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Abstract: The Moroccan locust has been considered one of the most dangerous agricultural pests in
the Mediterranean region. The economic importance of its outbreaks diminished during the second
half of the 20th century due to a high degree of agricultural industrialization and other human-caused
transformations of its habitat. Nevertheless, in Sardinia (Italy) from 2019 on, a growing invasion
of this locust species is ongoing, being the worst in over three decades. Locust swarms destroyed
crops and pasture lands of approximately 60,000 ha in 2022. Drought, in combination with increasing
uncultivated land, contributed to forming the perfect conditions for a Moroccan locust population
upsurge. The specific aim of this paper is the quantification of land cover land use (LCLU) influence
with regard to the recent locust outbreak in Sardinia using remote sensing data. In particular, the role
of untilled, fallow, or abandoned land in the locust population upsurge is the focus of this case study.
To address this objective, LCLU was derived from Sentinel-2A /B Multispectral Instrument (MSI) data
between 2017 and 2021 using time-series composites and a random forest (RF) classification model.
Coordinates of infested locations, altitude, and locust development stages were collected during field
observation campaigns between March and July 2022 and used in this study to assess actual and
previous land cover situation of these locations. Findings show that 43% of detected locust locations
were found on untilled, fallow, or uncultivated land and another 23% within a radius of 100 m
to such areas. Furthermore, oviposition and breeding sites are mostly found in sparse vegetation
(97%). This study demonstrates that up-to-date remote sensing data and target-oriented analyses can
provide valuable information to contribute to early warning systems and decision support and thus
to minimize the risk concerning this agricultural pest. This is of particular interest for all agricultural
pests that are strictly related to changing human activities within transformed habitats.

Keywords: agricultural pests; food security; Dociostaurus maroccanus; remote sensing; locust outbreak;
abandoned land; Sentinel-2

1. Introduction

The recent outbreak of the Moroccan locust (DMA), Dociostaurus maroccanus (Thun-
berg), in Sardinia (Italy) is the worst in over 30 years [1]. The outbreak had already begun in
2019 and multiplied from year to year, with growing locust population and affected areas,
which have increased from about 2500 ha in 2019 to 30,000 ha in 2021 and an estimated
60,000 ha in 2022 [1,2]. Historically, the Moroccan locust has been considered one of the
most dangerous agricultural pests in the Mediterranean region [3], and the first report
of DMA outbreaks goes back to about 2000 years ago, when Pliny reported mandatory
campaigns against locusts in Cyrene [4]. In Central Asia, Caucasus, and North Africa,
DMA is still a major threat for crop and pasture land, requiring regular monitoring and
control activities by phytosanitary organizations. The habitat of this locust species is heav-
ily fragmented [5] and distributed from the Canary Islands in the west to Afghanistan
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in the east, with occurrences within the Mediterranean zone, central Europe, the Middle
East, Caucasus, and Central Asia (Figure 1). DMA breeding sites are usually found in
foothill zones and valleys approximately 400-800 m above sea level in semi-arid steppes
and semi-arid deserts with a presence of abundant spring ephemeral vegetation and annual
precipitation of 300-500 mm [3,6]. However, spring precipitation with an optimum of
100 mm is the most critical factor affecting the population dynamics. Unusual dry spring
periods in consecutive years stimulate population increase and can lead to DMA outbreaks,
causing economic losses and affecting rural livelihoods [3].
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Figure 1. Overview of Moroccan locust distribution (adapted from FAO, 2021): (a) band of 1st and
2nd nymph stages of DMA on 26.04.2022 (40.252103°N, 8.960806°E); (b,c) mating and oviposition on
02.05.2022 (40.244172°N, 8.983378°E). Photos © Arturo Cocco.

Larger-scale damages caused by DMA in the European zone have become rare due
to anthropogenic activities, such as the conversion of grassland into agricultural land. On
the other hand, deforestation and overgrazing can promote the population dynamics of
DMA [3]. Overall, it is well-known that land management is one of the most important
driving factors for DMA population dynamics [3,5,7,8], especially economic or political
constraints, which result in increasing abandoned, fallow, and untilled areas [3,9]. There-
fore, small-scale outbreaks in Spain, France, Hungary, and Italy have been documented
and can occur when ecological conditions are favorable. Furthermore, climate change is ex-
pected to have significant impacts on its distribution area and population dynamics, being
particularly exacerbated by several consecutive drought years (especially during spring
and summer) and temperatures higher than average, as reported for Sardinia over the
past years [10,11]. In this context, outbreaks of locust pests in Sardinia are not uncommon
and can be related to drought periods in combination with changing land management
activities. For example, about 81,000 ha in 1988/1989, 75,000 ha in 1951, 1,500,000 ha in
1946, and 400,000 ha in 1933 were infested by DMA in Sardinia [10].

In this context, remote sensing applications are an important asset contributing to
locust preventive management strategies that includes mapping and monitoring vast areas
of locust habitats [11-14]. Preventive locust management [14-16] is proactive and aims to
detect the hazard of a locust population upsurge and control it at a smaller scale before it
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evolves to a large-scale plague [11]. It includes a better understanding of the species biol-
ogy and ecology, more effective monitoring, early warning systems, and different control
strategies. The monitoring of vast areas, which provide favorable conditions for successful
breeding and potential for locust population increase, is of especially high importance for
preventive locust management. This kind of geospatial risk assessment benefits highly
from the availability and quality of geospatial and remote sensing datasets. Therefore,
the role of remote sensing data for locust management has been growing over the past
decades [11,12]. The first remote sensing applications based on Landsat data were intro-
duced by [17,18]. Later, Advanced Very-High-Resolution Radiometer (AVHHR), Moderate-
Resolution Imaging Spectroradiometer (MODIS), and Satellite Pour I'Observation de la
Terre VEGETATION (SPOT-VGT) were applied to detect vegetation development at a
higher temporal frequency, as well as Meteosat cloud imagery to estimate intense rain-
fall over desert locust habitats [19-23]. In addition, soil moisture acquired from remote
sensing data has been an important input for different habitat modelling and forecast
efforts [24-27].

In this paper, the recent outbreak in Sardinia was analyzed with the application of
remote sensing data to provide additional information that can contribute to support
monitoring, risk assessment, and forecast efforts. The relation between recent DMA records
from 2022 and abandoned/fallow or unplowed lands was quantified to demonstrate the
value of up-to-date information on the actual state of the land surface derived from open-
source remote sensing data. For this purpose, we applied time-series analyses of the
Sentinel-2 data archives (2017-2021) with a specific focus on deriving relevant land cover
and land use (LCLU) classes as well as their evolution over time.

2. Materials and Methods
2.1. Study Area

The study area is the island of Sardinia (40.000556°N, 9.115833°E), in the middle of the
western Mediterranean Sea, with a total area of about 24,000 km? (Figure 1). Sardinia is char-
acterized by a typical Mediterranean climate, with mild winters and hot and dry summers.
Most of the island falls into the Mediterranean pluviseasonal oceanic macrobioclimate,
whereas the inner mountain areas above 800-1000 m a.s.l. are best described by temperate
oceanic macrobioclimate [28,29]. Generally, rainfalls are concentrated from October to May,
whereas the dry season spans from June to September. However, the dry season can last
from July to September at higher altitudes and from May to October in dryer southern areas.
Mean annual precipitation is highly variable, depending on latitude, altitude, and local
conditions, and ranges from 381 mm in south-eastern Sardinia to 1343 mm in north-eastern
mountains [30].

2.2. Classification of Actual State of LCLU with Focus on DMA Relevant Land Characteristics

LCLU information on the actual state of the land surface and its changes derived from
satellite-based Earth observation (EO) data has played and continues to play an important
role for different applications and disciplines (e.g., modelling, assessment of environmental
changes, deforestation, desertification, etc.). Various global LCLU products are available
at a medium spatial resolution, representing the state of the land surface at a certain time
period [31-33]. The technological progress and availability of open-source satellite data at
high temporal and spatial resolution has enabled improvement of LCLU accuracy as well
as the level of detail by utilizing time-series analysis in combination with machine learning
approaches [34,35]. Nevertheless, available global products sometimes do not include the
required information for specific use cases. Therefore, there are many regional LCLU prod-
ucts and adaptations that account for user-specific class discrimination or target explicit
land cover classes of interest [36-39]. In the context of locust outbreaks, it is well known that
the current and previous land management plays an essential role [3,11,40,41]. The charac-
terization of the land surface, specifically focusing on habitats of different locust pests, has
been part of research efforts to support preventive locust management [42-49]. Abandoned
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and fallow fields or untilled land can provide ideal breeding habitats for some locust species,
thus increasing the possibility of a population upsurge and outbreaks [3,11,41,50-52]. On
the contrary, regular mechanical treatment of fields and pasture (plowing) usually destroys
locust eggs and hence contributes to population decrease [53].

To quantify the relation between the current DMA outbreak in Sardinia and land man-
agement and abandonment, we derive LCLU information with specific requirements. First,
the required LCLU has to include the class “abandoned land, fallow fields, or not tilled
land” to provide information on whether land has previously been plowed or not. This
requirement can be fulfilled by applying time-series analyses of satellite data archives. Due
to the unique phenology of agricultural land (plow, sow, growing, harvest), it is possible
to distinguish between cropland and natural rangeland vegetation [54-58]. Using such
seasonal characteristics and comparing years of interest with each other, the evolution of
agricultural land or fallow fields can be derived. Furthermore, it is also very important
to identify the time since the land was last plowed. Therefore, the second requirement
is that the derived “abandoned land, fallow fields, or not tilled land” class should con-
tain a “time-stamp” indicating when it was last tilled. This information can provide an
indication of the vegetation composition and succession of the area [59], which is also
important for locust habitats. Finally, the actual state of abandoned /fallow /untilled ar-
eas is also of high interest to assess whether it fulfills the habitat requirements of the
locust species. Ephemeral grasslands with patches of bare soil are ideal for the egg
laying and breeding of DMA [3]. On the other hand, dense vegetation (e.g., forest) or
saline soils are avoided. Therefore, the third requirement is to provide the up-to-date
land cover state of formerly tilled land to assess where DMA has laid eggs over the past
upsurge years.

Figure 2 illustrates the entire workflow to achieve the discussed requirements. Since
recent mapping efforts, such as the ESA WorldCover [35], already provide a high level of
detail and accuracy at a reasonable spatial resolution, we implement certain land cover
classes that are not the focus of the presented use case (settlements, wetlands) to avoid
confusion and improve the accuracy of the classes of interest. For detection of all other
land cover classes and their evolution, training points were collected according to the class
specifications. The assignment of sampling points was based on the visual interpretation
from very high-resolution data within Google Earth Engine (GEE) in combination with
time-series composites of vegetative seasons. To ensure temporal transferability of the
classification model, we collected training samples for a meteorologically dry year (2017), a
wet year (2018), and a normal year (2021) [60]. In total, 200 training points were collected
per class and year. As depicted in Figure 2, training points were gathered for the classes
water, cropland, sparse vegetation, dense vegetation, and bare soil. The sampling database
was partly used to train (75%) the random forest model that was applied on different
time-steps as well as for the validation of the results (25%). Moreover, the annual Sentinel-2
composites between 2017 and 2021 were calculated on GEE platform. To mask clouds,
the cloud probability data on GEE was applied. Next, the variance and 95th percentile
of the normalized difference vegetation index (NDVI) was calculated at an annual scale
covering the months from March to November. The annual image composites were cal-
culated using the median value of a year, and afterwards, the median of the additional
spectral indices NDVI, modified normalized difference water index (MNDWI), normal-
ized difference built-up index (NDBI), and salinity index (SI) were derived. Seasonal
images for spring, summer, and autumn were included as additional features as well.
The seasonal features include the median values and the variance and 95th percentile of
the NDVL
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Figure 2. Workflow for regional land cover classification with regards to land cover classes of interest
and specification of detected abandoned land.

Based on all features and training points, a random forest (RF) classification model
was trained for the year 2021. Here, RF [61] was selected as classifier as it is widely
applied for land cover classifications and reported to be one the superior machine learning
algorithms [62-64]. Next, an additional classification model was trained to retrieve binary
cropland layers for the annual composites between 2017 and 2021. Finally, based on
these annual layers, spatio-temporal information on the development of fallow fields was
extracted based on an intersection with the cropland class in 2021. This spatio-temporal
layer includes the information of which year an area was plowed for the last time.

As illustrated in Figure 2, an accuracy assessment was conducted by means of the
collected point samples. To this aim, a confusion matrix was calculated for the classes
water, sparse vegetation, dense vegetation, and bare soil. Due to the binary classification
of croplands, this class was validated separately. In order to assess the accuracy of the
classifications, the overall accuracy and Cohen'’s kappa coefficient [65] were calculated
based on the confusion matrix.

Apart from the described process and used datasets for classification, 15-day NDVI
median composites were calculated for the period between March and July 2022 to analyze
the relation between temporal vegetation development and different locust nymphs’ states.
Furthermore, we used a 30 m spatial resolution digital elevation model dataset (DEM
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GLO-30) for additional interpretation of the role of elevation for breeding conditions within
the study region [66].

2.3. Moroccan Locust Record Locations

DMA infestation in 2022 included two separate areas in central Sardinia and spanned
overall from north (40.4821623°N, 9.1214687°E) to south (40.1067563°N, 8.9625105°E) and
from east (40.2966785°N, 9.181988°E) to west (40.2488991°N, 8.8236914°E). The two infested
areas extended for about 100,000 ha and 12,000 ha, respectively. Within the largest area,
an abandoned industrial area and a photovoltaic solar power plant rise over about 400 ha.
The majority of record locations were distributed within a plain area with small hills on
hard soil (untilled) and exposed south, being an area well known to have been a hotspot
and ideal habitat of previous DMA outbreaks in Sardinia [10,67]. The University of Sassari
(Italy) together with LAORE (Regional Agency for Agriculture Development) have been
closely observing the ongoing outbreak and collecting different information on the DMA
infestation, including coordinates of infested locations, altitude, and DMA developmental
stage. For locust management purposes and preventive control measurements, it is impor-
tant to detect locations where locust has hatched successfully and is present at high density.
A total of 814 locations with different DMA development stages were recorded between
March and July 2022 and classified into the following categories: young nymphs (1st-2nd
instars) (113 locations), mature nymphs (3rd-5th instars) (435 locations), feeding /moving
adults (181 locations), and breeding sites (85 locations). Infested locations were detected
by field surveys carried out by LAORE extension agents and researchers of the University
of Sassari in the areas infested by DMA in the previous year. The DMA developmental
stage was determined by visual observations of specimens by a sweep net. Locations were
defined as breeding sites when adults were observed breeding or female’s oviposition.

Sites characterized by young nymph bands can be also considered as locations where
breeding was successful in the previous year because young locust insects cannot move
far at this stage. Nevertheless, locust nymphs at early-stage development are capable of
moving up to 100 m or even 150 m per day depending on species, weather conditions, and
green vegetation availability [6,68]. In order to account for possible daily displacement
from original breeding locations and uncertainties, a 100 m buffer was created around
young nymph and breeding record locations.

2.4. Combination of Nymph Locations with Data from Remote Sensing

The geographic coordinates and dates of detected DMA locations from 2022 were
utilized for further analysis in terms of land cover situation and ongoing DMA outbreak.
The data was intersected with the results of LCLU mapping results from 2021 as well as
with 15-day composites of NDVI. In this way, this analysis provides a quantitative and
qualitative assessment of DMA locations with regard to actual land surface conditions,
the vegetation development during instar stages, and possible previous land management
activities. Finally, differences in the distribution of DMA development stages among LCLU
were evaluated using a x? test for independence (p < 0.05), followed by the calculation of
Pearson’s standardized residuals.

3. Results
3.1. Relation of DMA Locations with Previous and Actual Land Cover

Out of 814 detected DMA records from 2022, 43% (347) were found on land classified
as “abandoned, fallow, or not tilled” in the year 2021 (Figure 3). A further 29% (236) were
located on sparse vegetation/grassland. A total of 5% were located in other classes (2,
16, and 26 in the dense vegetation, built-up, or bare soil land cover classes, respectively).
Finally, 23% (187) were found on land classified as cropland. At this point, it is important
to consider two facts. First, classification from remote sensing comes along with some
uncertainty and misclassifications (compare Section 3.3), which depend mainly on the
accuracy and definition of the training data, input data quality (e.g., data gaps, clouds,
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and applied methodology. Secondly, the detection of nymph locations also differs from
the actual origin where egg pods where laid and nymphs actually hatched (compare
Section 2.2). Both factors are of relevance for the interpretation of derived information from
Sentinel-2 data at a spatial resolution of 10 m. Therefore, we also considered the buffered
area to examine whether abandoned /fallow land is found in the direct vicinity of reported
locations. This assessment shows that 23% of breeding spots located in classified active
agriculture are within 100 m of untilled land. Therefore, two conclusions can be made.
Either locust nymphs have dislocated to cropland areas and were detected there by the
ground teams, or cropland was misclassified, because mechanical plowing of soil would
usually lead to the destruction of eggs.
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Bl water
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Il Dense vegetation
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Figure 3. Land cover land use classification for 2021. Zoom areas for region of interest with majority
of detected DMA locations.

Statistical differences in the distribution of DMA development stages among LCLU
were found (x? = 43.46, df = 12, p <0.05). In particular, the occurrence of younger DMA
nymphs was significantly higher than expected in locations identified as untilled lands.
Moreover, the occurrence of feeding/moving adults was significantly higher than expected
in areas with sparse vegetation and grassland and lower than expected in untilled lands
(Table 1).

A more detailed consideration and distribution of locations with regard to different
detected DMA life stages is provided in Table 1. In the following, we assume that young
nymphs of the first and second stages are found close to their breeding sites and consider
them as one group. Therefore, the total of 113 (young instar) and 85 (oviposition) represent
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precise locations where egg pods were actually laid. Out of these locations, 73% (144)
were located within the class “sparse vegetation/grassland”. In addition, 53% (104) of
these breeding locations were also classified as formerly active agriculture or pasture land
(Figure 4). A total of 48 records (24% out of the total breeding sites) were found on active
agriculture land. Only four records were found on bare soil, and two on other land cover
classes (3% in total).

Table 1. Distribution of DMA locations among different classes of 2021 and untilled land evolution !.
Pearson standardized residuals measuring the deviation from expected values are reported in brackets

(+ = positive deviation; — = negative deviation).
LCLU 2021 Untilled Since Untilled LC 2021

DMA Stage C S B o 8] 2017 2018 2019 2020 S B
N1-N2 (113) 23 25 0 1 64 (+) 1 2 0 61 62 2
N3+ (435) 103 119 21 9 183 5 20 1 157 178 5

Feeding/moving 58
adults (181) 36 77 (+) 3 7 (2212) 1 7 3 47 56 2
Oviposition (85) 25 15 2 1 42 0 0 0 42 42 0
Total (814) 187 236 26 18 347 7 29 4 307 338 9

1 First and second nymph stages (N1-N2), third or older nymph stages (N3+), cropland (C), sparse vegetation and
grassland (S), bare soil (B), other classes (O), untilled land (U).

2019 2020

40.24
40.24

40.22
40.22

/5
EX Y

o

40.20
40.20

Figure 4. NDVI variance for vegetative period (Mar—Nov) for 2017-2021 as an indicator for agricul-
tural activities. Zoom in to both regions with high density of DMA locations in 2022 (compare 2.2).
Black dots = recorded DMA locations in 2022.
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The older instar stages and adults, which have a higher capacity to move and have
had a longer time period to dislocate from their origin of breeding, show only a slightly
different picture. Out of a total of 616 locations, 71% (437) were located within the class
sparse vegetation/grassland, whereas 39% (241) were also classified as formerly active
agriculture or pasture land. Another 23% (139) of the total older instar stages and adult
records were found on active agriculture land.

Besides the identification of land that has been used for active agriculture, we also
derived the time when this land was last tilled or actively used. This evolution of aban-
doned, fallow, or not tilled /plowed land is presented in Figures 4 and 5 and Table 1. The
majority (88%, 307) of the 347 positions are found on land that has been fallow or untilled
since 2020. This suggests that DMA has found perfect conditions on this relatively “young”
untilled land, which is in line with observations and documentations of previous DMA
upsurges [3,51]. Compared to the years 2017, 2018, 2019, and 2020, the year 2021 is charac-
terized by less agricultural activity (Figure 4). Among all locations that were found to be
fallow or untilled since 2020, 97% (338) were classified as sparse vegetation/grassland in
2021 (Figure 6, Table 1).

8.400 8.800 9.200 9.600

e DMA Locations

Land Cover

Untilled Land Evolution
[ ] untilled since 2017
|| Untilled since 2018
[T Untilled since 2019

B untilled since 2020

40.800 41.200

40.400

L E 10k -

39.600 40.000

39.200

8.400 8.800 9.200 9.600

Figure 5. Abandoned land evolution 2017-2020. Zoom areas for region of interest with majority of
detected DMA locations.
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I Grassland/Sparse vegetation
Il Dense vegetation

| Bare soil

40.800

40.400

39.600 40.000

39.200

8.400 8.800 9.200 9.600

Figure 6. Abandoned land transformation and state in 2021. Zoom areas for region of interest with
majority of detected DMA locations.

3.2. Accuracy Assessment

The generated LULC map for the year 2021 resulted in an overall accuracy of 96.4%
and a kappa coefficient of 0.951. As listed in Table 2, the binary cropland layers have an
overall accuracy and kappa coefficient of 96.75% and 0.898 for 2021, 92.37% and 0.747 for
2018, and 96.34% and 0.867 for 2017.

Table 2. Results of the accuracy assessment for the binary cropland classification in 2017, 2018,

and 2021 1.
Classes Cropland Non-Cropland Both
Accuracy Measure EO (%) UA (%) EC(%) PA(%) EO(%) UA((%) EC(%) PA(%) OA (%) K
2017 14.29 85.71 7.69 92.31 1.47 98.53 2.90 97.10 96.34 0.867
2018 34.55 65.45 0.00 100.00 0.00 100.00 8.92 91.08 92.37 0.747
2021 15.09 84.91 0.00 100.00 0.00 100.00 3.98 96.02 96.75 0.898
Average 21.31 78.69 2.56 97.44 0.49 99.51 5.23 94.73 95.15 0.837

1 For each year, the accuracy measure error of omission (EO), user’s accuracy (UA), error of commission (EC),
producer’s accuracy (PA), overall accuracy (OA), and kappa coefficient (K) are provided.
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3.3. Relation of DMA Locations with Vegetation Development and Elevation

Besides the outcome of actual land cover as a discrete classification, remote sens-
ing data can provide more detailed temporal information that is of higher relevance to
assessing and understanding locust outbreaks and life cycles. In general, locust develop-
ment and population dynamics depend highly on vegetation cover and its development
over time [21,23,69-73]. Therefore, we also performed NDVI of biweekly and monthly
composites to present the relation in this regard for the outbreak of 2022.

The results demonstrated a clear pattern between NDVI development and detected
DMA life stages (Figure 7). The young nymphs (N1-N2) were detected in April within
the peak of the vegetative period. In May and June, when older nymph stages (N3+) and
adults were detected, the NDVI around these locations has already decreased. Oviposition
took place in July and June, when vegetation subsidence has already occurred. In general,
it seems that there is no implication that older nymphs or mature insects were moving
towards greener areas. However, it should be considered that untilled, fallow, and aban-
doned land, as well as pasture and grassland, are not irrigated, and plants tend to dry out
from the end of May onward due to rain scarcity and high temperature.

NDVI
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Figure 7. Biweekly NDVI development for different stages of detected DMA locations between April
and July 2022.

Additionally, we also extracted the elevation from a DEM to provide any indication
related to relief as described by Ortu and Prota (1989) [10] (Figures 8 and 9). The relation
between elevation and detected locations for different Moroccan locust life stages shows a
slight increase in height with proceeding time until the end of May. DMA was reported
between 137 and 680 m above sea level (a.s.l.), with the majority of records (647 records,
79%) between 137 and 250 m, although preferred habitats are restricted to foothills and
valleys at a range of 400 and 1200 m a.s.l. [3,13]. This difference could be due to peculiar
microclimatic conditions characterized by wide temperature excursions in spring that could
promote optimal DMA development at lower altitudes.
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Figure 8. DEM at 30 m spatial resolution (source: Copernicus-DEM derived from Tandem-X DEM).
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Figure 9. Relation between elevation and time for different stages of detected DMA locations between
April and July 2022.
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4. Discussion

Land cover classification and potential habitat mapping in the context of locust out-
breaks have been mainly performed based on Landsat and MODIS datasets for the migra-
tory locust (Locusta migratoria, LMI), whose habitats are associated with reed vegetation
in temporarily inundated areas along rivers and within deltas [44,46,48,49,74,75]. Land
cover transformation due to overgrazing, deforestation, flood plain drainage or agriculture
abandonment plays an important role for other locust pests, such as Moroccan locust
(Dociostaurus maroccanus, DMA) and Italian locust (Calliptamus italicus, CIT) [3,6]. Ap-
proaches utilizing modern open-source remote sensing datasets (e.g., Sentinel-1, Sentinel-2)
with a specific focus on locust requirements concerning actual land cover situation and
its evolution still have to be developed and optimized for different species. In this study;,
we demonstrated that specific land cover classification and its consideration over time
can provide valuable information as to where potential areas are experiencing land cover
transformation and, in this way, becoming favorable for further locust breeding. Sentinel-
2A /B Multispectral Instrument (MSI) datasets provide an ideal foundation for monitoring
potential territories and detecting habitat transitions. The recent DMA outbreak in Sardinia,
as well as local outbreaks in other countries, emphasize that DMA is a serious agricultural
pest in places where ecological conditions and human activities are changing. Concerning
the European part of the DMA habitat, Latchininsky (1998) [3] reported that the economic
importance of its outbreaks was vanishing during the second half of 20th century due to
the high degree of agricultural industrialization and other human-caused habitat trans-
formations. However, due to climate change causing recurrent drought periods, and in
combination with less anthropogenic pressure [3], DMA outbreaks might become more
serious again. Since Moroccan locust and other locust species outbreaks are also closely
related to human activities, it has to be kept in mind that locust outbreaks might become
a major threat in Europe and elsewhere again once conditions change [3,9,76]. Therefore,
we consider the presented approach using Sentinel-2 data and adjustments on land cover
classification and temporal analyses for specific locust pest to have a high potential to
support future risk assessment and preventive locust management. First, this is because it
can be done independently and comparably quickly, and in an economical way. Secondly;,
remote sensing provides information on a large scale and thus also for areas that have
not suffered any locust outbreaks recently but might become important due to climate
change, land management alterations caused by institutional changes, political programs,
crises, and wars [33,77,78]. With regard to food security, it is crucial to monitor land
cover and other relevant parameters more closely for the specific requirements of different
agricultural pests.

Analysis of the distribution of different DMA development stages among different
land uses showed that younger nymphs were mainly located in untilled lands (Table 1).
Since locations where young nymph bands occurred were considered as sites in which
breeding was successful in the previous year, our results confirmed that DMA breeding
sites are mainly represented by abandoned and/or untilled lands, where the most favorable
conditions for egg survival and development occur [10]. On the other hand, the occurrence
of adults was recorded more often in areas with sparse vegetation and grassland, whereas
the occurrence of adults was significantly lower in untilled lands (Table 1). In fact, adults
feed more than those in the juvenile stages because they need to accumulate energy for
flight and dispersion, so they move onto vegetation-covered land. However, these results
should be interpreted with caution due to potential spatial autocorrelation among DMA
records. Although younger nymphs have a low dispersion ability, so that their distribution
over the area is more likely due to small-scale ecological processes, adults have a high
dispersion ability. This makes it possible that locations where adults occurred were not
spatially independent from each other [79]. Additional field data collection (including
absence locations) and availability over several years would enable further analyses of
the spatio-temporal dynamics of locust populations and also reduce possible impacts of
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spatial autocorrelation in the evaluation of the relation between locust locations and land
surface conditions.

In the future, detailed analyses of different relief variables and more detailed plant
and vegetation type discrimination derived from remote sensing data might contribute to
additional improvements in terms of remote-sensing-based monitoring of locust population
dynamics. Furthermore, post-locust-infestation damage assessment and the question of
whether vegetation and crop loss can be quantified from remote sensing data can be
explored. To address this objective, field data with specific information on ground detected
vegetation damage and timely coupled satellite data at higher spatial, temporal, and
spectral resolution are required. Previous investigations utilizing MODIS data showed
that optical moderate-resolution sensors might be insufficient to detect vegetation damage
related to locust infestation [80,81].

5. Conclusions

In this study, we quantified the relation between detected DMA locations from 2022
field campaigns with actual land cover situation and development over previous years. As
stated by Ortu and Prota (1989) [10], DMA oviposition occurs mostly in compact (untilled)
soil exposed to the south. The relation between recent DMA outbreak and land surface
under human influence is as follows:

e 43% were located on land that was previously used for agriculture purposes (fallow
or previously tilled land);

e  23% were located on cropland within a radius of 100 m to abandoned, fallow, or un-
tilled land, due to possible displacement after hatching as well as possible inaccuracy
of land cover classification;

e  The majority of locations detected on abandoned, fallow, or untilled land were oc-
cupied by active agriculture until 2020, which indicates that DMA occupied this
territory immediately;

e  Considering the transformation of abandoned, fallow, or untilled land, the majority of
locations are found on the sparse vegetation/grassland land cover class (97%).

Moreover, we quantified the hatching time and DMA life cycle development accord-
ing to vegetation development and elevation. Based on those analyses, the following
conclusions can be made:

Young nymphs were detected in April within the peak of the vegetative period;
Older nymphs and adults were found in areas with significantly decreased vegeta-
tion greenness;

e Interms of altitude, the majority (79%) of DMA locations were found between 137 and
250 m a.s.L.

This study demonstrates that valuable up-to-date information from remote sensing
data can be derived for DMA upsurges. Such information can contribute to early warning
systems and decision support to localize regions of high risk concerning different agri-
cultural pests. Abandonment of agricultural land, overgrazing, reed drainage, and other
land-changing activities have to be monitored and updated regularly and considered under
the aspect of known habitats of dangerous locust types. Nowadays, open-source remote
sensing data and cloud computing possibilities provide multiple opportunities for regular
monitoring of vast affected regions. In combination with additional information about soil
types, relief, and meteorological situation, experts could exploit the information provided
by remote sensing data analyses as additional support for preventive management.
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