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A B S T R A C T   

Negative impacts on agricultural activities by different locust species are well documented and have always been 
one of the major threats to food security and livelihoods, especially for local communities. Locust management 
and control have led to less frequent and intense plagues and outbreaks worldwide. However, political insecurity 
and armed conflicts affect locust management, and can as well as changing climate, and land use management 
contribute to new outbreaks. In the context of the increasing world population and higher demand for agri-
cultural production, locust pests will remain of high concern. Geospatial and remote sensing data have become 
an important source of information for different applications within locust research and management. However, 
there is still a gap between available information and actual practical usage. In this study, we demonstrate the 
importance of geospatial and remote sensing data and how this information can be prepared for a straightfor-
ward application for stakeholders. For this purpose, we use the h3-hexagonal hierarchical geospatial indexing 
system to simplify and structure spatial information into standardized hexagon units. The presented concept 
provides decision makers and ground teams with a simplified information database that contains area-wide 
information over time and space and can be used without detailed geospatial knowledge and background. The 
concept is designed for the use case of Italian locust management in the Pavlodar region (Kazakhstan) and based 
on actual practices. It can be extrapolated to any other study area or species of interest. Our results underline the 
importance of actual land management on locust presence. Up-to-date land management information can be 
derived from time-series analyses of remote sensing data. Furthermore, essential meteorological data are used to 
generate locust-specific climatic characteristics within the h3-system. Within this system, areal prioritizing for 
locust management can be achieved based on the included spatial information and experience from ongoing 
practices.   

1. Introduction 

Locust plagues, upsurges and outbreaks around the world have al-
ways been one of the major threats to agriculture and food security (Gay 
et al., 2021; Kietzka et al., 2021). The history of reported damages 
affecting humans from large-scale, long-lasting plagues and upsurges of 
desert locust (Schistocerca gregaria) in Africa and Asia to country-wide 
and regional outbreaks of many other locust species (e.g. Australian 
plague locust (Chortoicetes terminifera), migratory locust (Locusta 
migratoria), Italian locust (Calliptamus italicus), South American locust 

(Schistocerca cancellata), Moroccan locust (Dociostaurus maroccanus)) is 
long and goes back to ancient times (Cullen et al., 2017; Latchininsky, 
1998; Trumper et al., 2022; Zhang et al., 2019). 

Since the 1960 s, the development of preventive locust control 
strategies and usage of chemical treatments has enabled handling of 
outbreaks and plagues more effectively (Gay et al., 2021). Within these 
preventive locust control strategies satellite remote sensing has become 
an important data source for forecasting and monitoring favorable 
ecological conditions for locust development, as well as for mapping and 
assessment of locust habitat states (Cressman, 2013; Deveson, 2013; 
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Hunter et al., 2008; Klein et al., 2021; Latchininsky, 2013; Piou et al., 
2019; Zhang et al., 2019). Nowadays, different satellite sensors provide 
a tremendous amount of data which offer cost-effective options to derive 
geospatial information and use them to describe environmental changes 
and their causes. They are also used as input data for modelling in earth 
and environmental sciences (Chaminé et al., 2021). Especially the recent 
improvements in remote sensing (e.g., open access, increased spatial and 
temporal resolution, analysis-ready data, and big data applications) 
allow continuous and more detailed monitoring of complex environ-
mental systems such as habitats of locust species and their dynamics in 
relation to environmental changes. Estimation of spatial distribution 
and habitat suitability has become possible by coupling geospatial data 
(e.g. remote sensing, climate, soil, relief data) with presence and 
absence in situ information (Aragón et al., 2013; Gómez et al., 2021; 
Klein et al., 2022; Malakhov and Zlatanov, 2020; Piou et al., 2013). 
Additionally, geospatial and remote sensing data are highly essential for 
locust management and for analyzing the impact of climate change on 
locust spatial distribution and potential future outbreaks (Meynard 
et al., 2020, 2017; Popova et al., 2016; Tratalos et al., 2010; Wang et al., 
2019). One of the main goals of locust management is the assessment of 
outbreak risk, by continuous monitoring of affected regions and state of 
the locust population, and the prioritization of exposed areas in terms of 
required measurements. 

Despite increased usage in applied geoscience and growing business 
services (e.g., agriculture, forestry, rapid mapping), there is still a gap 
between academic state of the art, technical possibilities and actual 
application of remote sensing and geospatial data with respect to locust 
management. The activities of the Australian Plague Locust Commission 
(APLC) and Food and Agriculture Organization of the United Nations 
(FAO) in the context of Australian plague and desert locusts, are two 
prominent examples demonstrating that the utilization of geospatial and 
remote sensing data effectively support locust management (FAO, 2022; 
Mangeon et al., 2020; Matthews, 2021). Managing various geoscientific 
data and understanding the corresponding specifications including data 
format, projection, spatial and temporal resolution, as well as data ac-
curacy and limitations, usually requires several years of practice and 
experience. Since locust ground teams and decision makers undergo a 
different education compared to geospatial data analysts, there is often a 
discrepancy between available information from geoscientific data and 
possibilities and “real-life” practice of locust management. At the same 
time, a lack of ground data or poorly collected information affects locust 
management decisions and might even seize up the whole management 
chain (Gay et al., 2021). Therefore, it is of significant importance to 
prepare spatial information in a way that enables a straightforward 
application for a targeted group of users within locust management. 

In this study, we use locust management, which requires knowledge 
of multiple environmental disciplines (e.g., entomology, meteorology, 
agronomy) as a use case to demonstrate how geospatial information can 
be processed to allow for an improved implementation and provide 
additional information sources. For this purpose, we use the h3-system 
to simplify spatial information, and prioritize areas by means of deci-
sion trees and thus support decision making (Bousquin, 2021; Kang 
et al., 2021; Uber Technologies Inc., 2018). The h3-system has been 
proven to be of advantage when combining a complex set of information 
in the framework of a regular Discrete Global Grid (DGG) which is un-
biased concerning spatial patterns and allows the development of simple 
and efficient algorithms (Li, et al., 2022; Sahr et al., 2003). In this study, 
different spatial information relevant for locust management are pro-
cessed and presented in a stepwise approach to provide additional in-
formation for decision-making and field monitoring. Within the 
presented approach, complex information derived from various geo-
scientific datasets, including remote sensing imagery and climatic var-
iables, are summarized at simplified hexagon levels which can be 
exploited by diverse set of rules according to current situation and 
severity of increase in locust population. 

This paper is structured as follows. First, we provide background 

information on the typical life cycle of locusts. In addition, fundamental 
details with respect to the monitoring and management of the Italian 
locust are illustrated using the example of Pavlodar region, located in 
north-eastern Kazakhstan. Second, we recap which kind of information 
can be derived or is available from remote sensing data and other geo-
spatial information sources. In the third and fourth section, we introduce 
how these datasets are pre-processed using the h3-system and how they 
can be used by ground teams to receive relevant and understandable 
information, thus allowing them to take fast decisions on a spatially 
aggregated level. Finally, the importance of geoscientific data for locust 
management is discussed in the light of climate change and applied 
control measurements. 

2. Background information 

2.1. Italian locust ecology and life cycle 

Locusts are grasshoppers in the family Acrididae which are charac-
terized by the so-called phase polyphenism (Trumper et al., 2022). At 
low density, the locusts behave as solitarious individuals and are an 
important part of their ecosystem (Cullen et al., 2017; Latchininsky 
et al., 2011). The phase change is initiated by a combination of different 
ecological conditions which benefit increasing locust population. During 
this, so-called gregarious phase, locusts behave in groups which leads to 
band formation of nymphs and later migrating swarms of adults 
(Trumper et al., 2022). Also, many locust species appear even in 
different colors and sizes during gregarious phase (Uvarov, 1957). 

The CIT is an intermediate form between typical gregarious and 
solitarious acridid species (Sergeev, 2021). It is a univoltine species with 
egg diapause during autumn and winter. Its habitats are found in dry 
steppes and semi-desserts with preferable plants such as wormwood and 
sage-brushes (Artemisia spp.) and moderately compact, sandy soils 
(Sergeev, 2021). Potentially, CIT can be found up to 2700 m altitude and 
prefers abandoned or fallow land, pasture, active agricultural field 
borders and is also found along infrastructure tracks such as roads and 
railways (Kambulin, 2018; Sergeev et al., 2022). Generally, CIT is a 
highly elastic species and tolerates a wide range of semi-arid climate and 
soil types (Sergeev et al., 2022). After winter diapause, the hatching 
starts in late spring depending on local meteorological conditions. 
Higher air temperatures and less precipitation, which affect local 
edaphic situation lead to an earlier hatching start. On the contrary, cool 
temperatures and unnormal high rain amounts, at the location of egg- 
pods, lead to a later start as well as decreased population due to 
higher egg mortality. Once the nymphs hatch, they undergo five instar 
states whereas each state lasts for 3–7 days. The duration and population 
size, is again, controlled by meteorological conditions and food avail-
ability. Higher temperatures favor a faster development (Sergeev et al., 
2022). Nymph bands of CIT can move up to 155 m per day. Once the 
locusts reach adult state and are capable to fly, their location is less 
predictable. With wind, large CIT swarms are capable of flying>200 km 
per day, while smaller swarms fly up to 20–40 km (FAO, 2021). After the 
pairing period which takes place around July and August (Fig. 1), the 
female locusts lay up to six egg-pods (containing 20–60 eggs, mostly 
30–35) and a new life cycle of the next locust generation begins (Sergeev 
et al., 2022). 

2.2. Locust management in Pavlodar region, Kazakhstan 

The major CIT outbreak in 1999/2000 caused a total damage of 
220,000 ha grain crops and an estimated economic cost of 15 Mio. US$ 
(Latchininsky, 2013). Within this period almost 10 Mio. ha land (approx. 
8 Mio. in Kazakhstan) were treated with pesticide (Kambulin, 2018). 
The reason for such a large-scale and intense outbreak was a lack of 
preventive locust management at that time combined with a change of 
land use practices during the 1990 s (Kambulin, 2018; Sivanpillai et al., 
2009). Vast areas of former agricultural and pasture land were 
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abandoned and developed into a perfect habitat for CIT which led to an 
increasing locust population over several years. Land management can 
change very fast due to different driving factors (e.g. political programs, 
economic profits, security, climate change) and can create perfect con-
ditions for locusts breeding and population increase (Zhao et al., 2020). 
Therefore, up-to-date information on land cover and land use consid-
ering different locust pests have a high potential to support locust 
management. 

After this outbreak, preventive management has been reestablished 
and has become a key component in controlling and avoiding locust 
outbreaks and related damages. In Kazakhstan, preventive management 
is done by regional offices under the coordination of a state inspection 
committee in the agricultural sector of the ministry of agriculture. The 
“Pavlodar regional branch of SD Republican Methodological Center of 
phytosanitary diagnostics and forecasts” is responsible for field moni-
toring, reporting and forecast of the CIT development in Pavlodar region 
(Fig. 2). This branch provides forecasts and assessments which are the 
base for annual preventive area treatment to avoid an increase in locust 
population and keep it under control. Field officers are using Global 
Positioning System (GPS) and standardized protocols to monitor 

qualitative and quantitative parameters of locusts four times a year 
(spring egg-pods control, spring nymphs hatching, summer pairing and 
egg-laying, autumn egg-pods control). For this study, a total of of 1515 
presence locations indictaing CIT breeding spots collected between 2016 
and 2021 was used to analyse favourable LCLU situation where egg-pods 
were laid and hatching occurred. 

3. Methods 

3.1. Remote sensing data and geospatial information for locust 
management 

Since locust development is highly dependent on the state of its 
ecosystem, meteorological conditions and land use practices, there is a 
vast number of existing datasets which can be used for locust manage-
ment. First of all, locust presence and abundance locations from field 
data in combination with spatial information data can be applied to 
analyze and estimate species richness and spatial distribution as well as 
potential habitats and their suitability (Klein et al., 2021; Lazar et al., 
2015; Piou et al., 2017; Youngblood et al., 2022; Zhang et al., 2019). 

Fig. 1. Italian locust (left: mating, middle: oviposition, right: egg-pod). Photos from 27. July 2022, 50.3 N 75.44 E.  

Fig. 2. Overview of study area and Italian locust distribution (based on Fig. 14 from Sergeev et al., 2022). Photo: Typical habitat (from 27. July 2022, 50.3 N 75.44 
E). Climate diagram for Pavlodar (). 
Source: meteoblue.com 
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Second, the monitoring of the actual situation and the forecast of the 
hatching begin and possible outbreaks which are based on meteoro-
logical data, soil conditions as well as vegetation state are the most 
important components for early warning (Cressman, 2016, 2013; Lecoq, 
1995; Lecoq and Cease, 2022; Liu et al., 2008). Based on a literature 
review of relevant studies, we use a selection of the most important 
variables for CIT presence and development which are summarized in 
Table 1. 

In detail, we used Sentinel-2 and Landsat imagery to derive a land 
cover and land use map (Fig. 3). The processing and classification of 
remote sensing imagery was conducted on the Google Earth Engine 
(Gorelick et al., 2017). Due to the limited availability of Landsat imagery 
over this region, we generated median composites covering a 5 year 
period between 1984 and 2020 (i.e. 1984–1989, 1990–1994, 
1995–1999). Besides the spectral bands, the spectral indices normalized 
difference vegetation index (NDVI), modified normalized difference 
water index (MNDWI), salinity index (SI), and normalized difference 
built-up index (NDBI) were included. Using the Random Forest classifier 
(Breiman, 2001), agricultural areas were mapped in each of the Landsat 
composites. Likewise, a median composite was created using Sentinel-2 
imagery for the year 2021. Here, all Sentinel-2 bands were resampled to 
10 m spatial resolution. The resulting classification map covers the 
classes agricultural land use, bare soil, sparse as well as dense vegeta-
tion, and for completeness built-up areas. At this, agricultural and built- 
up areas were extracted from the ESA WorldCover classification (Zanaga 
et al., 2021). Based on the temporal evolution of agricultural land use 
from the Landsat composites and the recent classification of agricultural 
land use in 2021 from the Sentinel-2 imagery an intersection was per-
formed to retrieve abandoned land. Next, the Landsat-based abandoned 
land class is resampled to 10 m spatial resolution to match the Sentinel-2 
classification. 

Furthermore, the employed meteorological variables are gathered 
from the ERA5-Land reanalysis (Hersbach et al., 2020; Muñoz-Sabater 
et al., 2021) and the TerraClimate dataset (Abatzoglou et al., 2018). 
Temperature data at daily temporal resolution was required to calculate 
the sum of effective temperature (SET). In this regard, hourly ERA5- 
Land temperature was aggregated to daily temporal resolution 
(Fig. 3). In addition, precipitation, soil moisture, and temperature at 
monthly temporal resolution were retrieved from TerraClimate due to 
its comparatively high spatial resolution. In the context of Central Asia, 
both ERA5 and TerraClimate data are widely applied (e.g. Hao et al., 
2022; Hou et al., 2022; Hu and Han, 2022; Li et al., 2021; Shi et al., 
2020; Zheng et al., 2021). 

3.2. Data harmonization workflow 

In order to enable a joint analysis of the collocated geospatial data, a 
harmonization in terms of their spatial resolution is required. In this 
section, we demonstrate the spatial aggregation based on a hexagon- 
system and how it can simplify the interpretation and decision-making 
without detailed background knowledge of each individual dataset 
characteristics (e.g. data formats, temporal or spatial aggregations, 
reprojections, etc.). Nevertheless, despite introduced simplification of 
handling geospatial datasets, all potential users shall be informed and 
aware about existing range of uncertainties and possible errors coming 
along with geospatial and remote sensing datasets. DGGs such as the 
hierarchical geospatial index h3-system allow simplified and effective 
data combination and spatial interpretation (Sahr et al., 2003; Uber 
Technologies Inc., 2018). In this study, we apply the h3-system which 
offers a quick aggregation at different levels across disparate datasets 
independent from precision and data specification (spatio-temporal 
resolution, projection, format). Furthermore, the hexagon system en-
ables grid-based algorithm development focusing on spatial relation 
between grids. Compared to triangles or squares grid systems, hexagons 
have the same topological relation and are in equidistance between all 
neighbors (Uber Technologies Inc., 2018; Ma et al., 2021). In addition, 
due to the hexagonal shape, a smaller number of grids is required to 
represent the raster data, reducing the processing time and storage space 
(Duszak et al., 2021). Regarding locust management, which requires a 
lot of different parameters as described in the previous section, the 
application of such systems has three main advantages. First, different 
dataset characteristics and data pre-processing do not have to be done by 
ground teams and end users. Second, simple spatial analysis assessment 
and interpretation can be done straightforwardly based on defined 
conditions and expert knowledge for specific applications at different 
hierarchical levels. Third, existing spatial relationships between grid 
cells (e.g., distances- and nearest neighbors-based conditions) can be 
exploited for more complex assessment. Fig. 4 shows the h3-system for 
the Pavlodar region at three levels with moderate area size. 

After the selection of an appropriate level and hexagon area for the 
use case based on the h3-py python software package, all geospatial data 
are spatially aggregated to the hexagons using the average function of 
zonal statistics. At this point, the geospatial and remote sensing datasets 
are harmonized to the same spatial unit and geographic projection. 
From here on the end-user and experts can apply their regular data 
analysis on large scales and entire territory of interest or define and 
develop new rulesets and algorithms by exploiting the full range of 
available geospatial information. In this study, we demonstrate an 
exemplary working process based on essential characteristics of CIT in 
the Pavlodar region. Fig. 5 presents a schematic stepwise workflow 
which combines different exemplary parameters to exclude areas of 
minor risk as well as prioritize hotspot regions based on highly favorable 
bio-climatic, edaphic and land surface conditions. 

3.3. Use-case for Italian locust 

As described in section 2, the development of CIT depends highly on 
four main influencing factors. First, the local meteorological conditions 
(temperature and precipitation) which determine egg mortality, sur-
vival of young nymphs within first locust instar phases, as well as the 
duration of development phases. Furthermore, meteorological condi-
tions also determine the beginning of hatching and availability of green 
vegetation for feeding. Second, human land management directly affects 
the presence or absence of locusts. Active land management and 
ploughing lead to mechanical destruction of egg-pods and reduce the 
locust population (Latchininsky, 2013, 1998; Sergeev et al., 2022). On 
the other hand, fallow and abandoned land become an ideal habitat for 
further distribution and increase of locust population. The information 
on land cover land use (LCLU) can be derived by time-series analyses of 
remote sensing data and annual comparison of vegetation development 

Table 1 
Important variables for CIT and used open source geospatial and remote sensing 
datasets.  

Variable Spatial 
res. 

Temporal 
res. 

Source/Reference 

Abandoned land, 
Agriculture, bare soil, 
natural vegetation 
(sparse, dense) 

10 m Annual Classified based on annual 
Sentinel-2 time-series 
phenology analyses of the 
year 2021 compared to 
long-term phenology of 
1984–2020 (Landsat 
archive) 

Temperature 10 km Hourly ERA5-Land (Hersbach et al., 
2020; Muñoz-Sabater et al., 
2021) 

Temperature 4.6 km Monthly TerraClimate (Abatzoglou 
et al., 2018) 

Precipitation 4.6 km Monthly TerraClimate (Abatzoglou 
et al., 2018) 

Soil Moisture 4.6 km Monthly TerraClimate (Abatzoglou 
et al., 2018) 

CIT nymph presence Lat, Lon Annual 
(2016–21) 

Pavlodar regional branch  
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because most cultivations are characterized by distinct phenological 
cycles (sowing, growing, harvesting). Therefore, active agricultural 
fields differ from rangelands and natural vegetation. Third, the mid- and 
long-term climate conditions affect the biological increase or decrease of 
locust populations. Drought years (high temperature and low pre-
cipitations) usually favor the development resulting in population in-
crease. Cold and wet years decrease the population (Kambulin, 2018; 
Tronin et al., 2014). Finally, static environmental conditions such as soil 
type and relief must be considered as well. All four influencing factors 
are independent of locust management and must be put in logical 
context for monitoring and forecast purposes. Furthermore, one has to 
keep in mind that the locust population dynamics are highly influenced 
by active ongoing control measurements and their effectiveness. 
Favorable meteorological conditions over several years can be coun-
teracted by extensive monitoring and pesticide treatments to avoid 
exponential population increase. 

In the Pavlodar region, the meteorological conditions can be 
described based on Selyaninov’s hydrothermal coefficient (HTC) 
(Selyaninov, 1928). The HTC has been applied in different studies 
related to drought determination (Dabrowska-Zielinska et al., 2020; 
Ryazanova and Voropay, 2019; Vlăduţ et al., 2017), as well as to assess 
the favorability of climate for the development of cultivations and nat-
ural plants (Evarte-Bundere and Evarts-Bunders, 2012). The HTC during 
vegetation period (HTCVP) is calculated based on the following formula: 

HTC =
10
∑n

i=1Pi
∑n

i=1Ti 

where n is the length of the period (months) when mean tempera-
tures exceed 10 ◦C, Pi is the precipitation amount (mm) of the ith month, 
and Ti is the average air temperature (◦C) for the ith month. 

Furthermore, the SET is another important indicator to access 
meteorological conditions which influence locust population increases 
or decreases. The SET is calculated based on the following formula: 

SET =
∑n

i
T > 10◦ C 

where i - n is the period between January 1st to December 31st and T 
> 10 ◦C mean daily temperature above 10 ◦C. 

A population increase of CIT is expected to be favored in dry and hot 
years without exceptionally high precipitation amounts in spring. We 
summarized optimal conditions and logical rules based on (Kambulin, 
2018; Sergeev et al., 2022) (Table 2, Fig. 6). 

In conclusion, a population increase begins with hot and dry years 
and its progression depends on the meteorological conditions of the 
following years. In this context, (Tronin et al., 2014) presented the de-
pendency on drought years for CIT in West Siberia. Comparable as-
sumptions are also formulated for Northern and Western Kazakhstan 
(Kambulin, 2018). In this regard, it has to be mentioned that different 
authors postulate that drought years and locust outbreaks are related to 
the solar cycle (Cheke et al., 2020; Kambulin, 2018; Sergeev et al., 2022; 
Tronin et al., 2014). 

Additionally, based on SET during the spring and early summer 
period, the start of hatching (SoH) can be estimated. Here, the accu-
mulation of SET starts after the daily mean temperature reaches above 

Fig. 3. Workflow including classification steps and spatial aggregation to achive harmonized data within hexagon grid system.  
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0 ◦C in five consecutive days, whereas only those temperature values are 
summed up which are above 10 ◦C. The hatching is assumed to begin 
once the SET threshold reaches 90 ◦C. In praxis, the field officers already 
start monitoring the egg-pods when the threshold reaches 70 ◦C. Around 
that time the embryonal state of eggs is examined by field experts which 
enables more accurate start of hatching estimation. 

SoHCIT =
∑n

i
ifT > 10◦

Cthen+T − 10 

The population dynamics correspond to the effects of seasonal 
meteorological conditions on the life cycle of CIT. During rainy and cold 
springs, the egg mortality is high, and hatching is delayed. In contrast, 
dry and hot conditions secure egg survival and accelerate hatching. 
During long, hot, and dry summers multiple mating is favored which 
also contributes to population increase. On the other hand, high pre-
cipitation during autumn in combination with low temperatures 
endanger newly laid eggs by fungi and mold (Kambulin, 2018). 

Usually, the field officers receive weather information from local 
stations and plan their monitoring according to the actual situation 
which varies from year to year in terms of timing as well as region. The 
defined conditions are based on experts’ knowledge and their daily 
practices from the “Pavlodar regional branch of SD Republican Methodo-
logical Center of phytosanitary diagnostics and forecasts” and detailed in-
formation from the FAO report which was written by leading 
entomologists and CIT experts (Sergeev et al., 2022). The ruleset can be 
adjusted in any way and extended by additional parameters and 
conditions. 

4. Results 

4.1. The importance of land cover for breeding locations 

The CIT ecology is more complicated compared to other locust spe-
cies (Latchininsky, 2013; Sergeev, 2021; Tronin et al., 2014). There are 

Fig. 4. Pavlodar region in three different spatial resolutions with approximate individual hexagon areas of: level-5 (top left), level-6 (top right), and level-7 (bot-
tom left). 
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no specific ecosystems which represent the natural habitat of CIT and 
this is one of the main reasons why remote sensing-based monitoring of 
spatial distribution and locust population density is more difficult. 
However, one of the most crucial factors for CIT breeding sites and 
population increase are the state of the land surface and its management. 
It is well documented that different locust species, especially CIT, find 
perfect conditions on abandoned land or fallow fields (Kambulin, 2018; 
Latchininsky, 2013; Sergeev et al., 2022; Sivanpillai et al., 2009; Zhao 
et al., 2020). In this study, we quantified the relationship between the 
occurrence of abandoned land and the presence of CIT based on time- 
series analyses using Landsat and Sentinel-2 data. An up-to-date land 
cover and land use map of 2021 was generated (Fig. 7a). Besides the 

actual state of the land surface in 2021, Fig. 7 includes spatial and 
temporal information on abandoned land and fallow fields evolution 
(Fig. 7b) and indicates the transformation of these areas (Fig. 7c). In 
combination, the derived infomration provide, whether an areas was 
used for agricultural purposas in the past and the time when agriculture 
activity stooped, as well as its recent land cover situation. The generated 
LCLU map based on Sentinel-2 imagery for the year 2021 resulted in an 
overall accuracy of 86.02% and a Kappa coefficient of 0.824. The binary 
cropland classification has an overall accuracy of 96.48% and a Kappa 
coefficient of 0.877. 

The intersection of field data locations with derived LCLU informa-
tion shows that 63% of CIT presence data were found on land which was 
classified as formerly or recently used for agriculture (36% abandoned 
land; 27% cropland). Another 36% are distributed across bare to sparse 
vegetation mosaics (13% sparse; 23% bare). Most breeding locations 
found on abandoned land were detected in areas which became aban-
doned or fallow in the period 2016–2020 (62%) and 2011–2015 (15%). 
This underlines the hypothesis that annual changes in land use and land 
cover directly influence locust population dynamics because of changes 
in nutrient availabilities (Cease et al., 2012; Le Gall et al., 2019; 
Youngblood et al., 2022). Furthermore, it is not only important to derive 
the age of abandoned land to assess its succession state but also the 
present land surface situation which means, whether the fields have 
turned to bare soils, sparse or dense vegetation mosaics. In this regard, 
38% of CIT breeding locations were found in sparse vegetation and 62% 
in bare soil mosaics. These results are in line with descriptions from 
literature about preferable land cover and bare soil-vegetation mosaics 
for egg laying of CIT and young fallow fields (Sergeev et al., 2022). 

4.2. The importance of meteorological conditions for breeding locations 
and population dynamics 

As discussed in the previous section meteorological conditions are 
the most important variables which define the timing of the life cycle as 
well as locust population dynamics. Therefore, climatic conditions 

Fig. 5. Schematic exemplary stepwise workflow to use h3-polygons at various levels to prioritize hotspot areas (Th = threshold). Variables, appropriate levels, and 
conditions shall be defined based on individual specifications of species and application tasks. 

Table 2 
Logical rules for CIT population dynamics in the Pavlodar region based on 
ongoing meteorological conditions (LTA = long-term average based on 
1991–2021 data). Conditions should be considered within a logical “&” 
function.  

Conclusion HTCVP SET Annual 
Precipitation 

Seasonal Condition 

Highly 
favorable 
years 

0.3–0.5 2800–3100 ◦C 150–200 mm spring precipitation 
is within LTA 

Generally 
favorable 
years 

0.5–0.7 2250–2800 ◦C < 250 mm spring precipitation 
is within LTA 

Population 
decreasing 
years 

> 0.7 < 2800 ◦C > LTA exceptionally wet 
and cold years, 
especially during 
springtime as it 
negatively affects 
the survival of the 
eggs and nymphs, 
spring precipitation 
> LTA, spring 
temperature < LTA  
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detectmines whether locusts are in the solitarious or gregarious phase. 
Fig. 8 illustrates the results of relevant meteorological variables at h3 
hexagon level-7 for the year 2021. The annual SET provides valuable 
information about which areas have experienced ideal thermal condi-
tions over the year of interest (Table 2). Therefore, the dark orange areas 
(Fig. 8a) experiences highly favourable thermal conditions to promote 
locust population increase over the year 2021. In 2021 central and south 
Pavlodar regions as well as the region east of Irtysh river show higher 
spring temperature (Fig. 8b) and dryer conditions (Fig. 8d). This is 
critical especially for the areas east of Irtysh river which are well known 
contain hotspots for CIT breeding (Kambulin, 2018; Sergeev et al., 
2022). Despite the conditions during spring period, the annual precipi-
tation (Fig. 8c) also affects the development of locust. Furthermore, 
extreme rain events negatively affect young nymphs. Additionally, each 
hexagon contains both, the climatic history and ongoing conditions 
which enable a comprehensive view in terms of locust situation in the 
past. Fig. 9 presents climatic characteristics over the past 30 years for 
four selected hexagons with regards to CIT-relevant parameters. In fact, 
recent population increases within the study area are also mirrored by 
climatalogical variables. For example, there was drier period with sigi-
nificantly less annual precepitation (9e) and HTC (9a) lower than 0.5 the 
years before the 1999–2001 outbreak, as well as before 2011–2012 and 
2018 population upsurges in Pavlodar. These actual years with higher 
locust population are charactirized by higher than avergae spring tem-
perature (9f) slighly above avergae soil moisture and spring precipita-
tion (9c, 9 h). 

In general, locust managers are monitoring all relevant variables in 
combination to assess whether the situation based on recent climate, 
ongoing meteorological conditions and actual land cover situation 

provide higher risk for population increase. Spatial data preprocessing 
within presented h3 hexagonal system provides an easy to use database 
at different spatial levels. Based on hexagonal units, locust managers can 
access and assess all necessary information in a standardized way. The 
different variables are spatially harmonized so that current areas with 
favourable or less favourbale conditions can be easily identified. 

5. Discussion 

5.1. Importance of prioritization and hotspots 

Gay et al. (2021) stated that the knowledge and prioritization of 
hotspot breeding sites is highly important to improve the capability to 
maintain plagues or outbreaks. In this way, attention and efforts shall be 
concentrated in time and space to enable highly effective preventive 
locust management. Therefore, it is crucial to reduce the area which has 
to be monitored by excluding areas where locust breeding and hatching 
are unlikely and to prioritize areas with different levels of urgency to 
allow stepwise actions and urgent intervention. Gay et al. (2021) 
conclude that any tool which supports guidance in this regard is helpful 
to reduce plagues and outbreaks. Besides historical ground data collec-
tion, consistent monitoring of ecological and meteorological conditions 
with remote sensing and geospatial datasets is inevitable. The presented 
approach demonstrates, how different geospatial and remote sensing 
datasets can be pre-processed for end-users so that they are simply 
applicable for locust management in a straightforward way. This allows 
assumptions from daily practices and fast decisions to either exclude or 
prioritize areas when time and resources are critical. 

In this context, Boedeker et al. (2020) estimated that worldwide 

Fig. 6. Highly favorable meteorological conditions for potential CIT population increase in the Pavlodar region based on (Kambulin, 2018; Sergeev et al., 2022), 
including SoH forecast. (LTA = long-term average based on 1991–2021 data, A = abandoned land, C = recently or currently used for agriculture, B + S = bare soil 
and sparse vegetation mosaics). 
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Fig. 7. LCLU classification and derived parameters for abandoned land evolution and transformation. Including two detailed views and detected nymph locations 
2016–2021 (circles). 
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there are approx. 385 Mio. annual accidental poisoning cases including 
around 11.000 mortal cases related to pesticide usage. Despite improved 
practices and guidelines for pesticide treatment for locust control and 
outbreak fighting, the risk of poisoning is always present. Therefore, if 
preventive locust management works effective in terms of time and 
space, less pesticides under lower time pressure will be used during 
recessions and depressions phases to keep the locust population low and 

in its solitarious form. However, if locusts are already in gregarious 
phase the control measurements should occur during the nymph 
development phase before it is capable to fly and migrate. During this 
phase, locusts are in groups and bands and can be localized according to 
the positions of egg-laying from previous field monitoring. If locust 
management is functioning well, the ground teams are aware of loca-
tions with potential increasing locust density and the state of the locust 

Fig. 8. Climatic characteristics with regards to CIT relevant information aggregated at level-7 hexagons (5.16 km2).  
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life cycle (hatching, instar phase). Nevertheless, the treated areas 
against locust nymphs can be still exceptionally large (Fig. 10). Despite 
ongoing research projects and developments for applying bio-pesticides, 
the ground control teams often use chemical pesticides which proved to 
be effective and affordable. The presented approach of identifying areas 
of high risk and prioritizing them for monitoring and treatment could 
thus contribute to an areal assessment of ecological conditions and in 
this way improve health safety and reduce the usage of pesticides. This 
becomes of higher relevance when active locust management does not 
exist (e.g., due to insufficient funding, insecurity due to political con-
flicts, absence of locust outbreaks over decades) or locust swarms reach 
regions which usually are not affected and therefore not prepared. The 
most important component of preventive locust management is a func-
tioning system with locust field officers operating in the field on daily 
basis (Gay et al., 2021). This is also of high importance for future efforts 
to improve modelling and remote sensing based locust breeding map-
ping and damage assessment as it depends on availability and accuracy 
of ground data (e.g., correct species identification, precise geolocation, 
abundance and absence). However, this depends highly on the existing 
budget, accessibility to affected areas and security (Showler and Lecoq, 
2021). Meynard et al. (2020) concluded that socio-political instability in 
the Middle East and East Africa contributed to the 2019–2021 outbreak 
of desert locusts. Lecoq and Cease (2022) summarized that the locust 
problem, associated measurements and research are a cycle of repeated 
events with increased interest of media and opportunistic scientific 

publications during and shortly after major outbreaks. 
In regards to food security and the fact that locusts are a nutritious 

food source, historically and currently being consumed by humans 
(Kietzka et al., 2021), future outbreaks and plagues might become a 
valuable source of additional food as occurred during the last desert 
locust upsurge at a local scale (van Huis, 2021). However, in this case 
the insects for consumption should not be contaminated by pesticides. 

5.2. Geospatial data and accuracy 

An accuracy assessment is conducted to provide the user with in-
formation on the error and uncertainty of the resulting output products 
(Lyons et al., 2018). These accuracy measures are crucial for using and 
interpreting the data (Brovelli et al., 2015; Stehman and Foody, 2019). 
In this regard, it is important to keep in mind that geospatial datasets 
and outputs derived from remote sensing data are only a generalization 
of the reality (Foody, 2002) and might come along with uncertainties. 
Due to this fact, users and decision makers need to be aware and have to 
understand that the derived information have to be considered critically 
and carefully in the light of the provided accuracy measures. 

5.3. Future studies for climate change effects on locust species 

Insect pests might destroy 10–25% more crops due to climate change 
(Deutsch et al., 2018). This is partly because climate change reshuffles 

Fig. 9. Exemplary climatic characteristics for four selected hexagons (polygon identification, PID) with regards to CIT relevant information (dashed lines = long-term 
average for 1990–2020). 
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northern and southern species within their niches (Antão et al., 2022; 
Çiplak, 2021; Youngblood et al., 2022). Apart from temperature 
changes, also the precipitation trends determine future occurrences of 
compound hot–dry events (Bevacqua et al., 2022) while increased fre-
quency of global precipitation extremes with its influence on locust life 
cycles (Thackeray et al., 2022). For example, for desert locusts, the in-
fluence of climate change on tropical cyclone heavy rainfall is evident 
(Utsumi and Kim, 2022). As future climate will bring more droughts and 
more intense precipitation events (IPCC, 2019), it is also of high concern 
for many other locust species around the world (Cressman, 2016; 
Kimathi et al., 2020; Latchininsky, 2013; Meynard et al., 2020, 2017; 
Wang et al., 2019; Youngblood et al., 2022). However, as stated in Lecoq 
and Cease (2022) there is still a lack of detailed understanding of how 
different locust species will be affected by climate change. Therefore, 
further assessment of the impacts of climate change on locust habitats 
and population dynamics and adjustments to locust management and 
control are of high importance not only for the most dangerous species 
such as desert locust, migratory locust, or Australian plague locust but 
also for other species with regional or even local relevance. The recent 
outbreaks of Moroccan locust (Dociostaurus maroccanus) in Sardinia, 
Italy and Tajikistan, migratory locust (Locusta migratoria) in Romania, or 
brown locust (Locustana pardalina) in South Africa are only few of many 
examples that locust pests can become a devasting factor for rural 
population due to change in climate and land management. 

Regarding the overall importance of locust impact all over the world, 
we propose to generate a standardized database for all locust pest spe-
cies with special focus on species-relevant conditions. Such a database 
could support areal planning, includes all necessary information and 
may be an important backup for urgent interaction independent in the 
case that ground monitoring and management is missing or restricted. 
The variability of different climatic, edaphic and landscape parameters 
influence the population dynamics even of adjacent local CIT population 
in their long-term dynamics (Sergeev, 2021; Sergeev and Van’kova, 

2008). Therefore, additional holistic research focusing on spatial and 
temporal variability of all parameters under consideration of local 
population dynamics within the habitats is necessary. Geospatial and 
remote sensing data provide an ideal base to conduct more complex 
spatial distribution modelling and contribute to further understanding 
of population upsurges which lead to locust outbreaks. 

6. Conclusion 

Locust management is a multi-disciplinary challenge and requires 
the understanding and handling of diverse information and datasets. 
Decision support systems for locust management at various levels using 
the interpretation of available geospatial and remote sensing data are 
still lacking for many dangerous locust pests. In this study, we introduce 
a concept towards a comprehensive usage of geospatial and remote 
sensing data. The concept simplifies complex datasets with different 
spatial and temporal characteristics into reasonable spatial units which 
can be used by stakeholders to improve monitoring, control efficiency 
and contribute to more sustainable planning practices. Furthermore, 
being aware of areas of higher or lower risk and being able to predict 
hatching and outbreak timing can contribute to timely sustainable 
control and minimize the “over-usage” of pesticides in large areas. The 
presented use case for Italian locusts in the Pavlodar region shows that 
spatial data can effectively be integrated for practical applications of 
locust management. 

Furthermore, the application of geospatial and remote sensing 
datasets within a simplified h3-system may close the discrepancy be-
tween users experience and available information. Information within 
the h3-system can be easily exploited by locust experts without the need 
for additional pre-processing steps and detailed knowledge of data for-
mats and specifications. Meteorological variables were calculated in 
standardized hexagons, containing CIT-relevant climatic and land cover 
characteristics and can be utilized for expert-defined rule-sets and 

Fig. 10. Treated cumulative area between 2010 and 2021 against Moroccan locust (DMA), Italian locust (CIT) and Asian migratory locust (LMI) in Caucasus, Central 
Asia, and Russia (information extracted from monthly FAO reports). 
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provide additional information for monitoring and areal planning. This 
can contribute to preventive locust management by prioritizing areas for 
locust control measurements based on historical and ongoing favorable 
conditions as well as by predicting hatching and outbreak times. 

The application of geoscientific data provides additional opportu-
nities which can be used independently from funding, political pro-
grams, or security situation. Especially, because locusts can inhabit vast 
areas during favorable conditions, it is vital to monitor and map areas of 
potential risk for all locust pests around the world in collaboration with 
regional locust experts. Therefore, the application and development of 
remote sensing and geospatial datasets regarding different locust species 
do not only support locust management but also provide a back-up 
database for periods with less funding or socio-political conflicts. 
Nevertheless, operating field officers will remain the most crucial factor. 
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