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ABSTRACT
Invasive plants pose a threat to production sustainability due to their detrimental effects on soil, food cycles, and hydrology. 
This study aimed to identify and analyze the effects of five invasive plant species on the rangelands of western Isfahan province, 
Iran. A random-systematic sampling of vegetation cover and soil was conducted at four rangeland sites, and mean soil charac-
teristics were compared using one-way analysis of variance and Tukey's test. Parametric principal component analysis (PCA) 
and nonparametric multidimensional scaling (NMDS) analysis in CANOCO and PATN software were used to investigate the 
relationship between environmental factors and vegetation cover. Cluster analysis was employed for habitat grouping, and the 
Analytic Hierarchy Process (AHP) was utilized to analyze the risk of invasive plants. The analysis involved three main criteria, 
eight subcriteria, and five options. The compatibility ratio of each criterion was calculated using Expert Choice software to assess 
the accuracy of criteria weighting. Parametric ordination revealed significant correlations between the first and second principal 
components and mean annual precipitation, mean annual temperature, altitude, slope, nitrogen, and calcium. NMDS analysis re-
vealed significant correlations between plant species and seven environmental variables in a three-dimensional ordination space 
(p < 0.05). Among the target species, Eryngium billardieri showed a positive correlation with rainfall, altitude, slope, calcium, 
nitrogen, and a negative correlation with mean annual temperature, rock, and gravel. However, the relationship of other species 
with environmental factors was not significant. Notably, Cousinia bachtiarica, Eryngium billardieri, Phlomis persica, Euphorbia 
decipiense, and Poa bulbosa exhibited the most destructive effects, respectively. The study results can inform targeted efforts to 
protect rangeland ecosystems against invasive plants. Furthermore, the study method is applicable for assessing the risk of other 
plant species in semiarid ecosystems.

1   |   Introduction

Global environmental changes, including alterations in land 
use, shifts in climate patterns, and escalating carbon emissions 
from activities such as fossil fuel consumption and deforestation, 

have resulted in significant ecological transformations world-
wide (Foley et al. 2005). Among the many consequences of these 
changes, the invasion of nonnative species into new habitats 
has emerged as a pressing concern (CBD  2014). Invasive spe-
cies, with their detrimental effects on natural and agricultural 
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environments, human well-being, and biodiversity, pose a sub-
stantial threat to global ecosystem stability (Sala et  al.  2000; 
Simberloff et al. 2012).

This threat is not confined to Iran; invasive species are also a 
major concern in semiarid and arid ecosystems across the globe, 
including in regions of North America, Australia, and parts 
of Africa (Dukes and Mooney  2004; Martin et  al.  2015; Early 
et al. 2016). Invasive species dynamics in such dryland ecosys-
tems pose challenges to global conservation and biodiversity ef-
forts, making this study relevant to a wide range of ecological 
and management contexts.

However, some studies suggest that, under certain conditions, 
invasive species can enhance biodiversity or ecosystem func-
tioning by filling ecological gaps left by the loss of native species 
(Vilà et al. 2011; Strayer 2012). Such perspectives underscore the 
complexity of invasive species impacts and highlight the need 
for tailored management approaches that account for local eco-
logical contexts (Mack et al. 2000).

The impacts of biological invasions extend across various di-
mensions of ecosystems, including changes in species diversity, 
disruptions in community organization, shifts in water and 
nutrient cycles, and reduced reproductive capabilities of native 
plants through pollination, germination, and seed production. 
Consequently, invasive species play a crucial role in driving bio-
diversity loss and species extinction, rendering ecosystems more 
vulnerable to the pressures of climate change (Vilà et al. 2011; 
Simberloff et  al.  2012). Despite this, research by Ewel and 
Putz (2004) suggests that in certain circumstances, invasive spe-
cies can enhance ecosystem services, particularly in degraded 
ecosystems, by providing stability or even aiding in soil recov-
ery. This raises questions about the blanket characterization of 
all invasive species as harmful and points to the importance of 
context-specific management strategies.

Invasive plants, among the diverse array of invasive organ-
isms, exert the most significant influence, profoundly affecting 
ecosystem biodiversity and the availability of food for grazing 
animals, leading to notable economic and social losses (Pyšek 
et al. 2020). The expansion of invasive plants in rangelands often 
signals underlying management shortcomings and difficulties, 
resulting in changes in soil seed banks, disruptions, and reduc-
tions in ecosystem services and products (Gioria et al. 2014). As 
a result, identifying invasive plants and assessing their harm-
ful effects becomes crucial in enabling rangeland managers to 
recognize the most damaging species and develop strategies to 
minimize their impact. This, in turn, substantially reduces the 
expenses linked to control and eradication efforts, especially in 
resource-limited situations (Mostert et al. 2018).

Multicriteria decision-making (MCDM) has become a valuable 
tool for prioritizing the risk of invasive plant species in various 
ecosystems based on a range of environmental and ecological 
factors. The core components of MCDM include a set of man-
agement options subject to evaluation, mutually exclusive 
criteria guiding the assessment of these options, scores repre-
senting how well each option performs against the criteria, and 
weights reflecting decision-makers' perspectives on the signif-
icance of each criterion (Cohen et al. 2024). Among the range 

of MCDM techniques employed by natural resource managers, 
the Analytic Hierarchy Process (AHP) stands out for its ability 
to evaluate the consistency and coherence of decision-makers' 
judgments. Additionally, when resource constraints limit the 
use of alternative methodologies, AHP emerges as a viable op-
tion (Khedrigharibvand et al. 2018). Extensive research has uti-
lized the AHP process to evaluate ecological potential and guide 
management decisions (Grošelj et al. 2023). This technique has 
been instrumental in designing strategies to prioritize manage-
ment actions for controlling invasive plant species in various re-
gions, including South Africa (Mostert et al. 2018), as well as in 
other applications (Bahrami et al. 2024).

The AHP allows decision-makers to break down complex de-
cisions into a hierarchy of more easily comparable elements, 
such as criteria, subcriteria, and options. This structure is par-
ticularly useful in ecological management, where factors such 
as the ecological impact, invasion potential, and management 
difficulty of invasive species often involve both quantitative and 
qualitative data. Moreover, the method's reliance on pairwise 
comparisons ensures that subjective judgments about ecological 
risks can be incorporated into an objective framework, reducing 
inconsistencies in the decision-making process. By calculating 
weights for each criterion, AHP provides a systematic way to 
rank invasive species according to their relative risks, aiding in 
the efficient allocation of limited resources for control efforts 
(Saaty 1980). Given the scarcity of resources in many rangeland 
management scenarios, AHP emerges as an optimal approach 
for prioritizing invasive species for management and control 
(Khedrigharibvand et al. 2018).

Central to the conduct of ecological studies and the formulation 
of a systematic approach to invasive species assessment is the 
exploration of the relationship between plant species and en-
vironmental factors, a focal point of investigation in this study 
utilizing various multivariate analyses. Noteworthy examples 
of the application of ordination and clustering methodologies 
in clarifying the impact of environmental factors on vegetation 
cover include recent studies by Thammanu et  al.  (2021) and 
Mukundi et al. (2024).

Numerous studies have primarily focused on agricultural and 
horticultural weeds, leaving a significant gap in our under-
standing of invasive plants in rangelands. This gap is especially 
pronounced in semiarid regions like Central Iran, where the 
ecological impacts of invasive species on rangeland ecosystems 
remain understudied. This study seeks to address this gap by 
examining the impacts of five invasive plant species on the semi-
arid rangelands of Iran. The five invasive plant species selected 
for this study, including Eryngium billardieri F. Delaroche, 
Cousinia bachtiarica Boiss. & Hausskn, Phlomis persica Boiss., 
Euphorbia decipiens Boiss. & Bushe, and Poa bulbosa L., are 
known for their adaptability and invasiveness in semiarid range-
lands. Eryngium billardieri, a perennial forb from the Apiaceae 
family, thrives in disturbed habitats, particularly overgrazed 
areas, and has demonstrated opportunistic behavior, increasing 
its prevalence after fire events (Khajeddin and Yeganeh  2008; 
Mirdavoodi et  al.  2013). While its medicinal properties have 
been widely studied (Sefidkon et al. 2004), its invasive potential 
is concerning, especially in regions like India, where it affects 
agricultural productivity (Peters et al. 2014).
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Cousinia bachtiarica and Phlomis persica are both hemicryp-
tophytic forbs that dominate under increased grazing pressure 
and deteriorating rangeland conditions (Shakeri Broojeni et al. 
2014). Their ability to reproduce through both sexual and asex-
ual means facilitates their rapid colonization of degraded ecosys-
tems. Similarly, Poa bulbosa, a geophytic perennial grass from 
the Poaceae family, exhibits invasive traits through its clonal 
reproduction and highly competitive ability in overgrazed hab-
itats (Novak and Welfley 1997). This suite of species, with their 
ecological resilience and dominance in disturbed environments, 
presents significant challenges to rangeland management.

This study introduces a novel integration of multivariate statisti-
cal techniques with AHP to provide a more holistic assessment. 
While MCDM techniques have been employed in ecological 
studies, their application to the prioritization of invasive species 
management in resource-limited rangelands remains scarce. By 
combining parametric principal component analysis (PCA) and 
nonparametric multidimensional scaling (NMDS) ordination 
methods with AHP, this study delivers a comprehensive, data-
driven framework for evaluating both the ecological impacts 
and the prioritization of management strategies for invasive 
species.

The innovation of this study lies in synthesizing multiple meth-
odologies. Previous research has often focused on individual 
aspects, such as spatial modeling of invasive species (Martin 
et al. 2015; Elith 2017), prioritization using AHP (Nielsen and 
Fei 2015), the autecology of invasive species (Master et al. 2020), 
or their relationships with environmental factors (Oh et al. 2021). 
However, these studies typically address isolated elements of in-
vasive species impacts. In contrast, comprehensive approaches 
that combine these methods into a cohesive framework are rare, 
particularly in understudied regions such as central Iran and 
western Asia. Additionally, detailed analyses of invasive spe-
cies' root systems in these regions are lacking. This multifaceted 
methodology, encompassing vegetation composition analysis, 
soil characterization, root system profiling, environmental re-
sponse assessment, and species ranking, represents a significant 
advancement in the study of invasive species. It offers a robust 
framework that can be adapted for use in similar ecosystems 
worldwide, addressing both the ecological and management 
challenges posed by invasive species.

Our hypothesis suggests that these invasive plants will negatively 
affect soil quality, thereby endangering the sustainability of the 
rangelands. By employing various multivariate techniques, we 
aim to provide valuable insights to inform targeted conserva-
tion efforts aimed at protecting rangeland ecosystems from the 
harmful effects of invasive plants. Specifically, we hypothesize 
that the target species possess morphological traits conducive 
to dominance in rangeland ecosystems. We also anticipate that 
climate variables play a crucial role in the presence and spread 
of invasive plants, outweighing soil variables. Finally, we posit 
that prioritizing the risk posed by invasive plants is essential for 
maintaining rangeland integrity and implementing effective 
control measures against invasive species.

This study aims to investigate the ecological impacts of five in-
vasive plant species on semiarid rangelands in Iran. Given the 
significant gap in research concerning invasive plants in these 

ecosystems, our objectives include assessing their effects on soil 
quality, vegetation composition, and overall ecosystem health. 
By employing a novel integration of multivariate statistical tech-
niques and AHP, we aim to provide a transferable framework 
for evaluating invasive species in resource-limited rangelands 
across the globe. By combining ecological impacts with man-
agement prioritization, our framework can be adapted to similar 
ecosystems facing invasive species pressures, such as those in 
North America and the Mediterranean. Ultimately, our research 
seeks to inform targeted conservation efforts, ensuring the sus-
tainability and resilience of rangeland ecosystems.

2   |   Materials and Methods

The prioritization of invasive species risk involved selecting four 
infested sites, conducting vegetation and soil sampling, and an-
alyzing the data to examine the relationship between environ-
mental factors and vegetation cover. The ecological conditions of 
the sites were compared, and the AHP was applied to assess and 
rank the risks posed by the invasive species (Figure 1). Detailed 
steps are outlined in the subsequent sections.

2.1   |   Study Area

This study was conducted in the central region of Iran, specifi-
cally in the semiarid rangelands of Fereydan and Fereydunshahr 
counties in Isfahan province (Figure 2). The average elevation of 
the study area is 2828 m, with a mean annual temperature of 
10°Celsius and a mean annual precipitation of 542 mm. Based 
on Köppen and Thornthwaite climate classifications, the west-
ern region of Isfahan is categorized into semiarid cold and semi-
arid climate zones. The natural landscape of this region, part 
of the vast central Zagros Mountains, traditionally provides 
forage for livestock, water, and other ecosystem services to the 
local people. This area has a long history of grazing by sheep 
and goats. Overgrazing and varying severity of droughts have 
occurred in this region, impacting the rangeland species. Soil 
depth in most parts of the study area is less than 10 cm, partic-
ularly in the steep areas, with clay loam being the dominant 
soil texture. Notably, among the most important species present 
in the rangelands of the study area are Astragalus adscendens 
Boiss. & Hausskn., Astragalus verus Olivier, Ferula ovina Boiss., 
Prangos ferulacea (L.) Lindl., and Bromus tomentellus Boiss.

2.2   |   Field Sampling and Analysis

Initially, four sites infested with five invasive plant species 
were deliberately chosen (Table 1), and data on the percentage 
of slope and elevation above sea level were recorded for each 
rangeland site. A comprehensive survey was then conducted 
to identify the floristic composition, vegetation cover, and dis-
tribution of invasive species (Table 2). Subsequently, system-
atic random sampling was employed to assess both vegetation 
cover and soil characteristics across the study rangeland sites 
(Table 2). At each site, three 100-m transects were established, 
spaced 50 m apart perpendicular to the prevailing slope di-
rection. Along each transect, five plots measuring 2 square 
meters each were established at 20-m intervals to record the 
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canopy cover of plant species. For soil sampling, 5 plots were 
randomly selected from a total of 15 plots where vegetation 
cover samples were collected in each area. Soil samples were 
then collected from two depths in each plot: 0–10 cm and 

10–30 cm, to measure the physical and chemical properties of 
the soil in the region. In total, 40 soil samples were collected 
from 4 areas and transferred to the laboratory for analysis. 
Soil properties such as pH, electrical conductivity, sodium ion 

FIGURE 1    |    Flowchart of study: Steps in ecological analysis and risk prioritization of invasive species.

FIGURE 2    |    (a) Map of Isfahan Province in Iran and (b) location of sites in the study areas (site 1: Fereydunshahr, site 2: Hajfathali, site 3: 
Aghcheh, site 4: Noghan Olya).
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concentration, calcium, magnesium, available phosphorus, 
and available potassium were analyzed using standard meth-
ods (Carter and Gregorich 2008). Total nitrogen content was 
determined using the Kjeldahl method, lime percentage by the 
back titration method, and organic matter content through the 
Walkley and Black method. Microbial respiration rate (MR) 
was determined utilizing the closed bottle method, as out-
lined by Sardinha et al. (2003), employing NaOH absorption, 
and subsequent titration with HCl, following the procedure 
described by Froment  (1972). Additionally, the soil texture 
(percentage of sand, silt, and clay) was determined using the 
hydrometer method in the soil laboratory (Weaver et al. 1994).

Through laboratory measurements of plant dry weight, we 
established the ratio of root dry weight to the aerial parts of 
the plants under examination. Additionally, comprehensive 
field studies and profiling of root development depth were 
conducted to ascertain the extent to which roots penetrate 
the soil.

2.3   |   Data Analysis

Following the assessment of the normality of the physical and 
chemical soil characteristics data using the Anderson-Darling 
test and verifying the homogeneity of variances through Levene's 

test, one-way analysis of variance (ANOVA) and Tukey's post 
hoc test were conducted using SPSS 22 software. To determine 
the most suitable ordination method for illustrating the rela-
tionship between plant parameters and environmental fac-
tors, Detrended Correspondence Analysis (DCA) was initially 
applied. Based on the resulting gradient length of 1.8, a linear 
method was deemed appropriate (ter Braak and Šmilauer 2002). 
Consequently, PCA was selected as the preferred linear ordi-
nationtechnique using CANOCO 4.5 software (ter Braak and 
Šmilauer 2002). Additionally, NMDS was employed using PATN 
software (Belbin 2003). To assess the similarity among plant spe-
cies and sampling units, the Bray–Curtis dissimilarity index was 
calculated (Bray and Curtis 1957). Principal axis correlation was 
then applied in PATN to examine relationships between plant 
species and environmental variables on the ordination axes. The 
significance of these correlations was determined through ran-
dom permutation tests with 100 permutations using the Monte 
Carlo method implemented within the ordination procedure in 
PATN (Belbin  2003). Plant species and environmental factors 
that showed significant correlations with the ordination axes 
were plotted in the ordination space. Box and whisker plots were 
also generated using PATN software to facilitate the interpreta-
tion of changes in plant species within clusters (Belbin  2003). 
Kruskal–Wallis tests (Kruskal and Wallis 1952) were performed 
to visualize the distribution of variables within clusters. The 
values obtained from the Kruskal–Wallis tests provided insights 

TABLE 1    |    The environmental characteristics of rangeland sites.

Site 
number Site name Longitude (°) Latitude (°)

Elevation 
(m)

Slope 
(%)

Mean annual 
precipitation 

(m)

Mean annual 
temperature 

(°C)

1 Fereydunshahr 50°00′36″ 32°53′26″ 2707 20 510 13.47

2 Hajfathali 50°00′10″ 33°04′35″ 2690 10 450 13.60

3 Aghcheh 50°06′10″ 33°02′35″ 2492 14 450 13.80

4 Noghan Olya 50°03′43″ 33°19′55″ 2350 8 400 14.33

TABLE 2    |    List of the studied invasive plant species.

Species name Family Growth period
Height 

(cm)
Geographic 
distribution

Biological 
form

Vegetative 
from

Reproductive 
method

Eryngium 
billardieri F. 
Delaroche

Apiaceae Perennial 40–80 IT He Forb S., AS

Cousinia 
bachtiarica 
Boiss. & 
Hausskn.

Asteraceae Perennial 39 < IT He Forb S., AS

Phlomis 
persicsa Boiss.

Lamiaceae Perennial 25–50 IT He Forb S., AS

Euphorbia 
decipiens Boiss. 
& Buhse.

Euphorbiaceae Perennial 30 > IT He Forb S.

Poa bulbosa L. Poaceae Biennial 10–50 IT, M, ES Ge Grass S., AS

Abbreviations: AS, Asexual reproduction; ES, Euro-Siberian; Ge, Geophyte; He, Hemicryptophyte; IT, Irano-Turanian; M, Mediterranean; S, Sexual reproduction.
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into the contribution of each factor to group separation. Cluster 
analysis was used to classify habitats based on the arithme-
tic mean of vegetation cover data. Similarity among sites was 
quantified using the Bray–Curtis dissimilarity index. For this 
purpose, the Flexible UPGMA technique, a hierarchical ag-
glomerative clustering method, was employed. Results were 
presented as dendrograms. The Weighted Pair Group Method 
with Arithmetic Mean (UPGMA) was chosen among available 
hierarchical clustring options for its effectiveness in represent-
ing site relationships.

2.4   |   Prioritization of the Risk Posed by 
the Invasive Plants

In our assessment of invasive plant risks, we applied AHP, a 
sophisticated multicriteria decision-making method that facili-
tates prioritization by comparing multiple criteria in a pairwise 
manner to establish a preference scale among different options 
(Saaty  1980). This comprehensive process involves defining a 

goal, criteria, and subcriteria, which were carefully determined 
with the input of a panel comprising four experts. Additionally, 
we supplemented our analysis with insights from field ecolog-
ical surveys and expert opinions, particularly for certain pair-
wise comparisons (Figure 3).

The AHP method proceeds through a series of well-defined 
steps that begin with the establishment of a hierarchy, in this 
case, consisting of a goal (prioritization of invasive species), 
criteria (impact, invasion, and spread potential), subcriteria, 
and ultimately, the species themselves as the options. Each el-
ement in the hierarchy is compared pairwise, which requires 
the decision-maker to evaluate how much more one element 
contributes to the goal relative to another. This method allows 
for the incorporation of both quantitative data (e.g., infestation 
percentages) and qualitative insights (e.g., expert opinions on 
adaptability). The pairwise comparison matrix generated from 
this process is then used to compute priority weights for each 
criterion and option, allowing for a clear ranking of invasive spe-
cies risks.

FIGURE 3    |    Above-ground and below-ground images of the invasive species under study, complemented by soil horizon details.
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In the AHP method, our focus was on assessing the criteria of 
impact, invasion, and spread potential of invasive species. The 
impact criterion evaluates the effects of invasive plants on range-
land ecosystems. Indicators representing these effects include 
interference or blockage of the entry of desired species, ecosys-
tem damage, and resistance to control. The invasion criterion 
identifies factors influencing the invasiveness of plants, such as 
adaptability, competitive strength, reproduction, and dispersion. 
The spread potential criterion assesses the spread potential of 
invasive plants, considering indicators such as the percentage of 
rangelands infested by these species and their presence in mul-
tiple countries.

Pairwise comparison questionnaires for criteria, subcriteria, 
and options were input into the Expert Choice software to con-
duct comparisons. Criteria were evaluated pairwise based on 
the study's objectives, and scores were assigned to reflect their 
relative importance. Scores ranging from 1 to 9 were hierarchi-
cally assigned to subcriteria relative to criteria and to options 
relative to subcriteria.

To ensure accuracy, Expert Choice software also checks for 
consistency within the pairwise comparisons. Consistency 
in AHP is vital because it confirms that the judgments made 
during pairwise comparisons are logically sound. An incon-
sistency rate higher than 0.1 would indicate that judgment 
might need revision, as it would suggest contradictions in the 
pairwise comparisons. This iterative refinement process helps 
ensure that the final ranking of invasive species is both ro-
bust and scientifically grounded (Saaty 1980). Following soft-
ware analysis, options were prioritized based on the assigned 
scores.

3   |   Results

3.1   |   Canopy Cover and Vegetation Composition 
of Invasive Plants

Table  3 presents the canopy cover percentage and vegetation 
composition of invasive plant species across four sites in central 
Iran. The data reveal varying levels of canopy coverage across 
the sites, with Fereydunshahr exhibiting the highest percentage 
at 28.61% and Noghan Olya the lowest at 20.08%. In terms of veg-
etation composition, Eryngium billardieri is notably prevalent 
across all sites, with the highest cover (15.07%) and composi-
tion percentages (52.67%) observed in Fereydunshahr. Cousinia 
bachtiarica and Phlomis persica also exhibit a significant pres-
ence, albeit with variations between sites. Interestingly, while 
some invasive species like Euphorbia decipiens and Poa bulbosa 
show limited coverage, they still contribute to the overall com-
position of vegetation.

3.2   |   Soil Parameter Disparities Among Invasive 
Species' Habitats

The comparison of average soil parameters across the four 
rangeland locations revealed consistent levels of pH, potassium 
(K), magnesium (Mg), phosphorus (P), and sodium (Na) at both 
depths (0–10 cm and 10–30 cm), as no significant differences T
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were observed among sites. However, significant variations 
were observed in silt, sand, and calcium carbonate (CaCO3) per-
centages, particularly in the subsurface layer (10–30 cm). These 
differences were most pronounced in Noghan Olya, which ex-
hibited distinct soil characteristics compared to Fereydunshahr, 
Hajfathali, and Aghcheh.

In terms of soil texture, Noghan Olya had the highest sand 
content (49.59%) and the lowest clay and silt percentages in the 
surface layer (0–10 cm), a trend that persisted in the subsur-
face layer (10–30 cm). Additionally, Noghan Olya exhibited the 
highest sodium concentration (77.32 meq/L in 0–10 cm), though 
this difference was not statistically significant (p = 0.190). At 

10–30 cm, sodium levels remained variable across sites, but dif-
ferences were not statistically significant (p = 0.492).

Furthermore, Noghan Olya had the lowest electrical conduc-
tivity (EC) in surface soil (3.73 dS/m, p = 0.040), further dis-
tinguishing it from the other locations. The site also exhibited 
notable differences in CaCO3 levels, with significantly lower 
values compared to the other rangelands (p = 0.020 for 0–10 cm, 
p = 0.027 for 10–30 cm). These findings emphasize the unique 
soil texture and chemical composition of Noghan Olya, partic-
ularly in terms of its sandy clay loam to sandy loam texture and 
the distribution of key variables such as CaCO3, sodium, and 
electrical conductivity (Table 4).

TABLE 4    |    Comparison of physical and chemical properties of surface (0–5 cm) and subsurface (5–25 cm) soil samples in the studied rangeland 
locations.

Soil variable Unit Soil depth Fereydunshahr Hajfathali Aghcheh Noghan Olya p

Clay % 0–10 20.93 ± 3.92a 31.87 ± 8.33a 36.52 ± 0.82a 27.19 ± 14.58a 0.056

10–30 24.72 ± 9.10ab 33.56 ± 8.53ab 45.76 ± 3.05a 17.91 ± 11.28b 0.001

Silt % 0–10 53.82 ± 12.80a 45.61 ± 3.90a 54.38 ± 2.71a 23.21 ± 9.80b 0.000

10–30 42.79 ± 10.54a 44.54 ± 5.72a 47.35 ± 4.03a 24.58 ± 3.00b 0.000

Sand % 0–10 25.23 ± 14.62b 22.50 ± 2.71b 9.09 ± 2.39b 49.59 ± 14.58a 0.000

10–30 32.48 ± 12.30b 21.89 ± 2.00bc 6.88 ± 2.30c 57.51 ± 10.00a 0.000

Texture — 0–10 Silt loam Clay loam Silty clay loam Sandy clay loam

10–30 Loam Clay loam Silty clay Sandy loam

pH — 0–10 7.58 ± 0.15a 7.64 ± 0.15a 7.70 ± 0.17a 7.59 ± 0.16a 0.633

10–30 7.56 ± 0.15a 7.76 ± 0.21a 7.74 ± 0.08a 7.66 ± 0.17a 0.246

EC (dS/m) 0–10 6.74 ± 2.57a 5.68 ± 0.52a 4.88 ± 1.82a 3.73 ± 1.03b 0.040

10–30 4.43 ± 1.36a 4.95 ± 1.56a 3.53 ± 0.78a 3.72 ± 0.10a 0.198

Ca (meq/L) 0–10 10.16 ± 2.50a 6.52 ± 0.52b 4.64 ± 1.80b 4.20 ± 1.03b 0.000

10–30 6.18 ± 1.41a 6.24 ± 0.61a 5.28 ± 2.25a 4.50 ± 2.32a 0.391

Mg (meq/L) 0–10 4.24 ± 1.40a 3.16 ± 1.73a 2.56 ± 0.82a 2.36 ± 0.80a 0.360

10–30 3.68 ± 3.34a 3.50 ± 0.60a 3.00 ± 2.50a 2.96 ± 2.72a 0.120

K (meq/L) 0–10 16.09 ± 7.75a 17.26 ± 8.53a 17.01 ± 5.26a 17.89 ± 11.85a 0.990

10–30 13.07 ± 9.04a 14.54 ± 9.07a 10.89 ± 3.77a 21.27 ± 8.32a 0.140

P (mg/kg) 0–10 2.90 ± 1.80a 2.59 ± 1.52a 2.86 ± 0.68a 2.92 ± 1.00a 0.970

10–30 2.25 ± 1.50a 1.58 ± 0.85a 1.95 ± 1.09a 3.05 ± 0.80a 0.220

CaCO3 % 0–10 1.84 ± 0.99a 2.16 ± 0.57a 2.08 ± 0.22a 1.04 ± 0.21b 0.020

10–30 1.42 ± 7.50a 2.17 ± 6.66a 2.09 ± 8.35a 0.87 ± 4.44b 0.027

Na (meq/L) 0–10 26.13 ± 1.08a 29.96 ± 0.45a 52.79 ± 1.04a 77.32 ± 0.90a 0.190

10–30 25.72 ± 0.01a 28.87 ± 0.04a 33.76 ± 0.01a 30.02 ± 0.03a 0.492

N (meq/L) 0–10 0.24 ± 0.01a 0.19 ± 0.06ab 0.13 ± 0.01b 0.14 ± 0.02b 0.001

10–30 0.19 ± 0.01a 0.20 ± 0.04a 0.19 ± 0.01ab 0.15 ± 0.03b 0.017

OM % 0–10 2.82 ± 0.99a 2.24 ± 0.57ab 2.93 ± 0.22ab 2.05 ± 0.21b 0.025

10–30 3.06 ± 0.38a 2.28 ± 1.02ab 2.36 ± 0.50ab 1.73 ± 0.18b 0.027

Note: Mean and standard deviation (SD, shown in parentheses) are presented in the table. Different superscript letters within each row denote significant differences 
between categories (Tukey's test at p = 0.05).
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3.3   |   Root System Profiles of Invasive Species

The study investigated the root systems of the five invasive plant 
species, uncovering distinct traits for each. Eryngium billardieri 
showcased a robust taproot extending over 60 cm in height, with 
extensive development in horizons A, B, and C, a root dry weight 
five times that of its aerial parts (Figure 3). Cousinia bachtiarica 
presented a fibrous root system, featuring well-developed pri-
mary and secondary roots primarily in horizons A, B1, and B2, 
resulting in a root-to-shoot ratio of 1.33. Phlomis persica showed 
a strong root system, with thin secondary roots emerging near 
its base and extending through soil horizons A, B, and C. The 
species exhibited a notable root-to-shoot weight ratio of 2, in-
dicating a strong below-ground. Euphorbia decipiens exhibited 
a shallow yet developed root system, predominantly occupying 
horizons A, B1, and B2, with a root-to-shoot weight ratio of 0.83, 
though comparatively weaker than Phlomis persica. Finally, Poa 
bulbosa had a shallow and weak root system, mainly limited to 
horizon A, with a root-to-shoot weight ratio of 0.67 (Figure 3).

3.4   |   Invasive Species Response to Environmental 
Factors

The results of the PCA for soil and vegetation characteristics 
across the four rangeland sites, dominated by invasive species, 
reveal that the first, second, and third principal components 
explain 45.4%, 35.8%, and 18.7% of the variability in vegeta-
tion cover, respectively. Upon examining the correlation be-
tween environmental factors and these principal components, 
the first component demonstrates a robust association with 
soil characteristics such as calcium and magnesium content 
at both soil surface and subsurface levels, electrical conduc-
tivity, nitrogen, sodium, and potassium at the soil surface, 
as well as average slope, elevation, precipitation, and mean 
annual temperature. The second component correlates with 
lime, clay, and sand percentages at both soil depths, along 
with pH at the soil surface, while the third component primar-
ily correlates with phosphorus at the soil surface. Given that 
the first and second axes capture the largest share of the varia-
tion, the most influential factors for distinguishing habitats in 
the study areas, ranked in descending order, are soil chemical 
properties, physiographic characteristics, climatic properties, 
soil texture, and lime content.

The PCA analysis reveals the presence of three distinct habitats 
within the study sites (Figure 4). The first distinguished habitat, 
encompassing site 1 (Fereydunshahr), includes two prominent 
invasive species: Poa bulbosa and Eryngium billardieri. Other 
associated species include Bromus tomentellus, Noaea mucro-
nata, Astragallus adscendens, Rheum oriental, Silene araratica, 
and Gypsophila paniculata. This habitat is notable for its higher 
elevation, greater mean annual precipitation, and steeper slope 
compared to the other two habitats. Additionally, it exhibits ele-
vated levels of organic matter, calcium, magnesium, and electri-
cal conductivity in both surface and subsoil horizons, signifying 
favorable conditions for the growth and development of the iden-
tified species.

The second habitat, covering sites 2 (Hajfathali) and 3 
(Aghcheh), is characterized by the predominance of the 

invasive species Euphorbia decipiens and Phlomis persica. 
Additional abundant species in this habitat include Achillea 
tomentosa, Astragalus gossypinus, Acanthophyllum bractea-
tum, Scariola orientalis, Agropyron trichophorum, Centaurea 
virgata, Phlomis olivieri, annual grasses, and Taraxacum sp. 
This habitat is defined by higher soil pH in both surface and 
subsoil layers and greater clay and lime content, marking it as 
distinct from the other two.

The third habitat, corresponding to site 4 (Noghan Olya), 
is characterized by a high frequency of Cousinia bachtiar-
ica, although this species is also present and frequent in site 
3 (part of the second habitat). This habitat hosts a diverse 
array of plant species, including Astragalus verus, Stipa bar-
bata, Carex sylvatica, Gundelia tournefortii, Astragalus spp., 
and annual forbs. The surface soil contains higher levels of 
gravel, and this habitat experiences elevated mean annual 
temperatures. Additionally, both surface and subsoil horizons 
show increased concentrations of phosphorus, potassium, 
and sodium. According to the length and direction of the 
environmental vectors in the PCA diagram, the most influ-
ential factors shaping species distribution in this habitat are 
mean annual temperature, sodium content, gravel, and sand 
percentage.

FIGURE 4    |    Principal component analysis-ordination diagram 
of species, environment, and sampling units (species represented by 
green vectors, environmental factors by red vectors, and sampling 
units by solid circles). Sampling units 1 to 4 correspond to the range-
lands of Fereydunshahr (1), Hajfathali (2), Aghcheh (3), and Noghan 
Olya (4). ACHTOM, Achillea tomentosa; AGRTRI, Agropyron tricho-
phorum; ANNFOR, Annual forbs; ANNGRA, Annual grasses; 
ASTGOS, Astragalus gossypinus; ASTSPP, Astragalus spp.; ASTVER, 
Astragalus verus; BROTOM, Bromus tomentellus; CARSYL, Carex syl-
vatica; CENVIR, Centaurea virgata; COUBAC, Cousinia bachtiarica; 
Elv, Elevation above sea level (meters); ERYBIL, Eryngium billardieri; 
EUPDEC, Euphorbia decipiens; GYPPAN, Gypsophila paniculata; 
NOAMUC, Noaea mucronata; PHLOLI, Phlomis olivieri; PHLPER, 
Phlomis persica; POABUL, Poa bulbosa; Rain, Mean annual precipita-
tion (millimeters); RHEORI, Rheum oriental; SCAORI, Scariola orien-
talis; SILSPP, Silene spp.; Slo, Slope (percentage); temp, Mean annual 
temperature (degrees Celsius).
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Classification of the sites based on vegetation data also resulted 
in three distinct groups (Figure  5a). Eryngium billardieri and 
Poa bulbosa habitat located in Fereydunshahr site well match 
with group one. Euphorbia decipiens and Phlomis persica hab-
itats located in Hajfathali and Aghcheh are well matched with 
group two. Cousinia bachtiarica habitat located in Noghan Olya 
spreads across group three.

According to the Kruskal–Wallis test, significant differences 
were observed among these groups in two soil variables, namely 
N and Ca content in the soil surface, mean annual precipita-
tion, elevation, and slope. Moreover, the coverage percentages of 
Eryngium billardieri, Poa bulbosa, and annual grass varied sig-
nificantly across the groups. The first group habitat, comprising 
habitats of Poa bulbosa and Eryngium billardieri species, exhib-
ited higher elevation above sea level, mean annual precipitation, 
slope percentage, and soil calcium content compared to other 
habitats. The mean annual precipitation in the second group 
was 427 mm; however, notable variations in precipitation were 
observed among sites within this group. Additionally, these sites 
had a higher percentage of annual grasses compared to other 
groups. The average elevation of sites above sea level in the third 
group was 2641 m, and the presence of Poa bulbosa species was 

absent in this group of sites. The findings from the classifica-
tion analysis and Kruskal–Wallis test corroborated the results 
of ANOVA and Tukey's post hoc mean comparisons (Figure 5b, 
and Table 4).

As depicted in Figure 6, the analysis revealed significant cor-
relations (p < 0.05) between 5 plant species and 7 environmen-
tal variables within the three-dimensional NMDS ordination 
space. The results revealed three distinct groups. According 
to the PCC analysis results (Figure 6), Group One, character-
ized by abundant Eryngium billardieri and associated with  
higher mean annual precipitation, elevation, slope, and ele-
vated nitrogen, and calcium content in surface soils. Group 
Two, dominated by Centaurea virgata, and Group Three, 
featuring Astragalus adscendens, are primarily associated 
with higher mean annual temperature and gravel content in 
the soil.

3.5   |   Analysis and Ranking of Invasive Species

The analysis conducted using the AHP method to identify the 
most hazardous invasive species revealed that the final weights 

FIGURE 5    |    (a) Dendrogram generated from UPGMA clustering analysis of vegetation cover plots. The letters a, b, c, and d correspond to the plot 
symbols of sites 1, 2, 3, and 4, respectively. (b) Kruskal–Wallis statistics for environmental variables and vegetation cover percentages of plant species 
demonstrating significant differences across the groups.
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assigned to the impact, invasion, and spread potential criteria 
were 0.66, 0.24, and 0.10, respectively (Table 5). These weights 
underscore the significance of these criteria in effectively eval-
uating the invasive species under scrutiny. The findings further 
elucidate that, based on the evaluated criteria, the ranking of 
invasive species risk positioned Cousinia bachtiarica, Eryngium 
billardieri, Phlomis persica, Euphorbia decipiens, and Poa bul-
bosa with weights of 0.36, 0.26, 0.14, 0.13, and 0.12, respectively. 
Notably, among the primary criteria, the impact criterion ex-
erted the most substantial influence, while the spread poten-
tial criterion had the least impact on the assessment of invasive 
plant risk.

4   |   Discussion

In this study, we investigated the relationship between the stud-
ied invasive species and environmental factors, identifying the 
influential factors in their presence. This involved examining 
the root system of the species and employing parametric and 
nonparametric multivariate analyses. Additionally, we priori-
tized invasive plant species under investigation by determining 
the indicators and criteria in collaboration with experts on in-
vasive species.

4.1   |   Ecological Understanding of Invasive Species

Several soil characteristics, including nitrogen and calcium con-
tent in the soil surface, alongside physiographic factors such as 
elevation and slope, in conjunction with precipitation, emerged 
as the most significant contributors to the distribution of invasive 
species, as determined by both parametric and nonparametric 
ordination techniques. Consistent with in't Zandt et  al.  (2021), 
who reported a correlation between species abundance and soil 
nutrient levels across diverse ecosystems, our results confirm that 
soil properties are critical in shaping invasive species distribution. 
This highlights the consistency of our findings with prior research 
emphasizing soil attributes in determining plant distributions.

In addition to abiotic factors, biological and ecological processes 
may limit the establishment and survival of invasive species. 
For instance, Poa bulbosa, while drought-tolerant, may face 
recruitment and germination challenges due to soil moisture 
and temperature fluctuations (Ofir and Kigel 2003). Eryngium 
billardieri and Poa bulbosa also encounter pollination and seed 
dispersal constraints, especially in environments lacking pol-
linator populations. Ehsani et al. (2013) similarly underscored 
the influence of environmental factors, such as soil acidity and 
nitrogen content, on Poa bulbosa's establishment. Soil seed 
bank dynamics and potential pest pressures could further limit 
growth, particularly under degraded conditions.

FIGURE 6    |    Principal axis correlation depicting the significant as-
sociations (p < 0.05) between five species vectors and five environmen-
tal variables. The correlations are visualized in a three-dimensional 
nonparametric multidimensional scaling ordination, with centroids 
marking three distinct groups (SSH MDS, Bray and Courtis Metric, 
Cut-off = 0.9, stress = 0.1408), using the FLEXIBLE UPGMA technique. 
Symbols denote groups generated by PATN, with each symbol repre-
senting sites sharing similar compositions.

TABLE 5    |    Analytic hierarchy process analysis of invasive species risk factors.

Criteria Weight Subcriteria
Subcriteria 

weight Options
Option 
Weight

Impact of invasive 
plants

0.66 Interference or blockage from 
entry of desired species

0.15 Eryngium billardieri 0.26

Ecosystem damage 0.75 Cousinia bachtiarica 0.36

Resistance to control 0.91

Invasion 0.24 Adaptability 0.14 Phlomis persica 0.14

Competitive strength 0.47

Reproduction and dispersion 0.37

Spread potential 0.10 Occupied suitable habitats 
by invasive plants

0.75 Euphorbia decipiens 0.13

Existence of these species 
in multiple countries

0.25 Poa bulbosa 0.12



12 of 15 Ecology and Evolution, 2025

Under high grazing pressure, less palatable invasive species may 
gain a competitive advantage over more palatable, productive, 
and perennial (3P) species. Livestock prefer palatable species, 
creating opportunities for invasive species like Phlomis per-
sica, Euphorbia decipiens, and Eryngium billardieri, which are 
avoided due to their unpalatable, poisonous, or spiny nature, to 
proliferate. Rathfon et  al.  (2021) similarly noted that invasive 
species often exploit the weakened state of palatable species in 
heavily grazed areas. Future studies should examine biotic in-
teractions, such as herbivory, competition, and disease suscep-
tibility, to understand factors affecting invasive species more 
comprehensively.

While invasive species are commonly linked to negative im-
pacts, some also have beneficial aspects. For example, Eryngium 
billardieri is harvested by local communities during flower-
ing, dried, and mixed with forage to feed livestock in winter 
(Khademi et  al.  2021). It also has medicinal properties, with 
studies highlighting its phenolic, flavonoid content, and antimi-
crobial activities (Daneshzadeh et al. 2020). Similarly, Phlomis 
persica exhibits antinociceptive effects (Sarkhail et  al. 2003). 
These findings, supported by Marshall et al. (2012) and Martin 
et al. (2015), highlight the context-dependent roles of certain in-
vasive species, suggesting tailored management strategies over 
generalized approaches.

The novelty of this study lies in its integrated approach, com-
bining species-specific ecological traits with advanced ordina-
tion techniques. This dual-method approach provides a nuanced 
understanding of environmental variables interacting with spe-
cies traits, offering comprehensive insights into invasive spe-
cies presence in semi-arid rangelands. The application of both 
parametric and nonparametric methods enhances the rigor of 
findings, yielding robust insights into species-environment 
relationships.

The PCA analysis revealed the ecological preferences of inva-
sive species across three distinct habitats. Cousinia bakhtiarica, 
for instance, thrives in shale formations with relatively high so-
dium levels, suggesting some degree of salt tolerance. Euphorbia 
decipiens, according to Pahlavani  (2007), thrives in limestone 
soils between 1900 and 3200 m, and the PCA results suggest 
similar environmental preferences for Euphorbia decipiens and 
Phlomis persica. Poa bulbosa and Eryngium billardieri correlated 
strongly with precipitation, elevation, slope, and soil calcium 
and magnesium levels, consistent with Pakzad et al. (2013), who 
found Eryngium billardieri thriving in cold climates with high 
precipitation, as observed in our study.

The findings suggest that the presence of invasive species in the 
surveyed rangelands reflects pre-existing soil conditions rather 
than degradation induced by these species. While soil chemical 
properties like pH, potassium, and phosphorus were consistent 
across sites, variations in soil texture, electrical conductivity, and 
sodium concentration were noted, particularly in Noghan Olya 
rangeland. Jafari et al. (2004) similarly observed that soil texture 
and electrical conductivity can vary widely across rangelands, 
impacting species distribution. The adaptable root systems of in-
vasive species, such as Eryngium billardieri and Cousinia bach-
tiarica, enable them to access nutrients effectively, allowing 
them to establish in degraded or poorly managed rangelands.

Predictive modeling techniques, like Bayesian Belief Networks 
(BBN), can offer valuable insights into invasive species distri-
butions, especially in data-limited settings. Martin et al. (2015) 
demonstrated BBN's utility for forecasting invasive species 
spread, integrating expert knowledge with empirical data. 
Applying similar modeling approaches in our study could en-
hance our understanding of invasive species distribution across 
semi-arid regions.

The degradation of rangelands and the prevalence of Euphorbia 
decipiens and Phlomis persica may be due to habitat proximity 
to roads and villages, leading to severe grazing and trampling. 
Field observations confirmed livestock activities in these habi-
tats, reducing the availability of palatable forage as unpalatable 
species proliferate.

Clustering and PCA results indicate that species within each 
group share similar tolerance ranges and thrive under compara-
ble soil conditions. All plots at the Fereydunshahr site clustered 
together, with Eryngium billardieri and Poa bulbosa showing the 
highest canopy cover percentages. The NMDS analysis further 
revealed significant correlations (p < 0.05) between Eryngium 
billardieri canopy cover and variables like calcium content and 
elevation, affirming PCA and Kruskal–Wallis findings. This 
agreement among multivariate analyses strengthens the reli-
ability of our results (Rencher 2002).

Soil emerges as a primary determinant of vegetation cover and 
density, reflecting cumulative environmental impacts over time. 
Changes in soil attributes can profoundly impact ecosystem 
functionality, with vegetation cover and soil composition intri-
cately linked. This insight is particularly relevant for arid and 
semi-arid rangelands, where disruptive dynamics shape eco-
systems, underscoring the importance of effective management 
and conservation strategies.

4.2   |   Prioritization of Invasive Species

In the findings derived from prioritizing invasive plant species, 
the criteria concerning impacts, invasiveness, and potential for 
spread emerged as the most effective for evaluating the studied 
species. Cousinia bachtiarica was acknowledged as the most 
hazardous invasive species, whereas Poa bulbosa was deemed 
the least risky among the species under study. While invasive-
ness and potential for spread are important factors in assess-
ing the threat posed by invasive species, impacts hold greater 
significance due to their direct implications for ecosystems, 
biodiversity, and human activities (Pimentel et  al.  2005). The 
severity of impacts determines the urgency and prioritization of 
management efforts, making it a primary consideration in in-
vasive species management strategies (Vilà et al. 2010; Perrings 
et al. 2005). Therefore, in our study, criteria related to impacts 
were given precedence in the prioritization of invasive plant 
species.

To ensure robust AHP analysis, we used Expert Choice software, 
which calculates criteria weights and assesses consistency ratios 
for logical coherence in pairwise comparisons. A consistency 
ratio under 0.1, as recommended by Saaty (1980), indicates reli-
able judgments. The criteria and weights for comparisons were 
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based on expert opinions, reinforcing reliability. Additionally, 
we validated the model's rankings through field observa-
tions (Pheloung et  al.  1999), where highly ranked species like 
Cousinia bachtiarica correlated with greater ecosystem impacts 
and resistance to control.

Cousinia bachtiarica is safeguarded against grazing due to its 
thorny and woody aerial parts, rendering it unpalatable for 
livestock. Its sharp thorns act as a deterrent, preventing graz-
ing at any stage of its growth. Moreover, this plant disperses 
thorny seeds easily through the wind. In contrast, Eryngium 
billardieri, though initially spared from grazing during its early 
growth stages when its thorns are undeveloped, later encoun-
ters reduced forage availability due to its thorny nature. It boasts 
a robust root system and serves as a nectar source for bees. 
Euphorbia decipiens, characterized by its well-established root 
system and nontoxic latex sap, faces minimal grazing pressure 
from sheep, the primary livestock in these regions, resulting in 
lower distribution and density compared to other studied plants. 
Phlomis persica, owing to its aromatic essence, is less appealing 
to livestock for grazing but possesses a sturdy root system and is 
renowned for its medicinal properties. Additionally, Poa bulbosa 
is grazed by livestock, although its short stature makes it less 
susceptible to grazing. Based on the findings, it is evident that 
as rangeland density increases, Poa bulbosa covers the soil sur-
face like a sponge with its specific root system. During precipi-
tation, these roots absorb moisture, impeding water infiltration 
into deeper soil layers. Consequently, plants with deeper roots 
struggle to absorb moisture, leading to their displacement from 
the rangeland surface and exacerbating soil erosion (Pierret 
et al. 2016).

4.3   |   Management Implications

The comprehensive ecological analysis conducted in this 
study provides valuable insights into the relationship between 
invasive plant species and their environment, essential for de-
veloping effective management strategies tailored to specific 
habitats and species. By prioritizing invasive plant species 
based on their impacts, invasiveness, and potential for spread, 
targeted control efforts can be implemented to maximize ef-
fectiveness and mitigate ecological and economic impacts. 
Tailored management approaches, such as preemptive re-
moval, targeted grazing, and the promotion of competitive na-
tive species, can effectively control invasive plant populations 
while minimizing negative impacts on native ecosystems. 
Collaboration between stakeholders, including researchers, 
land managers, policymakers, and local communities, is 
crucial for effective invasive species management, fostering 
knowledge sharing, and leveraging collective expertise and 
resources.

Based on the results of the hierarchical analysis, Cousinia bach-
tiarica emerges as the most perilous invasive species among 
those studied, warranting heightened control and management 
measures in the study area. Given the plant's deterrent thorns, 
which discourage sheep grazing, employing goats for grazing 
during the nonwoody early season stages could prove beneficial. 
Alternatively, preemptive removal of the plant from rangelands 
before seeding could effectively impede its spread. Moreover, 

harnessing plants with robust competitive abilities could play a 
pivotal role in ecosystem modification, promoting the prolifera-
tion of desired species. These approaches are applicable to other 
species under scrutiny. Implementing integrated methods, such 
as initial mechanical treatments followed by controlled burning 
and subsequent targeted grazing by animals, may yield more fa-
vorable outcomes in curbing the spread of this invasive plant. 
Additionally, nurturing superior species with strong competi-
tive traits, like perennial grasses and palatable and productive 
shrubs, alongside strategic grazing practices, enables tailored 
management. By adjusting grazing patterns based on plant com-
position, animal species, herd selection, population dynamics, 
and seasonal variations, undue pressure on undesirable range-
land species can be alleviated, while favorably grazing superior 
species.

Following the ecological assessments of the habitats under in-
vestigation, it can be concluded that rangelands predominantly 
occupied by Phlomis persica and Euphorbia decipiens species 
provide an environmentally favorable environment for direct 
seeding projects. In contrast, areas with a significant presence 
of Eryngium billardieri are less suitable for seeding, highlighting 
the importance of careful attention to local soil and rangeland 
conditions.

Through the ecological analysis of invasive species, valuable 
information about influential environmental factors and their 
associated species can be obtained, which can be utilized for 
prioritization and control purposes. While trait-based stud-
ies have provided valuable insights into Poa bulbosa (Ofir and 
Kigel  2003, 2006), similar studies for other invasive species, 
such as Eryngium billardieri, Euphorbia decipiens, Phlomis per-
sica, and Cousinia bachtiarica, are rare and focus primarily on 
medicinal uses or taxonomic classification rather than ecolog-
ical traits. This gap highlights the need for further research to 
better understand the ecological roles of these species, which 
can help inform more precise control strategies. Analyzing eco-
logical data of invasive species, along with their management 
information, can improve the interpretation regarding the dis-
tribution, prioritization, and control of these species (Gurevitch 
and Padilla 2004).

5   |   Conclusions

This study has significantly advanced the understanding of eco-
logical dynamics and management strategies for invasive plant 
species in the semi-arid rangelands of Iran. One of the primary 
achievements of this research is the development of a robust 
framework for analyzing the relationship between invasive 
species and environmental factors such as soil characteristics, 
elevation, slope, and precipitation, which has led to a more nu-
anced understanding of how these species establish and spread 
in sensitive ecosystems.

By employing the AHP approach to prioritize invasive species, 
the study has enabled more targeted management efforts, ensur-
ing that control measures are focused on species with the great-
est ecological and economic impacts. This prioritization allows 
land managers to allocate resources effectively, addressing the 
most pressing invasion threats first.
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Additionally, the study highlights the importance of tailoring 
management strategies to habitat-specific conditions. The find-
ings emphasize that the ecological preferences of invasive spe-
cies vary based on environmental factors, reinforcing the need 
for context-specific management approaches. This ensures that 
interventions are more effective and sustainable over time.

Overall, this research provides a foundation for adaptive man-
agement strategies that not only mitigate the immediate effects 
of invasive species but also address their long-term potential for 
spread. Continued research and collaboration will be essential 
for preserving the native biodiversity and ecosystem functions of 
these rangelands, ensuring that Iran's semi-arid ecosystems con-
tinue to provide essential ecosystem services and support human 
well-being.
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