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Abstract

As climate change accelerates, phenological shifts in vulnerable semi-arid 
ecosystems remain poorly understood yet are of increasingly critical. Identifying the 
phenological stages of rangeland ecosystems, and quantifying how climate change 
affects each stage over time, is essential for effective rangeland management. This 
study aimed to investigate the long-term trends in land surface phenology (LSP) and 
the impact of climate variations on LSP in the semi-arid rangelands of Chaharmahal-
Va-Bakhtiari (CVB) Province, Iran, from 2000 to 2023. Utilizing satellite data from 
MODIS NDVI, key LSP metrics were analyzed, including the start of the growing 
season (SOS), peak of the growing season (POS), end of the growing season (EOS), 
length of the growing season (LOS), and maximum vegetation greenness 
(maxNDVI). The findings indicate significant shifts: SOS, POS and EOS are occurring 
earlier, resulting in shorter growing season in many regions. These changes show 
strong correlations with climatic variables such as precipitation, temperature, and 
potential evapotranspiration, with temperature exhibiting the most significant 

relationship to changes in SOS. The Sen’s slope trend analysis showed that 25.74% 

of the study area experienced advancements in SOS, 23.2% % in POS, and 32.3% in 
EOS. Additionally, LOS has decreased in 70% of pixels with significant change. This 
study demonstrates that phenological patterns in the semi-arid rangelands of CVB 
are shifting in response to climate change. These findings highlight the need to 
implement adaptive management strategies to maintain the sustainability of these 
fragile ecosystems.

Keywords: Rangeland phenology, MODIS NDVI, phenological metrics, LSP 
trend

1. Introduction
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Land surface phenology (LSP) is the seasonal pattern of changes in 
vegetated land surfaces detected using remote sensing 1,2.  LSP differs from 
traditional definitions of plant phenology, which describe specific life cycle 
events such as flowering, fruiting or leaf fall of individual plants or species 
using visual observation methods. Thus, LSP is related to but distinct from 
organismal phenology. Trends in LSP can be obtained by the analysis of 
satellite time-series data. The LSP can be significantly influenced by climate 
variables such as air temperature, precipitation, sun radiation, and wind 
speed 3. Observing shifts in plant life cycle stages, often stimulated and 
driven by climatic factors can provide a clearer understanding of how 
ecosystems react to climate changes. LSP has been significantly affected by 
climate change in recent decades due to global warming and changes in 
rainfall seasonality 4, Consequently, it serves a crucial role in the dynamics 
of terrestrial ecosystems 5. Start of the growing season (SOS), end of the 
growing season (EOS), peak of the growing season (POS), and length of the 
growing season (LOS), are phenological metrics (phenometrics) commonly 
used to evaluate land surface phenology. Climate change has a major effect 
on the SOS and EOS with global warming contributing to early spring green-
up dates recorded in recent decades in the Northern Hemisphere 6-8 and 
average lengthening of the growing season globally during 1982–2012 9. 
Similar shifts have also been reported in semi-arid ecosystems outside of Iran, 
for example in northern China where SOS has advanced and EOS has been 
delayed in response to changes in precipitation and temperature  10. 
Likewise, studies in Xinjiang grasslands in China have documented an 
advancement of the greening phase by about 5.5 days per decade and a delay 
in the yellowing phase by about 6.6 days per decade 11.

Few studies on LSP have focused on arid and semi-arid rangelands  in Iran 
12. In a study of the Karun River riparian forest in Iran (2000-2020), Sharif 
and Attarchi 13 analyzed the response of LSP to climatic and edaphic factors, 
namely precipitation, land surface temperature (LST), and soil salinity. The 
researchers found a significant decreasing trend in the SOS, POS, and EOS 
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phenometrics over the study period. EOS showed a strong correlation with 
mean temperature in Hyrcanian forests of Iran and SOS had a correlation 
with total precipitation and mean temperature during 1981-2012 14. 
Generally, Hyrcanian forests have exhibited shifts to earlier SOS and later 
EOS. Global spatial distribution patterns in the Northern Hemisphere showed 
earlier dates of POS and EOS between 1982 and 2018 15. Semi-arid 
rangelands in Iran play a crucial role in supporting livestock by providing 
forage and a variety of ecosystem services 16. Measuring LSP metrics 
provides critical insights into land surface characteristics and ecos ystem 
services 17,18. This information is essential for understanding how semi-arid 
rangelands can continue to deliver ecosystem services in the future 19,20. 
Despite the importance of LSP in rangelands, there have been few studies 
conducted in Iran’s rangelands. For example, a study by Alimoradi, et al. 21 
indicated that vegetation cover dynamics in Khouzestan province had a 
negative correlation with LST and a positive correlation with precipitation. 
Analyzing trends in LSP can help improve rangeland conditions and assist 
natural resource managers in mitigating the negative consequences of global 
warming. Although the extraction of LSP metrics from satellite data is 
increasing, obtaining accurate measurements in semi-arid regions remains 
challenging due to low vegetation greenness, extensive soil exposure, and 
high species diversity 22. The moderate resolution imaging spectroradiometer 
(MODIS) has been  widely used for LSP studies due to its provision of daily 
images at medium spatial resolution and global coverage from 2000 to the 
present 23. Key phenometrics such as SOS and EOS are fundamental to 
defining LSP based on remote sensing vegetation indices (VIs), such as the 
normalized difference vegetation index (NDVI) 24. These metrics facilitate the 
characterization of phenological patterns over time 25.

The semi-arid rangelands of Chaharmahal-Va-Bakhtiari (CVB) province are 
rich and diverse, having been designated as a biosphere reserve by the 
United Nations Educational, Scientific and Cultural Organization (UNESCO) 
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in 2015 26. Despite their richness and diversity, the semi-arid rangelands of 
CVB are fragile ecosystems, largely due to the impacts of intensive human 
activities and climate change 27,28. Therefore, a comprehensive ecosystem-
based study investigating environmental changes in this sensitive ecosystem 
is essential for land stability and effective management planning. In the 
current research, we assessed LSP as a suite of ecological indicators to detect 
environmental changes in the region and its association with topography and 
climate change, adopting an ecosystem perspective. We hypothesized that 
changes in peak greenness and phenometrics derived from MODIS would 
show significant temporal trends, and that these trends would be significantly 
associated with topographic and climatic variables. The objectives of this 
study were: 1) to extract phenometrics (SOS, EOS, POS, LOS) from MODIS 
time series data; 2) to analyze trends in the maximum vegetation greenness 
(maxNDVI) and phenometrics from 2000 to 2023; and 3) to examine the 
relationships between phenometrics and both elevation and climatic factors.

2. Materials and methods

2.1. Study area

The southwest province of CVB in Iran served as the research site for this 
study located between 31° 9′-32° 48′ N- 49° 30′-51° 26′ E (Figure 1). This 
province is situated among 843-4005 m above sea level. Approximately 10930 
km2, or roughly 55% of the total area, are rangelands. Rangelands in the 
Zagros Mountains—characterized by grasses, forbs, and shrubs—were 
masked using the land use / land cover map obtained from the Natural 
Resources and Watershed Management Administration of CVB. In the 
northwest region (Koohrang), the average annual precipitation is almost 
1400 mm, but in the southern regions (Broujen), it is less than 250 mm. The 
northwest mountainous regions get cool temperatures, averaging 9 °C, 
whereas the southern lowlands experience mild temperatures, averaging 
15°C. More than 1200 rangeland species have been identified in the study 
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area. Various species of the genus Astragalus spp. are present as the main 
species in 52 vegetation types and as accompanying species in other 
vegetation types. The dominant vegetation cover in the study area includes 
shrubs and annual forbs. Based on climatic classification using a multivariate 
statistical method, this province is divided into five climatic regions: semi-
humid and cold, mountainous cold and very humid, warm and semi-humid, 
humid and moderate, and semi-arid and cold 29.

Figure. 1. (a) Location of Chaharmahal-Va-Bakhtiari (CVB) province in Iran; (b) 

climatic classification map showing different climate zones: MCVH (mountainous 
cold and very humid), SHC (semi-humid and cold), SAC (semi-arid and cold), HM 
(humid and moderate), and WSH (warm and semi-humid); (c) an elevation map 
(rangelands filled with white colour); and (d) a sample photo of vegetation cover 
within the study area (Maps were generated using ArcMap 10.5).

2.2. Satellite and climate data 

The NDVI data for vegetated cover areas were extracted from the MODIS 
Collection 6.1 MOD13Q1 product. This dataset for the study area spans 18 
February 2000 to 31 December 2023, yielding a total of 545 composite 
images. The study area lies entirely within a single MODIS tile (h26v05), so 
only one tile was required to ensure complete spatial coverage. The 
MOD13Q1 product has been consistently available since early 2000, offering 
the longest continuous NDVI record at 250 m spatial resolution. This product 
was provided by the National Aeronautics and Space Administration Land 
Processes Distributed Active Archive Center (NASA LP DAAC) at the United 
States Geological Survey Earth Resources Observation and Science (USGS 
EROS) Center (https://lpdaac.usgs.gov/data/). ECMWF Reanalysis v5 (ERA5) 
data, which is a reanalysis dataset produced by the European Centre for 
medium-range weather forecasts (ECMWF) were downloaded for the period 
2000-2023 (https://cds.climate.copernicus.eu/datasets/reanalysis-era5-
singlelevels?tab=overview). It provides global atmospheric reanalysis data 
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covering the period from 1950 to the present at a high temporal (hourly) and 
spatial resolution (0.25° × 0.25°). Pre-SOS mean potential evapotranspiration 
(PET), pre-SOS mean temperature, and pre-SOS total precipitation were 
collected using google earth engine (GEE) to correlate with the SOS. These 
variables were calculated for 40 days before the SOS for each pixel to capture 
pre-SOS environmental conditions influencing the SOS. Additionally, data on 
growing season (GS) PET, GS temperature, GS precipitation, pre-EOS mean 
PET, pre-EOS mean temperature, and pre-EOS total precipitation were 
gathered using GEE to correlate with the EOS. Data on GS PET, GS 
temperature, and GS precipitation were also calculated for each pixel during 
the GS and their correlation with the EOS was examined. Furthermore, pre-
EOS mean PET, pre-EOS mean temperature, and pre-EOS total precipitation 
were calculated for the 40 days before the EOS to assess pre-season 
conditions leading up to the EOS.

2.3. Extraction of phenometrics

Clouds, aerosols, compositing artifacts, and other sources of noise can cause 
outliers in vegetation index (VI) values. Therefore, it is necessary to pre-
process the NDVI time series data to reduce sources of high frequency 
variation. In LSP studies, time series smoothing is necessary to enhance the 
precision of phenology estimation before calculation of the phenometrics. 
Time series de-noising generally applies multiple smoothing techniques such 
as Savitzky-Golay filter 30,31, logistic function 17, and the asymmetric Gaussian 
function fitting 32. Some researchers used other smoothing methods to 
reconstruct VI time series in addition to these three main techniques, such 
as harmonic analysis of time series (HANTS) algorithms 33 and median filters 
34. In the current study, quality assurance (QA) flags in the pixel reliability 
band were used to filter out poor-quality retrievals (2 and 3 QA values). After 
that, time-series gap filling (TSGF) using spline interpolation to reconstruct 
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missing data points was applied to fill gaps in a time series and smooth the 
time series. 

Four types of LSP characterization techniques exist: threshold-based, 
derivative-based, smoothing functions, and fitted models techniques 35. In the 
last step, the phenometrics, such as the SOS and EOS, were derived from the 
daily, weekly, or monthly time series that have been interpolated, smoothed, 
and gap-filled. The threshold method was used to determine the SOS, EOS 
and LOS as EOS-SOS+1. The green-brown package in R and ArcMap 10.5 
software were used to analyze the time series of MOD13Q1 NDVI and extract 
SOS, EOS, POS, and LOS maps from 2000 to 2023 36.

2.4. Trend analysis of LSP metrics and maxNDVI

This study extracted the trends of LSP metrics and maxNDVI from 2000 to 
2023 in the study area using the Mann-Kendall analysis 37. The Theil-Sen 
median analysis and the Mann-Kendall non-parametric statistical test used to 
detect significant trends in a time series of data, without requiring the data 
to follow normal distribution. The Theil-Sen analysis provides a robust 
estimate of the trend slope by taking the median of all pairwise slopes 
between data points, which is resistant to outliers and non-normal 
distributions. This test has multiple parameters, and in this study, the Sen’s 
slope parameter to quantify the magnitude of the trend was used:

Sen’s slope = median (
xj -  xi

j - i ) (1)

Where, Sen’s slope indicates the rate of change per time unit. xj and xi are 
date values (date of the growing season or value of maxNDVI) at time j and i 
Slope > 0 indicates an increasing trend, while the opposite indicates a 
decreasing trend, and the larger the absolute value, the more pronounced the 
trend. A significance level of p-value ≤ 0.05 was used to distinguish 
statistically significant trends 38.
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2.5. Correlation analysis between LSP and climatic variables

2.5.1. Kendall’s correlation coefficient (τ)  

 Kendall’s tau (τ) is a non-parametric correlation coefficient used to measure 
the strength and direction of association between two ranked variables. 
Unlike Pearson’s correlation, which assesses linear relationships, Kendall’s 
tau evaluates ordinal associations, making it robust to outliers and applicable 
to non-normally distributed data1. We opted for the Kendall correlation test 
instead of the Spearman test although both are non-parametric since 
Kendall’s method offers greater robustness against deviations from normality 
39. Mathematically, Kendall’s tau is defined as:

τ = C -  D
C + D

(2)

where, C represents the number of concordant pairs, where the rankings of 
both variables move in the same direction and D represents the number of 
discordant pairs, where the rankings move in opposite directions. In cases 
where tied values exist, a modified formula is used:

τ  = 
C - D

(C + D +  τχ )(C + D +  τỿ )
(3)

where τχ and τỿ denote the number of tied values in variables x and y, 

respectively. Kendall’s tau values range from -1 to +1, where τ = 1 indicates 
a perfect positive correlation, τ = -1 indicates a perfect negative correlation, 
and τ = 0 implies no correlation between the variables.

2.5.2. Kruskal-Wallis test

The Kruskal-Wallis test follows a rank-based approach to compare three or 
more independent groups. In data ranking, all observations are combined and 
ranked in ascending order, with tied values assigned average ranks 40. 
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H = 12
N(N + 1) Σ R2

i
Ni

- 3(N + 1)
(4)

Where N is the total number of observations, Ri is the sum of ranks for 
group i, and Ni is the number of observations in group i. If H is small, this 
suggests that the groups have similar rank distributions and there is no 
significant difference among them. Conversely, if H is large, it indicates that 
at least one group differs significantly. It is important to note that the size 
of H depends on the number of groups (k) and the sample size (N), and there 
is no fixed threshold for what constitutes a "big" or "small" H. For a given 
significance level (α = 0.05), we compare H to the chi-square critical value. 
If H exceeds this value, we conclude that at least one group differs 
significantly.

3. Results

Overall, our results revealed clear Spatial-temporal patterns in vegetation 
phenology across the study area from 2000 to 2023. Multi-year averages of 
SOS, POS, EOS and LOS showed strong elevational and climatic gradients, 
with lower elevations exhibiting earlier phenological events and longer LOS. 
Trend analyses using Sen’s slope and the Mann-Kendall test indicated 
widespread greening, an advancement of SOS and POS, and mixed but 
meaningful shifts in the EOS. Correlation analyses further demonstrated that 
SOS was primarily controlled by pre-SOS mean temperature and pre-SOS 
accumulated precipitation, whereas EOS responded more strongly to climatic 
conditions during the growing season.

3.1. Maps of phenometrics

Figure 2 presents spatial distribution maps of the multi-year average 
phenometrics from 2000 to 2023, represented as day of the year (DOY). Each 
class in Figure 2 corresponds to a quartile of the numerical value range 
depicted in the map. Figure 3 contains charts, likely showing variations in 
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SOS, POS, EOS and LOS across different elevational classes and climatic 
zones using the Kruskal-Wallis test. Phenometrics exhibited a clear elevation 
pattern with each group showing a significant difference (p-value ≤ 0.05). 
The mean SOS was in the range of DOY 30 to DOY 180, with 46% of pixels 
falling between DOY 30 and DOY 68, i.e., end of January to early March 
(Figure 2a). Generally, earlier SOS dates were mainly distributed at lower 
elevations (Figure 3a). DOY 106 to DOY 143, i.e., mid-April to third week of 
May, were observed in higher elevation areas (2900- 3500 m) (Figure 3a). 
The last category (DOY 144 to DOY 180), with the most delayed SOS, 
accounted for 1% of the total area at elevations above 3500 meters. Figure 3 
a clearly shows that with increasing elevation, the median DOY of SOS 
increases. The mean value of POS ranged from DOY 90 to DOY 240. POS 
occurred in 64% of the pixels in the study area within the 129th-165th DOY 
category, from early April to mid-June. These areas were mostly located in 
the eastern part of the region and corresponded to areas where the SOS was 
DOY 30 and DOY 105. As shown in Figure 2a-b, in areas where the SOS 
occurred later, POS also fell into categories with higher values. Like SOS, 
POS showed clear spatial heterogeneity; the distribution of vegetation 
greening peak period was significantly influenced by elevation and with 
increasing elevation, the SOS and POS occurred later (Figure 3a). During the 
dry stage, the mean EOS ranged widely from DOY 100 to DOY 270 (Figure 
2c). In the study area, 59% of the pixels had EOS between DOY 186 to 228, 
from early July to mid-August. These areas were mostly located in the eastern 
part of the study area. In most of these areas, the POS occurred between DOY 
129 and DOY 165. Approximately 23% of the pixels are in the 229th-270th 
day of the year category, corresponding to mid-August to late September. The 
average LOS ranged from 70 to 215 days, and 51% of the pixels in the study 
area, had a LOS between 144 and 180 days (Figure 2d). The lowest elevation 
category had the longest average LOS, with an average value of 150 days 
(Figure 3a). Lower elevation areas experienced fewer environmental 
constraints on plant growth, allowing for a longer growing season, when 
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water is available. Not surprisingly, the shortest LOS corresponds to the 
highest elevation range (3500-4174 m). The humid and moderate climatic 
zones exhibited the greatest variability in all LSP metrics, showing the 
highest average in the SOS and POS compared to other climatic zones. 
Subsequently, the rank order for average SOS and POS, from highest to 
lowest, was as follows: mountainous cold and very humid, semi-humid and 
cold, semi-arid and cold, and warm and semi-humid. The semi-arid and cold, 
semi-humid and cold climatic zones exhibited lower variation. In terms of 
EOS, the order of average values was mountainous cold and very humid, 
semi-arid and cold, semi-humid and cold, warm and semi-humid, and humid 
and moderate climatic zones. For LOS, the mountainous cold and very humid 
zone had longer averages, while the duration in other climatic zones was 
nearly equal (Figure 3b).

Figure. 2. Spatial distribution of average phenometrics from 2000 to 2023 reported 
on day of the year (DOY) ranges for (a) start of the growing season (SOS), (b) peak 
of the growing season (POS), (c) end of the growing season (EOS), and (d) length of 
the growing season (LOS). Each class represents one quartile of the range of 
numerical values in the map. Areas without rangelands filled with gray colour (Maps 
were generated using ArcMap 10.5).

 Figure. 3. Evaluating the influence of (a) elevation and (b) climatic zone on the 
average of phenometrics from 2000 to 2023 (a Kruskal-Wallis analysis of start of the 
growing season (SOS), peak of the growing season (POS), end of the growing season 
(EOS), and length of the growing season (LOS) with p-value ≤ 0.05). The line inside 
each box represents the median, while the bottom and top of the box indicate the 
first quartile and third quartile, respectively.

3.2. Nonparametric trend analyses of ΔmaxNDVI and phenometrics 

Nonparametric trends at pixel scale were estimated using Sen’s slope to 
estimate trend magnitudes and directions and the Mann-Kendall test to 
calculate the exact significance levels for NDVI from 2000 to 2023. The most 
significantly increases in NDVI values were observed around rivers and 
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wetlands. However, overall, Sen’s slope trends did not reveal a clear 
elevational pattern across more than half of the study area. The results 
showed that 74% of the pixels (representing 98.6% of significantly changed 
pixels) exhibited a significant positive increase in ΔmaxNDVI at a 95% 
confidence level (p-value ≤ 0.05), indicating enhanced vegetation cover. In 
contrast, only 1.33% of significantly changed pixels displayed a significantly 
negative trend.  25% of the pixels showed no significant changes (p-value > 
0.05), suggesting stable vegetation conditions in terms of greenness between 
2000 and 2023 (Figure 4a).

The inter-annual variability of SOS, POS, EOS, and LOS in the study area 
from 2000 to 2023 have shown notable trends over the past 24 years (Figure 
4b-e). Sen's slope analysis of the LSP metrics revealed significant changes in 
SOS for 26% of the pixels in the study area (p-value ≤ 0.05) (Figure 4b), with 
99% of these pixels indicating an advanced trend in SOS and 1% of these 
pixels indicating delayed trend from 2000 to 2023. According to Figure 4c, 
the slope trend values for POS indicated a significantly change for 24% of the 
pixels, while 76% showed no significant change. Among the pixels with 
significant changes, 97% exhibited an earlier occurrence of POS and 3% 
exhibited later. The spatial distribution of slope trends for SOS and POS was 
relatively similar. Additionally, trends of advancement and delay were 
observed throughout the entire area without following a defined pattern. The 
results indicate that 34% of the pixels in the study area experienced 
significant changes in EOS. A significant majority of pixels (95%) showed a 
negative trend in the EOS, signaling an earlier occurrence, while the 
remaining 5% exhibited a positive trend, suggesting a delay. Furthermore, 
significant changes were observed in the LOS for 28% of pixels. The negative 
Sen’s slope for LOS indicated a shortening of the growing season in 70% of 
the pixels, whereas 30% indicated a lengthening of the growing season with 
significant changes from 2000 to 2023. 
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Figure 5 illustrates that the median Sen’s slope trends for NDVI for all 
elevational classes were positive. The median Sen’s slope trends for SOS and 
POS were negative, indicating an advancement in these parameters during 
2000 to 2023. The median Sen’s slope trends in EOS were negative for the 
first three elevational classes, while the two highest elevational classes were 
close to zero. In the first and second elevational classes (792–2000 m), the 
median Sen’s slope trend for LOS was positive, while it was negative in the 
2000–2900 m range. In the highest elevational classes (2900–3500 m and 
3500–4174 m), the median Sen’s slope trend in LOS was close to zero.

Figure. 4. Spatial-temporal slope trends of phenology metrics from 2000 to 2023: 
(a) max- NDVI, (b) start of the growing season (SOS), (c) peak of the growing season 
(POS), (d) end of the growing season (EOS), and (e) length of the growing season 
(LOS). Areas without rangelands appear white (Maps were generated using ArcMap 
10.5).. 

Figure. 5. Elevation- based Kruskal-Wallis analysis of Sen’s slope for NDVI, start of 

the growing season (SOS), peak of the growing season (POS), end of the growing 
season (EOS), and length of the growing season (LOS) (p-value ≤ 0.05). The line 
inside each box represents the median, while the bottom and top of the box indicate 
the first quartile and third quartile, respectively.

3.3. SOS response to climatic variables 

The SOS showed a significantly positive correlation with pre-SOS 
accumulated precipitation in 45% of pixels, reaching a significance level of p-
value ≤ 0.05 (Figure 6a), meaning more precipitation accumulated in the pre-
SOS period delayed the start of the growing season. The correlation between 
the SOS and pre-SOS accumulated precipitation showed a stronger 
correlation in most areas at elevations > 2900 m (Figure 7). Overall, in areas 
with a significant relationship with increasing elevation, the correlation 
between SOS and pre-SOS accumulated precipitation increased.  There was 
a significant negative correlation between SOS and pre-SOS mean 
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temperature in 72% of pixels (p-value ≤ 0.05) (Figure 6b). It means that the 
increase in pre-SOS mean temperature leads to earlier vegetation greening 
in the study area. The median correlation in all the correlation classes was 
negative (Figure 7). It is important to note that the significance or non-
significance of the relationship between pre-SOS mean temperature and the 
SOS does not follow a specific pattern in the study area. For 98% of pixels 
with significant relationship between SOS and pre-SOS mean temperature, 
the correlations ranged between -1 and -0.2.  The correlation between the 
SOS and pre-SOS mean PET was negative and significant (p-value ≤ 0.05) in 
56% of the study area (Figure 6c), indicating that with an increase in 
evapotranspiration, the SOS shifted earlier. The correlation in 96% pixels 
with significant relationship ranged between -0.8 and -0.2. As temperature 
increases, so does evapotranspiration; therefore, an increase in pre-SOS 
mean PET is associated with an earlier SOS. According to the results, the 
SOS showed a stronger correlation with pre-SOS mean temperature 
compared to pre-SOS accumulated precipitation and pre-SOS mean PET.

3.4. EOS response to climatic variables

Correlations between EOS timing and two categories of climatic variables 
were examined: (1) variables measured during the 40 days’ period prior to 
the EOS; and (2) variables measured throughout the growing season (from 
the start through the end of the growing season). In 96% of the pixels, 
correlations between EOS and pre-EOS total precipitation were not 
significant at the 95% confidence level, suggesting that EOS was not 
sufficiently correlated with pre-EOS total precipitation (Figure 6d), the 792 
m to 1450 m elevational class showed stronger median correlation (Figure 
7). Additionally, EOS timing was not significantly related to pre-EOS mean 
temperature in 81% of the pixels, while only 19% of the pixels exhibited a 
significant correlation with negative values (Figure 6e). This finding indicates 
that higher pre-EOS mean temperatures led to earlier EOS. The areas of 
significant correlations were located mostly in the eastern parts, and the 
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median correlation was stronger at lower elevations (792 m to 1450 m) 
(Figure 7). There were no significant correlations between EOS and pre-EOS 
mean PET in 83% of the pixels, and 15% of the pixels displayed a significantly 
negative correlation and 2% displayed a significantly positive correlation 
(Figure 6f). 

The correlation between EOS and GS precipitation indicated that there was 
no significantly relationship between these two parameters in 92% of the 
region. In contrast, 6% of the pixels showed a significantly positive 
correlation, and 2% displayed a significantly negative correlation.  These 
pixels with positive and negative correlations were distributed throughout 
the entire region. The median correl ations were positive in the first three 
elevational classes (from 792 to 2900 m) and negative in the last two 
elevational classes (from 2900 to 4174m) (Figure 6g). Regarding GS 
temperature, EOS was not significantly related to GS temperature in 72% of 
the pixels, whereas 25% exhibited a significantly negative correlation, 
suggesting that in areas with a significantly negative correlation, the dry 
stage occurs later when GS temperature is cooler. 3% of the pixels showed 
significant positive correlation (Figure 6h). EOS was not significantly related 
to GS PET in 84% of the pixels, whereas 10% showed a significant negative 
correlation and 6% exhibited a significant positive correlation (Figure 4i). The 
median was negative across all elevational classes, with the expectation of 
the last classes, in which it was positive (Figure 7). The first three elevational 
classes have a positive median while the last two classes have a negative 
median. Overall, GS PET did not significantly affect the occurrence of the 
EOS season across most of the region (p-value > 0.05). EOS demonstrated a 
stronger correlation with climatic parameters in the growing season (GS 
temperature, GS precipitation and GS PET) compared to pre-EOS mean 
parameters (pre-EOS mean temperature, pre-EOS total precipitation, pre-
EOS mean PET), with temperature in the growing season showing the highest 
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correlation and significance related to the occurrence of EOS among the 
variables.

Figure. 6. Spatial distribution of Kendall’s correlation coefficient between the land 

surface phenology (LSP) metrics and climate variables in the study area during 
2000-2023: (a) Pre-SOS total precipitation, (b) Pre-SOS mean temperature, (c) Pre-
SOS mean PET, (d) Pre-EOS total precipitation, (e) Pre-EOS mean temperature, (f) 
Pre-EOS mean PET, (g) Growing season precipitation, (h) Growing season 
temperature, and (i) Growing season PET (Maps were generated using ArcMap 
10.5).

Figure. 7. Elevation-based Kruskal-Wallis analysis of Kendall’s correlation 

coefficient between the land surface phenology (LSP) metrics and climate variables 
in the study area during 2000-2023 (p-value ≤ 0.05). The line inside each box 
represents the median, while the bottom and top of the box indicate the first quartile 
and third quartile, respectively.

4. Discussion

Recent studies indicated that temperature increases in Southwest Asia were 
surpassing the global average 41 . Our findings showed that the MODIS NDVI 
phenometrics exhibited spatio-temporal changes in the study area from 2000 
to 2023, driven by shifts in climatic variables. Specifically, at higher 
elevations (> 2900 m), environmental constraints- such as cooler 
temperatures and poorer soil quality-led to later SOS, which in turn 
contributed to a delayed POS 42. Additionally, these higher elevation areas 
also exhibited an earlier occurrence of EOS 43. The diversity of rangeland 
species in the study area was very high; this made it impossible to 
differentiate between species given the relatively coarse spatial resolution of 
the MODIS NDVI product and the ruggedness of the terrain. Consequently, 
the analyses were conducted at the scale of the dominant vegetation type 
rather than at the species level. In areas where the SOS ranged between DOY 
68 and DOY 105 and the LOS was long, the dominant species were perennial 
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grasses, such as Bromus tomentellus and Agropyron desertorum, shrub 
species, like Astragalus gossypinus, or forbs, such as Cousinia spp. These 
species had a relatively long greening period, which extended their growing 
season 44. The increased spatial heterogeneity observed in the EOS map, 
especially in the eastern and northeastern parts of the region where there 
were more fine classes per unit area, likely resulted from grazing pressures 
and the types of utilization. Rangeland utilization affected the persistence of 
greenness during the growing season, and could vary across areas. For 
instance, a study by Pordel, et al. 45 reported that areas with controlled 
grazing exhibited increased stability of plant biomass and greenness.

Soltani, et al. 29 found that the eastern and northeastern parts of the study 
area fell within semi-humid and cold, as well as semi-arid and cold climates. 
These areas exhibited greater elevational homogeneity, with an average 
elevation ranging between 2200 m and 2900 m, where the LSP metrics 
showed less spatial heterogeneity. For instance, the 30th-68th and 68th-
105th classes for the SOS, the 128th-165th class for the POS, the 185th-228th 
class for the EOS, and the 106-143 and143-180 classes for the LOS 
constituted the dominant areas in the eastern and northeastern parts. In the 
humid and moderate climate zone, located in the western and northwestern 
parts of the region, most rangelands were situated at higher elevations, with 
notably elevational heterogeneity covering almost all elevational classes. The 
latest SOS class (from DOY 143 to DOY 180), the latest POS class (DOY 202 
to 240), the latest EOS class (DOY 228 to 270), and the shortest growing 
period (< 106 days), along with the other phenometric classes, were found in 
this climate zone. Lower elevations in this climate zone were mainly 
composed of forested areas. Similarly, the mountainous cold and very humid 
climate zone, located in the northern part of the study area, was associated 
with highly elevational heterogeneity (a wide range of elevations, 2200 m to 
4174 m), where phenometrics showed greater diversity across classes. The 
timing of phenometrics in different climate zones was influenced not only by 
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the general temperature and precipitation conditions of each zone but also 
significantly by elevation within those areas  46. This elevation factor was 
crucial and should be considered in management programs related to 
rangeland utilization.

In a large part of the study area exhibiting significant changes between 
2000 and 2023, phenometrics indicated multiple shifts to earlier timings of 
SOS, POS, and EOS and the LOS became shorter. In regions with significant 
trends in both SOS and EOS, the unequal magnitude of these shifts ultimately 
resulted in a negative slope, indicating a shortening of the LOS. These 
advances in SOS in CVB aligned with projections from IPCC AR6 WGII 
Chapter 10 for regions such as West Asia, which emphasized significant 
increases in extreme temperatures, elevated heat stress levels, and increased 
aridity conditions known to drive phenological alterations in semi-arid 
ecosystems 47. Pan, et al. 48 also demonstrated that the SOS in the Northern 
Hemisphere advanced from 1992 to 2020. In several studies, heavy grazing 
in certain areas of the study region was reported 49,50. Additionally, Heidari 
Ghahfarrokhi, et al. 51 demonstrated that with increasing grazing intensity, 
the plant community shifted from perennial grasses and forbs toward annual 
plants. We speculated that the dominance of annual plants due to heavy 
grazing was a key reason for the earlier SOS timing, because annual plants 
began growth earlier compared to perennial shrubs and grasses. A 
phenometric study using finer spatial resolution (i.e., Landsat data) from 
2000 to 2020 across multiple countries in Southwest Asia, including Iran, 
found that the timing of the SOS was significantly influenced by rainfall 
variability, with increased rainfall leading to delays in SOS. Additionally, this 
study highlighted a advanced trend in SOS timing in rangelands throughout 
the region 52. Another study analyzed the LSP trends of Iran’s vegetation 
using coarse spatial resolution AVHRR data and the NDVI index from 1982 
to 2019. They found that the northeastern, western, and northwestern 
regions of Iran exhibited a negative slope trends, indicating that the SOS had 
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begun earlier 53. They also showed that EOS in many parts of Iran, 
particularly in the west, northwest, and parts of the northeast, had negative 
slope trends, with EOS occurring approximately 1.33 days earlier each year. 
These changes in the timing of SOS and EOS attributed to temperature 
increases caused by climate change. Our findings were consistent with 
broader evidence from other semi-arid and Mediterranean-type regions. For 
example, Vogel 54 examined the phenology of deciduous trees, shrubs, and 
agricultural crops in southern Europe and reported a noticeable acceleration 
in phenological phases, highlighting vegetation’s strong sensitivity to 

warming trends. Another study focusing on semi-arid regions of the southern 

Mediterranean, including Morocco, Algeria, and Tunisia, revealed trends 
similar to those observed in the Zagros Mountains regarding the earlier onset 
of the growing season. This regional alignment highlighted the importance of 
understanding phenological changes in semi-arid ecosystems for the 
sustainable management of rangelands and agriculture 55.

The present study showed that in 45% of the area, an increase in 
cumulative precipitation before the SOS caused later SOS. The average 
correlation in most elevational classes ranged between 0.3 and 0.4. In 
contrast, in 70% of the area, an increase in pre-SOS mean temperature led to 
earlier greening of the vegetation. The higher elevation regions, particularly 
in the Zagros Mountains, create specific conditions for plant growth. In these 
areas, temperatures are generally lower, and the growing periods are shorter 
compared to the lower elevation plains. These factors cause plants at higher 
elevations to be more correlated to pre-SOS mean temperatures. 
Additionally, 56% of the area showed negative correlations between pre-SOS 
mean PET and the SOS. This relationship indicated that an increase in PET 
shifted the SOS earlier. The stronger correlation and the higher percentage 
of significant pixels across the study area indicated that SOS was more 
strongly correlated with pre-SOS mean temperatures than with precipitation 
and PET. The relationship between the EOS and climatic variables showed 
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that pre-EOS total precipitation had no significant effect on 96% of the pixels, 
indicating that dry stage of plants was not dependent on pre-EOS total 
precipitation. Pre-EOS mean temperatures also showed no correlation in 81% 
of the pixels. However, in 19% of the areas, an increase in temperature led 
to an earlier EOS. These pixels were primarily located in the eastern part of 
the study region. Pre-EOS mean PET also had no apparent effect in 83% of 
the pixels, with that only 14% of the pixels showing a significant negative 
correlation and 6% showing a significantly positive correlation. Similar to 
pre-EOS mean temperature, the pre-EOS mean PET pixels with a stronger 
mean correlation were located at elevations between 792 m and 1450 m. 
Lower elevation areas generally experienced higher temperatures, and in 
these areas, temperature and evapotranspiration have significantly 
influenced EOS timing.

GS cumulative precipitation showed no correlation with EOS timing in 92% 
of the study area. Only 6% and 2% of the pixels exhibited significant positive 
and negative correlations, respectively. The GS temperature correlated with 
earlier EOS in 28% of the area, while PET had no effect in 84% of the pixels. 
Overall, the EOS showed strong correlation to climatic parameters related to 
the GS (especially temperature). In studies of LSP and climate impact, 
various regions with uniquely climatic and geographical characteristics had 
been examined across different parts of the world. Cleland, et al. 6 examined 
LSP changes on a global scale and found that rising temperatures in the 
Northern Hemisphere led to earlier greening of plants, aligning with the 
findings of the present study. Wipf, et al. 56 studied the effects of temperature 
changes and snow on SOS in the Alpine highlands and concluded that the 
effects of pre-SOS mean temperature and snowmelt timing in high-elevation 
areas were complex and depended on the specific plant species. The findings 
of the present study indicated that the SOS at higher elevations (> 3000 m) 
showed less sensitivity to pre-SOS mean temperatures, with median 
correlation close to 0, compared to other areas. The lower sensitivity of SOS 
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at > 3000 m likely reflects the dominant influence of snowmelt timing, soil 
thermal constraints, and alpine species’ low thermal responsiveness, which 
together weaken the direct relationship between SOS and pre-SOS mean 
temperature 57,58 . Garonna, et al. 59 studied the impact of three climatic 
constraints (minimum temperature, moisture availability, and photoperiod) 
on phenometrics across eight ecological regions worldwide. They reported a 
reduced influence of minimum temperature on SOS and EOS in every region. 
In contrast, the effects of moisture and day length varied depending on the 
type of biome, but they did not consider the influence of elevation on LSPs. 
In Iran, Araghi, et al. 12 examined the trends in SOS and EOS between 1982 
and 2015 and found that these trends were influenced by various climatic 
fluctuations. Their results indicated that, under the influence of climatic 
patterns, the SOS generally began earlier in different regions of Iran. 

The result of Sen’s slope trend or the difference in the maximum NDVI 
from 2000 to 2023 showed a significantly positive values of ∆maxNDVI for 
nearly three-quarters of the study area. This widespread increase indicated 
a slight improvement in the vegetation greenness of the study area. Due to 
overgrazing and vegetation cover destruction, national and international 
projects were implemented in the study area in recent years to restore the 
vegetation, including fencing to restrict grazing and seeding. In more recent 
years, the species Prangos ferulacea was planted in the area, notable for its 
extensive canopy and high greenery. Medicinal plants such as Ferula 
assafoetida and Apium graveolens were also cultivated in the region. These 
factors may explain the observed slight improvement in vegetation 
greenness; however, overgrazing could also have increased the fraction of 
unpalatable plants, thereby increasing apparent greenness while reducing 
forage 60. More than a quarter of rangelands in the study area showed no 
significant changes. The unchanged vegetation can guide managers in 
assessing rangeland conditions for future utilization. For example, areas that 
have not shown an increase in vegetation cover can be targeted for study, 
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and if necessary, programs for vegetation restoration, conservation, and 
grazing-management improvement can be implemented. Considering the 
early SOS, grazing plans should be adjusted based on changes in the 
phenological patterns of plants. Preventing overgrazing during periods when 
vegetation is vulnerable and optimizing grazing timing when plant growth 
peaks are crucial. Land managers can use this information to implement 
targeted restoration programs aimed at enhancing the resilience of native 
vegetation, reestablishing key species, and managing invasive plants that 
thrive under changing climate. LSP changes can affect the availability of food 
and habitat for wildlife, especially for species that depend on specific timing 
for breeding or migration; conservation efforts can focus on preserving 
species most impacted by these changes. Based on the results, by 
highlighting which LSP metrics are more sensitive to climate change, 
relevant organization can prioritize conservation toward areas requiring 
greater protection. 

Despite the robustness of the applied methods, this study is subject to 
several limitations. First, the spatial resolution of the satellite sensor 
constrained the derived phenometrics, potentially obscuring fine-scale 
vegetation dynamics and rapid transitional events. Future studies would 
benefit from incorporating higher-resolution sensors to better resolve 
localized phenological patterns. Additionally, accuracy and ecological 
interpretability could be substantially enhanced by integrating remote 
sensing data with field-based observations and long-term ecological 
monitoring programs 61 . Citizen science platforms also offer a valuable 
source of complementary data for large-scale phenological assessments 62. A 
critical research direction is to disentangle the relative contributions of 
climate change and human management practices to observed phenological 
shifts, as distinguishing these drivers is essential  63.  Finally, the influence 
of spatial scale warrants more explicit consideration, as phenological 
responses are often scale-dependent 64. Collectively, these advancements 
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would foster a more comprehensive understanding of vegetation phenology 
and improve predictions of future ecosystem responses to environmental 
change.

5. Conclusions

To assess the influence of rising temperatures and other climatic variables 
on LSP, we analyzed the SOS, POS, EOS, and LOS phenometrics in the semi-
arid rangelands of the Zagros Mountains from 2000 to 2023 using MODIS 
NDVI time-series data. The results aligned with the findings of previous 
studies and highlighted the dominant role of temperature in driving changes 
in LSP. Warming led to statistically significant advances in the SOS, POS, and 
EOS across the majority of the region. LOS was strongly negatively correlated 
with pre-SOS mean temperature but positively correlated with pre-SOS total 
precipitation. This pattern suggests that warmer temperatures hasten 
vegetation growth, while increased precipitation may delay it, possibly due 
to associated cooling effects. Consequently, warming trends were the 
primary driver of the shortened LOS, which reduced the effective vegetation 
growth period. These changes point to the critical role of climate in reshaping 
vegetation dynamics in mountainous regions. For future studies, it is 
recommended to utilize high spatial resolution satellite datasets, such as 
Sentinel-2, to capture greater diversity in LSP spatial patterns in semi-arid 
terrains with low vegetation greenness. 
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Figure. 1. (a) Location of Chaharmahal-Va-Bakhtiari (CVB) province in Iran; (b) 
climatic classification map showing different climate zones: MCVH (mountainous 

(d)
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cold and very humid), SHC (semi-humid and cold), SAC (semi-arid and cold), HM 
(humid and moderate), and WSH (warm and semi-humid); (c) an elevation map 
(rangelands filled with white colour); and (d) a sample photo of vegetation cover 
within the study area (Maps were generated using ArcMap 10.5).

Figure. 2. Spatial distribution of average phenometrics from 2000 to 2023 reported 
in day of the year (DOY) ranges for (a) start of the growing season (SOS), (b) peak 
of the growing season (POS), (c) end of the growing season (EOS), or number of days 
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for (d) length of the growing season (LOS). Each class represents one quartile of the 
range of numerical values in the map. Areas without rangelands filled with gray 
colour (Maps were generated using ArcMap 10.5).

Figure. 3. Evaluating the influence of (a) elevation and (b) climatic zone on the 
average of phenometrics from 2000 to 2023 (a Kruskal-Wallis analysis of start of the 
growing season (SOS), peak of the growing season (POS), end of the growing season 
(EOS), and length of the growing season (LOS) with p-value ≤ 0.05). The line inside 
each box represents the median, while the bottom and top of the box indicate the 
first quartile and third quartile, respectively.
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Figure. 4. Spatial-temporal slope trends of phenology metrics from 2000 to 2023: 
(a) max-NDVI, (b) start of the growing season (SOS), (c) peak of the growing season 
(POS), (d) end of the growing season (EOS), and (e) length of the growing season 
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(LOS). Areas without rangelands appear white (Maps were generated using ArcMap 
10.5). 
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Figure. 5. Elevation-based Kruskal-Wallis analysis of Sen’s slope for NDVI, start of 

the growing season (SOS), peak of the growing season (POS), end of the growing 
season (EOS), and length of the growing season (LOS) (p-value ≤ 0.05). The line 
inside each box represents the median, while the bottom and top of the box indicate 
the first quartile and third quartile, respectively.

Figure. 6. Spatial distribution of Kendall’s correlation coefficient between the land 

surface phenology (LSP) metrics and climate variables in the study area during 
2000-2023: (a) Pre-SOS total precipitation, (b) Pre-SOS mean temperature, (c) Pre-
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SOS mean PET, (d) Pre-EOS total precipitation, (e) Pre-EOS mean temperature, (f) 
Pre-EOS mean PET, (g) Growing season precipitation, (h) Growing season 

temperature, and (i) Growing season PET (Maps were generated using ArcMap 
10.5). 

Figure. 7. Elevation-based Kruskal-Wallis analysis of Kendall’s correlation 

coefficient between the land surface phenology (LSP) metrics and climate variables 
in the study area during 2000-2023 (p-value ≤ 0.05). The line inside each box 
represents the median, while the bottom and top of the box indicate the first quartile 
and third quartile, respectively.
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Figure captions

Figure. 1. (a) Location of Chaharmahal-Va-Bakhtiari (CVB) province in Iran; (b) 

climatic classification map showing different climate zones: MCVH (mountainous 
cold and very humid), SHC (semi-humid and cold), SAC (semi-arid and cold), HM 
(humid and moderate), and WSH (warm and semi-humid); (c) an elevation map 
(rangelands filled with white colour); and (d) a sample photo of vegetation cover 
within the study area (Maps were generated using ArcMap 10.5).

Figure. 2. Spatial distribution of average phenometrics from 2000 to 2023 reported 
in day of the year (DOY) ranges for (a) start of the growing season (SOS), (b) peak 
of the growing season (POS), (c) end of the growing season (EOS), or number of days 
for (d) length of the growing season (LOS). Each class represents one quartile of the 
range of numerical values in the map. Areas without rangelands filled with gray 
colour (Maps were generated using ArcMap 10.5).

Figure. 3. Evaluating the influence of (a) elevation and (b) climatic zone on the 
average of phenometrics from 2000 to 2023 (a Kruskal-Wallis analysis of start of the 
growing season (SOS), peak of the growing season (POS), end of the growing season 
(EOS), and length of the growing season (LOS) with p-value ≤ 0.05). The line inside 
each box represents the median, while the bottom and top of the box indicate the 
first quartile and third quartile, respectively.

Figure. 4. Spatial-temporal slope trends of phenology metrics from 2000 to 2023: 
(a) max-NDVI, (b) start of the growing season (SOS), (c) peak of the growing season 
(POS), (d) end of the growing season (EOS), and (e) length of the growing season 
(LOS). Areas without rangelands appear white (Maps were generated using ArcMap 
10.5). 

Figure. 5. Elevation-based Kruskal-Wallis analysis of Sen’s slope for NDVI, start of 

the growing season (SOS), peak of the growing season (POS), end of the growing 
season (EOS), and length of the growing season (LOS) (p-value ≤ 0.05). The line 
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inside each box represents the median, while the bottom and top of the box indicate 
the first quartile and third quartile, respectively.

Figure. 6. Spatial distribution of Kendall’s correlation coefficient between the land 

surface phenology (LSP) metrics and climate variables in the study area during 
2000-2023: (a) Pre-SOS total precipitation, (b) Pre-SOS mean temperature, (c) Pre-
SOS mean PET, (d) Pre-EOS total precipitation, (e) Pre-EOS mean temperature, (f) 
Pre-EOS mean PET, (g) Growing season precipitation, (h) Growing season 

temperature, and (i) Growing season PET (Maps were generated using ArcMap 
10.5). 

Figure. 7. Elevation-based Kruskal-Wallis analysis of Kendall’s correlation 

coefficient between the land surface phenology (LSP) metrics and climate variables 
in the study area during 2000-2023 (p-value ≤ 0.05). The line inside each box 
represents the median, while the bottom and top of the box indicate the first quartile 
and third quartile, respectively.
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