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Abstract

The Moroccan locust (Dociostaurus maroccanus) is one of the most economically significant
locust species in the Caucasus and Central Asia. In the past, the Mediterranean region also
experienced severe damage to crops and pastures, until widespread grassland conversion
to cropland began in the second half of the 20th century. However, climate change, envi-
ronmental shifts, land-use changes, cropland abandonment, and overgrazing are likely to
alter the spatial distribution and outbreak patterns of this pest. Understanding potential
changes and geographic shifts is essential for proactive pest management, including effec-
tive monitoring and control strategies. In this study, we apply Ecological Niche Modelling
(ENM) using 12 machine learning algorithms, historical survey data covering the species’
full distribution range, and relevant abiotic variables to identify the most suitable areas for
potential mass breeding during 1991-2020 and the near future (2021-2040), based on the
“middle-of-the-road” Shared Socioeconomic Pathway (SSP2-4.5) scenario. Our results indi-
cate significant regional shifts. Notably, breeding suitability is projected to increase in parts
of Greece, Turkey, Armenia, Georgia, Kyrgyzstan, and Tajikistan. In contrast, countries
such as Turkmenistan, Afghanistan, Pakistan, and Spain are likely to experience a decline
in optimal breeding areas. The forecast results support field observations of a geographical
shift northward and toward higher altitudes. Additionally, higher temperatures in suitable
areas suggest more drought-like conditions, which typically promote locust population
explosions and outbreaks. If left unaddressed, such outbreaks can cause severe economic
damage to affected regions.
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1. Introduction

Agricultural pests such as insects, mites, rodents, and pathogenic microbes pose a
significant threat to food security worldwide [1]. Locusts, in particular, have long been a
severe problem due to their destructive potential and highly migratory nature [2]. Around
25 locust and grasshopper species globally are considered serious pests to varying degrees,
causing both economic and social damage [3]. Even though technological advancements
in recent decades have helped minimize damage [4,5], these transboundary pests remain
among the most serious threats [2].

The most recent large-scale plague was caused by desert locusts (Schistocerca gregaria
Forskal, 1775), with severe damage in parts of East Africa and West Asia between 2019 and
2022 [6,7]. At the moment, desert locust outbreaks are observed in Northwestern Africa,
requiring detailed monitoring and control operations (https://www.fao.org/locust-watch/
en, accessed on 23 March 2026). At the same time, regional outbreaks of other locust species
were reported in Central Asia, South America and even Europe (https://therevelator.org/
locusts-landmines-ukraine/, accessed on 1 December 2025), underlining that devastation
caused by locust and grasshoppers can re-emerge suddenly, even after decades without
major plagues [3,8-10].

Locust plagues and outbreaks result during favorable ecological conditions related to
temperature, rainfall and vegetation development in suitable breeding areas [11].

Consequently, rising temperatures and shifting rainfall patterns due to climate change
profoundly affect locust population dynamics and outbreak potential [12-17]. In addition
to ecological factors, anthropogenic activities such as farming and grazing significantly
impact locust habitats and their population dynamics. Furthermore, agricultural policy,
institutional changes in plant protection and pest management organizations can indirectly
promote locust outbreaks [2,18]. Limited physical access to breeding grounds, armed
conflicts, and inefficient or absent pest control systems further hinder early warning and
response [2,19].

In Eurasia, three major transboundary locust species have historically caused signifi-
cant damage: the Italian locust Calliptamus italicus (Linnaeus, 1758), the Moroccan locust
Dociostaurus maroccanus (Thunberg, 1815), and the migratory locust Locusta migratoria (Lin-
naeus, 1758). The population dynamics of all three species are highly sensitive to land-use
change. For instance, large-scale outbreaks of D. maroccanus and C. italicus have been linked
to agricultural abandonment [18,20,21]. D. maroccanus has caused outbreaks in various
parts of its range, and upsurges can occur suddenly—even after decades of low activity [20].
Due to anthropogenic pressures, D. maroccanus has largely disappeared from regions such
as southern Crimea, parts of the Fergana Valley in Uzbekistan, southern and southeastern
Kazakhstan, southern Turkmenistan, and areas of southern and eastern Europe [18,20,22].
However, this trend has reversed since the early 21st century. After decades of dormancy,
outbreaks have re-emerged in the North Caucasus and previously unaffected areas such
as Stavropol, Russia [20]. Similar reappearances have been recorded in the Carpathian
Basin [23], Croatia [24] and Sardinia, Italy [9]. Also, in Spain, the economic impact of D.
maroccanus has been present [25].

Understanding how climate change and land-use transformation (e.g., agricultural
abandonment, overgrazing, or expansion) will affect the future distribution and outbreak
potential of D. maroccanus is therefore of high importance. Recent field evidence indicates
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a shift in breeding habitats toward higher altitudes [20] and a northward expansion [22].
Model-based studies by Malakhov and Zlatanov [26] show that newly favorable breed-
ing areas have emerged between Afghanistan and Turkmenistan, while some traditional
habitats have become less suitable under current climate conditions. Ciplak and Uluar [27]
projected a significant expansion of D. maroccanus distribution in Anatolia for 2061-2080,
emphasizing the need for continued monitoring and control efforts. In the eastern part
of its geographic range, spanning the Caucasus and Central Asia, D. maroccanus has been
reported to damage over 210 plant species from 36 botanical families, including more than
50 cultivated crops [20]. These comprise key cereals, legumes, vegetables, forage and oil
crops, industrial plants, fruit trees, and even coniferous species [18].

Given the economic importance of D. maroccanus and the growing influence of climate
change, this study aims to assess potential geographical shifts in suitable breeding areas.
To this end, we model the species’ habitat distribution under current (1991-2020) and near-
future (2021-2040) environmental conditions using remote sensing datasets and various
modeling techniques. Specifically, we apply an Ecological Niche Model (ENM) based on
presence data from the past 30 years at a spatial resolution of approximately 4.5 km. Future
projections are based on the Shared Socioeconomic Pathways (SSP) 2-4.5 scenario, which as-
sumes moderate global development trends [28,29]. The results can be used as an indicator
for future pest management programs. The information on future shifting of the geograph-
ical extent of D. maroccanus breeding areas and the potential of outbreaks is essential for
preparedness and awareness of territories affected by a changing threat situation.

2. Ecological Background
2.1. Life Cycle and Ecology of a Univoltine Locust Species

Knowledge of locust biological and behavioral traits and habitat characteristics is of
key importance for data-driven approaches and interpretation of results. Univoltine locust
species of the temperate zone, such as D. maroccanus, produce one generation per year,
whereas the sub-tropical/tropical multivoltine species, such as desert locust (Schistocerca
gregaria (Forskal, 1775)) or Australian plague locust (Chortoicetes terminifera (Walker, 1870)),
can produce 2—4 generations per year. Therefore, univoltine species and their life cycle are
more predictable, and only the exact timing of different life cycle phases varies from year
to year depending on meteorological variations.

It is important to mention that locusts can exist in two different phases. This so-called
phase polyphenism [30] depends on population density. The solitary phase is harmless,
and locusts are an important part of the ecosystem. Therefore, D. maroccanus is present
in many regions without being an agricultural threat. However, during the gregarious
phase, locusts create dense groups called bands (nymph stage) and finally flying swarms
(adult stage). The gregarious phase is characterized by rapid population increase (upsurge),
accelerated development stages and behavioral changes. Importantly, the diet of gregarious
locusts differs dramatically compared to the solitary phase. Ecological conditions are the
main determinant controlling the phase transition from the solitary to the gregarious phase.

A new generation of D. maroccanus hatches in spring following egg diapause during
the cold winter. The start of hatching can be estimated by using the hydro-thermal degree-
days sum method [20] and is one of the most important assumptions to prepare ground
monitoring and management campaigns. After hatching, D. maroccanus undergoes five
instar (also nymph) stages. The duration of each instar phase varies between 5-8 days,
depending on the temperature, with warmer conditions leading to faster development.
Locust movement and their vegetation consumption increase with each instar phase.
Reaching the fourth instar, the locusts in the gregarious phase can move several hundred
meters per day in groups called hopper bands. The emergence of dense hopper bands
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represents a critical signal of an escalating locust situation, preceding the formation of adult
swarms [8]. After fledging, locusts are capable of flying and reaching distant areas, which
complicates control efforts. Compared to other transboundary locust pests, Moroccan
locust swarms usually do not migrate far, with a total distance during the migration period
between 50 and 75 km [20]. The final stage of the locust’s active life cycle is the mating
stage, followed by oviposition. Females lay between one and four egg-pods, with a varying
range from 16 to 40 eggs [8]. Egg-pods enter and remain in diapause throughout the winter
period until the favorable meteorological conditions lead to the beginning of hatching.
During the diapause, temperature and soil moisture are critical factors defining the survival
of eggs. Figure 1 illustrates the life cycle of a univoltine locust species (e.g., D. maroccanus,
C. italicus, L. migratoria) in northern hemisphere temperate zones.

. d-‘apausing

X
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;“T
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Figure 1. Schematic life cycle of a univoltine locust species in northern hemisphere temperate zones.

2.2. Geographical Distribution and Habitat Characteristics

The geographical range of D. maroccanus is presented in Figure 2. It stretches from the
Atlantic Ocean Islands to Central Asia across Northwestern Africa, Southern Europe, the
Near East, and the Caucasus. D. maroccanus is found in the solitary phase in most of its range.
D. maroccanus inhabits semi-arid to arid grasslands, steppes, and lightly grazed or fallow
lands characterized by sparse vegetation and open landscapes with patches of bare ground.
These environments are critical for successful oviposition [18,26,31]. In some fragmented
habitats, it reaches high population densities. In the absence or failure of management, the
increase of locust population density lead to invasive outbreaks and swarms causing high
economic damage to pastures and agricultural fields. Usually, D. maroccanus is found in
dry-steppe habitats but can also occupy overgrazed grass-type steppes [20]. The sites of
permanent oviposition are dominated by a few herbaceous plants such as Plantago spp.
and Hordeum spp. [31] bulbous bluegrass (Poa bulbosa) with the specification of drying
out in summer and leaving numerous bunches of dry bulbs [18]. Precipitation is crucial
for egg survival, especially in the months after egg laying and before hatching in spring
(Figure 1). Besides, agricultural activities such as soil plowing reduce egg survival, while
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desertification, overgrazing and undisturbed land abundance create conditions favorable
for Moroccan locusts.
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Figure 2. Moroccan locust distribution and selected breeding occurrences based on ground moni-
toring. Exemplary photos: (A) infestation in Algeria; (B) infestation in Sardinia, Italy; (C) habitat in
Azerbaijan; (D) habitat in Uzbekistan; (E) habitat in Tajikistan.

3. Materials and Methods
3.1. Ground Truth Occurrence Data

We obtained species occurrence data from a variety of platforms and sources. Specif-
ically, 9744 records were retrieved from the Food and Agriculture Organization (FAO)
of the United Nations” Caucasus and Central Asia Locust Management System (https:
//ccalm.org), and 729 records from the French National Inventory of Natural Heritage
(http://openobs.mnhn.fr), and 73 locations were collected in 2022-2024 in field campaigns
in Sardinia during the D. maroccanus outbreak. These locations were collected from the
central part of Sardinia (valley of the Tirso river), which has been a primary breeding
hotspot of several infestations in the past [32,33]. Therefore, these occurrence points were
used to represent this unique primary reproduction area and enable a better model fit
of the historical habitat suitability. The same rationale was applied for other occurrence
locations, which were collected after the year 2020 within historical primary breeding
hotspots. Additionally, 86 records were obtained through literature review and personal
documentation to further enrich the occurrence dataset for these locations of permanent
breeding hotspots (provided by M. Lazar for Algeria based on reports between 2018 and
2022, and B. Ciplak for Turkey based on field observations in 1996 and 2021).

The initial dataset with 10,632 records (compare to Supplementary Material Figure S1)
was filtered to include only records corresponding to egg pods, hoppers, and hopper bands,
in order to focus exclusively on breeding locations representing breeding sites. Therefore,
observations of adults or swarms were excluded as they can migrate long distances and
documented coordinates can be far away from their hatching origin. To reduce spatial
sampling bias, a spatial thinning was applied following Aiello-Lammens et al. [34] using
the rationale of the “double cell size method”. This resulted in the thinning of occurrence
points around approximately 10 km due to the pixel resolution of the spatial datasets
of 4.5 km (compare Section 3.2). A sensitivity and specificity analysis was conducted
using different thinning distances applied to the species occurrence data. The results
indicate that a 10 km thinning distance produced the highest true positive rate and the

https://doi.org/10.3390 /agronomy16070749


https://ccalm.org
https://ccalm.org
http://openobs.mnhn.fr
https://doi.org/10.3390/agronomy16070749

Agronomy 2026, 16, 749

6of 21

largest area under the curve (AUC), demonstrating superior discrimination performance
(compare Supplementary Material Figure S2). The data preparation process yielded a total
of 980 unique occurrence points for further integration in ENM for training and validation
of the model. Considering that Moroccan locusts can migrate approximately 3-5 km during
the nymphal stage [18,20], an additional 5 km buffer was added for pseudo-absence point
generation. Pseudo-absence points were randomly sampled outside the 15 km buffer
around presence locations, which served as a distance constraint to avoid pseudo-sampling
in areas potentially influenced by short-range locust migration during the nymphal stage.
The sampling domain for pseudo-absences was randomly sampled outside this buffer,
and was matched to presence records using a 1:1 ratio, resulting in a final dataset of
980 occurrence points and 980 pseudo-absence points.

3.2. Geo-Spatial Datasets and Pre-Processing

In this study, we utilized open-source geospatial datasets as input predictor variables.
Monthly mean raster datasets for precipitation, minimum temperature, and maximum
temperature from 1991 to 2020 were sourced from the WorldClim data portal (https://
worldclim.org), with a spatial resolution of approximately 4.5 km (2.5 arc minutes). The
time period from 1991 to 2020 was selected to represent recent climatic conditions and
the baseline of this study. Monthly means were averaged over the 30-year period, and
bioclimatic variables (BIO) were derived using the dismo package in R version 4.3 (https:
//cran.r-project.org/web/packages/dismo/dismo.pdf, access on 15 August 2023). In
addition, seasonal means (winter, spring, summer, autumn) and an overall annual mean
were computed. To represent future climate conditions, we selected the SSP2-4.5 scenario,
which reflects a “middle-of-the-road” trajectory where social, economic, and technological
trends largely follow historical patterns [28,29]. This scenario was selected due to its
relevance for climate policy planning and its broad acceptance in modeling studies. We used
SSP2-4.5 projections for the 2021-2040 period and incorporated outputs from seven different
Global Climate Models (GCMs) available through the WorldClim database. These models
are based on the Coupled Model Intercomparison Project Phase 6 (CMIP6). The datasets
included precipitation, minimum and maximum temperatures, and derived bioclimatic
variables for each GCM. A multi-model ensemble approach was applied to compute
averaged values for each variable.

Furthermore, soil moisture (MRSOS) and net primary productivity (NPP) data
were retrieved from the CMIP6 archive using the accmip6 Python (version 3.12) library
(https:/ /pypi.org/project/acccmip6/), employing the same GCMs used in the WorldClim
dataset (Table 1). CMIP6 data are provided with a longitudinal grid ranging from 0° to
360°, which splits the dataset at the Greenwich meridian. To address this, we converted
the longitudinal coordinates to the standard —180° to 180° format. Raster data were ex-
trapolated by one pixel at the edges to eliminate border gaps, reprojected to the EPSG:4326
(WGS 84) coordinate reference system, and resampled to match the spatial resolution of
the WorldClim dataset using bilinear interpolation with GDAL in Python version 3.12
(https:/ /gdal.org/). Ensemble means were then calculated across all GCMs for each vari-
able. From these, long-term seasonal averages for soil moisture, monthly averages for NPP,
and overall annual means for both variables were derived.

Beyond meteorological parameters, soil characteristics are critical for D. maroccanus
breeding and regeneration [8,20]. The importance of soil variables in modeling locust
habitats has been emphasized in prior studies [8,9,18,23,26]. We incorporated several soil
properties, including bulk density of the fine earth fraction (BDOD), volumetric fraction
of coarse fragments (CFVO), organic carbon density (OCD), and the proportions of silt,
sand, and clay in the fine earth fraction. These variables were extracted from the SoilGrids
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2.0 database (https:/ /soilgrids.org) at two depth intervals (0-5 cm and 5-15 cm) and a
spatial resolution of 250 m. Minor data voids were corrected using a 3-by-3 pixel moving
window. A weighted mean was used to aggregate values into a single depth layer (0-15 cm),
following the method of Han et al. [42].

Table 1. Detailed descriptions of the used Global Climate Models (GCMs).

Spatial Resolution

# CMIP6 Model Name (Longitude by Latitude in Degrees) Key Reference
1 BCC-CSM2-MR 1.1 x 1.1° [35]
2 CMCC-ESM2 1.2 x 0.9° [36]
3 EC-Earth3-Veg 0.7 x 0.7° [37]
4 GISS-E2-1-G 25 x 1.1° [38]
5 IPSL-CM6A-LR 25 x 1.3° [39]
6 MPI-ESM1-2-HR 0.9 x 0.9° [40]
7 KESM1-0-LL 1.9 x 1.2° [41]

Table 2 provides an overview of all datasets and the preprocessing steps performed to
create a harmonized input base with consistent spatial and temporal resolution. Addition-
ally, Figure 3 illustrates the entire data ingestion and preprocessing workflow.

Table 2. Used datasets and pre-processing steps.
Variables 1991-2020 1991-2020 2021-2040 2021-2040
Download Processed Download Processed
Soil layers: .
CFVO (1), International Soil hZY) ellagh:sd;;ean[zg] International Soil
BDOD (1), Reference and ay & ! Reference and
. Voids were filled . Same as 1991-2020
OCD (1), Information Centre usine 3 X 3 movin Information Centre scenario
Clay (1), (ISRIC) World Soil %" fow o 1e§ (ISRIC) World Soil
Silt (1), Information, 250 m ! . p Information, 250 m
Sand (1) to ~4.5 km (bilinear)
Calculated from enl\s/izlﬁll)rlréonclin
WorldClim historical monthly average of P, Biovariables (MEM) based on
biovar (19 variables) monthly data, TMIN, TMAX calclulated from
. . . 7 models from
~4.5 km using dismo package =~ WorldClim, ~4.5 km
iR Table 1, resampled to
~4.5 km (bilinear)
T 5) WorldClim historical LZ:I%:;ET;E drrflgin
MIN I monthly data, Worldclim, ~4.5 km
Tymax (5) —45km months,
) seasons, years
WorldClim Long-term mean
Psum (5) historical monthly Cal;ﬂiﬁi for Worldclim, ~4.5 km
data, ~4.5 km ’
seasons, years
Re-gridding, Multimodel
extrapolated by one ensemble mean
CMIP6 rap hd CMIP6 (MEM) based on
NPP (13), bset f pixel, re-projected, bset del
MRSOS (5) (subset from and re-sampled (subset from 7 models
1850-2014) 2015-2100) from Table 1,

using bilinear, multi-
ensemble mean

resampled to
~4.5 km (bilinear)
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Figure 3. Schematic workflow of data processing steps.

Additionally, topographic variables were derived from the Global 30 Arc-Second
Elevation (GTOPO30) dataset, including elevation, slope, and aspect. All datasets were
reprojected to EPSG:4326 (WGS 84) and resampled to the spatial resolution of the WorldClim
dataset. Since D. maroccanus breeding is observed across all ranges of elevation, slope and
aspect (Supplementary Material Table S1), we did not include it in the model to enable a
more realistic projection of climate-induced shifts with regard to altitude and topography.
Because Moroccan locust outbreak hotspots are found in such a large range, this will avoid
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a bias of these variables, enabling the model to predict and more realistically reflect the
future distribution caused by climate change.

3.3. Ecological Niche Modelling

Different modelling approaches, such as ENM, Habitat Suitability Index (HSI) and
Species Distribution Models (SDM) have been increasingly used to assess both current geo-
graphical distribution and potential shifts under climate change scenarios [14,25,26,43,44].
ENM models the relationship between observed species presence (and ideally observed
absence) and relevant environmental variables affecting the species of interest. As the
methodology gains popularity among researchers, new tools and techniques are being
developed. One such advancement is the ENMTML under the R package, which integrates
state-of-the-art methods and provides an efficient framework for conducting ecological
niche modeling [45].

When working with heterogeneous datasets from multiple sources, data normalization
is a critical preprocessing step, particularly for scale-sensitive algorithms. Normalization
ensures that all predictor variables contribute equally during the modeling process, thereby
enhancing model performance [46]. In this study, we employed z-score standardization
(Equation (1)), which expresses the distance of each data point from the mean in units of
standard deviation. The ENMTML package, which supports multiple modeling algorithms
within an ensemble framework, was used on a unified dataset. Z-score normalization was
applied to all predictor variables to reduce potential bias from differences in data scale and
to ensure consistent input for model training (Figure 3).

Z-score = TR 1)
o

where,

i = individual observation in a single dataset

# = mean of a single dataset

o = standard deviation of a single dataset

After data normalization, the modeling algorithm ingests both the predictor variables
and species occurrence data and performs an initial data cleaning process. This includes
procedures such as spatial thinning of occurrence points and reduction of multicollinearity
among predictors, based on user-defined parameters. To address collinearity, we applied
the Variance Inflation Factor (VIF) method to the set of selected and normalized variables.
From an initial pool of 58 predictor variables (Table 2), a total of 18 variables were retained
for model fitting (Figure 4) based on the VIF default threshold of 10, which means that
variables with VIF higher than 10 were removed as they are considered to have problematic
collinearity. Four monthly NPP, especially in November and April, spring precipitation,
four physical soil property parameters, summer soil moisture and eight variables of biovar
showed the most impact. The model was trained using these variables for the historical
period 1991-2020 and subsequently projected to future conditions for the period 2021-2040.

3.4. Model Evaluation

For model evaluation, we employed the Area Under the Receiver Operating Charac-
teristic Curve (AUC), which provides a threshold-independent measure of overall model
accuracy. An AUC value below 0.5 indicates performance worse than random, a value
of 0.5 denotes no discriminatory ability, and a value of 1 indicates perfect discrimination
between presence and absence [47]. Thus, the closer the AUC value is to 1, the better the
model’s predictive performance.
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Figure 4. Variable importance for 18 remaining variables for model fitting (JJA: summer months,
MAM: spring months).

In addition to AUC, we used Cohen’s Kappa as a complementary accuracy met-
ric, which quantifies the agreement between predicted and actual classifications beyond
chance [48]. A Kappa value of +1 indicates perfect agreement, while values approaching
0 or below suggest poor or no predictive capacity [49].

To validate model performance, we adopted a K-fold cross-validation technique with
five folds. In this approach, the dataset is partitioned into five equal subsets; in each
iteration, one subset is used for testing while the remaining four are used for training. This
process is repeated five times, and model accuracy is calculated by averaging the results
across all iterations.

All models achieved high AUC values above 0.9. However, three models—DOM,
MAH, and BIO—performed below the overall average AUC (0.984), with DOM showing
the lowest performance. Similarly, Cohen’s Kappa values for all models except MAH, DOM,
and MXS exceeded 0.9. To ensure ensemble quality, only nine models with above-average
performance in both AUC and Kappa metrics (overall average 0.881) were included in the

final ensemble modeling process (Table 3).

Table 3. Internal model evaluations based on AUC and Kappa values for each model during 5 K-Fold

cross validations (red: excluded from ensemble).

Algorithm

Acronym AUC Kappa

Bioclim (Envelope Score)
Boosted Regression Trees
Domain

BIO 0.982 0.921
BRT 0.994 0.951
DOM 0.942 0.787

Generalized Additive Models GAM 0.989 0.940

Bayesian Gaussian Process
Generalized Linear Models
Mahalanobis

Maximum Likelihood

GAU 0.996 0.959
GLM 0.991 0.959
MAH 0.956 0.386
MLK 0.990 0914
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Table 3. Cont.

Algorithm Acronym AUC Kappa
Maximum Entropy default (all features) MXD 0.993 0.949
Maximum Eptropy simple (only linear MXS 0.989 0.891
and quadratic features)

Random Forest RDF 0.996 0.957
Support Vector Machine SVM 0.994 0.961

4. Results and Discussion
4.1. Current and Future Breeding Suitability

The modeled occurrence probability—interpreted as breeding suitability—for Do-
ciostaurus maroccanus during the historical (1991-2020) and near-future (2021-2040) periods
(Figures 5 and 6) reveals highly similar spatial patterns. Probability values range from
0.0 to 1.0 and are classified into the following suitability categories for interpretation: 0.0-0.5
(very unlikely/very unsuitable), 0.5-0.6 (possible/suitable), 0.6-0.8 (likely /very suitable),
and 0.8-1.0 (highly likely/optimal).

T T A T .

P ——

0 2.000 4.000 km
| | J

— Increased occurrence probability

0.0 0.2 0.4 0.5 0.6 0.7 0.75 0.8 0.85 0.9 1.0

Figure 5. Current D. maroccanus occurrence probability based on data from 1991-2020.

..... . 4.000 km
H 1 Distribution area of DMA (based on CIRAD) | | |

— Increased occurrence probability

0.0 0.2 0.4 0.5 0.6 0.7 0.75 0.8 0.85 0.9 1.0

Figure 6. Future D. maroccanus occurrence probability based on SSP2-45 scenario for 2021-2040.
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The results show strong agreement with known field observations, underscoring one
of the key strengths of Ecological Niche Modelling [26]. Hotspots of highest suitability—
particularly in Central Asia and the Caucasus—as well as other favorable regions in the
Mediterranean, including Greece, Turkey, and northern Iran, align well with the historically
documented distribution of the Moroccan locust.

4.2. Projected Changes and Geographic Shifts of Breeding Hotspots

To better understand the projected changes in breeding suitability, we calculated the
difference in modeled occurrence probabilities between the two time periods and visualized
the results in Figure 7. The most notable increases are projected north of the species’ current
geographic range, with higher breeding probabilities in northern Portugal, Spain, France,
Southeastern Europe, southern Ukraine, and southwestern Russia. Additional increases are
evident along the northeastern Tien Shan Mountains on the Kazakhstan-China border and
south of the Zagros Mountains in southeastern Iran. Interestingly, our model’s projections
align with recent field observations of D. maroccanus in Xinjiang (northwestern China), a
region where the species had not previously been reported (Prof. Zhang Long, personal
communication, 2025).

e ——

-0.10

0 2.000 4.000 km
L | |

Higher in the history Higher in the future

—-0.08

-0.06 —0.03 —-0.01 0.01 0.03 0.06 0.08 0.10

Figure 7. Change in D. maroccanus habitat suitability (occurrence probability) under future climate
conditions (2021-2040 relative to 1991-2020). Changes below 95% significance level are less bright.

Substantial shifts—both increases and decreases—are also projected within the cur-
rent distribution range. Most of these changes occur in areas with lower suitability in-
dices (<0.6), likely driven by variations in climatic and vegetation-related variables, while
more static abiotic factors, such as soil type and texture, remain unchanged over the
short term. Nonetheless, future climate conditions may enhance breeding suitability in
marginal areas, potentially increasing the risk of invasion and population expansion during
outbreak events.

Changes within the higher suitability range (0.6-1.0) are of particular importance,
as these areas represent key breeding habitats with high potential for mass breeding and
gregarization of D. maroccanus. To facilitate interpretation, we categorized changes into
two main types: loss of suitable breeding habitat and emergence of new suitable breeding
habitat (Figure 8).
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Figure 8. Changes of D. maroccanus are very suitable and optimal habitats between current and future
occurrence probability.

Habitat loss was defined by the following transitions:

From 0.6-1.0 in 1991-2020 to <0.6 in 2021-2040

From 0.8-1.0 in 19912020 to 0.6-0.8 in 2021-2040

Emerging suitable habitat was defined by:

From <0.6 in 1991-2020 to 0.6-0.8 in 2021-2040

From 0.6-0.8 in 1991-2020 to 0.8-1.0 in 2021-2040

A projected decrease in suitable breeding habitats is most evident in the southern
part of the species’ current range, particularly in the Atlas Mountains (North Africa), the
western slopes of the Tien Shan (Central Asia), and regions along Iran’s Zagros and Elburz
Mountains. In contrast, marked increases in habitat suitability are projected for Greece,
Turkey, northern Iran, the Caucasus, southwestern Russia, and parts of Kazakhstan and
Kyrgyzstan. Historical data indicate that, over the 20th century, the northern boundary of
D. maroccanus in the Caucasus region has shifted approximately 200-250 km northward
compared to its distribution a century ago [20].

These findings suggest that historically affected regions such as western Anatolia and
Mesopotamia—known for major D. maroccanus outbreaks in the early 20th century—may
once again become breeding hotspots under ongoing climate change, as also noted by
Ciplak [12].

Significant gains in both very suitable and optimal breeding areas are modelled
for Turkey (62,112 km?, 45,392 km?), Greece (4544 km?, 9680 km?), Armenia (3136 km?,
2864 km?), Georgia (4416 km?, 1216 km?), Kyrgyzstan (336 km?, 5232 km?) and Tajikistan
(2096 km?, 1376 km?). Additional increases are seen across Eastern and Southeastern
Europe. In contrast, notable losses are projected for Turkmenistan (3088 km?, 1856 km?),
Afghanistan (2016 km?, 6656 km?), and Spain (1104 km?, 1216 km?). Furthermore, declines
of very suitable breeding areas are modelled also for North African countries Algeria
(13,440 km?), Morocco (9344 km?) and Tunisia (4976 km?).

Some countries exhibit mixed trends, with gains in one category and losses in another.
For instance, Kazakhstan (9312 km?), Uzbekistan (6592 km?), Russia (16,352 km?), France
(5616 km?), and Italy (14,368 km?) are projected to gain very suitable habitat, while simulta-
neously losing areas classified as optimal (6464 km?2, 15,984 km?, 5008 km?, 7585 km?, and
1360 km?, respectively). In contrast, Iran and Azerbaijan show a vice versa development,
losing very suitable areas (46,240 km?, 2080 km?) but gaining optimal areas (16,784 km?,
3424 km?). Overall, very suitable areas are projected to expand by 64,304 km?, and optimal
areas by 39,792 km? across the full geographic range. See Figure 9 and Supplementary
Table S2 for country-specific details.
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Figure 9. Total area of increase and decrease of very suitable and optimal habitats.

4.3. Future Effect of Temperature and Precipitation on D. Maroccanus Pest Status
Rising temperatures are projected across most regions classified as very suitable to
optimal for D. maroccanus breeding (Figure 10). High temperatures and drought periods
(compare Supplementary Material Figures S5 and S6 for precipitation) are recognized as key
factors promoting population increases in this species. However, outbreak development
typically requires a concurrent deficit in spring precipitation, which affects vegetation
patchiness—critical for the locust’s survival and gregarization [26,31]. Therefore, both
the amount and timing of spring rainfall play a decisive role in vegetation and ultimately
locust development. Field evidence suggests that two consecutive warm and dry years can
already trigger mass breeding events, potentially culminating in outbreaks [20]. This high-
lights how drought-like conditions—characterized by elevated temperatures and reduced
precipitation, increasingly associated with climate change—can foster locust gregarization
and population increase. Additionally, elevated temperatures during the nymphal develop-
ment phase accelerate maturation, thus narrowing the window for implementing effective
control measures. Climate change in the 21st century has also caused a gradual decline in
perennial forage plants and an increase in annual species in pasture lands, facilitating locust
spread. This shift has altered steppe grass-wormwood communities toward dominance
by species such as Poa bulbosa, Medicago minima, Plantago spp., Hordeum murinum, Carex
pachystylis and Artemisia austriaca, which support Moroccan locust spread [20,31].

4.4. The Role of Topography for D. maroccanus Pest Status
Moreover, the model confirms a marked upward shift of suitable habitats towards

higher elevations (Figure 11), a trend that aligns with field observations over the past
years. This shift is likely driven by rising temperatures, which are influencing the ver-
tical migration of ephemeral vegetation zones and associated plant communities. The
species is now found up to 300 m higher in elevation in the 21st century than in the 20th
century [20,22]. For example, a study in Tajikistan recorded oviposition at 1080 m above sea
level in 2019 [8]. Our model supports the continuation of this altitudinal shift, as illustrated
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in Figure 11. It shows that, in most countries, very suitable and optimal breeding habitats
are projected to occur at higher altitudes and across a broader elevation range during the
2021-2040 period compared to 1991-2020 (compare Supplementary Material Figure 54 for
probability across elevation). This trend presents significant challenges for locust control
operations due to complex topography and limited infrastructure at higher elevations.
Moreover, the dispersal of D. maroccanus populations across multiple elevation zones will
lead to asynchronous hatching and variable nymph development rates. This will result in
longer, more logistically demanding, and more costly control campaigns, as efforts must be

sustained over an extended period and across diverse terrain.
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Figure 11. Elevation box plots across all projected pixels with suitable conditions higher than 0.6.
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Interestingly, regardless of elevation or geographic region, the orientation of suitable

habitats is predominantly concentrated between southwest, south, and southeast exposures
across all countries and both modeled time periods (Figure 12). This pattern aligns with

ecological observations indicating that optimal breeding habitats typically consist of open

landscapes with minimal shade. Such conditions maximize solar radiation, which is crucial
for accelerating nymphal development and enhancing overall reproductive success [8].
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Figure 12. Aspect box plots across all projected pixels with suitable conditions higher than 0.6.

4.5. The Role of Land Use for D. Maroccanus Pest Status
Despite the robust projections, it is important to recognize that the Moroccan locust
is part of a group of swarming locust species characterized by irregular cycles of intense

activity followed by prolonged periods of remission. These recessions are not necessarily
cyclical; populations may persist in scattered, solitary phases within survival biotopes for
decades before rapidly transitioning to a gregarious phase when favorable environmental

conditions occur. This shift can lead to dramatic population increases and outbreaks.

However, breeding biotopes have been considerably reduced by human-driven
changes such as agricultural expansion and deforestation, particularly the loss of for-
est edges and clearings. For the Moroccan locust, a shift in favorable climate conditions to

the North and simultaneous expansion of intensive agricultural areas would not lead to
additional hotspot outbreak areas, as the observed trend of cropland expansion in Eurasia
would counteract outbreaks. Human activities and land management decisions are signifi-
cant but difficult-to-quantify drivers of locust outbreaks. Consequently, ENM, including the
one used in this study, primarily focuses on abiotic factors to identify permanent breeding

sites and potential outbreak hotspots without the effect of land use changes.
Nevertheless, areas projected to be highly suitable for mass breeding require close

attention, especially where land-use practices are changing and agricultural land is aban-
doned. Historical outbreaks of the Moroccan locust have been linked to agricultural aban-
donment or reduced cultivation, often triggered by war or post-war labor shortages [12,18].
In particular, a decline in agricultural activity, overgrazing [50], and the coincidence of
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drought years with favorable spring precipitation have been shown to promote upsurges
not only of D. maroccanus, but also of other locust pests such as Calliptamus italicus.

To further understand the interconnection of D. maroccanus in this matter, and en-
able better future predictions using land use activities and human—environmental feed-
back [51], more harmonized datasets and future projections of land use are required.
Although the FAO platform for Caucasus and Central Asia (https://ccalm.org/) represents
a promising step, comparable open-access data from other highly affected regions (see
Figure 2 and Supplementary Material Table 52) remain limited. Also, Kulessa et al. [52]
noted a general neglect of Orthoptera species in Europe, leading to gaps in research
and inconsistent databases. On the other hand, the open data policy for the desert lo-
cust (https:/ /www.fao.org/locust-watch/en, Accessed on 23 March 2026) has facilitated
broader scientific engagement using machine learning and modeling tools. Yet, some recent
publications lack regional expertise, occasionally resulting in misinterpretations. In this
context, Gebregiorgis et al. [53] emphasize the ethical and moral responsibility of using
artificial intelligence and big data in locust outbreak prediction and control strategies. Fur-
thermore, to improve the understanding of micro-habitats, higher spatial resolution data
and approaches focusing on the regional to local scale can provide new insights, especially
in heterogenic complex terrain.

5. Conclusions

This study provides an in-depth analysis of the spatial distribution of Moroccan lo-
custs (Dociostaurus maroccanus) under the SSP2-4.5 climate change scenario for the period
2021-2040. Using an Ecological Niche Modelling (ENM) approach, we integrated a com-
prehensive set of climate, soil, and vegetation predictors with high-quality occurrence data
and rigorous model evaluation techniques.

Our findings show that habitat suitability patterns remain relatively stable between
the historical (1991-2020) and predicted (2021-2040) periods, with core breeding areas
concentrated in Central Asia, the Caucasus, Anatolia and some parts of the Mediterranean.
Despite regional variation, very suitable and optimal breeding habitats are projected to
expand by 64,304 km? and 39,792 km?, respectively. Major increases are projected for
Anatolia, North Iran, along the northeastern Tien Shan Mountains (on the Kazakhstan—
China border), the Caucasus region and southwestern Russia. The projected decreases are
found particularly in the southern part of the species” geographic range, including the Atlas
Mountains in North Africa, the western margins of the Tien Shan Mountains in Central
Asia and regions in Iran along the Zagros and the Elburz Mountains.

Core breeding areas will be characterized by higher altitudes and a broader elevation
range. These upward shifts highlight the species” adaptability but may complicate effective
control operations across elevation zones due to variation in hatch timing, life cycle speed,
and challenging high-altitude conditions. Additionally, the core breeding areas will also be
characterized by temperature increases. This, combined with irregular spring precipitation,
is likely to lead to more drought-like conditions that promote D. maroccanus outbreaks.

Overall, our future projection underlines a northward and upward shift of favorable
climatic conditions and supports trends observed in the field over the past decades [20]. The
results reveal a notable impact of future climate conditions on the geographical distribution
of D. maroccanus and breeding habitat suitability. This emphasizes the need for regional
adaptive locust management strategies that consider climatic variables, land-use trends
and topographic characteristics. Beyond abiotic factors, anthropogenic influences such
as land-use change, overgrazing, and the abandonment of agricultural practices have led
to locust outbreaks in the past and remain critical in understanding future risks. In this
context, locust outbreaks might occur more often in the future due to a combination of inef-
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ficient management, regional instabilities or conflicts, changing climate and environmental
conditions, as well as agricultural and pastoral activities.

In view of the population growth potential of locusts in the gregarious phase, reliable
projections of the distribution range and potential shifts over time are critical to set up
and implement efficient monitoring programs. As a consequence, accurate modeling of
suitable locust habitats and distribution changes is included in the World’s Best Practice
Locust Management [54], with the aim to predict outbreak hotspots and direct aerial or
ground surveys where upsurges are most likely to occur and ensure early response and
anticipatory action, such as timely control applications. Ultimately, this study offers a vital
foundation for anticipating Moroccan locust outbreaks and guiding proactive monitoring
efforts and early warning amid accelerating environmental change.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy16070749/s1, Table S1: Environmental characteristics for
present time interval (1991-2020) across all pixels where the projected suitable conditions are higher
than 0.6. Table S2: Total suitable habitat area for D. maroccanus mass breeding based on modelling
results for present and under future scenario. Figure S1: Temporal distribution of occurrence records.
Figure S2: Specificity vs sensitivity curve for different thinning distance applied to the species
occurrence data. Figure S3: Agreement maps for all models (above: 1991-2020, below: 2021-2040).
Figure S4. Projected changes in probability vs. elevation. Figure S5: Annual mean precipitation across
all pixels with suitable conditions higher than 0.6. Figure S6: Spring mean precipitation across all
pixels with suitable conditions higher than 0.6.
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