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DECADAL CHANGES IN NET PRIMARY PRODUCTIVITY (NPP)
IN THE WEST KAZAKHSTAN REGION BASED
ON MODIS SATELLITE MONITORING DATA

The article assesses the spatiotemporal dynamics of net primary productivity (NPP) in the West
Kazakhstan region for the period 2010-2022 based on MODIS satellite data. Data processing and cal-
culation of indicators were performed using the Google Earth Engine cloud platform. Spatial patterns
and trends in NPP changes were determined based on linear regression of time series for each pixel.
The study results revealed pronounced spatial heterogeneity of NPP due to the natural and climatic
conditions of the region. Higher productivity consistently tends to appear in the north and river valleys,
while the south and southwest is less productive. The interannual dynamics of NPP are characterized
by significant variability, with a sharp decline in 2015 and a subsequent recovery in 2016-2017. Trend
analysis showed a predominance of positive, but spatially uneven, changes in NPP during the study pe-
riod. Correlation analysis revealed that vegetation productivity in the West Kazakhstan region is primar-
ily controlled by precipitation variability, while the influence of temperature is regionally heterogeneous
and intensifies under conditions of moisture deficiency. The results highlight the high sensitivity of the
region’s ecosystems to climate variability and confirm the usefulness of the NPP indicator for monitoring
vegetation status and assessing the resilience of arid and semi-arid landscapes.

Keywords: Net Primary Productivity (NPP), Remote Sensing, MODIS, West Kazakhstan Region.
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MODIS cnyTHMKTiK MOHUTOPUHI AepekTepi 60iibiHILA baTbic Ka3akcTaH 06AbICHI
ayMarbIHAAFbl Ta3da 6acTankbl @HIMAIAIKTIH, (NPP) oHXbIAABIK ©3repicTepi

byAa Makanapa MODIS cnyTHukTiK pAepekTepi HerisiHae 2010-2022 »blapaap apaAbiFbiHaa batbic
Kaszakcran 06AbICbI ayMarbliHAaFbl Tasa GacTankbl eHIMAIAIKTIH (NPP) KeHiCTIKTiK-yaKbITTbIK, AMHaMM-
KacblHa Gararay >Kyprisiaai. AepekTepai eHaey xoHe kepceTkiwTepai ecentey Google Earth Engine
OYATTbIK, ecenTey naatopmacbiHAA >Ky3ere acbipbiAAbl. NPP-HiH KEHiCTIKTIK 3aHABIAbIKTapbl MEH Y3aK,
MEP3IMAI TPEHATEPI XKbIAABIK, YaKbITTbIK, KaTapAap OOMbiHLIA 8p6ip MMKCEAb YLIIH CbI3bIKTbIK, perpec-
CUS BAICI apKbIAbl aHbIKTaAAbl. 3epTTey HaTMXKEAEpi alMMaKTbliH, TaOUFU-KAMMATTbIK, epekLIeAiKTepiHe
6aiiAaHbICTbl NPP-HiH aiikblH KEHICTIKTIK GipKeAKi eMecTiriH kepceTTi. OHIMAIAIKTIH >KOFapbl MOHAEpI
COATYCTIK ayAaHAAPAQ >KOHE ©3€H aHFapAapbiHAA TYPaKThl Typae 0aikaAca, OOAbICTbIH, OHTYCTIK >KoHe
OHTYCTIK-6aTbIC GOAIKTEPI TOMEH BHIMAIAIKNEH cunaTTarasbl. NPP-HiH XXbiaAap OOMbIHLLA ©3repriluTiri
>KOFapbl 60AbIN, 2015 XbIAbI aikbiH TOMEHAEY, an 2016—2017 XbIAAapbl KAAMbIHA KEAY YPAiCi Gaiikan-
Abl. TpeHATIK Taaaay 3epTTeareH keseHae NPP oH 6GarbiTTbl, Gipak, KeHICTIKTIK TYpFblAaH dPKeAKi e3re-
picTepiHiH 6acbiM ekeHiH kepceTTi. KoppeAsumsabik, Taasay batbic KasakcrtaH 0OAbICbIHAAFbI BCIMAIK
SKaMbIAFbICbIHbIH ©HIMAIAIT Heri3iHeH aTMocdepaAbIK, »ayblH-LIALWbIHHbIH, ©3reprilTiriMeH aHbIKTaAaTbl-
HbIH, aA TeMrepaTypaHblH 8CePi bIAFAA TaMLWbIAbIFbI XKaF AQMbIHAQ KYLLEMETIH aliMaKTbIK, 8PKEAKi cMnaTka
Me ekeHiH KepceTTi. AAbIHFAH HOTUXKEAEP BHIP 3KOXKYMEAEPiHIH, KAMMATTbIK, ©3reprillTikke »KoFapbl ce-
3IMTaAAADbIFbIH alKbIHAQIM, aPUATI >KHE CEMUAPUATI AaHALIATTapAA 6CIMAIK YXaMbIAFbICbIH MOHUTOPUH-
riAey MEH 3KOXKYMe TYPaKTbIAbIFbIH 6arasay yiiH NPP KepceTKilliHiH MaHbI3AbIAbIFbIH PaCTalAbl.

TyHin ce3aep: Tasa 6actankpl eHiMaiAiK (NPP), kawbikTbikTaH 30HATay, MODIS, Batbic KasakcraH
O0OABICbI.
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AecssTUAeTHME M3MEHeHUS YMCTOW NepBUYHOM NPOAYKTUBHOCTHU (NPP)
Ha TeppuTopmm 3anasHo-KasaxcTaHckoi o6AacTn
Mo AQHHbIM CNYTHUKOBOro MoHuTopuHra MODIS

B crtatbe npoBeaeHa ougeHKa MPOCTPAHCTBEHHO-BPEMEHHOM AMHAMMKWM YMCTOV MEPBUYHONM Mpo-
AykTvBHOCTM (NPP) Ha Tepputopumn 3anaaHo-KasaxcraHckon ob6aactm 3a nepmoa 2010-2022 rr. Ha
OCHOBE CMyTHUKOBbIX AaHHbIX MODIS. O6paboTka AaHHbIX M PACUYET MOKa3aTEAE BbINMOAHEHbI C UC-
NnoAb3oBaHnem o6AauHon naatopmbl Google Earth Engine. [NpocTpaHCTBEHHbIE 3aKOHOMEPHOCTM 1
TpeHAbl n3meHeHns NPP onpeaeAsiAMcb Ha OCHOBE AMHENHOM perpeccrmn BpeMeHHbIX PSIAOB MO KaXKAO-
MY MUKCeAtD. Pe3yAbTaTbl UCCAEAOBAHUS BbISIBUAM BbIPAXKEHHYIO MPOCTPAHCTBEHHYIO HEOAHOPOAHOCTb
NPP, 00yCAOBAEHHYIO MPUPOAHO-KAMMATUYECKMMM YCAOBMSIMM perroHa. boaee BbicokMe 3HaueHus
NMPOAYKTUBHOCTM YCTOMUMBO HAOAIOAQIOTCSI B CEBEPHbIX PalOHaxX M AOAMHAX PEK, TOrAa Kak loXKHbIE 1
Oro-3anaAHble YacTn 06AaCTM XapaKTEPM3YIOTCH MOHMMKEHHOM MPOAYKTUBHOCTbIO. MeXroaoBast AMHa-
murka NPP oTAMyaeTcs 3HaUMTEAbHOM M3MEHUMBOCTbIO C PE3KMM CHMxKeHrem B 2015 roAy 1 nocaepy-
oMM BOCCTaHOBAEHMEM B 2016—2017 rr. AHaAM3 TPEHAOB MoKasaA NpeobAaAaHNE MOAOXKUTEAbHbIX,
HO MPOCTPaHCTBEHHO HepaBHOMePHbIX M3MeHeHnit NPP B TeuyeHune nccaeayemoro nepmopa. Koppeas-
LIMOHHbIA aHAAM3 MOKa3aA, YTO MPOAYKTUBHOCTb PaCcTUTEAbHOrO MOKpoBa B 3arnaaHO-KasaxcTaHcKom
00AaCTM B HaMOOAbLLEN CTENeHM KOHTPOAMPYETCS M3MEHUMBOCTbIO aTMOC(EPHbIX OCAAKOB, TOTAA
KaK BAMSIHME TemrepaTypbl HOCUT PErMOHAaAbHO HEOAHOPOAHbI XapakTep M YCUAMBAETCS B YCAOBMSIX
AedurumTa BAarn. [NoAyyeHHble pe3yAbTaTbl MOAUYEPKMBAIOT BbICOKYIO YYBCTBUTEABHOCTb 3KOCUCTEM
perruoHa K KAMMaTM4eCckom M3MEHUMBOCTU M MOATBEPXKAAIOT MH(POPMATMBHOCTb nMoka3ateass NPP aag
MOHUTOPUHIa COCTOSIHMS PaCTUTEABHOIO MOKPOBA M OLEHKM YCTOMUMBOCTM apUAHbBIX U CEMMaPUAHDBIX

AQHALWA]TOB.

KAroueBble cAoBa: uncTas nepBmyHasg NpoAyKTMBHOCTb (NPP), ancTtaHuuoHHOe 30HAMpOBaHMe,

MODIS, 3anaaHo-KasaxcraHckas 06AacTb.

Introduction

Changes in ecosystem productivity represent
one of the key topics in modern ecological science
and sustainable land management. Net primary
productivity (NPP) reflects the amount of carbon
fixed by plant biomass after subtracting autotrophic
respiration and serves as an important indicator of
ecosystem functioning, carbon sequestration ca-
pacity, and resilience to environmental change. At
the global scale, recent studies indicate an overall
increase in terrestrial NPP of approximately 1.52 g
C/m™?/yr™" during the period 2003-2020 (Hu et al.,
2024), although substantial regional differences per-
sist due to climate variability, land-use change, and
anthropogenic impacts.

NPP is widely applied to analyze terrestrial
ecosystem responses to climate variability and cli-
mate change. Because vegetation productivity is
closely linked to precipitation, temperature, and
evapotranspiration, spatial and temporal variations
in NPP allow the identification of dry and wet peri-
ods, assessment of ecosystem responses to extreme

climatic events (such as droughts and anomalously
warm years), and evaluation of ecosystem sensitiv-
ity to climatic drivers. Consequently, NPP serves as
a valuable proxy for assessing climate impacts on
biospheric processes.

Global climate change, manifested through ris-
ing temperatures, altered precipitation regimes, and
an increasing frequency of extreme weather events,
exerts a significant and spatially heterogeneous in-
fluence on terrestrial ecosystem productivity world-
wide (IPCC, 2021). Satellite-based monitoring,
particularly data from the Moderate Resolution Im-
aging Spectroradiometer (MODIS), has become a
widely recognized standard for assessing long-term
NPP dynamics at regional and global scales, provid-
ing continuous data records since the early 2000s
(Running & Zhao, 2015).

Central Asia, which is largely dominated by arid
and semi-arid ecosystems such as steppes, semi-des-
erts, and deserts, is recognized as one of the regions
most vulnerable to climate change (Li et al., 2017).
Temperature increases in this region exceed global
averages, and combined with increasing variability
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in precipitation, pose serious threats to vegetation
stability. Ecosystem productivity in Central Asia is
strongly constrained by limited water availability,
making vegetation particularly sensitive to droughts
and anthropogenic pressures such as overgrazing
and unsustainable agricultural practices (Zhang et
al., 2021). Previous MODIS-based studies have
revealed pronounced spatial heterogeneity in NPP
trends across the region, with areas of both vegeta-
tion degradation and greening occurring under on-
going climate change (Xu et al., 2016).

Kazakhstan, characterized by vast areas of natu-
ral vegetation, plays a critical role in the carbon bal-
ance and ecological stability of Central Asia. In re-
cent decades, pronounced climatic trends, including
warming and shifts in moisture availability, have
been observed across the country (Karatayev et al.,
2022). These changes directly affect pasturelands
and agricultural systems that underpin regional food
security and socio-economic well-being. While sev-
eral studies have examined vegetation dynamics
across Kazakhstan at national or continental scales
(Eisfelder et al., 2017, Liu et al., 2022) detailed sub-
regional assessments of long-term NPP dynamics
remain limited.

The relevance of the study is determined by the
high sensitivity of arid and semi-arid ecosystems of
the West Kazakhstan region to climate variability
and climate change. Under conditions of rising air
temperatures and unstable precipitation patterns, as-

Figure 1
The West Kazakhstan Region
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sessing the spatiotemporal dynamics of net primary
productivity (NPP) is an important task for monitor-
ing the state of vegetation cover, identifying trends
in ecosystem productivity, and justifying sustainable
natural resource management. The use of MODIS
satellite data enables long-term and objective moni-
toring of vegetation productivity at the regional level.

The West Kazakhstan Region represents a suit-
able case study for such a detailed analysis. The
region encompasses a transition from dry steppe to
semi-desert landscapes, includes major transbound-
ary river systems such as the Zhaiyk (Ural) River,
and experiences substantial anthropogenic pressure
related to livestock grazing and the oil and gas in-
dustry (Alimbaev et al., 2020). Climatic changes
in this region may therefore have distinct impacts
on ecosystem productivity. This study aims to as-
sess the spatial and temporal dynamics of NPP in
the West Kazakhstan Region over a decadal period
using satellite data and modern geospatial analysis
techniques, and to analyze the direction and poten-
tial drivers of observed changes.

Data and methods

Study Area

The West Kazakhstan Region is located in the
northwestern part of the Republic of Kazakhstan
and covers an area of approximately 151.3 thousand
km? (Figure 1).
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The region borders the Russian Federation to
the north and west and adjoins Atyrau Region to
the south, Aktobe Region to the east, and North Ka-
zakhstan Region to the northeast. Geographically,
the territory extends between 47°50" and 51°40" N
latitude and 48°00" and 56°00" E longitude.

The regional relief is dominated by flat features,
including vast plains and lowlands that represent a
part of the East European Plain. The highest eleva-
tions (200-250 m) are located in the eastern part of
the region. The Zhaiyk (Ural) River and its tribu-
taries are the area’s most important hydrological
features, playing a pivotal role in shaping local eco-
systems and water supply systems. In terms of land-
scape, the region is characterised by the presence of
three distinct natural zones: steppe, dry steppe and
semi-desert. The region’s high level of vegetation
diversity reflects its ecological diversity.

The West Kazakhstan Region has a continental
climate with pronounced aridity. The winter months
are characterized by low temperatures and minimal
snowfall. The summer period is characterized by
high temperatures and aridity. Meteorological ob-
servations show that the average temperature in Jan-
uary ranges from —14 °C to —16 °C, and the average
temperature in July ranges from +22 °C to +24 °C.

Land use in the region is predominantly agricul-
tural, with a strong emphasis on pastoral livestock
farming. Intensive grazing is a key anthropogenic
factor affecting vegetation productivity. In addition,
grain farming is developed mainly in the northern
parts of the region. The combination of climatic gra-
dients and land use intensity makes the West Ka-
zakhstan region a representative area for studying
the dynamics of net primary productivity in a chang-
ing environment.

Data and Data Processing

To estimate net primary productivity (NPP), sat-
ellite data from the MODIS MOD17A3HGF prod-
uct, version 6.1, were used. This product provides
annual NPP values with a spatial resolution of 500
m for the period 2010-2022. This product is formed
on the basis of the LUE (Light Use Efficiency)
model, which uses data on photosynthetically active
radiation and climatic parameters (temperature, air
humidity, radiation balance).

Preprocessing steps included temporal filtering
of the dataset to the study period and selection of the

NPP band. Pixel values were scaled using the con-
version factor of 0.0001 as specified in the MODIS
technical documentation (Running & Zhao, 2019).

Climatic variables were derived from the ERAS-
Land Daily Aggregated dataset, including 2-m air
temperature and total precipitation (https://cds.
climate.copernicus.eu/datasets/reanalysis-era5S-
land?tab=overview). Daily values were aggregated
into annual means (temperature) and annual sums
(precipitation) and resampled to match MODIS res-
olution.

The calculation of the spatio-temporal dynamics
of NPP and other calculations were carried out us-
ing geospatial analysis methods in the Google Earth
Engine cloud platform (Gorelick et al., 2017). Long-
term trends in NPP were identified using linear re-
gression applied to annual time series on a pixel-by-
pixel basis:

NPP = + 1 X year + &

where P, represents the linear trend coefficient (g C/
m~%/yr™!) describing the direction and magnitude of
change.

Statistical analysis included the calculation of
annual mean NPP values for the entire region, which
were visualized as time series. Annual image col-
lections were harmonised by calendar year and spa-
tially clipped to the official administrative boundary
of the West Kazakhstan Region. Pixel-wise correla-
tion analysis between NPP and climate drivers was
performed using Pearson’s correlation coefficient
across all grid cells.

Results and discussion

Net primary productivity is directly related to
photosynthetic activity and biological productiv-
ity and is therefore widely used as an indicator of
ecosystem condition. Declines in NPP may indicate
vegetation degradation, increasing aridity, anthro-
pogenic pressure, or unfavorable climatic condi-
tions, whereas stable or increasing trends suggest
maintained or improved ecosystem functioning.

In arid and semi-arid regions such as the West
Kazakhstan Region, NPP is particularly sensitive to
changes in moisture availability and temperature re-
gimes, making it a valuable indicator of landscape
ecological stability(Figure 2).
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Figure 2
Spatial distribution of net primary productivity (NPP) in West Kazakhstan Region in 2010,
2015, and 2022
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Spatial patterns of NPP across the West Ka-
zakhstan Region exhibit pronounced and persis-
tent heterogeneity throughout the study period
(2010-2022). Higher NPP values are consistently
observed in the northern and northeastern parts
of the region and along major river valleys, par-
ticularly the Zhaiyk River, reaching approximate-
ly 2500-3000 gC/m™2/yr!. In contrast, south-
ern and southwestern areas are characterized by
persistently low NPP values of approximately
200-350 gC/m™2/yr™".

Substantial changes in ecosystem productiv-
ity occurred during the study period. From 2010
to 2015, NPP increased sharply by approxi-
mately 36.4%, rising from 3105 to 4236 gC/m™%/
yr !, By 2022, the NPP had declined slightly to
4048 gC/m?/yr!, which nevertheless represent-

Figure 3

ed a 30.4% increase relative to the baseline year
of 2010.

This spatial gradient is indicative of the transi-
tion from relatively humid steppe ecosystems in the
north to more arid and semi-arid landscapes in the
south. The persistence of this pattern over time in-
dicates that large-scale climatic and physiographic
factors dominate the spatial organisation of vegeta-
tion productivity in the region.

Interannual variability in NPP is pronounced.
The year 2015 is characterised by a notable regional
decline in NPP, evident in both spatial maps and
regional mean time series. In contrast, 2016 exhib-
its the highest regional mean NPP value (approxi-
mately 2440 gC m™ yr™') during the study period,
followed by alternating years of moderate increases
and decreases (Figure 3).

Interannual variability of mean(top) and Spatial trend (bottom) of net primary productivity
(NPP) in West Kazakhstan region for the period 2010-2022
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Despite strong interannual fluctuations, no
monotonic long-term decline in NPP is observed.
Average NPP values in the late 2010s (2019-2022)
are comparable to or slightly higher than those in
the early 2010s, indicating the absence of large-
scale degradation of vegetation productivity at the
regional scale.

Trend analysis reveals a spatially heterogeneous
pattern of NPP changes (Figure 3). Positive trends
predominate over large areas of the northern and
central regions of West Kazakhstan Region, particu-
larly in riverine zones and regions with relatively
higher moisture availability. Negative trends are lo-
cally observed in the northeastern and southern parts
of the region. Overall, the predominance of positive

Figure 4

trends indicates a weak but spatially uneven in-
crease in vegetation productivity over the study pe-
riod. However, the mosaic nature of the trend sug-
gests that local environmental conditions influence
regional climate impacts.

The average long-term dynamics of climatic
conditions in the West Kazakhstan region demon-
strates pronounced interannual variability in both
air temperature and precipitation (Figure 4). Time
series analysis reveals that the temperature regime is
characterized by moderate increases in some years,
while precipitation is highly variable, with alternat-
ing wet and dry periods. This climatic instability is
typical of arid and semi-arid regions and shapes the
key conditions for vegetation growth.

Mean annual air temperature (left) and total annual precipitation (right) and Spatial patterns of Pearson correlation coefficients

between NPP (bottom) in West Kazakhstan region

a) Annual temperature, T°C

b) Annual precipitation, mm

Note: Compiled by the authors.

Spatial analysis of the correlation between
NPP, temperature, and precipitation revealed dis-
tinct regional differences. The correlation between
NPP and precipitation is predominantly positive
over most of the region, particularly in the central
(r = 0,46, p>0,05), northern (r = 0,51, p>0,05) part
of the region. And the strongest positive relation-
ship between precipitation and NPP was revealed in
the southeastern part of the study area (r = 0.64; p <
0.05). This indicates the dominant role of moisture

104

availability as a limiting factor in vegetation produc-
tivity. In the southern and southwestern parts of the
region, the correlations are weaker, which may be
due to extremely dry conditions, in which additional
precipitation does not always lead to a significant
increase in productivity.

The correlation between NPP and temperature
is characterised by greater spatial heterogeneity. In
the northern and north-eastern regions, predomi-
nantly weak positive or near-zero correlations are
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observed, suggesting a potentially favourable effect
of moderate warming on plant processes in the pres-
ence of sufficient moisture. Concurrently, areas ex-
hibiting negative correlation have been identified in
the southern (r = —0.44, p>0.05) and central regions
(r = —0.53, p>0.05), suggesting an escalation in
water stress experienced by vegetation in response
to rising temperatures and enhanced evaporation.
A statistically significant correlation was revealed
only in certain local areas of the study territory and
does not form large spatially connected zones.

In both arid and semi-arid ecosystems, water
availability is the main factor affecting NPP, with
temperature was a secondary variable. The notable
decline in NPP observed in 2015 is consistent with
the response of arid vegetation to drought, which
typically leads to reduced photosynthetic activity
and a shorter growing season. On the contrary, the
maximum NPP in 2016 was a result of a favorable
wetness environment coupled with high tempera-
tures.

Region temperature has an indirect effect on
NPP by regulating the length of the growing season
and the process of evapotranspiration. Productivity
has been shown to increase in northern steppe zones
when there is moderate warming and sufficient
moisture. Conversely, growing temperatures with
less precipitation have been shown to exacerbate
moisture deficits, leading to a decline in NPP. This
phenomenon can be observed in the spatially hetero-
geneous trends observed in the southern and north-
eastern regions. This dual control explains why
trends in net primary productivity are not spatially
homogeneous and why positive trends are mainly
limited to areas with better hydrological conditions.

The results obtained indicate that NPP serves
as a sensitive indicator of climate variability in the
western region, especially with regard to precipi-
tation. However, strong spatial heterogeneity and
nonlinear responses highlight the limitations of in-
terpreting NPP changes based solely on regional av-
erages. Therefore, combining spatially explicit NPP
analysis with climate variables (precipitation and
temperature) is important for understanding ecosys-
tem responses to climate variability and change in
arid regions.

The results of our analysis of the spatiotemporal
dynamics of NPP have both scientific and practical
significance and can be used in a wide range of re-
search and practical applications. Spatially detailed
NPP estimates and identified trends allow us to ob-
jectively characterise vegetation productivity and its
interannual variability, which is an important basis

for assessing the status and sustainability of ecosys-
tems in arid and semi-arid regions.

From a scientific perspective, the results of this
study contribute to our understanding of the inter-
action between climate and the biosphere, as well
as how vegetation responds to climate variability.
The spatial heterogeneity of NPP and the absence of
monotonic long-term trends underscore the neces-
sity of incorporating local environmental conditions
and nonlinear ecosystem response mechanisms. The
data obtained can be used to test and refine ecosys-
tem and climate models, as well as for comparable
regional studies.

In practical terms, the results can inform envi-
ronmental monitoring, the assessment of productive
potential in different territories and the substantia-
tion of decisions relating to the rational manage-
ment of natural resources and territorial planning.
NPP analysis enables the identification of areas
where vegetation cover is particularly vulnerable
and where there is potential for degradation, which
is highly relevant in the context of increasing cli-
mate variability.

Further research should include a more detailed
quantitative analysis of the relationship between
net primary productivity (NPP) and climatic factors
such as precipitation and temperature, as well as
their seasonal and lagged effects. Extending the ob-
servation time interval and integrating satellite data
with ground-based climate and environmental mea-
surements will refine the identified patterns and in-
crease the reliability of the conclusions drawn. An-
other focus will be analysing the impact of land use
and anthropogenic factors to separate the climate
signal from economic impacts. Taken together, such
studies will contribute to a deeper understanding of
the mechanisms of changes in ecosystem productiv-
ity, thereby expanding the potential for the practical
application of the NPP indicator in the monitoring
and sustainable management of natural resources.

Uncertainties and limitations

Despite the wide applicability of net primary
productivity (NPP) as an integrated indicator of
ecosystem functioning, the interpretation of the ob-
tained results is subject to several uncertainties and
limitations that should be considered.

Satellite-based NPP products depend on model
assumptions and input variables such as absorbed
photosynthetically active radiation, temperature,
and moisture stress. Different NPP models may pro-
duce varying absolute values, particularly in arid
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and semi-arid regions where vegetation productivity
is strongly constrained by water availability. Con-
sequently, uncertainties related to model parameter-
ization and biome-specific coefficients may affect
the magnitude of estimated NPP values (Zhao &
Running, 2010). The spatial resolution of satellite-
derived NPP products may not fully capture fine-
scale landscape heterogeneity typical of steppe and
semi-arid environments. Degradation or recovery
processes at the local level, particularly those influ-
enced by land use, may therefore be underestimated
or smoothed at the pixel scale. This limitation is par-
ticularly relevant in regions characterised by mosaic
land cover patterns (Zhang & Ye, 2022).

The accuracy of climate data was a key factor in
our analysis. Interpreting changes in vegetation pro-
ductivity directly depends on the quality of precipi-
tation and temperature information. In this paper,
we relied on modeled and interpolated data. Their
inherent uncertainties can introduce additional bias,
affecting the assessment of interannual variability
and complicating the determination of which cli-
mate factor-drought, heat, or a combination of both-
was the primary driver of NPP changes. Another
complication is the nonlinear nature of ecosystem
responses. Particularly under water-stressed condi-
tions, vegetation often responds to climate change
abruptly and disproportionately. A small decrease in
precipitation or an increase in temperature may have
little effect on productivity until a critical threshold
is crossed. After that, we observe a “crash”—a sig-
nificant drop in NPP. Such threshold effects compli-
cate straightforward interpretation.

Vegetation productivity this year isn’t always an
immediate response to current weather. It can de-
pend on soil moisture reserves accumulated in the
previous season, the state of the vegetation cover,
or phenological cycles. Therefore, the observed de-
cline in NPP may be a delayed effect of a drought
that occurred a year or even two years ago (Zhang
et al., 2025).

When analyzing vegetation productivity us-
ing satellite data, it’s important to keep the over-
all picture in mind. The resulting NPP values are a
composite result, intertwining the influence of both
climate and human activity. Land use changes, graz-
ing intensity, and various management practices
can significantly influence plant growth. However,
without additional field studies, separating these hu-
man contributions from purely climate variability is
extremely difficult. This creates certain difficulties
in unambiguously attributing all observed shifts in
NPP solely to climate change.
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Also, our analysis covers a relatively short pe-
riod (2010-2022). This may be insufficient for iden-
tifying long-term climate trends, especially in arid
regions with strong year-to-year fluctuations. Over
such a short period, we are more likely to detect
short-term anomalies than a stable long-term trend.
Therefore, the identified patterns should be viewed
primarily as reflecting medium- and short-term dy-
namics.

The above does not invalidate the findings, but
it does indicate the need for a cautious and balanced
interpretation. They also clearly indicate directions
for future, more in-depth research.

Conclusion

This study examined the impact of the environ-
ment and time on plant growth in the West Kazakh-
stan region from 2010 to 2022 using MODIS data.
The results obtained from the analysis showed the
existence of a distinct and persistent spatial het-
erogeneity in NPP, with values being higher in the
northern parts and the river valley areas, and lower
in the southern parts, which signifies lower climatic
conditions in the southern region.

The results also showed high interannual vari-
ability in NPP, with a significant decline in 2015
and partial recovery afterward. The trend analysis
showed predominantly positive, though highly spa-
tially variable changes in NPP, implying that there
was no widespread long-term degradation in vegeta-
tion productivity, although there is considerable and
scattered decline in productivity. The patterns thus
highlighted the high sensitivity of vegetation in the
region to climate variability, particularly to anoma-
lies in moisture conditions.

These results confirm the value of NPP as an in-
dicator variable of ecosystem function and response
to climate impacts in arid and semi-arid regions. To
interpret the obtained data, there is a need to consid-
er uncertainties. First, they relate to the application
of satellite products. They also relate to the quality
of data on climate. Furthermore, they relate to non-
linear and delayed ecosystem responses.

This study provides a scientific basis for further
work on ecosystem monitoring and the analysis of
climate-biosphere interactions, as well as justifying
sustainable nature management in the region. The
results of this study provide spatially disaggregated
information on net primary productivity (NPP) dy-
namics, which can be used by a wide range of scien-
tific, governmental, and applied stakeholders work-
ing on ecosystem functioning, climate impacts, and
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sustainable land management. The identified spatial
patterns and temporal trends in NPP provide an ob-
jective basis for assessing vegetation productivity
and its variability in the study region.
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