164.7 58.4 67.6 67.2

RCP8.5 -3,500 24 88.1 87.5
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Figure 5. Future habitat suitability projections map for Parthenium hysterophorus under RCP (2.6, 4.5, and
8.5) for 2050 and 2070 years in Ethiopia.
DISCUSSION

The statistical models within their respective high means scores from the five algorithms were used to
construct the final ensemble model by applying a weighted mean approach. The result indicated the
robustness of the model in discriminating the habitat suitability of P. hysterophorus with greater accuracy
(AUC = 0.9). The suitability maps revealed that most parts of the country’s regions including the West,
East, and North Shewa, west and east Hararge around Dire Dawa of Oromia Regional State, Eastern Amhara

bordering the Afar region, Northern Somali, Sidama, and southeast of Tigray regions are currently under
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the invasion of P. hysterophorus. The current prediction map showed a high invasion of P. hysterophorus
was observed along the long road running from Addis Ababa to the Northern region and the eastern parts
of the country.

A narrowing of overall habitat suitability for the study species was seen under future climate change
scenarios with highly suitable habitats under RCP 4.5 for the year 2070. This agreed with some recent
studies that have reported a loss of range expansion of invasive plant species including P. hysterophorus
following climate change. A study conducted to predicting the invasion potential and niche dynamics of P.
hysterophorus in India under projected climate change reported the reduction of range expansion of the
species under future climate change (Ahmed et al., 2019). However, climate change is favoring the range
expansion of invasive species rather than range reduction (Finch et al., 2021). It creates favorable conditions
for the spread of invasive species by altering the invasion pathways and environmental factors such as
temperature and precipitation which facilitate the range expansion of the invasive species.

The ensemble model outputs revealed that the mean diurnal range (53.90%) followed by precipitation of
the coldest quarter (26.10%) and annual mean temperature (11.40%) were the most predictor variables of
the potential distribution of the study species. Hence, these variables are the most determinant of the
distribution of P. hysterophorus in Ethiopia. This is in agreement with some studies that state both
temperature and precipitation-derived bioclimatic variables as the main governors of the distribution of
invasive species including P. hysterophorus (Ahmad et al., 2019; Sintayehu et al., 2020).

A reduction of habitat suitability for the P. hysterophorus was seen under future climate change scenarios
with highly suitable habitats under RCP 2.6 and 4.5 for the year 2070 compared to 2050. Our study is in
agreement with a few other studies that have reported a reduction in the distribution of invasive species both
globally as well as regionally following climate change (Panda et al., 2018; Ahmad et al., 2019). Roger et
al. (2015) conducted a study on naturalized alien species in Australia and concluded that the majority of the

species showed a decrease in habitat suitability under climate change.
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Several studies concluded that climate change encourages the distribution of invasive species by creating
favorable conditions, shifts in species range, and species richness (Panda et al., 2018; Sintayehu et al., 2020).
Similarly, our ensemble model showed that temperature and precipitation-derived bioclimatic variables will
facilitate the distribution and spread of P. hysterophorus by creating favorable conditions in Ethiopia. The
decrease in precipitation coupled with an increase in temperature under projected climate change may
adversely affect the distribution of P. hysterophorus. The temperature fluctuation (the mean diurnal range)
coupled with moisture availability of the driest month associated with this country may facilitate its
distribution under climate change.

Parthenium hysterophorus expands along roadsides and spreads quickly due to disturbance by vehicular
movement. It distributes quickly along the roadsides due to transportation. The seed is spread by animals,
wind, water, vehicles, agricultural and road construction machinery and fodder as well as other human
activities (Masum et al., 2013). The protected areas, which are in direct contact with the road in Ethiopia
like Awash National Park, Babile Elephant Sanctuary, Nechisar National Park, and others are at high risk
of invasion by the species. Agricultural lands, and protected areas found around the suitable habitat of P.
hysterophorus including mountains and hot areas are also predicted to be at high risk of invasion under
RCP.4.5 and RCP 8.5 in 2050 and 2070.

CONCLUSION AND RECOMMANDATION

Parthenium hysterophorus had already been distributed in several parts of Ethiopia causing adverse effects
on biodiversity, ecosystem, agriculture, and therefore the economy. Fast and mass invasion could be a key
issue of this invasive species, thanks to its rapid dispersion. If climates change, then the species may disperse
into novel climate regions. It’s predicted to invade most parts of the country under future temperature change
scenarios. Mapping the suitability habitat is critical in identifying environmental factors for the distribution
of P. hysterophorus and helps in developing management strategies. For decision-makers, our risk maps

essentially represent a prioritization surface that guides them in allocating tactics aimed at detecting and
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controlling the spread of the species. The risk maps are very useful to structure an early detection survey
and to describe the potential extent of the impact. Monitoring, early detection, and rapid response are the
foremost effective options for P. hysterophorus management.
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