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Abstract

Characterized as one of the most controversial and widely used grasses in various regions,
buffelgrass (Pennisetum ciliare (L.) Link) is considered a significant and problematic invasive
exotic species and an adaptable and resilient forage source with relatively high biomass
production and resistance to harsh agroecological conditions. Objective: The objective
of this documentary research is to present a systematic review of buffelgrass dynamics,
focusing on its global management and specifically on the arid regions of Mexico, particu-
larly Sonora. This review highlights its forage potential, invasive capacity, adaptability, and
the different scales of its multifactorial relationship within the productive-environmental
sphere. Methods: Information on buffelgrass in various regions of the world, with an
emphasis on arid regions, was reviewed and summarized. This information was gathered
from a selection of 59 articles, considering common aspects such as appropriate method-
ologies, location within the geographical limits of aridity, and originating from Web of
Science repositories. The search criteria included “Pennisetum ciliare and Cenchrus ciliaris”,

/A7

“invasion”, “livestock”, “forage”, “sustainability”, and “restoration”, among other key
concepts, with a timeframe limited to the year 2026. This allowed for the definition of
thematic axes for the descriptions presented. Main results: The results highlight various
treatments in agriculture and livestock farming, its use in combination with other grasses,
and the implementation of adjuvants, which improves its performance. In this regard, its
use as a substitute for primary forage with 500 mm of annual irrigation is emphasized,
achieving biomass production levels of up to 18.4 t ha—!. Conclusions: Buffelgrass in
vulnerable arid territories, such as Sonora, Mexico, could improve soil cover, nutrient
content, and biological presence; however, in a state of equilibrium, it can cause alterations

that are difficult to reverse and that compromise local ecology and water resources.
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1. Introduction

Buffelgrass [Pennisetum ciliare (L.) Link (Poaceae)] is a species of African origin [1] that,
due to its adaptability, has been successfully introduced into arid and semi-arid regions
throughout the world. It has a wide distribution in Mexico, the southern United States,
Central America, Ecuador, Colombia, Venezuela, Bolivia, Argentina, Brazil, Spain, Italy,
countries in the Middle East, and much of Africa, where it has the status of an introduced
and invasive species. This grass is characterized by its high forage productivity and
has been an alternative for livestock production systems, especially in those where local
production is insufficient to achieve high productivity [2]. Since its introduction to various
parts of the Americas and Australia, buffelgrass has invaded a considerable area, giving
rise to pastures [1,3] and grassland habitat. An important aspect of this grass has been its
high capacity to produce dry matter (30-60 t ha~?) in sites with annual rainfall ranging
from 150-750 mm [4], making it indispensable for regions with low production technology
or scarce resources. In some cases, buffelgrass is considered an invasive species, which
negatively affects the balance of ecosystems [1,5]. In the United States it is considered as
being a highly invasive “Watch” category taxon by the California Invasive Plant Council
(CALIPC https:/ /www.invasive.org/browse/subject/73106?tab=subject-info, accessed on
1 May 2026).

In Australia, it is estimated that over 10 million hectares are covered by buffelgrass,
which has gradually displaced and affected the ecology of native species [6]. In Queens-
land, the invasion of this grass significantly reduces species richness, as its reproductive
mechanisms are highly efficient and produce a large number of seeds. Other important
factors regarding invasive species are related to the alteration of biogeochemical cycles, as
well as the dynamics of water and nutrients in the soil [7,8].

In Pakistan, there is a high degree of morphological variability among buffelgrass
populations, given that the arid environmental conditions are favorable for its develop-
ment and growth. Outstanding characteristics were found to be related to the number
of tillers per plant, number of internodes of the main tiller, number of leaves, plant fresh
weight, height, leaf area, and number of productive branches [9]. These characteristics give
buffelgrass the ability to adapt successfully and rapidly to diverse environments. Anatomi-
cally, buffelgrass exhibits characteristics such as thick epidermal layers in its leaves and
stems, high sclerification of the main stem, a greater number of vascular bundles, bulliform
growth, a larger metaxylem area, and lower stomatal density, which allows it to maximize
resource use for survival [10] and exhibit high growth rates [11]. At the molecular level,
buffelgrass also possesses high genetic diversity, as demonstrated by a study of single
nucleotide polymorphism markers [12].

Although buffelgrass exhibits apomixis, there is moderate variation in diversity among
its populations. Inter-Simple Repeat Sequence (ISSR) molecular markers identified simi-
larity indices ranging from 60-90% in Saudi Arabia, indicating that this diversity may be
reflected in buffelgrass morphology, which is important for establishing a genetic basis
for traits of interest [13]. In northwestern Mexico, ISSR molecular markers were imple-
mented in 16 buffelgrass populations, yielding a Nei genotypic diversity index of 0.75.
This suggests that, despite its reproductive method, this species exhibits significant genetic
variability, which may be associated with greater phenotypic plasticity, contributing to its
successful invasion process [14]. The first investigations in buffelgrass regarding its cytol-
ogy revealed that they can be facultative apomictic, that is, certain hybridization patterns
can be observed that result from a wide morphological diversity [15]. The introduction
of buffelgrass to Mexico was linked to political entities and government programs such
as the Alianza para el Campo (ALCAMPO) and the Programa de Estimulos a la Productividad
Ganadera (PROGRAN). Figure 1 shows the distribution of buffelgrass in Mexico, which is
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concentrated in the arid zones of the northern region of the country. This pattern reflects the
suitability of these ecosystems for the growth, development, and expansion of this species.
Livestock production systems, in which buffelgrass is used as part of the animals’ diet, are
also common in these regions. Because northern Mexico comprises xerophytic vegetation
and arid climates, buffelgrass was introduced to the states of Sonora, Chihuahua, Coahuila,
Nuevo Leén, and Tamaulipas [16].

These government programs offered incentives to transition from native scrublands to
buffelgrass cultivation, based on the argument that significant yields in livestock feed could
be obtained [17]. Regarding morphological diversity, significant differences were found
among four buffelgrass accessions in Tamaulipas, Mexico, which differed in characteristics
such as the number of ears and caryopsid weight, indicating that the ecogeographic richness
of a region can promote species diversity [18]. Other studies in Tamaulipas also found di-
versity in leaf and stem morphology [19]. In the Altiplano Potosino, Mexico, some varieties
of buffelgrass such as “Titan” and “Regio” had an average yield of 2120-2582 kg h~! of dry
matter under rainfed conditions. However, under irrigation, yields increase considerably
to 5180-9160 kg h~! of dry matter [20].

Is it possible to consider P. Ciliaris as a sustainable forage alternative in arid regions,
based on its proven productive benefits as well as its environmental risks already described
in several research, considering it as an invasive species? This review takes a critical
perspective on buffelgrass. While it has important applications for forage production, its
invasive characteristics are unsustainable in the long term, or at least the cited studies
do not suggest otherwise. It is in arid regions where this species has been introduced,
and where the vulnerability of both water and soil resources, as well as a decrease in
biodiversity, has been observed. In this context, the present review not only compiles global
evidence but also aims to comparatively analyze the ecological and productive behavior
of buffelgrass across different regions, distinguishing the underlying environmental and
management-related factors that explain its contrasting effects.
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Figure 1. Geographic distribution of buffelgrass (Pennisetum ciliaris) in Mexico based on occurrence
records from the Global Biodiversity Information Facility (GBIF) [21] (Available online: https://doi.
org/10.15468 /dL.72e9sm (accessed on 13 February 2026)). Occurrence points are concentrated in arid
and semi-arid regions of northern Mexico.
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In Mexico, “Servicio Nacional de Inspeccién y Certificacién de Semillas” (SNICS) developed
a guide establishing the regulations for registering new buffelgrass varieties [22]. This
guide describes 37 characteristics related to ploidy level, stem morphology, leaves, color,
inflorescences, and seeds. Ploidy in buffelgrass is varied, with tetraploids (21 = 4x = 36),
pentaploids (2n = 5x = 45), and hexaploids (2n = 6x = 54). This polyploidy, along with
hybridization, generates a continuum of diversity that increases the genetic diversity of
this species [23]. Emerging literature indicates that approximately 80% of buffelgrass is
tetraploid [24] and amphiploid, as genetic and molecular patterns suggest that this species
arose from two ancestors [25].

Sonora, Mexico, is a state with a high incidence of buffelgrass. It is characterized by
an arid and semi-arid climate with low annual rainfall of between 200 and 600 mm. In 2003,
buffelgrass represented 25% of the nearly 4 million hectares, which were almost entirely
covered by native vegetation [2], especially in the municipalities of La Colorada and some
others in the Sierra de Sonora, where radical changes have been seen and columnar cactus
species have been displaced by buffelgrass [3,4].

The objective of this research is to conduct a systematic review of buffelgrass dynamics
in arid regions, with emphasis on Mexico, to identify and analyze the mechanisms underly-
ing the trade-off between its productive value as a forage species and its ecological risks
as an invasive organism. Specifically, this review examines the biological, environmental,
and anthropogenic factors that determine under which conditions buffelgrass functions
as a viable forage alternative and at which point its invasive dynamics compromise the
long-term sustainability of arid and semi-arid agroecosystems. Evidence from agriculture,
livestock systems, biodiversity, soil, water resources, and management strategies is inte-
grated to build a context-dependent mechanistic understanding of buffelgrass behavior
across different geographic regions.

2. Materials and Methods

This systematic review focused on scientific publications about buffelgrass in arid
and semi-arid regions, with particular emphasis on Mexico. A structured search strategy
was implemented across five academic databases: Web of Science, Scopus, Google Scholar,
SciELO, and Mexican institutional repositories specializing in agricultural research. The
search was conducted between October 2025 and January 2026 using Boolean operators
to combine the following terms: (“buffelgrass” OR “Pennisetum ciliaris” OR “Cenchrus
ciliaris”) AND (“arid” OR “semi-arid” OR “desert” OR “Sonora”) AND (“invasion” OR
“invasive species” OR “forage” OR “livestock” OR “soil” OR “water” OR “ecosystem” OR
“sustainability” OR “restoration” OR “biodiversity”). Searches were conducted in both
English and Spanish to ensure comprehensive coverage of regional literature. No language
restriction was applied during the identification stage. The time frame was limited to
publications up to January 2026, although seminal works published before this period were
included when deemed essential for contextual understanding. Grey literature, including
technical reports, institutional documents, and theses, was also considered to capture
information not published in indexed journals (see Supplementary Materials).

Although a quantitative meta-analysis was not conducted, this decision was method-
ologically justified by the substantial heterogeneity in study designs, outcome measures,
and environmental contexts across the included literature. Buffelgrass research spans-
controlled greenhouse experiments, field-scale observational studies, remote sensing analy-
ses, and qualitative case studies, with outcomes reported in incompatible units and across
non-comparable spatial and temporal scales. Under these conditions, pooling effect sizes
would produce misleading results and violate the statistical assumptions underlying meta-
analytic procedures. To compensate for the absence of formal meta-analysis and strengthen
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the systematic nature of the review, key quantitative data were extracted from each included
study where available, including: (i) study location and geographic coordinates, (ii) sam-
ple size and replication structure, (iii) measured outcome variables and reported units,
(iv) principal findings expressed as numeric values or effect directions, and (v) evidence
tier classification (as described above).

Of the 59 studies included in the final analysis, 44 were obtained from indexed
databases (Web of Science and Scopus), 10 corresponded to grey literature (technical reports,
theses, and institutional documents), and 5 were sourced from regional peer-reviewed
journals. To further strengthen the evidence base in response to peer review, an additional
search round was conducted expanding the geographic scope to include arid regions of
Africa, the Middle East, South Asia, and Australia, and broadening the search terms to
incorporate soil microbiota, carbon dynamics, fire ecology, and hydrological impacts. This
expanded search yielded 15 additional records; after removing 4 duplicates, 11 records
underwent title and abstract screening, all of which were excluded due to lack of relevance
to arid environments or absence of empirical data directly addressing buffelgrass dynam-
ics. Consequently, the total number of studies included remained at 59, confirming the
comprehensiveness and robustness of the original search strategy. In total, 105 records
were identified across all searches. After removing duplicates (1 = 34), 71 records remained
for screening based on title and abstract. Subsequently, 12 studies were excluded, and
59 studies met the inclusion criteria and were used for qualitative synthesis. The study
selection process is presented in the updated PRISMA 2020 flow diagram [26] (Figure 2).

Records identified Additional search
Identification Original search (n = 90) Expanded terms + regions

Additional search (n = 15) (n = 15 identified)

l

After duplicates removed
105 — 34 duplicates = 71 records

Screening J,

Records screened Records excluded
Title and abstract (n = 71) Title/abstract (n = 12)

l

) Full-text excluded
Eligibility Full-text articles assessed i Outside arid regions (i)
For eligibility (n = 59) 2

l

Studies included
Qualitative synthesis (n = 59)

Included l

Indexed databases: 44 Grey literature: 10 Regional journals: 5

No empirical data (ii—iv)

Source breakdown (n = 59)

Figure 2. PRISMA flow diagram of the study selection process. Blue boxes represent records and
articles in the main flow; coral boxes represent records excluded at each stage with their reason;
teal boxes mark the supplementary search input and the final set of included studies; the gray box
summarizes the provenance of the 59 included studies.
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3. Results
3.1. Impact on Agriculture and Livestock

Buffelgrass has primarily been evaluated in terms of forage production, as well as
the components of a technological package that can positively or negatively affect its
productivity; however, the genotype-environment interaction plays a significant role. In the
arid regions of Mexico, experiments have been conducted with buffelgrass and Bouteloua
gracilis (a native grass) using diverse planting methods and moisture conditions. The
results showed that corn stubble cover increased plant survival by an average of 31.5%
in both species [27], although it is not specified whether these results have effects on the
nutraceutical quality of both grasses.

Although buffelgrass shows adaptability to harsh environments, its productivity
in Sonora is quite limited and has been largely unsuccessful. Research indicates that
75% of buffelgrass production has unsatisfactory yields related to areas with little or no
rainfall, eroded and uncultivated soils, inadequate planting densities, and, in general, poor
knowledge of its integrated management [7]. While it has been mentioned that buffelgrass
requires little water during its phenology, there are critical periods immediately after
germination and in early vegetative stages that directly influence its productivity. Therefore,
it is necessary to implement strategies capable of retaining water. Yafiez-Chavez et al. [28]
applied hydrogel, a polymer used to absorb water, at a rate of 20 kg halina buffelgrass
cultivation system. The results indicated moisture retention during the first 20 days, which
is the period of the early phenological stages of buffelgrass. To achieve greater water
retention, it is necessary to apply up to 10 t ha™! of corn stubble to retain moisture for
a longer time, which will be reflected in a higher photosynthetic rate and an increase in
biomass as a response.

The increased animal carrying capacity in Sonora, which is 35-58% [7], and the forage
yields (0.63-1.46 t ha~!) [6], are important for local food and economic security. This
information requires in-depth analysis, as the literature indicates that these benefits for
producers can become long-term problems, whether due to soil compaction, the low success
rate of buffelgrass pasture establishment (<20%), or the lack of productive diversification
focused on native species. This grass can be an alternative for feeding livestock; however,
these benefits would be short-term, as the effects and damage it causes to ecosystems are
negative [8].

This negative perspective on buffelgrass in Sonora may differ when viewed from
another geographical area. In Saudi Arabia, faced with a scarcity of pastureland, alfalfa has
been cultivated instead; however, this species requires considerably high water consump-
tion. Consequently, vigorous ecotypes of buffelgrass were introduced. With irrigation of up
to 500 mm per year, buffelgrass can produce up to 18.4 t ha~!, while alfalfa produces up to
22.6 t ha~! of forage but requires up to 3000 mm of water per year. This highlights the high
effectiveness of buffelgrass over other forages, as it exhibits better salinity tolerance [9]
and, despite having a lower protein content than alfalfa, this is compensated for by its
greater digestibility [10]. Although to combat the negative effects of salinity in buffelgrass,
arbuscular mycorrhizal fungi such as Claroideoglomus etunicatum, Funneliformis mosseae,
Rhizophagus fasciculatum are recommended as they help to accumulate proline and phenolic
compounds that are essential to reduce salinity stress [11].

Although buffelgrass has been evaluated in terms of its animal carrying capacity and
its overall suitability for livestock production, the information reveals that this species has
expanded considerably as an exotic and invasive plant, leaving serious environmental
problems and ecological alterations. This calls into question whether it was truly a good
idea to have introduced it to promote the development of livestock production systems.
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Some buffelgrass genotypes have nutritional and silage properties comparable to corn
for sheep [12]; although they have acceptable amounts of protein, they lack nutrients such
as P, Na, Cu, and Zn, which are insufficient for cattle [13]. L6pez-Reyes [2] documented
the effect of buffelgrass on animal carrying capacity in Sonora. It was found that 15% of
a site’s area can increase carrying capacity by up to 45% in areas considered low production.
This data is important, especially for producers seeking alternatives to native forages. It
is important to mention that the successful establishment of buffelgrass does not justify
its introduction or cultivation in the arid zones of Sonora, as it has only been successful in
about 20% of cases. Although increases in carrying capacity are correlated with increases
in livestock production, they do not necessarily imply causality, since there are multiple
factors such as forage quality, nutrition, health management and the commercial aspect
that can significantly affect income for producers.

The livestock situation in Sonora and northern Mexico has been quantitatively suc-
cessful due to extensive and severe overgrazing. By 1990, the stocking rate was just over
632,000 Animal Units (AU), while the same variable for the United States was 1,488,479 AU,
which translates to a grazing rate of 135%. This effect has led to serious consequences and
significant degradation of grasslands, as well as the loss and displacement of species, soil
erosion, compaction, and a reduction in the productivity capacity of agroecosystems [7,14].
The origin of this problem stems largely from the lack of research on the effects of buffel-
grass on ecosystems, as well as on its biology that allows it to spread rapidly and widely.
The lack of awareness of government policies regarding the provision of economic or
in-kind support (seeds or fertilizers) did not yield the expected results, and the outcomes
are now beyond reach; it is practically impossible to eradicate this invasive species [4].
Morales-Romero et al. [29] maintain that buffelgrass is a good alternative to increase the
production of livestock systems in Sonora; however, it is important that studies provide
data such as the benefit/cost ratio, the internal rate of return, and other socioeconomic
variables that justify the introduction and cultivation of buffelgrass.

3.2. Environmental Impact and Impact on Biodiversity

In Mexico, buffelgrass is considered a weed and an invasive species that causes serious
damage to the functioning and stability of ecosystems. Regarding plant diversity, Bravo-
Pefia et al. [16] explain that buffelgrass can reduce species richness by up to 90% in areas con-
verted to pasture, impacting the herbaceous, shrub, and tree layers. Celaya-Michel et al. [8]
documented the structural changes in a xerophytic scrubland converted into a buffelgrass
savanna in La Colorada, Sonora. They determined that buffelgrass had a cover of up to
55%, gradually displacing the appearance and extent of other species. This displacement
represents a biodiversity loss of up to 90%. Some affected species are the saguaro (Carnegiea
gigantea), some legumes such as Parkinsonia microphylla and Prosopis spp., as well as some
shrubs of Larrea tridentata and Ambrosia deltoidea [29], further arguing that many of these
species are susceptible to fires, where buffelgrass is flammable [2].

Fensham et al. [5] conducted a 10-year experimental study in the Australian savannas
on the effects of buffelgrass related to grazing, fire, and its impact on native flora. They
found that this grass significantly reduces species richness at a 1000 m? scale, especially of
perennial grasses. An important finding of this research is that local policies prohibit or
restrict the mechanical or manual clearing of buffelgrass, as this is a form of contamination
and seed dispersal.

Buffelgrass possesses qualities that have contributed to its success and spread as
an invasive species. This grass has an extensive, fibrous root system that forms dense
mats, occupying water, nutrients, space, and light, giving it an advantage over other
species [17]. This plant is highly efficient in some physiological aspects; for example, it has
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low transpiration due to its small leaf area and is highly effective in nitrogen utilization
since it secretes allelopathic substances (phenolic compounds) that drastically reduce the
root growth of other plants [18], even their roots drastically reduce the water potential of
tree species [19].

This same root system makes it resistant to mechanized or manual clearing, leaving
behind meristems that give it the ability to resprout, even when pruned or cut to as little
as 10 cm [20]. In addition, buffelgrass savannas are excellent fuel for the spread of fires,
while simultaneously eliminating other competing plants [2,7]. The extensive coverage of
buffelgrass creates a microclimate at ground level that modifies and inhibits the germination
and growth of native grasses and other species [21]. Other effects of buffelgrass on species
diversity include the elimination of plants that serve as hosts for pollinators and seed
dispersers, thus disrupting food webs [22].

Some Pennisetum species from Tanzania can spread certain fungal diseases, such as
leaf spot, to other grass species and some can be carriers of streak virus (SSMV isolates),
which puts the health of native vegetation at risk [18]. Buffelgrass seeds can serve as hosts
for some pathogens such as Phoma spp., Curvularia lunata, Alternaria alternata (14.1%) and
Bipolaris spp., Fusarium pallidoroseum, Exserohilum rostratum, and Nigrospora oryzae [23].

In Kenya, buffelgrass plots were studied for six years to quantify the diversity of
associated arthropods, particularly those feeding on its leaf tissue. This represents yet
another way in which buffelgrass ecologically becomes a niche where countless species
and other vertebrates can live and subsequently parasitize livestock, including other
homeothermic wild species. Around 25 species were identified, 66% of which were Diptera,
primarily the gall midgeon (Diptera: Cecidomyiidae). This midgeon inhabits buffelgrass
stems, and its larvae deform the stems, causing abnormal growth and physiological damage
to the plants [24]. This is important because it could be an alternative for biological control.

The invasion of buffelgrass also affects the life of terrestrial or semi-aquatic ecosystems.
In Australia, plots invaded by this grass were treated with mechanical and chemical
methods. Following these treatments it was quantified that native plants were restored
naturally and rapidly during the rainy season, which in turn favored the recovery and
richness of reptile biodiversity [25]. In Australia the increase in understory biodiversity
has been proven to benefit species such as the endangered nail-tailed wallaby (Onychogalea
fraenata) [30].

The Centro Ecoldgico de Sonora is a protected natural area that preserved its native plant
biodiversity until the end of 2000, when buffelgrass was introduced and began to spread.
The site’s climatic conditions are beneficial for this grass; an average annual temperature
of 24.8 °C and annual rainfall of 300 mm favored its rapid invasion. Although the soils
are sandy and poor in minerals, the high phosphorus content is important for good root
development. Some buffelgrass populations managed to survive for just over three months
without rainfall [27].

Regarding climate, it is evident that with the invasion of buffelgrass, some species were
displaced or eliminated to convert land use. Many tree species are important carbon sinks
due to the large amount of biomass they generate [3]. Other risks to consider are soil carbon
degradation and the increase and intensity of fires, since buffelgrass is highly flammable.
While buffelgrass was initially touted as an alternative for livestock production systems, the
reality is that it has become a problem requiring comprehensive management strategies.

Climate change scenarios for Mexico projected for the coming decades appear favor-
able for the proliferation of buffelgrass. Climate niche models and future distribution
patterns using the Maximum Entropy (MaxEnt) model indicate that approximately 40%
of Mexican territory is highly suitable for the establishment of buffelgrass, meaning that
Mexico would face a severe ecological crisis due to the invasion of this invasive species. It
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is important to remember that there are many invasive species and many phenomena that
also alter the stability of ecosystems, highlighting that the impacts of buffelgrass will be
more severe in arid and hot-humid regions [28].

Buffelgrass can reduce species richness by up to 90% [2]. Many species, which are
endemic or native to Sonora, are being displaced or eliminated. This grass has altered
biogeochemical cycles and the balance of ecosystems, both at the soil level and among the
native flora and fauna [3,8,22]. Removing buffelgrass can provide an opportunity for the
re-establishment of native and forage species, especially perennial herbaceous plants [29].

3.3. Impact on the Soil

Celaya-Michel et al. [8] studied the changes in soil properties resulting from the in-
vasion of buffelgrass in La Colorada, Sonora. They found a significant nitrogen loss of
approximately 12.5 kg ha~!, largely due to the loss of legume species, which at that time
represented 42% of the vegetation cover. This cover was reduced to 2% after the introduc-
tion of buffelgrass. Other negative effects of this grass on the soil include changes in water
distribution across different horizons or layers, changes in pH (6.43-7.42), and a root system
that consumes a large amount of water. While the consequences for nutrient availability
are alarming, the nitrogen loss and the elimination of nitrogen-fixing plants cause soil
degradation and erosion, making it practically impossible to convert the land to a new crop.
In Sonora, buffelgrass plantations combined with overgrazing systems are causing severe
damage to soil structure, making it vulnerable to different types of erosion [7]. Buffelgrass
establishment also depends on nutrient availability. High concentrations of phosphoric
compounds are essential for root formation in this grass [31], even if the soil is poor in other
nutrients [32].

3.4. Impact on Water Resources

Buffelgrass is recognized for its drought resistance and high water use efficiency,
consistent with its C4 physiology. Its roots can store water in deep soil layers (150-200 cm);
however, this water is not necessarily an asset to other species due to its low availability [3].
Although it is adapted to arid and dry environments, its reproductive success depends
on water availability. In grasslands in Kuwait, a water deficit of —0.5 MPa was shown to
reduce germination by up to 40%, and this can decrease to even lower percentages (17.5%)
of germination and survival with water potentials of —1.0 to —1.5 MPa [33]. Despite
buffelgrass’s ability to store a large amount of water, this can limit caryopsid germination.
It is estimated that this germination requires approximately 6.3 mm of precipitation, and
records in the Sonoran Desert indicate that rainfall has exceeded these requirements,
allowing buffelgrass to successfully develop [34]. The consequences of buffelgrass invasion
are related to groundwater dynamics [3,7,35]. These impacts are serious for a state like
Sonora, which is characterized by limited water resources; in addition, rainfall patterns
have changed due to climatic factors, and groundwater recharge is decreasing.

3.5. Management of Established Pastures, Control and Restoration

Sonora stands out as a predominantly extensive livestock-raising region, meaning
that overgrazing negatively impacts native and introduced species populations, whether
grasses or other species. An efficient way to manage the incidence of buffelgrass is through
rotational grazing, which allows for soil recovery and the incorporation of biomass or
nutrients into the soil [4]. Other alternatives include controlling stocking rates based on
actual carrying capacity [7]; and incorporating organic or chemical fertilizers to compensate
for nutrient loss [3]. However, these measures are not always used because they can
increase production costs and thus negatively affect the cost-benefit ratio, especially when
fertilizers are added, as they can encourage weed growth and development.
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The application of some herbicides can counteract the growth of buffelgrass popula-
tions. Espinoza et al. [36] evaluated the response of native Sonoran trees to treatment to
eradicate buffelgrass with the application of glyphosate. The herbicidal effect was positive
in combating this invasive species; however, the regeneration, growth, and development
of native species were considerably affected, suggesting that caution should be exercised
with the application of broad-spectrum systemic herbicides and that future studies should
be conducted on the implications for soil health and groundwater levels. New strategies
for obtaining synthetic herbicides based on deoxyradoxycinin could be highly efficient
in controlling buffelgrass [37,38]. Tebuthiuron, in particular, has significant effects on
reducing buffelgrass cover without affecting the emergence of other grasses [39]. One
form of biocontrol of buffelgrass is that toxicity and compounds generated by Cochliobolus
australiensis and Pyricularia grisea have been discovered with potential to be applied as
herbicides through the compounds epipiriculol, radicinin [40] and picloram [41].

Glyphosate applications are effective in controlling buffelgrass, but the consequences
for soil health are significant, so it must be applied with caution, especially if tree or shrub
species are present, as these can suffer considerable damage [37]. In Sonora, an investiga-
tion was conducted to determine if native legume seeds can germinate after buffelgrass
eradication. These seeds showed low emergence rates of 10% and only 1.4% survival for
the species Parkinsonia microphylla [6]. These results indicate that buffelgrass causes serious
changes to soil structure that prevent the growth of native species, so restoration could take
years or decades.

The economic costs required to restore territories invaded by buffelgrass can be high.
In Texas, procedures such as controlled burns, herbicide applications, and planting of native
species have been used, producing positive effects on increasing plant and even animal
species richness. However, these measures are unsustainable in the long term for economic
reasons [42]. Another important issue to consider is that fires can be highly devastating,
and only some species may survive, which could lead to the dominance or presence of one
or a few species [43].

The analysis presented suggests an ambivalent and contextual behavior of buffelgrass,
which depends on ecological conditions, management practices, and geographic location. In
Mexico and Australia, for example, a strong invasion and alarming loss of biodiversity have
been documented; while in the Middle East, in irrigated systems, buffelgrass represents
an economical alternative for forage production when complemented with other species
such as alfalfa. This confirms that the role of buffelgrass cannot be expressed in isolation,
but rather depends on its management and interactions with other species.

Scientific and methodological approaches vary significantly. There are rigorous and
systematic experiments that define objectivity and theoretical elements regarding the
productivity and physiology of buffelgrass; additionally, there are qualitative studies that
describe the impacts on ecology and biodiversity [44].

The aforementioned heterogeneity could lead to inconsistencies in the results obtained.
Some studies do not assess certain variables, such as the carrying capacity of the pasture
and its availability as consumable biomass in extensive livestock systems. Other studies,
on the contrary, link the pasture to certain levels of soil degradation and biodiversity loss,
indicating that the benefits of this pasture are observable in the short term. Based on
the above, it is possible to highlight biological traits of the plant, environmental aspects,
and anthropogenic factors, which, when analyzed in an integrated manner, improve
management alternatives for buffelgrass in arid regions (Figure 3).
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DRIVING COMPONENTS INVASION PROCESS OUTCOMES
What enables invasion? How does it spread and persist? What are the consequences?
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Figure 3. Conceptual framework of P. ciliare invasion in arid and semi-arid regions. The framework

integrates biological traits, environmental conditions and anthropogenic factors that drive invasion
processes and generate short- and long-term outcomes. Feedback and context dependence highlight
the dynamic nature of these interactions and their implications for management.

4. Discussion

A central question emerging from the comparative literature on buffelgrass is why
this species behaves as a manageable forage resource in some arid regions—particularly in
its native range across sub-Saharan Africa and parts of the Middle East—while exhibiting
uncontrolled invasive dynamics in introduced regions such as Mexico, the Sonoran Desert
of the United States, and arid Australia. This contrast cannot be attributed to climate
or aridity alone, as all affected regions share broadly similar precipitation regimes and
thermal conditions. Instead, the evidence points to a convergence of at least four interacting
mechanisms that collectively determine whether buffelgrass remains within productive
bounds or crosses ecological tipping points.

The first mechanism is co-evolutionary regulation. In its native range, buffelgrass
evolved alongside a suite of specialist herbivores, fungal pathogens, and soil microbial
communities that impose density-dependent controls on its spread. In Mexico and other
introduced regions, these biotic regulators are absent, allowing buffelgrass to exploit
resource pulses—particularly post-rainfall periods—without natural population checks.
This release from co-evolutionary constraints is widely recognized as a primary driver
of invasive success across taxa and is directly applicable to buffelgrass dynamics in the
Sonoran Desert region.

The second mechanism is land use legacy and disturbance history. In the Middle
East and parts of Africa, traditional pastoral systems have maintained buffelgrass within
managed grazing circuits for centuries, creating a cultural and institutional framework
that limits uncontrolled spread. In contrast, buffelgrass was deliberately introduced into
Mexico and northern arid zones during the mid-twentieth century as part of large-scale
rangeland improvement programs, without the accompanying management infrastructure
needed to contain it. Once established beyond managed pastures, it colonized degraded
roadsides, disturbed soils, and abandoned agricultural lands—all of which are dispropor-
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tionately abundant in the arid Mexican landscape due to historical overgrazing and land
fragmentation [45].

To improve the practical applicability of buffelgrass management strategies, it is nec-
essary to move from general recommendations to a more operational and context-specific
framework. In arid regions such as Sonora, management actions should be prioritized
according to the degree of invasion and ecosystem conditions.

In relatively conserved ecosystems or areas with high biodiversity value, the use and
expansion of buffelgrass should be strictly restricted, and early detection and rapid response
strategies should be implemented to prevent its establishment. In moderately invaded
systems, management should focus on containment, including controlled grazing practices,
reduction in seed dispersal, and selective removal combined with the introduction of
native species. In highly degraded or fully transformed areas, where buffelgrass is already
dominant, complete eradication may not be feasible; therefore, management should aim
at mitigating its ecological impacts through rotational grazing, soil restoration practices,
and gradual diversification with native or adapted forage species. Risk thresholds should
also be considered, particularly in relation to water availability, fire risk, and biodiversity
loss. For example, in areas with annual precipitation below 300 mm and high ecological
vulnerability, the introduction or promotion of buffelgrass should be avoided due to its
potential to exacerbate soil degradation and alter hydrological processes [46].

Building on the mechanistic framework presented above, management recommen-
dations for buffelgrass must be differentiated according to the current level of invasion
at a given site. A tiered management plan is proposed here, structured around three
invasion levels defined by buffelgrass cover, landscape connectivity, and ecosystem impact.
This tiered approach allows land managers, conservation agencies, and policymakers to
prioritize interventions according to ecological urgency and available resources, rather than
applying uniform strategies across heterogeneous landscapes [47].

At this invasion level, buffelgrass has not yet established self-sustaining populations
and landscape connectivity remains low. The primary management objective is containment
and eradication of existing foci before they reach reproductive maturity and seed dispersal
thresholds. Recommended actions include: (i) systematic monitoring through remote
sensing and ground-truthing transects at least twice per year, timed to coincide with post-
rainfall germination peaks; (ii) manual removal of individual plants or small patches,
targeting the root crown to prevent resprouting, with removal conducted before seed set
(typically March-May in Sonoran Desert conditions); (iii) establishment of buffer zones
of at least 500 m around high-value conservation areas, with zero-tolerance protocols for
buffelgrass establishment within these zones; and (iv) community-based early warning
networks that engage local ranchers in reporting new establishment events [30]. At this tier,
eradication is biologically and economically feasible and should be treated as the primary
goal. Cost-effectiveness analyses from comparable invasion systems suggest that early
intervention at Tier 1 reduces long-term management costs by a factor of 5-10 relative to
control at later invasion stages [48].

At this level, buffelgrass has established reproductive populations across a significant
portion of the landscape and is actively expanding through seed dispersal and vegetative
growth. Eradication is no longer cost-effective at the landscape scale, and the management
objective shifts to reducing cover, interrupting landscape connectivity, and preventing
fire regime alteration. Recommended actions include: (i) targeted herbicide application
using glyphosate or imazapyr at the recommended concentrations, applied during active
growth phases (post-rainfall periods), with follow-up treatments at 6-month intervals to
address resprouting and new germination; (ii) strategic grazing management, maintaining
stocking rates above the threshold required to suppress buffelgrass biomass accumula-
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tion (typically >0.5 AU/ha during the dry season) while avoiding overgrazing of native
perennial grasses that provide competitive resistance [49]; (iii) mechanical control along
road corridors and water courses, which function as dispersal highways, using mowing or
grubbing equipment at intervals of no more than 90 days during the growing season [50];
(iv) prescribed burning under controlled conditions only where native fire-adapted veg-
etation is present and fire can be contained—buffelgrass-fueled fires in non-fire-adapted
ecosystems must be avoided; and (v) restoration planting of native perennial grasses and
shrubs in cleared areas to provide competitive resistance against buffelgrass reinvasion,
prioritizing species with high drought tolerance and rapid establishment rates [51].

At this invasion level, buffelgrass has fundamentally restructured the plant commu-
nity and ecological processes, including fire regimes, soil nutrient cycling, and pollinator
networks. Eradication and even significant cover reduction are not realistic short-term
goals. The management objective is to protect residual biodiversity refugia, restore ecosys-
tem function in priority areas, and prevent further degradation while long-term restoration
plans are developed and resourced. Recommended actions include: (i) identification
and designation of high-priority refugia—areas retaining native plant diversity, critical
wildlife habitat, or hydrological function—where intensive control efforts are concentrated
regardless of broader landscape dominance [52]; (ii) large-scale mechanical and chemical
control in priority refugia, accepting that buffelgrass will persist at reduced levels in the
surrounding matrix [36,53]; (ili) community engagement and incentive programs that
provide economic alternatives to buffelgrass-dependent ranching, including payments for
ecosystem services, diversified forage systems incorporating native palatable species, and
market-linked certification schemes for sustainably managed rangelands; (iv) long-term
monitoring programs designed to detect any natural or management-induced reductions in
buffelgrass dominance that could open windows for accelerated restoration; and (v) policy-
level interventions to prohibit further intentional planting of buffelgrass in new areas,
enforce existing regulations on invasive species management, and integrate buffelgrass
control into broader land-use planning frameworks at the municipal and state levels.

The contrasting effects of buffelgrass across continents are not random but are driven
by a combination of ecological, climatic, and anthropogenic factors. In arid regions of
Mexico and Australia, where ecosystems are biodiversity-rich but fragile, buffelgrass
invasion leads to significant ecological disruption [54]. In contrast, in highly managed
systems such as those in the Middle East, its performance is enhanced under irrigation
and controlled conditions. Buffelgrass is of African origin and has a high adaptability
that has allowed it to expand and invade geographic regions of other continents through
introduction. This grass possesses morphological, anatomical, physiological, and genetic
characteristics that have allowed it to survive in arid and harsh environments. In northern
Mexico, its introduction was carried out through social programs, which justified it as
an alternative for producing forage in areas with limited native grasses and water resources.
Although yields and increases can reach up to 85% [7], its long-term profitability and
effectiveness are unsatisfactory from an economic and ecological standpoint. Added to
this are the costs associated with establishment, input application, and the difficulty of
conducting a cost-benefit analysis. This grass was introduced and promoted by public
policies that were unaware of its true biology, especially since it is currently considered
a weed and an invasive species, both of which are difficult to eradicate. In Chihuahua,
Mexico, pastoral systems have been established with mesquite (Prosopis spp.), chamizo
(Atriplex canescens) and buffelgrass to evaluate the characteristics of the forage and the
ecological changes that can be generated in the long term by the interaction of these three
species [55], which will serve to determine the feasibility of introducing or promoting
their cultivation.
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The lack of longitudinal studies must have been significant in understanding the
effects of buffelgrass on arid ecosystems in Mexico, especially since it can lead to a hydro-
logical crisis at the state level, where a large percentage of the land is used for agricultural
production. There are even grasses that can serve as alternatives and are of better forage
quality than buffelgrass, for example, Digitaria pentzii, which has a lower lignin and fiber
content [45]. Current political strategies, and especially those individuals and institu-
tions responsible for managing agricultural production, need to develop strategies for soil
restoration and prevent the further spread of this species [56]. Long-term benefits will be
essential to safeguarding the region’s plant genetic and water resources. It is important to
mention that in other areas, buffelgrass is highly effective, as it is very efficient in water
consumption and can produce the same forage yields as other species like alfalfa. Areas
with considerable biodiversity are most easily affected by buffelgrass.

The research reveals both advantages and disadvantages to establishing buffelgrass
in extensive livestock production systems. Among the adverse effects of this species are
soil erosion and nutrient loss, reduced diversity and displacement of native plant species,
primarily legumes, and decreased water availability. This suggests that the intensity
of pasture management may depend on how these resources and factors are managed.
From a sustainability perspective, buffelgrass should be studied from various angles to
determine its medium- and long-term viability. Management strategies for this species
should promote a balance between production and conservation, incorporating native
species, controlled grazing practices, and policies aimed at the integrated management of
these pastures [57,58].

The comprehensive management and control of grasslands must incorporate economic,
social, political, and environmental components. Although mechanical and chemical
removal are effective, their implementation is limited by the cost of inputs and labor,
the lack of technical training, and the dependence of some producers on buffelgrass as
a forage source. Incorporating legumes and native species can improve soil conditions;
however, in the long term, this practice may be financially limited, especially for small-
scale farmers [59]. Therefore, efforts to eradicate buffelgrass can significantly impact
rural livelihoods. Policies should focus on comprehensive control strategies, but it is also
necessary to promote practices to prevent soil erosion, diversify forage species, and restore
ecosystems [60]. These strategies will depend on the socioeconomic characteristics of the
site, the cost-benefit ratio, and the resilience of the ecosystems.

Compared to other invasive grasses like Imperata cylindrica, buffelgrass has the advan-
tage of being able to be implemented in production systems due to its forage yield. These
invasive grasses share common characteristics, such as adaptability, rapid establishment,
and physiological traits that allow them to be efficient in competitive processes. Despite
the advantages and disadvantages, in northern Mexico, extensive and intensive livestock
systems highlight the negative effects associated with buffelgrass.

The literature indicates that changes in vegetation structure can affect soil microbial
dynamics. For buffelgrass, these effects are not well documented or well supported;
therefore, this topic is considered a potential line of research that could explore and quantify
the diversity and function of microbiota.

It is important to acknowledge that the included studies vary considerably in terms
of sample size, replication, and experimental rigor. Controlled field experiments with
adequate replication and statistical analysis—predominantly from indexed databases—
provide the strongest basis for conclusions regarding forage productivity, soil dynamics,
and water use efficiency. In contrast, several findings related to biodiversity loss and
ecosystem alteration rely on observational or case-study designs with limited spatial or
temporal replication. Grey literature sources, while valuable for understanding regional
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policy context and management history, should not be interpreted with the same level of
confidence as peer-reviewed experimental evidence. This heterogeneity in research quality
represents a recognized limitation of the present review and reinforces the need for more
standardized, long-term field studies on buffelgrass dynamics in arid ecosystems.

Finally, future research should incorporate interdisciplinary approaches that integrate
ecological, agronomic, and socioeconomic variables, allowing for the development of
more comprehensive management frameworks and public policies aimed at balancing
productivity and conservation in arid and semi-arid regions.

5. Conclusions

This review addressed a central question: under which conditions does buffelgrass
represent a sustainable forage alternative, and when do its invasive dynamics override
its productive value? Based on the synthesis of 59 studies, five evidence-based conclu-
sions are drawn. First, productive use of buffelgrass is justifiable only where cover is
actively maintained below 30% of landscape composition, invasion into native ecosystems
is monitored biannually and controlled within one growing season, and native forage
alternatives are simultaneously established. Where these conditions cannot be guaranteed,
transition to native forage systems is recommended. Second, the production-invasion
trade-off is governed by four mechanisms—biotic release, land use legacy, fire regime
alteration, and institutional capacity—none of which are fixed. Of these, fire regime alter-
ation carries the highest irreversibility risk in Mexico and should be treated as the priority
intervention in Tier 2 and Tier 3 landscapes. Third, management investment must be
front-loaded: Tier 1 interventions (cover < 10%) are 5-10 times more cost-effective than
Tier 3 control. Resources should therefore concentrate on buffer zones around protected
areas rather than on heavily invaded landscapes where full recovery is not achievable
in the short term. Fourth, the relative controllability of buffelgrass in the Middle East
compared to Mexico reflects differences in biotic regulation, pastoral management tradition,
and institutional capacity—not climate. Mexico can partially replicate these conditions
through community-based monitoring networks, integration of buffelgrass control into
existing land-use planning instruments, and economic incentives for native forage diversi-
fication. Fifth, three research gaps require urgent attention: empirical thresholds for fire
feedback self-sustainability across arid Mexican ecosystems, socioeconomic feasibility of
native forage adoption among smallholder ranchers, and standardized remote sensing
protocols for landscape-scale buffelgrass monitoring. Buffelgrass in arid Mexico is neither
unconditionally useful nor inevitably destructive. It is a management challenge that is
scientifically tractable and institutionally addressable—but only if interventions are applied
early, spatially targeted, and mechanistically informed.
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