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ABSTRACT

Since the earliest times, the problem of the locust has been a very serious one for
agriculture and food production in particular. Devastating locust plagues are known
from the Old and the New World where locust swarms terrified the earliest settlement
and towns, leaving not a single green branch on the fields. Ways to combat locust
plagues were often ineffective or extremely expensive due to a lack of information
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on the exact location of the newly hatched locusts; and the lack of an accurate KEYWORDS
assessment of the number of locusts in currently forming swarms. Rapidly Ecological Niche Model
developing GIS applications, especially as part of environmental modelling, appear (ENM)

to be a good means of forecasting a locust plague, being based on accurate ground Dociostaurus maroccanus
observation and expert knowledge of the biology and ecology of the locust species.  Species Biology

This paper represents an example of extended ecological modelling for the nesting GIS

conditions of Dociostaurus maroccanus, a well-known gregarious acridid species,

with emphasis on the explanation of key environmental variables as revealed by the

model.

Introduction

‘...When morning came, the east wind had
brought the locusts. ... They devoured all the
vegetation and all the fruit of the trees...’
The Bible, Exodus (10:13-15)

Dociostaurus maroccanus (Moroccan locust, DMA) is a
thermophilous and  xerophilous acridid species
inhabiting open, well-lit areas (Bounechada, 2007). The
natural area of Dociostaurus maroccanus comprises the
Mediterranean (sensu lato) from the Atlantic Ocean
islands (Madeira, Canary Islands) in the west to
Afghanistan and Kazakhstan in the east. The area of the
species is heavily fragmented. Nesting areas are
separated from each other by mountain ridges and large
bodies of water (Monar et al., 2009). The species is
mainly adapted to valleys and foothills with xerophytic
vegetation at an altitude of between 400 and 800 m.a.s.l.
(Song, 2011). The current area of the species appears
significantly changed due to climatic fluctuations and

human activity. Dociostaurus maroccanus represents a
serious transboundary problem in Central Asia. Active
and permanent breeding foci are located in both sides of
several international boundaries. Swarms coming from
outside the boundary require to be controlled from both
countries. The monitoring of swarm migration is an
important measure to prevent economic losses
(Bounechada, 2007). The Moroccan locust is one of the
most dangerous pests and on an annual basis causes
significant damage to agriculture around the world. In
Kazakhstan, the zone of mass reproduction for the
Moroccan locust is located in the southern part of the
country. Cross-border flights of the locust swarms occur
mainly between South Kazakhstan and the neighboring
countries, Uzbekistan and Kyrgyzstan (Azhbenov et al.,
2015).

An appropriate approach to understanding the pattern of
locust outbreaks and to developing adequate monitoring
and preventative measures is ecological modelling of the
vulnerable stages of the life cycle of the locust.
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Ecological modelling involves the outlining of the key
environmental variables and their ranges; evaluation of
the spatial and temporal distribution of the variables; and
provides a basis for making reasonable decisions on how
the risk of outbreaks may be counteracted.

The methods and approaches of both the Species
Distribution Model (SDM) and the Ecological Niche
Model (ENM) represent a rapidly developing scientific
trend with a particular viewpoint (Franklin, 2010;
Graham & Hijmans, 2006). An important benefit of
ecological models designed to mitigate the impact of
locust swarms is that they can help reduce the overuse
of chemical insecticides. Generating maps that express
the relative risks of outbreak events might facilitate
more reasonable, effective and environmentally
sustainable use of chemical insecticides, controls and
integrated pest management (Aragon, Coca-Abia,
Llorente, & Lobo, 2012). Success of the modeling
procedure depends upon several factors. The most
important is the collection of a set of ground data which
is as complete as possible and which documents the
known species distribution. A limited or incomplete set
of ground data will certainly affect the cognitive and
analytic value of the resulting model. In general, there
are four classes of factors, which determine the areas in
which a species may be found (Soberén & Peterson,
2005):

1. Abiotic conditions, including aspects of climate,
physical environment, edaphic conditions, etc., that
impose physiological limits on a species’ ability to
persist in an area.

2. The regions that are accessible to dispersal by the
species from some original area. This factor is
extremely useful in distinguishing a species’ actual
distribution from its potential distribution, based on
landscape configuration and the species’ dispersal
abilities.

3. Biotic factors: the set of interactions with other
species that modify the species’ ability to maintain
populations. These interactions can be either positive
(e.g., mutualists such as seed dispersers, pollinators,
etc.) or negative (e.g., competitors, predators,
diseases). By limiting or enhancing population
processes, interactions can obviously affect
distributions.

4. The evolutionary capacity of populations of the

species to adapt to new conditions. This factor, usually

reserved from analyses or assumed negligible, is
nevertheless an additional and important consideration
in outlining the distributional possibilities of species. In
theory and in the limited experiments carried out to date,
the effects of evolution in niche parameters over short
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periods of time appear minor.

The first class (the set of abiotic variables) is currently
available for analysis, being obtained from several
sources (see Material and methods) and is widely used
in modeling applications. The second class may be
easily derived from the analysis of the final model;
whereas the third and the fourth classes are much harder
to formalize and include the existing methods of ENM.

For the purposes of our study, we follow the theory of
Hutchinson (1957), who formalized the niche concept as
an attribute of the species rather than the environment.
Hutchinson’s niche exists in a space (n-dimensional
hypercube) occupied by biotic and abiotic
environmental variables, some of which represent the
limits of species viability. With Hutchinson’s formal
definition of the ecological niche, it is possible to
describe and quantitatively estimate all types of
ecological niche, although with differing degrees of
accuracy. A niche-based model represents an
approximation of a species’ ecological niche in the
environmental dimensions under examination. A
species’ fundamental niche consists of the set of all
conditions that allow for its long-term survival; whereas
its realized niche is that subset of the fundamental niche
that it actually occupies (Hutchinson, 1957). The
species’ realized niche may be smaller than its
fundamental niche, due to human influence; biotic
interactions (e.g., inter-specific competition, predation);
or geographic barriers that have hindered dispersal and
colonization. Geographic areas, depicted in terms of a
model as favorable for the species, represent rather the
fundamental niche; and areas where the species is
actually present constitute the realized niche.

It is necessary to make a clear distinction between the
Species Distribution Model (SDM) and the Ecological
Niche Model (ENM). The SDM usually does not require
deep analysis of the variables and simply provides a map
of a suitable habitat for the species. Usually, also, the
modeler uses a predefined (or a “customized”) set of
variables, based upon the generally accepted knowledge
of the biology of the species (Beaumont et al., 2005);
and, in general, this may not reflect the peculiarities of
the relationship between the animal and the environment
for the given species. SDM shows itself to be a purely
statistical approach that bears a weak relationship to the
natural peculiarities of the species.

The ENM procedure is carried out basically in the same
way as SDM but involves an extended set of variables;
and, what is more important, aims to provide a detailed
analysis of each variable’s importance to and influence
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on the animal, over and above simple habitat-suitability
map development. In brief, the ENM deals with the
fundamental niche; and SDM is focused on the realized
niche (Peterson & Soberdn, 2012). The main question
associated with the SDM procedure is: “Has the map
been developed in good accordance with the species’
area?”. If the answer is “yes”, then the goal of the
modeling procedure has been accomplished. By
contrast, ENM answers the question: “Which key
variables may affect the species’ wellbeing and how do
they do so?”. It also describes the geographical
consistency of the developed map. Prediction of species
outbreaks or species invasion into unoccupied areas is
related to an understanding of the fundamental niche of
a given species and falls into the ENM process; whereas
the mechanistic, SDM-based approach may give rise to
dubious interpretations.

Materials and methods

439 ground points of documented nesting sites of D.
maroccanus were obtained from published and own data
(Fig. 1). The modeling procedure, which was used
within the current model, was basically designed and
tested with a number of other species, (Dujsebayeva &
Malakhov, 2017; Malakhov & Chirikova, 2018;
Malakhov, Tsychueva, & Vitkovskaya, 2017; Malakhov
et al., 2018). The following climatic data sets were
applied to develop the current model: WorldClim
(monthly temperatures and precipitation, solar radiation,
vapor pressure); BioClim (a set of variables derived
from WorldClim and meteorological stations)
(http:/www.worldclim.org); Global Potential Evapo —
Transpiration http:/www.cgiar-
csi.org/data/globalaridity- and-pet-database); Digital
Elevation Model and its derivatives like exposition,
slope, curvature etc., computed with ArcGIS functions.
WorldClim and BioCLIM datasets and their applications
in ecological modeling are well described (Booth et al.,
2013; Hijmans et al., 2005; Houlder et al., 2001).
Global-Pet is an index combining transpiration and
evaporation (Allen et al., 1998; UNEP (United Nations
Environment Programme, 1997).

Data on NDVI and Soil Water Index (SWI) were
obtained from Copernicus Global Land Service
(https://land.copernicus.vgt.vito.be/PDF/portal/Applica

tion.html#Home) and averaged monthly for 20 years and
12 years for NDVI and SWI respectively with QGIS
functions.

The previously applied modeling process has been
modified with the focus on a more accurate selection of
key variables and a more precise result. Modifications are
concerned with the stage at which key variables are
selected. We apply two basic rules to the selection of
weighted variables: the rule of control points; and the rule
of wvariable’s normal distribution. We applied three
randomly selected sets of control points, each equal to
25% of the total of 439 ground points. Each control set
was checked for consistency of points and optimal range
of each variable. If the consistency of two or three sets of
control points in relation to the optimal range of a given
variable is higher than 70%, this variable is considered for
further analysis. The next step in the validation of the
importance of a variable is to check the value distribution
of the variable within the total range of ground points. It
can be hypothesized (Beaumont et al., 2005) that
variables with normally distributed values may have an
important influence on the distribution of the species.
Variables that demonstrate skewed distribution may also
be relevant. Variables with skewed distributions may be
those that do not have a negative value, such as solar
radiation; and those that have values between zero and
one, such as vegetation indices. Where there is no clear
pattern in the distribution histograms for a variable, that
variable could be classified as irrelevant. Similarly, where
the histogram is normally distributed but is truncated in
one or both tails, the variable could also be rejected, as
these graphs suggest that the species could tolerate other
values of this variable that were not included in the
species’ climatic envelope. This may occur if the
distribution records for a species do not cover its entire
geographic range. (Beaumont et al., 2005). Variables
passing the “normality” check were used as part of a final
list of key variables in order to calculate the model. The
list of key variables with the optimal ranges for each
variable is represented in Table 1.

The graphical representation of the model was computed
with the Weighted Sum function in ArcGIS (Fig. 2). The
model’s accuracy was tested with ground data on egg-
pods collected during 2018 in Southern Kazakhstan.
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Fig. 1. Ground data (nesting points of D. maroccanus) used for the model. Red dots indicate known breeding sites of D. maroccanus.
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Fig. 2. A model of suitable nesting conditions of D. maroccanus. Dark green shows unfavorable conditions; deep red shows the most

suitable conditions.
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Table 1. Key variables for nesting conditions for D. maroccanus.

Control Control Control _ Optimal range of
group 1, group 2, group 3, | Normality variable values
% % %

Avridity Index 72.38 78.30 73.076 good 0.1823-0.6830
Soil nitrogen density 75.23 81.13 75 good 214-596
Soil sand content 76.19 76.41 76.92 good 24-48%
Soil silt content 88.57 88.67 84.61 skewed 17-36%
Soil water content 78.09 76.41 75 good 57-82%
Annual mean temperature 74.28 73.58 7211 good 10.4-17.2°C
Annual mean diurnal range 77.14 83.01 79.80 good 8.9-13.6°C
Isothermality 74.285 73.58 7211 good 29-38°C
Min temperature of coldest month 80 72.64 72.11 good -6.3-4.6°C
Mean temperature of wettest quarter 73.33 69.81 77.88 good 5.7-15.6 C
Mean temperature of warmest quarter 71.42 77.35 75.96 good 20.1-27.8°C
Mean temperature of coldest quarter 80 73.58 71.15 good -1.0-8.9°C
Annual precipitation 72.38 73.58 70.19 skewed 249-708 mm
Precipitation of wettest quarter 78.09 78.30 78.84 skewed 3-112 mm
NDVI, June 70.47 76.41 7211 good 0.16-0.54
Evapotranspiration, January 80 76.41 79.80 good 18-37 mm
Evapotranspiration, February 80 76.41 82.69 good 24-47 mm
Evapotranspiration, March 79.04 76.41 80.76 good 50-80 mm
Evapotranspiration, April 78.09 82.07 82.69 good 85-121 mm
Evapotranspiration, May 74.28 83.01 77.88 good 118-173 mm
Evapotranspiration, June 80.95 83.01 78.84 good 140-207 mm
Evapotranspiration, July 80.95 85.84 80.76 good 156-221 mm
Evapotranspiration, August 75.23 84.90 78.84 good 141-197 mm
Evapotranspiration, September 74.28 77.35 76.92 good 96-145 mm
Precipitation, March 80 72.64 76.92 good 31-77 mm
Precipitation, April 71.42 69.81 75.96 good 30-60 mm
Precipitation, May 74.28 80.18 70.19 good 21-59 mm
RHAM,* January 75.23 77.35 79.80 good 74-85%
RHAM, February 77.14 75.47 75.96 good 73-84%
RHAM, March 79.04 78.30 81.73 good 68-78%
RHAM, April 79.04 83.96 77.88 good 62-74%
RHAM, May 75.23 84.90 73.07 good 53-72%
RHAM, July 74.28 83.96 75.96 good 38-66%
RHAM, December 77.14 73.58 73.07 good 74-86%
RHPM,** May 72.38 81.13 72.11 good 34-53%
Maximal temperature, January 91.42 88.67 80.76 good 1.8-12.8°C
Maximal temperature, February 82.85 76.41 74.03 good 3.2-14.1°C
Maximal temperature, November 79.04 73.58 75 good 9.2-18.8°C
Maximal temperature, December 80 73.58 71.15 good 4.1-14.0°C
Mean temperature, January 80 73.58 71.15 good -23-82°C
Mean temperature, February 78.09 72.64 71.15 good (-6)-9.2°C
Mean temperature, March 78.09 75.47 72.11 good 3.8-11.8°C
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Mean temperature, May 74.28 77.35 74.03 good 13.8-21.6°C

Mean temperature, June 74.28 77.35 77.88 good 18.3-26.4°C

Mean temperature, July 69.52 76.41 74.03 good 21.1-29.0°C

Mean temperature, August 71.42 74.52 7211 good 20.9-27.7°C

Mean temperature, September 73.33 74.52 74.03 good 17.1-23.6°C

Mean temperature, October 73.33 72.64 72.11 good 10.8-18.7°C

Mean temperature, November 77.14 73.58 71.15 good 4.8-13.2°C

Mean temperature, December 79.04 73.58 71.16 good 0.4-9.9°C

Minimal temperature, January 80 72.64 7211 good (-6.3)-4.6°C

Minimal temperature, February 80.95 73.58 73.07 good (-5.2)-5.2°C

Minimal temperature, March 77.14 72.64 74.03 good (-0.9)-6.7°C

Minimal temperature, April 75.23 73.58 72.11 good 4.3-11.0°C

Minimal temperature, June 71.42 75.47 72.11 good 11.7-19.2°C

Minimal temperature, July 72.38 77.35 71.15 good 14.2-21.7°C

Minimal temperature, August 73.33 74.52 71.15 good 13.7-20.9°C

Minimal temperature, September 71.42 70.75 71.15 good 10.2-17.4°C

Minimal temperature, October 74.28 71.69 70.19 good 5.3-12.7°C

Minimal temperature, November 77.14 72.64 71.15 good 0.5-9.0°C

Minimal temperature, December 79.04 71.69 72.11 good (-3.4)-6.3°C

Solar radiation, January 77.14 79.24 75.96 skewed 5,928-8,539 kJ m day!
Solar radiation, February 78.09 75.47 80.76 skewed 8,650-11,412 kI m2 day!
Solar radiation, March 75.23 76.41 76.92 skewed l11,978-15,370 kJ m2 day-
Solar radiation, April 80.95 76.41 75 skewed 116,087-19,803 kJ m2 day-
Solar radiation, October 79.04 77.35 74.03 skewed l10,571-14,636 kJ m2 day-
Solar radiation, November 79.04 76.41 72.11 skewed 6,908-10,155 kJ m2 day!
Solar radiation, December 76.19 76.41 76.92 skewed 5,055-7,862 kJ m day!
Vapor pressure, January 79.04 74.52 75.96 good 0.4-0.83 kPa

Vapor pressure, February 78.09 73.58 73.07 good 0.43-0.85 kPa

Vapor pressure, March 77.14 73.58 72.11 good 0.56-0.91 kPa

Vapor pressure, April 72.38 74.52 75.96 good 0.73-1.17 kPa

Vapor pressure, May 74.28 75.47 75.96 good 0.92-1.41 kPa

Vapor pressure, December 79.04 76.41 75 good 0.49-0.93 kPa

* RHAM — Relative air humidity in the morning (ante meridiem); ** RHPM — relative air humidity in the afternoon

(post meridiem).

Results

The model developed (Fig. 2) reveals good spatial
agreement with the currently known distribution of the
nesting areas of D. maroccanus. The model identifies
the existence of favorable conditions round almost all of
the Mediterranean Sea, with main foci located on the
Iberian Peninsula and in North Africa; southern Europe
and Asia Minor; and the Caucasus and North Caucasus.
The Caucasian hotspot extends eastward via Northern
Iran and almost meets the Central Asian hotspot. The

latter comprises North Afghanistan; the southern
territories of Tajikistan; north-east Uzbekistan; and
extends as far as south Kazakhstan.

Analysis of the list of key variables shows the
importance of wetness-related variables (precipitation,
evapotranspiration, relative air humidity) and
temperature, along with a number of other variables. 43
of 74 key variables (58%) describe winter and spring
conditions. The ratio of summer to autumn variables is
30%. The remaining variables (12%) refer either to
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annual data or to non-climatic (soil properties) data (Fig. This correlates well with the known data on the
3). physiology and life cycle of the species, in which the
Key variables distribution within year seasons most important and vulnerable stages occur during the

Bsring

embryogenesis and early development of the nymph.

O summer

Qautumn

" Data used for the model validation (181 ground-points)

@ were not included in the modeling procedure, and the

e distribution of egg-pods in 2018 showed almost perfect
consistency with the model. The range of values for the
model was divided into ten classes (from zero to 100%
suitability with a step of 10%) and the distribution of
ground data was calculated for each model class (Fig. 4).
The validation procedure revealed that no locality falls
beneath 50% suitability in terms of the model, and more
than half of recently documented localities (94 out of
181) occupy the 90-100% range of suitability as
measured by the model.

Fig. 3. Distribution of key variables within annual
seasons. “Other” category includes non-climatic
variables, mainly soil properties.
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the model range
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Fig. 4. Model validation with 2018 ground data. Black points indicate the 2018 ground data based on observation of
egg pods. Numbers at the diagram indicate the amount of ground points falling into the certain class of suitability by
the model.
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The particular meaning of the key variables is discussed
below.

Discussion

Relationships of abiotic variables

Solar radiation at the Earth’s surface is the principal and
fundamental energy for many physical, chemical and
biological processes, such as crop growth and plant
photosynthesis; and it is also an essential and important
variable within many simulation-model studies, such as
agriculture, environment, hydrology, meteorology, and
ecology (Chen & Li, 2014). Daily solar irradiance at the
earth’s surface is a fundamental driving variable for
simulation of the ecosystem in terms of carbon, water,
and energy fluxes on the local, regional, and global
scales (Winslow et al., 2001). Solar radiation partially
regulates relative air humidity (Swartman & Ogunlade,
1967). Air temperature correlates with relative humidity
(Lawrence, 2005); and solar radiation influences
precipitation and air temperature (Bindi & Miglietta,
1991; Ituen et al., 2012; Winslow et al., 2001).
Evaporation is related to incoming solar radiation (Beard
& Gainer, 1969). The surface temperature may be
derived from known solar radiation (Daut et al., 2012).
Evaporation may be estimated using Dalton’s equation
(Beard & Gainer, 1969). In turn, the evapotranspiration
value is related to evaporation (Allen et al., 1998). The
known evapotranspiration and precipitation values
produce another very important variable (especially for
ectotherm animals and vegetation) — Aridity Index
(UNEP (United Nations Environment Programme),
1997). There are known well-established correlations of
air and soil temperatures (Ahmad & Rasul, 2008; Islam
et al., 2015).

It is obvious that abiotic variables, such as air
temperature, soil moisture, and air humidity, solar
radiation and evaporation do not exist separately, as they
all represent different aspects of the entire process of the
energy balance. Important for the ENM procedure is the
ability to estimate the range of directly unavailable
variables from ranges, as provided by the model as a
result of the variables which are processed. Each
variable value may be calculated with a more or less
simple equation when the value of the related variable is
known.

Notes on Daociostarus maroccanus life-cycle

The life-cycle of D. maroccanus is considerably well
studied, as the species attracts the attention of many
researchers (Bey-Bienko & Mischenko, 1951;
Latchininsky et al., 2002; Predtechensky et al., 1935;

Syazov, 1912; Tsyplenkov, 1970). Uvarov (1955)
described the life-cycle of D. maroccanus as follows:

This species is connected with a single
vegetation type, that of dry steppe or
semidesert with abundant spring ephemeres, of
which Poa bulbosa is the most typical. The
seasonal development of this type of vegetation
is characterized by very rapid sprouting after
the first spring rains, a short period of lush
growth, and almost complete dying off at the
end of spring so that the spring and summer
aspects of the same area appear totally
different. Hatching from hibernated eggs
occurs after the first warm spring rains so that
the hoppers find abundant fresh food. By the
time the adults appear, the ephemeral
vegetation is dried up and locusts tend to
concentrate in patches of taller perennial
vegetation which provide food and shelter for
adults. Egg-laying, however, takes place not
among the latter but on the bare patches where
the ephemeres grew earlier, and it is reasonable
that the type of soil required by these plants is
also preferred by the Moroccan Locust (p. 23-
25).

As much as two-thirds of nesting sites fall within only
two climatic zones accordingly to Koppen-Geiger’s
classification (Kottek et al., 2006) (Fig. 5).

Distribution of DMA nesting sites within Koppen-Geiger's climate zones

Dfh BWh

Dfa BWk
Dsh
Dsa BSh
Cfa
Csb .
BSk

Fig. 5. Distribution of nesting sites observations within
climatic zones by Képpen-Geiger.

The zones where most of the nesting sites are located
(BSk and Csa) are characterized as follows:
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BSk — Arid/Steppe/Cold; Csa —
Summer/Hot Summer.

BWkK, Dfa and Csb represent the most important zones;
and the rest make up the remaining third. Bwk is
Arid/Desert/Cold, Dfa is Cold/Without dry summer/Hot
summer, and Csb is Temperate/Dry summer/Warm
Summer. It is obvious that DMA’s nesting sites cover
quite a variety of climatic conditions. All but one of the
zones are characterized by a lack of water during some
seasons or indeed throughout the entire year.

Temperate/Dry

The density of the surface soil layer is of great
importance for the locust, as the species inhabits intact,
considerably wet and hard soils (at least, the relatively
high water content and the soil density are confirmed by
the model data, see Table 1) and disappears if those
lands are plowed (Bey-Bienko & Mischenko, 1951). The
number of egg-pods per square meter varies from about
1500 to a maximum density of 6000. Each egg-pod
contains 18-42 eggs. Egg-pods are laid in dense, mainly
stony foothill soils (Syazov, 1912; Yakhontov, 1964).
Usually, a single female provides two egg-pods
(Quesada-Moraga & Santiago-Alvarez, 2001).

The distribution of the egg-pods has a markedly
“spotted” character (Bey-Bienko & Mischenko, 1951;
Syazov, 1912; Uvarov, 1955). In Foggia’s flat land, D.
maroccanus egg-pods are concentrated within small
areas of 1-2 meters in diameter, separated from each
other by small clumps or strips of lush vegetation,
unevenly distributed over several square kilometers of

hard and bare soils (Santiago-Alvarez et al., 2003).
Regarding micro relief, the egg-pods are found to be laid
on drier hummocks, whereas nymphs and adults feed
within moist depressions (Benhalima et al., 1984). The
hatchling may live for 1-2 weeks in northern exposures.
(Bey-Bienko & Mischenko, 1951). The Moroccan locust
is characterized, as all desert locusts are, with an early
hatchling period usually from the end of March in
southern areas or the first half of April in northernmost
areas (Bey-Bienko & Mischenko, 1951). The hatch
usually takes place from February to April; and the
nymph’s development has a synchronous pattern (Bey-
Bienko & Mischenko, 1951; Monar et al., 2009; Popova
& Popov, 2009; Syazov, 1912). Nymph development is
quite rapid, lasting no more than 25-35 days. The adult
stage actively migrates from the hatchling sites to humid
depressions where the adults find a sufficient amount of
food (Popova & Popov, 2009). The breeding season
starts in May; and by mid-summer the adults are dying
out (Monar et al., 2009). The egg’s embryo and
hibernation stages are thus the most important and
vulnerable parts of the species’ life-cycle.

Thermal issues

The surface and subsurface soil temperature may be
estimated with appropriate accuracy from the known air
temperature (Ahmad & Rasul, 2008; Islam et al., 2015).
Here, we have calculated the estimated soil temperature
within the optimal range of key air-temperature ranges
obtained from the modeling procedure (Table 2).

Table 2. Estimation from air temperature of soil temperature at the level of the topsoil and the level of five centimeters

deep.
Range, °C TopsoFielaEegZFleCrature TemspZTaEJerztlgasr?g;L, °C

Annual mean temperature 10.4-17.2 10.4-17.2 13.19-19.31
Min temperature of coldest month -6.3-4.6 (-6.2)-6.3 (-1.84)-7.97
Mean temperature of warmest quarter 20.1-27.8 24.2-33.1 21.92-28.85
Mean temperature of coldest quarter -1.0-8.9 (-0.1)-11.2 2.93-11.84
Min temperature, January -6.3-4.6 (-6.2)-6.3 (-1.84)-7.97
Max temperature, January 1.8-12.8 3.07-15.8 5.15-15.35
Mean temperature, July 21.1-29.0 25.4-34.5 22.82-29.93
Min temperature, July 14.2-21.7 17.4-26.1 16.61-23.36
Mean temperature, March 3.8-11.8 5.3-14.6 7.25-14.45
Mean temperature, May 13.8-21.6 16.9-25.9 16.2-23.3

Min temperature, April 4.3-11.0 5.9-13.8 7.7-13.73

Min temperature, March (-0.9)-6.7 (-0.04)-8.4 3.02-9.9

The embryogenesis of DMA is interrupted when the
ambient temperature exceeds 24.7 °C. The mean air

17

temperature in August (Table 1) is one of the possible
regulators switching normal embryogenesis to diapause.
The post-diapause-development thermal threshold is
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below 16 °C. Under some favorable circumstances,
normal embryogenesis may start again as early as
January (Table 2), when the temperature of the soil at
the 5 cm depth rises close to 16 °C. Embryonic
development follows its normal course when the air and
surface temperatures are below 25 °C. (Arias, Jiménez,
& Pérez, 1997; Santiago-Alvarez et al., 2003). However,
nymph development takes place at higher temperatures
than egg development. The fact that locusts select
temperatures near 38 °C in the thermal gradient, despite
reduced nutrient utilization efficiency, suggests that the
benefits outweighed the costs of doing so (Miller et al.,
2009). As Table 2 shows, the optimal range for the mean
air temperature of the warmest quarter varies between
20-28 °C. This range is good for the development of
nymph stages, bearing in mind that the temperature of
the topsoil level is higher than the ambient air
temperature; and nymphs benefit from peculiarities of
heat distribution related to microrelief via behavioral
thermoregulation.

The air temperature is still of great importance for
adults. Grasshoppers exposed to high air temperature are
able through a physiological response to maintain their
internal temperature within the range necessary to avoid
thermal death (under 48 °C). Ventilation rate primarily
serves the function of evaporative cooling. Air sacs
which are present in the tracheal system of grasshoppers
seem likely sites for evaporation and also function as
thermoregulatory organs (Prange, 1990). The locust
does not regulate its thoracic temperature during flight,
and as a result the thoracic temperature of a flying locust
generally exceeds the ambient temperature by 5-8 °C.
The minimum thoracic temperature at which flight is
initiated is 24 °C; and the maximum temperature for
flight muscle contraction is 42 °C (Foster & Robertson,
1992). The upper limit of mean temperature in June,
according to the model, is 29 °C, and this temperature
presents no obstacle to flight.

In some acridid species, the autumn stage of the
embryogenesis requires a relatively high temperature
and a moderate degree of moisture (Bey-Bienko &
Mischenko, 1951). Data from the model confirms that
the mean autumn temperature varies between 4.8 and
27.7 °C, remaining quite high. The only key variable
related to autumn humidity is evapotranspiration in
September. This varies considerably in the high range of
96-145 mm/month.  Both  temperature  and
evapotranspiration values appear to be in accordance
with the locust’s requirements as far as autumn
embryogenesis is concerned.

The nymphs of the Asiatic locust (L. migratoria) may
withstand short-term cooling up to minus five degrees,
and they remain active in 10-55 °C range. The locusts’
body temperature is regulated mainly by solar radiation;
whereas air humidity is on the other hand related to the
level of water content in body tissues (Tsyplenkov,
1970). Although we did not find direct data on DMA,
the temperature conditions which it requires should be
similar to those for other acridid species inhabiting
desert or semi-desert areas.

Moisture-related factors

A rainfall level of 80-110 mm in winter and early spring
ensures the level of soil moisture required for post-
diapause development in D. maroccanus eggs. Of all the
abiotic variables, precipitation appears to be the most
important for DMA, with an optimal range of about 100
mm in terms of total spring precipitation. In Spain in
particular, the optimal precipitation value during late
winter and early summer is 80-100 (Santiago-Alvarez et
al., 2003). Outbreaks are controlled most obviously by
moisture levels in Spring rather than by other factors
(Bey-Bienko & Mischenko, 1951; Popova & Popov,
2009; Predtechensky et al., 1935; Uvarov, 1955). The
optimal annual precipitation range for DMA is 300-500
mm (Predtechensky et al., 1935). Our data as provided
by the model (Table 1), reveals that the total amount of
spring precipitation is about 80-190 mm; and annual
precipitation is about 249-708 mm. Key variables
include Spring precipitation (precipitation during March
and April), where the amount (130mm) is the same for
both months. This period is indicated as the hatchling
period for D. maroccanus. Precipitation of a given
diapason provides the optimal soil-moisture conditions
for egg survival. More intensive precipitation leads to
embryonic development being retarded and the
hatchling period being overextended. If the soil is
extremely wet, egg-pods may die out (Monar et al.,
2009; Popova & Popov, 2009). In May, a noticeable
factor is the importance of air humidity both ante- and
post meridiem. This is when the breeding season should
start. The air moisture needs to be quite high (more than
70% in the morning and more than 50% in the
afternoon). This may well indicate that moisture
conditions are being sustained at a level necessary to
maintain the required water content in the locust’s
tissues, as well as, in all probability, preventing water
loss in the organism due to breeding activity.

Vegetation

Precipitation during the late spring is of importance to
the growth of vegetation. Adult Moroccan Locusts live
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twice as long if green vegetation cover persists during
the summer. The overall humidity of the warm seasons
(spring and summer) is indicated by the
“evapotranspiration”, and “relative air humidity”
variables. These are obviously related to vegetation
being sustained at a level which will provide enough
energy for the breeding and egg-laying locusts. The
number of eggs laid depends upon the amount of green
vegetation consumed by the adult during the season
(Dempster, 1963). Years with extremely low values for
the vegetation index usually precede years when locust
outbreaks occur (Tronin, 2007; Uvarov, 1955).

Fluctuations in the vegetation follow the climatic ones.
NDVI (Normalized Difference Vegetation Index),
Rouse et al. (1974) was proposed as the ratio of red to
near-infrared bands within the satellite imagery. This
index is capable of determining the amount of
chlorophyll; and thus, to distinguish bare soil from
vegetated areas. Analysis of NDVI using the model
demonstrates the presence of sparse to moderately dense
vegetation cover in the summer months that reflects the
food demands of DMA. Unfortunately, it is nearly
impossible to derive those plant species the locust
prefers from such a simple ratio as NDVI. However, the
use of NDVI for the model is justified as a tool to rule
out areas with NDVI values which go beyond the
optimal ranges shown by the model. The most constant
feature of all the habitats of the Moroccan locust is that
there is a single type of plant cover (Uvarov, 1955). This
species is connected with a vegetation type, that of dry
steppe or semidesert with abundant spring ephemeres, of
which Poa bulbosa is the most typical. The main
habitats of the Moroccan locust are known to be
xerophytic biotopes with the prevalence of the thick
sedge Carex pachystylis and bulbous bluegrass Poa
bulbosa (Kokanova, 2017). Early nymphs and
frequently adults feed mainly on Poaceae (Barranco et
al., 1997; Chen & Li, 2014; Guisan & Thuiller, 2005;
Latchininsky, 2017). The seasonal development of this
type of vegetation is characterized by very rapid
sprouting after the first spring rains; a short period of
lush growth; and almost complete dying off at the end of
spring so that the spring and summer aspects of the same
area appear totally different. The same type of
development characterizes the Moroccan Locust.
Although hot and dry weather is comfortable for locust
nymphs, it may result in early drying of vegetation, so in
a dry summer, the amount of available food may be
insufficient for late nymphs and adults (Dempster,
1963). The locust is able to consume its preferred plant
species even in dry conditions. The completely dry
remnants of Poa bulbosa, Erodium triangulare u
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Medicago spp were found in the digestive systems of the
Locust in July (Ben Halima et al., 1984). If the weather
becomes extremely dry, it may trigger a change in the
Locust diet. The Locust will switch to water-rich species
of vegetation, like Scorzonera pygmaea, that remain
green and contain water; but this negatively affects the
development of the locust ovaria (Ben Halima et al.,
1985). The variables which describe precipitation and
humidity in spring and summer are related to the growth
of vegetation rather than directly to the locust itself.

Habitat and area shift

The area inhabited by D. maroccanus is somewhat
unstable and fluctuating due to its patchy character; and
this makes the species sensitive to the climate’s annual
fluctuations, which are accentuated in the microclimate
of the habitat. Amongst the weather-related factors
which control the numbers of D. maroccanus rainfall
appears to be particularly important (see above). Usually
a plague follows two or more years of deficient rainfall
(Uvarov, 1955). The main active nesting foci in Central
Asia are as follows (Monar et al., 2009): North
Afghanistan; south and north-western Tajikistan; almost
the whole of Uzbekistan; south-eastern Turkmenistan;
southern Kazakhstan; northern Kyrgyzstan; and some
areas in the Caucasus. The number of areas of southern
Kazakhstan invaded by DMA nymphs increased by up
to 2.4 times during 2006-2008, and to cover as much as
252 000 ha. Latchininsky (2017) noted that the altitude
of nesting areas of DMA has increased by 1600-1800
meter a.s.l in the 21% century. However, a similar
altitude for nesting sites was documented as long as a
hundred years ago (Syazov, 1912). At the same time, the
boundaries of the known foci have shifted to the north
Kokanova (2017). Fig. 6 compares the data from the
model with the previously known nesting foci of DMA
(Predtechensky et al., 1935) and confirms the spatial
dynamics of the nesting areas of DMA. The optimal
ranges may shrink or extend; and, what is of particular
importance, the model reveals optimal nesting
conditions in some areas of Central Asia where foci were
never recorded before (e.g. a hot spot on the
Afghanistan-Turkmenistan boundary).

The known nesting areas of DMA may reduce due to
human activity. In Uzbekistan, the plowing of virgin soil
between Jizak and Rostovtsevo railway stations led to
two species of acridids (Dociostaurus kraussi Tarb., D.
maroccanus Thnb.) completely vanishing from the area.
On the other hand, hardening of soil due to overgrazing
provides comfortable conditions for  nesting
(YYakhontov, 1964).
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A previously known (Predtechensky et al., 1935) focus
“Alexandrovsky” for DMA nesting located on the
border between Kazakhstan and Kyrgyzstan may now be
assumed to be non-functioning (Fig. 6 indicated with
arrow). The territory of this focus is currently heavily
cultivated, leaving apparently no intact landscapes and
no intact hard soils for locust breeding and egg-survival.
The model, however, provides evidence for possible
DMA breeding on the border between Turkmenistan and

The shift of DMA nesting conditions
m Previously known DMA breeding foci

:l countries

Nesting conditions model
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Afghanistan (Fig. 6, indicated with dark circle). This
spot possesses high suitability in terms of the key
variables and with no signs of human activity. The area
lies within the BSk zone by Koppen that is highly
favorable for DMA egg development. It would be a
desirable next step to study this area by ground methods
in order to evaluate its status as a possible focus for
nesting activity by Dociostaurus maroccanus.

Fig. 6. Comparison of previously known breeding foci spatial distribution and current data from the model. Depleted
focus is indicated with an arrow; new site, perspective for further study, is indicated with a circle.

Conclusion

The model developed does not conflict with the known
spatial distribution of DMA nesting foci. In terms of
SDM, the model reveals good results. Moreover, the
model has highlighted an area with suitable nesting
conditions which has never been described before. This
area (a hotspot at the boundary between Afghanistan and
Turkmenistan) requires evaluation on the ground. The
model also confirms significant trends in the spatial shift
of nesting foci. Environmental factors, designated as
“key variables” during the modeling procedure, fit well
to known data regarding the species’ biology and
physiology. More than half of the key variables (57%)
are related to the winter and spring seasons, i.e. the most

vulnerable stages of the locust’s life-cycle:
embryogenesis and nymph development. The winter and
spring variables, along with some of the autumn ones,
describe the optimal conditions for the Moroccan
locust’s nesting and embryogenesis.

40 variables are related to thermal parameters,
influencing either the body temperature of nymphs and
adults; or the thermal conditions for the survival of egg-
pods throughout the cold seasons. 33 variables are
concerned  with  humidity  (evapotranspiration,
precipitation, relative air humidity, and vapor pressure)
during, mainly, the late winter and spring, when
embryogenesis switches from diapause to normal
development. The variables have a complicated
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interrelationship to each other and are basically related
to hydrothermal conditions, the locust’s wellbeing and
the persistence of vegetation. The multifaceted
relationships between separate climatic variables were
briefly described. It is virtually impossible to discuss
each given variable separately, as their complicated
interrelationships must be considered as a complex
natural phenomenon, where every single part is
dependent on the others. Validation of the model with
ground data of 2018 regarding the distribution of egg-
pods in Southern Kazakhstan demonstrated a good
concordance between the model and the ground data. It
should be noted, however, that modeling of the
ecological niche remained extremely difficult and
sometimes controversial due to several
limitations(Aragon et al., 2012). It is impossible to
encompass all of the complexity of biotic interactions.
Moreover, insufficient information is available to
incorporate adaptation or niche evolution and
phenotypic plasticity, an extreme example of the latter
being the change from the solitary phase to the
gregarious phase that occurs in several locust species.
The problem still remains and indeed increases
regarding the incorporation of biotic variables into the
model. Certain parameters, such as the condition of
vegetation, derived from satellite information, appear to
be quite easy to use within the models; whereas such
factors as infraspecific or prey-predator relations are
hard to formalize and to georeference for spatial
modeling. Current knowledge is not sufficient for the
incorporation of this information within distribution
models (Aragon et al., 2012). Guisan & Thuiller (2005)
described environmental predictors as falling into the
following categories: (a) limiting factors (or regulators),
defined as factors controlling species eco-physiology
(e.g. temperature, water, soil composition); (b)
disturbances, defined as all types of perturbations
affecting environmental systems (natural or human-
induced); and (c) resources, defined as all compounds
that can be assimilated by organisms (e.g. energy and
water). Of those categories, the limiting factors appear
to be easier to incorporate for modeling with GIS.
However, the last two categories require attention and it
is necessary to understand all the possible ways in which
they can be used within the modeling framework. First
and most basically, one should ponder whether the
model is used to investigate and understand the
environmental correlates of a species’ distribution
(explanation); or whether it is used to make inferences
about the detail of their geographic distribution
(prediction). If prediction is the focus, then it is
important to know which component of the species’
geographic or environmental range is being estimated
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(Aratjo & Peterson, 2012). Of considerable importance
is the response of an animal to unfavorably extreme
conditions. Inasmuch as temperature varies widely
among habitats, it is important to relate the tolerances of
animals to conditions prevailing around them
(Heatwole, 1983). Even when conditions are not life-
threatening directly, they may be inimical to
reproduction and thus might pose problems for the
indefinite continuance of the species.

The advantages of the ENM procedure are clear.
Ecological niche modeling provides results very closely
related to ground and experimental data. The values of
the key variables as obtained from ground research are
similar if not identical to those obtained from the model.
One the one hand, this justifies the ENM approach in
general; and on the other, the model has the potential to
attract the attention of the specialist to the influence of
some previously underestimated variables. The
procedure is cost-effective and the model itself provides
good and extended information on the distribution and
biology of the species being studied. However, in spite
of the ENM approach being very promising and starting
to be applied, it remains obvious that only a
multidisciplinary approach incorporating the knowledge
and effort of experts from many fields of science will be
successful and will provide comprehensive results.
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