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1.	 Introduction

Agricultural regions are increasingly challenged by climate change, which 
hampers optimal crop production by 10–20% and threatens ecosystem sustainability 
(Intergovernmental Panel on Climate Change, 2022). Weed flora, in particular, is 
expected to be especially affected with alterations in the competitive and allelopathy 
interactions between weeds and crops (Peters et al., 2014; Choudhary et al., 2023), 
as well as shifts their geographic distribution (Castellanos-Frias  et  al., 2014). 
Accurately estimating the climate suitability of weed species under future climate 
scenarios is crucial to predict potential distribution and invasiveness (Anwar et al., 
2021; Calvia  et  al., 2024). In this regard, species distribution models have become 
powerful tools for determining and anticipating the geographic spread of weeds across 
different regions (Lopez-Tirado, Gonzalez-Andujar, 2023). These models, which are 
commonly grounded in the bioclimatic niche concept, have been developed using a 
range of computational tools such as CLIMEX, BIOCLIM, and MaxEnt. They use  
eco-physiological data to assess a species’ potential to invade new habitats under 
changing climatic conditions (Guillera-Arroita  et  al., 2015; Castellanos-Frias  et  al., 
2016; Magarey et al., 2018).

Wild einkorn wheat (Triticum monococcum subsp. aegilopoides (Link) Thell., syn. 
Triticum boeoticum Boiss.) is an annual plant from the Poaceae family, with a natural 
distribution spanning from southeastern Europe to Afghanistan and alien range 
in Spain (https://powo.science.kew.org/). Recently, this species has emerged as an 
aggressive weed in wheat-growing areas, posing a serious threat to cereal crop production 
(Ruiz  et  al., 2012; Mousavi  et  al., 2018a). Due to its high genetic and morphological 
similarity to wheat plant, herbicide application is improbable in wheat fields, for that 
reason its population is easily impacted on the quality and quantity of crop in the 
infected areas (Farhangfar et al., 2015; Mousavi et al., 2018b). This species has a brittle 
rachis and a growth habit similar to wheat, making it persist in wheat fields through seed 
shattering, which is a crucial characteristic for the replenishment and survival of seed 
bank, ultimately competing with crop plant (Ruiz et al., 2012; Mousavi et al., 2018a). 
Additionally, its high seed germination rate, adult fertility (reproductive capacity), 
dormancy, and synchronized emergence with crops contribute to its persistence as a 
problematic weed (Ruiz et al., 2012; Mousavi et al., 2017; 2018a). The emergence of wild 
einkorn wheat is highly dependent on temperature and rainfall; therefore, it is highly 
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likely that climate change will have an impact on its current 
geographic distribution (Mousavi  et  al., 2018b). Despite 
its potential to cause significant economic losses in cereal 
crops (Mousavi et al., 2015) and its high risk of introduction 
via seed contamination, information is not currently 
available regarding its potential geographic distribution 
under current and future climate conditions. Identifying 
environmentally suitable regions is essential for anticipating 
and mitigating its spread, thereby enabling farmers and land 
managers to prioritize control strategies more effectively 
(Vermeulen et al., 2012; Soufizadeh et al., 2022).

In this context, the present study developed a process-
based niche model to (i) estimate the current global 
potential distribution of wild einkorn wheat and (ii) 
predict its future suitable global habitat under climate 
change scenarios. The outcomes aim to inform proactive 
management by identifying areas at high risk of invasion, 
ultimately supporting more efficient allocation of resources 
for monitoring and control efforts.

2.	 Material and Methods

2.1  CLIMEX match climates regional algorithm

CLIMEX’s Match Climates Regional algorithm (MCR) 
compares meteorological data from two locations (HOME 
region and AWAY region) to compute the Composite Match 
Index (CMI), which quantifies climatic similarity on a scale 
from 0 (no match) to 1 (perfect match) (Phillips et al., 2017; 
Early et al., 2021). By default, MCR evaluates similarity based 
on monthly rainfall and minimum and maximum monthly 
temperatures, each weighted equally. The method calculates 
individual indices for these variables, all ranging from 0 to 1, 
and combines them multiplicatively to derive the CMI, with 
higher values indicating greater climatic similarity, 

	 CMI = (ITemp × IRain)
1
2 × 100� (1)

Where CMI is composite match index, ITemp is the 
Thermal Similarity Index, and IRain is the Precipitation 
Similarity Index

	 ITemp =
IT min + IT max

2 � (2)

	 I exp (−KT × Tdmax ())Tmax� (3)

	 I exp (−KT × Tdmin ())Tmin� (4)

Tdmax, and Tdmin are the means of the weekly absolute 
differences of maximum, and minimum temperatures, 
between the “HOME” and “AWAY” locations. The constant, 
KT, is set to 0.1, thus giving values for the index of 0.9 
and 0.6 for a mean weekly difference of 1o C, and 5o C, 
respectively. They are selected according to the average 
weekly absolute differences in maximum, minimum, and 
average temperatures between the two locations.

	 IRain = exp (−Kp × RD)� (5)

RD is the mean of the absolute difference between the 
weekly rainfall of the ‘Home’ and ‘Away’ location, after the 
weekly rainfall of the ‘home’ location has been multiplied 
by RZ (RZ = RM/RT). RT=annual rainfall at Home location and 
RM = annual rainfall at Matching location. The constant, 
kP, is set to 0.005, thus giving values for the index of 0.9 
and 0.6 for a mean weekly difference of 20 mm, and  
100 mm, respectively, based on the average rainfall of 
locations (Sutherst et al., 2007). 

2.2  Meteorological database and data collection 

Lorestan Province was designated as the HOME region, 
with climate data recorded from five weather station 
(Rymaleh, Alashtar, Imanabad, Nurabad, Aligudarz) from 
their establishment until 2016 (Table 1). The AWAY region 
comprised the rest of the world, for which we used climate 
data that were provided with CLIMEX, covering 2570 
locations at a 0.5° resolution (Sutherst et al., 2007). These 
CLIMEX data, recorded between 1964 and 1990, were 
derived from a globally interpolated dataset produced by 
the Climate Research Unit at Norwich, UK (Kriticos et al., 
2015). The Match Climates Regional (MCR) algorithm was 
applied using its default variables (rainfall, and minimum 
and maximum temperature). According to the long-term 
weather statistics from the HOME region (the 5 stations), 
the average maximum temperatures of the coldest and 
warmest months of the year were -4.4° C and 34.9° C, 

Table 1 - Specifications of five weather stations in Lorestan Province, Iran which was used in this study based on 30-year 
averages from 1986 to 2016

Weather Stations Latitude (°N) Longitude (°E) Elevation (m) Avg. Rainfall (mm/yr) Avg. Temperature (°C)

Alashtar 33°49' 48°15' 1,522.2 486.2 13.0

Aligudarz 33°24' 49°42' 2,022.0 393.2 12.6

Imanabad 34°40' 48°36' 1,147.8 611.7 12.3

Nurabad 33°43' 48°00' 1,859.1 502.0 12.1

Rymaleh 33°26' 48°17' 1,147.8 505.7 17.2
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respectively. The region received an average annual rainfall 
of 440.9 mm and was classified as having a mild cold climate.

To identify the center of wild einkorn wheat infestation 
(Home location) in Lorestan, Iran, a total of 397 fields 
(ranged from one to ten hectares) were randomly selected 
across 10 townships during the 2013–14 and 2014–15 
cropping seasons. Data collection followed a systematic 
W-pattern, with samples taken from five points at 20-step 
intervals within each field in plot size (0.5 m × 0.5 m). The 
geographical coordinates and altitude above sea level were 
recorded at each farm using a Garmin GPS device. The 
intensity of weed infestation was determined using the 
average of density and frequency ratios. The frequency ratio 
represents the proportion of each species’ density in a given 
field relative to its total density across all surveyed fields 
(Mousavi et al., 2018a).

2.3  Characteristics of climate change scenarios

The climate change scenarios were obtained from 
Nakicenovic et al. (2000). The A1 scenario describes a future 
world characterized by very rapid economic growth, global 
population that peaks in mid-21st. century before declining, 
and the rapid introduction of new and more efficient 
technologies. The A1 scenario family is further divided into 
three groups, with the group A1B (selected here) balancing 
global population, economic development and economic 
growth. In contrast, the A2 scenario describes a very 
heterogeneous world, by continuously increasing global 
population. Economic development is primarily regionally 
oriented and per capita economic growth is slower compared 
to other scenarios. The model represents the climate at a 
regional scale relatively well, and provides the data required 
CLIMEX (Kriticos et al., 2012). The target year was set at 
2,100 using different greenhouse gas emission scenarios. 
The model was subjected to the conditions of medium (A1B) 
and high (A2) emission scenarios (Intergovernmental Panel 
on Climate Change, 2007; Rahmstorf et al., 2007) (Table 2). 

2.4  Statistical analysis 

Cluster analysis was performed using the Ward method 
(with 5 clusters identified at Euclidean distances of 0.0095 
and 0.13) in JMP Pro 12.0.1 to analyze CMI values for 
various continents in terms of wild einkorn wheat invasion 
susceptibility under both current and climate change 
conditions. The t-test at a 5% significance level was utilised 
to undertake a comparative analysis of the CMI of countries 

possessing wild einkorn wheat (Global Biodiversity 
Information Facility, 2016) with the CMI of other countries.

3.	 Results and Discussion

3.1  Prediction under current weather conditions 

Our results revealed that 0.50% and 3.84% of the 
Earth’s surface exhibited CMI values greater than 0.9 and 
less than 0.8, respectively, based on a 30' geographical 
grid under current climate conditions. Europe showed 
the highest average CMI values for wild einkorn wheat 
invasion susceptibility among all continents, followed in 
descending order by Asia, Oceania, and North America. In 
contrast, South America and Africa had significantly lower 
average CMIs. Globally, the average CMI under the current 
climate conditions was calculated at 0.54 (Figure 1). The 
present results clearly suggest that wild einkorn wheat 
has the potential to expand its global range far beyond 
its current distribution. Continents such as Europe, Asia, 
North America and Australia and some regions of South 
America exhibit the highest potential for range expansion  
(Figure 2A). Countries including Uzbekistan, Afghanistan, 
Turkey, Armenia, Syria, Spain, Greece, Macedonia, Italy, 
Bulgaria, Romania, Algeria, Australia and the USA were 
identified as having at least one region with a CMI above 
0.8, relative to the wild einkorn wheat -infested region in 
Lorestan (Figures 3 and 4). The average of CMI, as estimated 
by the CLIMEX model for countries where wild einkorn 
wheat was recorded according to GBIF (2016) was 46.7% 
higher than the average of CMI for other countries without 
recorded occurrences. A t-test showed that this difference 
was statistically significant (P < 0.0001), indicating a 
substantially greater climatic suitability in countries where 
wild einkorn wheat is already present compared to those 
where it has not yet been reported.

The results clearly suggest that, under the current 
climate, this weed species has the potential to expand its 
global range beyond its current distribution. Europe and 
Asia show the greatest potential for range expansion, with 
North America identified as a likely region for introduction. 
The areas with the highest CMI closely match the infested 
regions in Lorestan province, where the average CMI for the 
most suitable regions of the aforementioned countries was 
estimated to be 0.77. Other studies have established a CMI 
threshold of ≥ 0.7 for species suitability for distribution 
(Castellanos-Frıas et al., 2014; 2016; Roigé, Phillips, 2021). 
The validation results showed that CMIs increase gradually 
as the number of AWAY climate cells increases (Roigé, 

Table 2 - Climate change scenarios in the world by the year 2100 (Sutherst et al., 2007)

Emissions scenario Global population (billion) CO2 concentration (ppm) Global ΔT (°C) Likely range (°C)

2,100 A1B 7.1 711 2.9 1.7–4.4

A2 15.1 857 3.8 2.0–5.4
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Phillips, 2021), highlighting the relatively high accuracy of 
the CLIMEX model in estimating the regions susceptible 
to this weed invasion. Other weedy grasses such as Lolium 
rigidum L. (rigid ryegrass), Avena sterilis L. (sterile oat), 
Bromus lanceolatus Roth. (Mediterranean brome) have also 
been predicted by the CLIMEX climate matching algorithm, 
which showed overall high accuracy and relatively low 
sensitivity to sample size (Castellanos-Frıas  et  al., 2014; 
2016; Roigé, Phillips, 2021). Understanding the current 
geographical distribution of wild einkorn wheat is crucial 
for identifying potential areas of invasion, and establishing 
a foundation for planning and management strategies. 
In general, the northern hemisphere will be considered 
the most susceptible region for the establishment of wild 

einkorn wheat, although the coldest areas in the southern 
areas are prone too.

3.2  Prediction under AB1 and A2 scenarios 

The average Climate Matching Indices (CMIs) under 
both the low-carbon emission scenario (A1B) and the 
most extreme scenario (A2) showed notable increases 
of 4.7% and 5.6% for Europe and North America, 
respectively. In contrast, significant declines were 
observed for Oceania (−6.9%), Asia (−5.7%), and Africa 
(−4.7%) (Figure 1).

The global average CMI for wild einkorn wheat 
invasion is projected to decrease by 2.4% under future 
climate change when compared to current conditions 
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Figure 1 - CMI values for the different continents in terms of wild einkorn wheat invasion susceptibility under current and climate 
change conditions (both A1B and A2 scenarios). The difference between continents were significant for current and climate change 
condition based on t-test (Pvalue<0.0001)
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Figure 3 - CMI >0.5 for different regions of the world in terms of wild einkorn wheat invasion susceptibility under the current conditions
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Figure 4 - Regions with a CMI > 0.75 for wild einkorn wheat invasion susceptibility under the current conditions
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(Figure 1). However, under both the A1B and A2 
emission scenarios, regions with CMI values above 0.9 
are expected to increase by more than 22.6% and 21.2%, 
respectively, by 2100. Similarly, areas with CMI values 
exceeding 0.8 are projected to expand by 12.4% under the 
A1B scenario and 18.9% under the A2 scenario (Figure 5).  
Both scenarios suggest a comparable expansion of 
climatically suitable areas for the spread of this weedy 
species, particularly into regions that are currently too 
cold to support its survival.

The cluster analysis indicated that Europe and 
North America presented the most favorable climatic 
conditions for wild einkorn wheat invasion, while Africa 
showed the least favorable conditions (Figure 2 B). 
Specifically, eighteen countries in Europe were identified 
as highly prone to wild einkorn wheat establishment with  
CMI > 0.69, indicating the highest risk. In contrast, over 
thirty countries globally, primarily distributed across Africa, 
Asia, and South America—were categorized as minimally 
susceptible, with CMI values below 0.57. Notably, South 
Africa showed the lowest risk of invasion, displaying CMI 
value around 0.4 (Supplementary Figures 1 to 3).

Our result highlighted how climate change may 
facilitate the geographical expansion of wild einkorn 
wheat in Europe and North America. This poses a  
long-term threat to the crop yield, as wild einkorn 
wheat has an excellent adaptation to cereal production 
(Ruiz et al., 2012; Farhangfar et al., 2015; Mousavi et al., 
2018a), potential leading to a significant crop yield loss. 
The outcomes from of the climate change models suggest 
potential changes in its distribution in different regions 
(Magarey  et  al., 2018). Under these climate scenarios, 
weed flora is expected to shift, making weed management 
increasingly challenging (Colwell  et  al., 2008). For 
example, climate change projections for the future 
distribution of 10 invasive grass species in the Neotropics 
indicate a trend towards population reductions in wetter 
regions and expansions into drier areas (Lopes  et  al., 
2023). The impact of climate change and growing 
concerns regarding agriculture’s ability to ensure future 
food security have posed significant threats to the 
sustainability of agricultural systems (Godfray  et  al., 
2010; Vermeulen et al., 2012).

Rising awareness about the potential level of invasion 
susceptibility of a region can be used in planning 
preventive operations, such as quarantine regulations. 
In the present modeling study, a strip equivalent to the 
width of the USA latitude in the northern hemisphere, is 
identified as the area most prone to wild einkorn wheat 
weed invasion worldwide. Therefore, it will be necessary to 
be careful about new introduction of this weed especially 
from seed lots, as it can easily be transported due to its 
similarity to wheat, barley, and triticale seeds. Many alien 
weed species are introduced via seed lots due to their seed 
characteristics with the crop (Sohrabi, Gherekhloo, 2015; 
Arianoutsou  et  al., 2021). Given its potential to cause 

significant problems in wheat production areas, robust 
quarantine regulations and preventive operations are 
essential to reduce its negative impacts on wheat yield. 
Beyond its economic impacts, the spread it can cause 
ecological problems, including the loss of biodiversity of 
the susceptible area. Evidence suggests that 25 percent 
of perennial grasslands have been converted to annual 
grasslands or barren land as a result of such invasive plant 
species (Shiferaw et al., 2019). As the species’ geographical 
distribution is not determined exclusively to climate, 
other biotic or abiotic habitat components might have 
relevance too (Taylor et al., 2012). Additional studies are 
required to explore how soil type, the prevalence of pests 
and diseases, and biotic interactions influence the growth 
potential of this weed. 

The bioclimatic niche models and species distribution 
models that relate the spatial distribution of plant species 
to the environmental variables have served as useful tools 
to respond to the questions concerning the ecology of 
important weed species and their management (Guisan, 
Thuiller, 2005; Sohrabi et al., 2024). The developed model 
provides valuable insights into the expected changes in 
wild einkorn wheat distribution across Europe, East Asia, 
and North America under current and future climate 
conditions. This can aid in the development of adaptation 
and/or mitigation strategies. However, the distribution of 
wild einkorn wheat may be prevented by strategies, such as 
restricting seed dispersal (e.g., through cleaning harvesters) 
and using certified seeds for sowing. The use of certified seeds 
ensures that only high-quality, non-contaminated seeds are 
planted, further reducing the likelihood of weed spread 
(Baglan et al., 2020). These measures, when implemented 
effectively, can significantly limit the potential range of 
wild einkorn wheat and mitigate its negative impacts on 
agricultural systems.

4.	 Conclusions

This study set out to assess the potential distribution 
areas of wild einkorn wheat in the world under two 
climate change scenarios. As climate conditions become 
extreme, this weed may increase its extension and 
its subsequent damage in agricultural ecosystems, 
which signifies a serious threat to the economic and 
environmental sustainability of winter cereal crops. 
Besides, the study highlighted a wide distribution of 
this species across different areas. A major finding of the 
study suggests urgent interventions to curtail its further 
expansion to other regions in the world. Currently, its 
distribution is limited to some countries in Europe, 
but without effective restrictions, its introduction to 
America and other parts of Europe could become a 
significant challenge due to its high expansion potential. 
We recommend prioritization of sensitive sites at the 
verge of greater invasion threat and adoption of robust 
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Wild wheat CMI>0.5-0.75 - Climate change 2100 A1B
Variable: Composite Match Index
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Figure 5 - Important regions with CMIs > 0.5 in terms of wild einkorn wheat susceptibility in climate change conditions under A1B 
(upper) and A2 (down) scenarios for 2100. CMI > 0.75 are shown in re
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system to mitigate its introduction especially through 
the use of cereal seed certified.
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