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Abstract

Climate change fundamentally alters climate-vegetation interactions in agricultural regions. Semi-
arid zones are particularly susceptible to intensifying aridification and regime shifts. This study
analyzed regime shifts and synchrony in the Rostov Region’s climate-vegetation system, a major
grain-producing area in Russia, integrating data from five meteorological stations and MODIS
satellite observations from 2001 to 2024. The PELT algorithm detected changepoints in temperature,
precipitation, evapotranspiration, and NDVI, and a synchrony coefficient methodology quantified
the temporal coupling of parameters with a three-month lag tolerance. The results revealed
significant warming (+2.1 °C over 24 years) and aridification (-4.3 mm), with pronounced spatial
gradients; however, NDVI remained stable across all stations, despite multiple climate shifts.
Precipitation-evapotranspiration synchrony substantially exceeded temperature-evapotranspiration
coupling, confirming water availability as the primary limiting factor. The maximum synchrony
(0.867) occurred in the southern irrigated areas. This vegetation stability suggests adaptive buffering
through CQO; fertilization and agricultural management or proximity to critical ecological thresholds.
These findings demonstrate the dynamics of water-limited ecosystems and the cascade effects in the
hydrological cycle. They also provide a scientific basis for the implementation of precision irrigation
and adaptive agricultural strategies in regions vulnerable to climate change.

Keywords: regime shifts; climate-vegetation synchrony; changepoint detection; evapotranspiration;
agricultural adaptation; semi-arid ecosystems; Rostov Region

1. Introduction

In recent decades, global climate change has had an unprecedented impact on the functioning
of terrestrial ecosystems, causing fundamental transformations in the interaction between climate,
vegetation and agriculture [1-3]. An increase in average temperature of 1.1 °C relative to pre-
industrial levels has been accompanied by growing spatial and temporal heterogeneity in climatic
parameters. This has led not only to changes in average values, but also to an increased frequency of
extreme events, disruption to seasonal cycles and the emergence of regime shifts in climatic systems
[4-8].
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The problem of climate change is particularly relevant for agroecosystems in semi-arid and arid
regions, where a combination of high temperatures and low moisture levels can create challenging
conditions for agriculture [9-12]. In these regions, agriculture traditionally relies on a balance
between air temperature and water availability. Disrupting this balance has serious consequences for
food security [13-15]. According to IPCC projections, global production of major crops could decline
by 10-30% by the middle of the 21st century, with particularly vulnerable regions likely to be those
where aridification is already intensifying [16].

The concept of regime shifts, which was developed within the framework of critical transition
theory, suggests that ecosystems can exist in several alternative stable states. Transitions between
these states can occur abruptly and are often irreversible when certain threshold values of controlling
parameters are reached [17-21]. Unlike gradual, linear changes, regime shifts are characterized by
non-linear dynamics with positive feedback loops that amplify deviations of the system from its
initial state [6,22]. In the context of climate-vegetation interactions, regime shifts can lead to sudden
and abrupt changes in temperature and precipitation, restructuring of hydrological cycles,
transformation of the vegetation cover structure and modification of the relationships between
ecosystem components [4,5,23]. Detecting and analyzing such shifts is critical for understanding the
threshold effects of climate change and for developing adaptation strategies in agriculture [12,24].

The interaction between climatic parameters and vegetation properties exhibits complex spatio-
temporal patterns of synchrony, reflecting the causal relationships and feedback mechanisms within
the atmosphere-biosphere system [25-27]. Global studies show that the level of synchrony between
climate change and the response of vegetation can vary depending on the climate zone, the type of
ecosystem, and the type of anthropogenic impact [25,28,29].

In semi-arid regions, the water balance system plays a pivotal role in shaping synchrony, with
precipitation, evapotranspiration and soil moisture interacting closely and forming multiple positive
feedback loops [30-33].

As one of the main grain-producing regions, the Rostov Region plays an important role in
ensuring the country’s food security. The decrease in gross grain yields in the 2024-25 agricultural
year was due to several factors, including a reduction in crop yields in Rostov Region’s fields.
Abnormal weather conditions in April (late frosts) and in midsummer (extreme heat above 40 °C),
coupled with a lack of moisture, resulted in the loss of approximately 1 million hectares of crops .
Such weather events are beyond the scope of the region’s long-term weather patterns and may
indicate a regime shift.

Despite extensive research into the impact of climate change on agriculture [2,16,34-37], there is
a significant lack of understanding regarding regime shifts and their synchronization between the
different components of the climate-vegetation system at a regional level. Most existing studies either
analyze trends in individual parameters [28,38,39], identify correlations between climate and
vegetation [9,40,41], or do both. However, they overlook the dynamics of regime shifts and their
synchrony between different ecosystem components.

This study aims to analyze regime shifts in the Rostov Region’s climate-vegetation system
comprehensively and quantitatively assess the synchrony between changes in climatic parameters
and vegetation characteristics. This will be achieved by integrating data from meteorological stations
and satellite remote sensing for the period 2001-2024.

2. Materials and Methods

2.1. Research Area

The Rostov Region covers an area of 100,800 square kilometers, stretching 475 kilometers from
north to south and 455 kilometers from west to east. The total surface area of the region’s rivers, lakes
and reservoirs is approximately 285,000 hectares (Figure 1). The region is characterized by insufficient
moisture, hot and dry summers, and relatively mild winters. The main factors that determine the
climate are solar radiation and atmospheric circulation. The landscape varies between the northern
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and southern parts of the region. The northern part is a plain cut by well-defined ravines and river
valleys with terraces. The south is characterized by a gently undulating plain with small differences
in elevation [42]. In the Rostov Region, heights range from sea level at the coast of Taganrog Bay in
the Azov Sea to 298 meters above sea level at the Donetsk Ridge near the city of Zverevo [43].

o Chertkovo

o
Tsymlyansk

Rostov-on-Don
(e}

Figure 1. Location of the Research area. Red square represents the location of the Rostov Oblast; red dots

represent weather stations used in this research.

According to the principles of natural and agricultural zoning, the Rostov Region is divided into
six zones: northwestern, northeastern, Azov, central irrigated, southern and eastern. The region’s
territory is characterized by a continental climate. This is most pronounced in the southeast of the
region. The Azov Sea significantly influences the Azov natural and agricultural zone, moderating the
climate and increasing precipitation. The average length of the growing season with temperatures
above 10 °C is 165-180 days.

In the southern and eastern zones, the sum of active temperatures (T > 10 °C) is 3,200-3,400 °C,
whereas in the northwestern, northeastern and Azov zones it is 2,800 °C. The main limiting factor for
agricultural production in the Rostov region is precipitation levels. Precipitation is unevenly
distributed, ranging from 600-750 mm in the northwestern, Azov and northeastern zones, to 500 mm
in the eastern and southern zones. In dry years, this figure can drop by more than half, to 300 mm
and 200 mm respectively. During the growing season, 180-200 mm of precipitation falls in the
southern and eastern regions and 250-280 mm in the northern and western regions [44].

In terms of soil conditions, the Rostov Region is heterogeneous too. The predominant soil types
are ordinary chernozems in the western (Azov) and southern areas, and southern chernozems in the
north. In the east and southeast, chestnut soils of various subtypes are most prevalent, frequently
occurring alongside solonchaks. Other common soils in the region include alluvial soils, found on the
terraces of large rivers and near riverbeds, and balka soils, which are a complex of washed-out and
washed-in soils characterized by an underdeveloped soil profile on slopes and humus accumulation
in the bottoms of the balka. Other soils found in the region include meadow-chernozem, meadow-
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chestnut, meadow and meadow-marsh soils. Due to the development of a network of ravines and
balks, flat water erosion is widespread in the northern part of the Rostov Region, while wind erosion
is more intense in the southern and eastern parts of the region due to the flat relief and lack of
moisture. In the northwestern natural and agricultural zone, southern and ordinary chernozems
prevail, with an average humus content of 3.5%. In the north-eastern zone, southern chernozems with
a humus content of up to 2.9% are widespread. The soil cover of the central zone comprises ordinary
and southern chernozems, as well as chestnut soils with a humus content of around 3%. There are
varying degrees of salinization and soddenness. The Azov and Southern zones are characterized by
ordinary chernozems with a humus content of 3.6% and 3.5%, respectively. The eastern zone is
dominated by dark and light chestnut soils in combination with solonchaks. The humus content is
low at 2.2% [42,44,45].

2.2. Data and Research Workflow

The detection of regime shifts in the climate-vegetation system was based on the comprehensive
integration of ground-based meteorological observations and remote sensing data.

To ensure representativeness and coverage of the main climatic zones in the Rostov region, a
total of five meteorological stations were selected and located at key geographical points in the north,
west, east, south and southeast of the region. This approach enabled the spatial heterogeneity of
climatic conditions and their impact on biological processes within the study area to be considered.
Meteorological data on air temperature and precipitation were obtained from the AISORI-M portal
of the RIHMI-WDC for the period from 1 January 2001 to 31 December 2024 (Table 1).

Table 1. Characteristics of the data used in this study.

Variable Data source Resolution Frequency
Air temperature RIHMI-WDC - Daily
Precipitation RIHMI-WDC - Daily
NDVI MODIS/061/MOD13A1 500 m 8 days
Evapotranspiration MODIS/061/MOD16A2GF 500 m 8 days

The state of vegetation cover was characterized using the Normalized Difference Vegetation
Index (NDVI) and evapotranspiration data obtained via the Google Earth Engine platform [46],
through the geemap [47] and xee libraries. NDVI is a vegetation index that is highly sensitive to
structural variations in vegetation cover, particularly in areas with dense vegetation.
Evapotranspiration data, representing the total amount of water transferred from the Earth’s surface
to the atmosphere through evaporation and plant transpiration, were obtained from MOD16A2
products based on the Penman-Monteith algorithm [48].

A spatial aggregation procedure was applied to ensure consistency between the spatial
distribution of point meteorological observations and remote sensing data. NDVI and
evapotranspiration values were extracted within a 5-kilometre radius of the coordinates of each
meteorological station and then averaged. This approach considered the local spatial variability of
the biophysical characteristics of vegetation and ensured the representativeness of the data for
specific meteorological conditions.

All source data were converted to xarray format, which is a multidimensional data structure
optimized for working with geospatial time series. Daily meteorological observations were
aggregated to monthly averages to ensure temporal consistency with the 8-day satellite data
composites, which were also averaged to a monthly temporal resolution. Combining heterogeneous
data into a single xarray structure enabled the efficient processing of multidimensional time series
and simplified subsequent statistical analysis procedures.

Basic descriptive statistics of the time series for all analyzed parameters were calculated for each
meteorological station. Trend analysis was performed using linear regression methods to identify
long-term trends in climatic and biological parameters.
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The detection of regime shifts and the search for change points was based on the application of
the PELT algorithm [49], which was implemented in the Ruptures library [50]. PELT is an accurate
dynamic programming algorithm for identifying multiple changepoints in one-dimensional time
series with an unknown number of changes.

An L2 model (quadratic loss function) was used to analyze each time series, as this is optimal
for detecting changes in the mean value of time series with a Gaussian distribution. The minimum
segment size (min_size) was set to 12 months to prevent false detections associated with seasonal
variability. Based on preliminary analysis, a penalty parameter (pen) of 6 was selected to ensure a
balance between detection sensitivity and false positives.

The detected change points were analyzed in the context of synchrony between climatic and
biological time series to identify causal relationships. Particular attention was paid to identifying
periods when regime shifts in climatic parameters coincided with or preceded changes in vegetation
characteristics. This approach enabled critical thresholds for climatic parameters to be identified,
above which non-linear changes occur in biological systems.

The synchrony between regime shifts in various parameters was quantitatively assessed by
calculating synchrony coefficients as follows. LetC, = c3,c%,...,cy and C, = ¢}, ¢}, ...,c} represent
the sets of changepoints for the parametersx andy , respectively. For each pair of dates (c., C;) , the
time lag At;; was calculated in months:

At;; = |month(cl) — month(c) + 12 x [year(c;) — year(cl)]|
An event was considered synchronous if the time lag did not exceed the set threshold oft = 3

month:
LifAt; <t
The total number of synchronous events between the parametersx andy was determined as:
Nx MNx
Nsync(x:.'V) = Z ZSU
i=1 j=1
The synchrony coefficient was calculated using the formula:
N sync (x: y )

ps)’nc(x: y) = min (1,,1,)

Moreover, normalization to the minimum number of changepoints excludes the influence of
differences in the activity of regime shifts between parameters. The synchrony coefficient takes values
in the range [0; 1] , where a value of 0 indicates a complete lack of synchrony, and 1 corresponds to
complete synchrony of regime shifts.

All computational procedures were performed using the Python 3.8 programming language and
specialized libraries in the Jupyter Notebook environment. These included xarray [51] for working
with multidimensional data arrays, pandas for manipulating tabular data, numpy and scipy for
numerical calculations and statistical analysis, and matplotlib for visualizing results. The satellite
data were processed using the Google Earth Engine cloud platform via the geemap and xee API
interfaces to ensure efficient handling of remote sensing data archives.

3. Results

3.1. Descriptive Statistics Analysis

An analysis of descriptive statistics revealed significant spatial heterogeneity in the climatic and
biophysical characteristics of the Rostov region (Table 2). The temperature regime shows a classic
latitudinal gradient, with an increase in average values from north to south, from 9.02 °C in
Chertkovo to 11.31 °C in Gigant, which is a difference of 2.29 °C. This gradient is consistent with long-
term climatological observations by Roshydromet and reflects the influence of solar radiation and the
continental climate. Maximum temperatures vary within a narrow range of 26.78-27.94 °C, with the
highest extremes recorded in the south of the region (in Gigant), which confirms the zonal pattern of
heat resource distribution.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Descriptive statistics of the analyzed data.
Station Mean Std Min 25 50 75 Max
Temperature
Chertkovo 9.02 10.41 -12.09 -0.40 9.31 18.82 26.78
Gigant 11.31 10.10 -10.13 2.15 11.05 20.38 27.94
Remontnoye 10.66 10.50 -12.25 0.99 10.40 20.08 27.70
Rostov-on-Don 10.95 10.03 -10.25 1.72 10.67 19.93 27.55
Tsimlyansk 10.70 10.52 -12.04 1.19 10.25 20.12 27.59
Precipitation
Chertkovo 46.1 31.1 0.3 23.3 40.7 61.6 154.1
Gigant 421 26.7 0.3 22.0 37.2 57.1 172.2
Remontnoye 34.9 25.2 0.0 15.4 28.9 47.1 123.3
Rostov-on-Don 50.7 35.0 0.0 249 43.5 72.6 195.7
Tsimlyansk 39.9 27.4 0.0 18.2 35.6 55.9 169.7
NDVI
Chertkovo 0.369 0.221 -0.043 0.196 0.394 0.559 0.750
Gigant 0.391 0.166 -0.036 0.292 0.386 0.494 0.793
Remontnoye 0.339 0.130 -0.043 0.269 0.343 0.437 0.620
Rostov-on-Don 0.340 0.163 0.018 0.20 0.346 0.505 0.592
Tsimlyansk 0.305 0.145 -0.031 0.199 0.343 0.415 0.563
Evapotranspiration

Chertkovo 37.84 28.56 6.56 15.16 29.10 53.59 115.19
Gigant 34.55 24.47 8.37 17.25 24.79 41.63 120.14
Remontnoye 25.27 15.13 522 14.27 20.70 32.70 75.44
Rostov-on-Don 42.23 28.07 10.26 18.89 33.82 61.98 112.30
Tsimlyansk 32.99 21.06 8.75 18.13 26.37 41.63 106.07

The precipitation regime is characterized mainly by a longitudinal gradient, with decreasing
moisture from west to east. The highest mean monthly precipitation levels are recorded in Rostov-
on-Don (50.7 mm), due to its proximity to the Sea of Azov, increased cyclonic activity and the urban
heat island effect. The minimum values are observed in the south-eastern regions (Remontnoe, 34.9
mm), reflecting the intensification of continentality and the weakening influence of marine air masses.
The maximum values of the precipitation coefficient of variation are observed in Rostov-on-Don
(0.69), indicating high interannual variability in moisture in the urbanized zone.

The NDVI demonstrates a complex spatial structure determined by a combination of climatic
factors and human impact. The maximum average values are recorded in the south of the region
(Gigant, 0.391), reflecting favorable thermal conditions and relatively high moisture levels conducive
to crop development. The minimum values are found in the eastern regions (Tsimlyansk, 0.305),
where continental aridity is evident.

A distinctive feature of the urbanized zone (Rostov-on-Don) is the absence of negative NDVI
values (minimum +0.018), associated with the urban heat island effect preventing stable snow cover
and the presence of park areas. The greatest temporal variability of the NDVI is found in the northern
regions (Chertkovo, CV = 0.60), reflecting a continental climate with sharp seasonal transitions and a
mosaic land use structure.

Maximum evapotranspiration values are observed in urbanized zones (Rostov-on-Don, 42.2
mm/month) and northern regions (Chertkovo, 37.8 mm/month). Higher values in urban areas are
due to a combination of the heat island effect, irrigated areas and increased evaporation from water
surfaces. In contrast, the minimum evapotranspiration values in the south-eastern regions
(Remontnoe, 25.3 mm per month) reflect the limiting effect of soil moisture deficit on vegetation
transpiration activity.

The coefficient of variation of evapotranspiration is greatest in the northern regions (Chertkovo,
0.76), indicating high sensitivity of the water balance to interannual fluctuations in climatic
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conditions. The eastern regions are characterized by the least variability (Remontnoe, 0.60), which is
associated with consistently arid conditions and limited soil moisture resources.

Analysis of extreme values showed that maximum monthly precipitation amounts reach critical
levels in urbanized areas (Rostov-on-Don, up to 195.7 mm), posing risks to urban infrastructure.
Temperature extremes range from -12.25 °C (Remontnoe) to +27.94 °C (Gigant), with an amplitude of
approximately 40 °C, which is characteristic of a continental climate. Extreme NDVI values of 0.793
are observed in the southern part of the region during periods of maximum activity of winter crops
and perennial plantings.

3.2. Trend Analysis

A trend analysis of the time series from 2001 to 2024 revealed a consistent climate warming trend
at all study sites in the Rostov Region (Figure 2). Growth rates in temperature varied within a narrow
range from 0.006 °C/month in Gigant to 0.008 °C/month in Rostov-on-Don and Tsimlyansk, with an
average of 0.007 °C/month or +2.1 °C over the 24-year period. These values align with regional
estimates of warming rates in southern Russia, where rates of global climate change have been
surpassed in recent decades.

The spatial distribution of warming trends shows a slight gradient, with the highest rates
occurring in the urbanized area of Rostov-on-Don and the eastern area of Tsimlyansk. Enhanced
warming in urban areas reflects the combined influence of global climate change and the local urban
heat island effect. The eastern regions of the province have a more continental climate, making them
more sensitive to macroclimatic changes.

Precipitation patterns show the opposite trend: a widespread decrease in moisture at all
analyzed stations. The most intense reduction in precipitation is observed in the northern regions
(Chertkov, -0.032 mm/month), representing a 9.2 mm decrease over the entire analyzed period. The
lowest rates of decline are found in the urbanized zone (Rostov-on-Don, -0.005 mm/month) and the
eastern regions (Tsimlyansk, -0.004 mm/month).
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Figure 2. Results of the trend analysis between analyzed variables on different stations.

The identified spatial structure of changes corresponds with studies showing increased
aridification of inland areas and relatively stable moisture levels in coastal and urban areas. On
average, precipitation across the region has decreased by 4.3 mm over 24 years. Combined with rising
temperatures, this significantly worsens the territory’s water deficit.

Analysis of vegetation indices revealed no statistically significant trends for NDVI at any of the
analyzed stations. The trend values are within the measurement accuracy (+0.000 units/month),
indicating compensatory mechanisms in vegetation’s response to changing climatic conditions. The
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stability of the vegetation indices amid significant changes in temperature and humidity can be
explained by several factors.

First, the CO; fertilization effect from increased carbon dioxide concentrations in the atmosphere
may compensate for the negative impact of water deficiency on plant photosynthetic activity. Second,
adaptive changes in the structure of agroecosystems, such as introducing drought-resistant crops and
adjusting sowing dates, may stabilize vegetation indicators. Third, the lag of ecosystem processes
may mask the rapid effects of climate change on short-term vegetation trends.

Evapotranspiration shows spatially differentiated trends, with positive values in the north
(Chertkovo, +0.007 mm/month) and east (Tsimlyansk, +0.002 mm/month), and negative values in the
central and southern regions. The increase in evapotranspiration in northern areas corresponds with
more intense warming and may indicate a longer growing season.

The decrease in evapotranspiration in the central regions (Gigant and Remontnoe) amid overall
climate warming indicates that soil moisture deficits limit transpiration processes. The average
change in evapotranspiration across the region is -0.6 mm over 24 years, which confirms the
intensification of arid conditions.

An analysis of trends in various parameters reveals a disruption in the region’s climatic balance.
With temperatures rising by 2.1 °C and precipitation decreasing by 4.3 mm over 24 years, the aridity
index has significantly increased. This ratio indicates the region’s transition to a more arid climate,
consistent with climate change scenarios for Russia’s steppe zone [10,11].

The continentality gradient is evident in the varying rates of precipitation change between the
western (coastal) and eastern (continental) regions of the province. The difference in precipitation
trends is 28 mm between the extreme points over the study period, reflecting the intensification of
climatic differentiation in the territory.

3.3. Regime Shifts

An analysis of regime shifts revealed a clear predominance of the relationship between
precipitation (P) and evapotranspiration (ET) compared to other paired interactions (Figure 3).
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Figure 3. Calculated regime shifts for analyzed locations. Red and blue colors represent different regimes.

The P-ET synchrony coefficient averaged 0.505 + 0.240 across all stations, significantly exceeding
the synchrony of T-ET (0.169 + 0.072) and P-T (0.250 + 0.168). The highest degree of synchrony was
observed at the Gigant station in the south (0.867), where 87% of ET change points were associated
with changes in precipitation patterns.

The high synchrony of P-ET indicates that moisture availability plays a dominant role in
controlling evaporation processes in the region’s semi-arid climate. Unlike in boreal ecosystems,
where evapotranspiration is mainly limited by temperature, water deficit is a key limiting factor in
the steppe zone of the Rostov region.

A temporal analysis of the sequence of changepoints reveals a characteristic chain of cascading
effects: changes in precipitation patterns, shifts in evapotranspiration, and changes in temperature
patterns. In most synchronous events (73% of cases), precipitation changepoints coincide with or
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precede evapotranspiration changes by 1-2 months. This sequence confirms that ecosystem processes
in the region are determined by limited water resources.

Cascade effects are particularly pronounced during extreme events. For example, the 2010
drought initiated synchronous shifts in all three parameters at four of the five stations. Additionally,
the wet period of 2013 was characterized by a wave-like spread of changepoints from precipitation
to evapotranspiration over a period of two to three months.

The low synchrony between temperature and evapotranspiration (0.169) suggests that thermal
limitations do not affect evaporation processes in the Rostov region. With sufficient temperature
potential (average annual temperatures of 9-11 °C), soil moisture availability becomes the main factor
limiting vegetation transpiration activity.

A key feature of the system under study is the complete absence of changepoints in vegetation
indices despite multiple shifts in climatic parameters. This phenomenon can be explained by several
buffer mechanisms that stabilize vegetation cover in response to climatic changes.

First, the absence of shifts in the NDVI may be due to ecological inertia. Perennial plants have
developed root systems that allow them to extract moisture from deep soil horizons, providing
buffering against short-term droughts. Woody vegetation, such as forest belts and orchards, and
perennial grasses demonstrate high resistance to interannual precipitation fluctuations thanks to
accumulated biomass reserves and developed water conservation mechanisms.

In the context of the Rostov Region, adaptive management in agricultural systems can also play
an important role. The agricultural crops that dominate the Rostov region’s landscape are subject to
active adaptive management, including changing sowing dates, introducing drought-resistant
varieties, and using irrigation during critical periods. These measures compensate for the negative
impact of climatic stresses and maintain the stability of production processes.

It should be noted that vegetation stability under constant climatic pressure may indicate an
approach to ecological thresholds. According to the theory of critical transitions, ecosystems can
maintain functional stability until they reach critical threshold conditions, at which point abrupt
changes in state occur, as noted in several studies [52-54].

Spatial differences in the intensity of regime shifts between stations are also clearly visible. For
example, the maximum P-ET synchrony at the Gigant station (0.867) corresponds to intensively
irrigated agricultural landscapes where the water balance is directly controlled by the precipitation
regime. The minimum P-ET synchrony at the Remontnoye station (0.267) reflects the predominance
of natural steppe ecosystems with developed drought-resistance mechanisms. Intermediate values
in urbanized areas (Rostov-on-Don) reflect the complex influence of urban climates and green spaces.

In general, the phenomenon of NDVI stability amid multiple climate shifts has a dual
interpretation. First, it demonstrates the high adaptive capacity of regional ecosystems to changing
conditions. On the other hand, the absence of warning signals may indicate the risk of sudden critical
transitions when threshold values are exceeded.

4, Discussion

A comprehensive analysis of regime shifts in the climate-vegetation system of the Rostov Region
was performed during the study. This analysis integrated MODIS satellite data, five weather stations
in the Rostov Region, and the PELT algorithm to determine changepoints and regime shifts for the
period 2001-2024. The statistical analysis revealed pronounced spatial heterogeneity in climatic
characteristics, including a clear latitudinal temperature gradient of +2.29 °C from north to south and
a longitudinal precipitation gradient of decreasing by 15.8 mm from west to east. Vegetation indices
showed maximum values in the south of the region (NDVI = 0.391 in Gigant), and the greatest
variability was observed in the north (CV = 0.60 in Chertkovo).

Trend analysis revealed that the region experienced steady warming (+2.1 °C over 24 years),
accompanied by a significant decrease in average precipitation at all studied stations. Conversely,
vegetation indices did not exhibit statistically significant trends, suggesting the presence of
compensatory mechanisms within the vegetation cover.
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Analysis of regime shifts demonstrated the dominance of the precipitation-evapotranspiration
relationship (synchrony coefficient: 0.505 + 0.240) over the temperature-evapotranspiration
relationship (synchrony coefficient: 0.169 + 0.072). The most pronounced synchrony was recorded at
the Gigant station (0.867), where 87% of evapotranspiration change points are associated with
changes in precipitation patterns.

Vegetation stability was observed as a complete absence of changepoints for NDVI during shifts
in climatic parameters, which can be explained by the ecological inertia of perennial plants, adaptive
management in agrosystems, and the CO, fertilization effect. However, this stability may also
indicate an approach to critical ecosystem thresholds.

The results confirm the hypothesis that ecosystem processes in the region’s semi-arid conditions
are water-limited and reveal cascade effects in the hydrological cycle with the following characteristic
sequence: changes in precipitation — shifts in evapotranspiration — modification of the temperature
regime.

The results obtained are consistent with national trends. For instance, a similar study in the
Orenburg region revealed an increase in temperature of 1.7 °C over the past 40 years, as well as a
reduction in average annual precipitation of 60 mm, which decreased cereal yields by about half
compared to the 1990s [55]. Conversely, the stability of the NDVI despite strong variability in climatic
parameters differs from the results presented in several studies. For instance, 81% of vegetation in
China shows a significant correlation with the SPEI aridization index [9], while Africa exhibits clear
seasonal patterns associated with precipitation [41,56]. Studies in Brazil also note a strong link
between NDVI and various drought indicators [57].

The study identified a combination of sustained warming and reduced precipitation, which
poses a fundamental challenge to agriculture in the Rostov region. This region accounts for about
10% of Russia’s grain production. The study also demonstrates the significant role of climate change,
as evidenced by the loss of approximately 1 million hectares of crops and a 22% decline in yields due
to the abnormal drought in 2024.

The study’s key finding is confirmation of the dominant role of moisture availability in shaping
the bioproductivity of regional agroecosystems. The high synchrony of regime shifts in the
precipitation-evapotranspiration system confirms quantitatively that water deficit, rather than
thermal constraints, is the main limiting factor for crop yields [58]. This has direct practical
implications for agricultural resource management. In southern agricultural landscapes, where
synchrony reaches 87%, disruptions in the precipitation regime immediately translate into changes
in evapotranspiration and the water balance of plants. Cascading effects in the hydrological cycle, in
the order of “precipitation — evapotranspiration — temperature” mean that dry periods have a
cumulative negative impact, which is amplified by positive feedback loops in the climate-soil-plant
system.

The study revealed that the NDVI's stability during multiple climate shifts has a dual
interpretation for agricultural practices. On the one hand, it suggests the high adaptive potential of
regional agrosystems. On the other hand, it may indicate an approach to critical ecological thresholds.
According to the concept of critical transitions in socio-ecological systems, ecosystems can maintain
functional stability for extended periods until threshold conditions are reached. After this point,
abrupt and irreversible changes occur. The 2024 events in the Rostov region, where a combination of
return frosts in April and summer temperatures above 40 °C led to the loss of one million hectares of
crops, may be an early signal of such critical transitions.

The dominant role of the precipitation-evapotranspiration relationship identified in the study
underscores the critical need to develop water-saving technologies and improve irrigation
mechanisms [59-61]. Modern drip and pulse irrigation systems that use remote sensing data and
ground sensors can reduce water consumption by 25-50% while maintaining or increasing crop
yields.

The synchronous periods of regime shifts identified in the study also provide a basis for
developing early warning systems for agroclimatic risks. The high repeatability of synchronous
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changes in the precipitation-evapotranspiration system enables the use of satellite-based
evapotranspiration monitoring to predict future water stress in plants.

5. Conclusions

A comprehensive study of regime shifts in the climate-vegetation system of the Rostov region
under conditions of increasing climate change revealed fundamental trends and their practical
consequences for the agricultural sector in the region. Analysis of long-term temperature,
precipitation, evapotranspiration, and NDVI data showed that the region has recently experienced a
significant increase in warming and aridification trends. These trends are evident in both absolute
value changes and more frequent shifts in climatic and hydrobiophysical parameters. Water
availability is becoming the main limiting factor. The high synchrony of shifts between precipitation
and evapotranspiration quantitatively confirms that water scarcity, rather than temperature,
determines the sustainability and productivity of agroecosystems in the Rostov region under current
conditions. The NDVI’s stability against multiple simultaneous climatic shifts demonstrates the
presence of buffer mechanisms that allow agroecosystems to adapt. However, it also indicates the
risk of reaching critical ecosystem thresholds, after which rapid and irreversible changes in
productivity are possible. To overcome emerging agricultural problems, it is important to focus on
introducing precision and water-saving agriculture, improving water circulation efficiency, and
optimizing the spatial structure of crops while taking climatic gradients into account. Additionally,
it is crucial to develop agroclimatic risk monitoring using remote sensing and IoT solutions.
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