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Extended Abstract \

Introduction

Severe droughts across the Zagros region emerge from the concurrent interaction of deelining precipitation, rising
temperatures, and intensified evapotranspiration, imposing unprecedented physiological\gess on oak forests and,
through self-reinforcing feedback loops such as soil-moisture depletion'and, expanding dust generation, accelerating
the progressive decline of these stands. To quantify this phenomenon, the SPI ha%ezl the most widely applied index
owing to its computational simplicity; however, it neglects the role of temperature, reas the SPEI, by incorporating
temperature and evapotranspiration effects, proves more accurate for warm-and semi-arid environments such as the
Zagros. Nonetheless, reliable forecasting of futurggdrought remains challenging, as distinct drought types interact
across multiple temporal scales. In this respect, the IDSPI offer§ya substantial advantage by quantifying the intensity
and duration of events simultaneously, given that the duration of'watetstress,is frequently as decisive as its intensity
in defining the threshold of ecological resilience. The Zagros range, extending approximately 1,600 km in length and
240 km in width, sustains vital oak-dominated forests ofhigh biodiversity deross-abroad climatic gradient from humid
to dry conditions, with aridity perigds of 4 to 6 months, and has experienced rising temperatures, declining forest
health, and shifts in species composition, in recent decades. Nevertheless, forest responses have been markedly non-
uniform, with different sites exhibiting contrastingydegrees of\ vulnerability or stability, a spatial heterogeneity
attributable to climatic gradients,jlocal site cenditions,yand intraspecific genetic capacity, thereby underscoring the
necessity of multi-scale,drought analysis in this region for devising adaptation strategies and enhancing the resilience
of oak forests.

Materials and Methods

This study was conducted in, the two provinces|of llam and Kurdistan as part of the Zagros forests, characterized by
pronounced climatic, topographic, and vegetation heterogeneity. The climatic gradient was defined as a continuous
spectrum fromidry to himidébased on the De Martonne aridity index, classifying the region into five climatic classes.
Annual precipitation,and temperature data were collected from fourteen meteorological stations, and statistical gaps
were reconstructed thro%{egression and validation methods; climatic maps were then generated using the inverse
distance weighting method,*and ombrothermic diagrams were prepared to analyze seasonal water-energy dynamics,
with differences among climates tested by non-parametric statistical tests. To assess drought, the multi-scale
Standardized Pr&%tation Evapotranspiration Index (SPEI) was applied at 3-, 6-, 12-, and 24-month scales, and trends
were evaltated using the Mann—Kendall test; the analyses focused on severe droughts while quantifying their
frequency“andhcumulative severity. Finally, the Integrated Drought Severity and Persistence Index (IDSPI) was
applied at four\time scales across the five climatic regions to simultaneously evaluate the severity and duration of
events.

Results and Discussion

Trend analysis revealed that the semi-arid climate, exhibiting a significant decreasing trend at the 3-, 6-, and 12-month
scales, experienced the highest crisis intensity and frequency of very severe droughts (cumulative severity approaching
—30, with short-term minima of approximately —2.81 and —3.03 during 2021-2022), whereas the arid climate, despite
low precipitation and high evapotranspiration, recorded the lowest frequency and cumulative severity, with no very
severe events at the 12- and 24-month scales (intensity ~ —2.33), underscoring the dominance of short-term droughts
in this region. Owing to its winter-concentrated precipitation regime, the Mediterranean climate proved sensitive to
disruptions in winter rainfall and temperature; its decreasing trend was significant at the 6-, 12-, and 24-month scales
but non-significant at three months, and it experienced events such as the severe 2008 anomaly (a widespread



hydrological drought), the prolonged stress period of 1999-2009, and the acute short-term drought of 2021. The sub-
humid climate, with a significant decreasing trend across all scales, exhibited its greatest cumulative severity at the
24-month scale and recorded its most severe anomaly in 2021 (= —2.88), persisting into 2022 below —2.16 and
signifying an unprecedented two-year drought. By contrast, the very humid climates, despite a significant decreasing
trend, maintained relative hydrological stability owing to high precipitation, with the frequency and cumulative
severity of very severe droughts at long-term scales remaining close to zero; nevertheless, the 2021 event, with a
historical short-term minimum of approximately —3.18, demonstrated that short-term extreme anomalies acquire
particular significance in these regions. Overall, drought impact constitutes a dynamic function of climate type and
event severity over time, and multi-scale monitoring is therefore essential, particulagly for identifying emerging
climatic hazards in humid regions. IDSPI was calculated across five climates and four time scales. At short scales,
moderate droughts occurred simultaneously in almost all climates (1999, 2008, 2021), reflecting, large-scale drivers;
at long scales, they shifted toward humid and Mediterranean regions in 2021-2022. Severe droughts,persisted in sub-
humid and Mediterranean climates, showing weakened moderating capacity of humid zonesy Atfvery severe levels
(SPEI £ —2.0), the semi-arid climate was most vulnerable, while hydrological drought propagaAtN:o more humid
regions. Overall, drought impact depends on climate type and event severity, reéquiringgrevised monitoring with

emphasis on long-term scales. \

Conclusion

This study, employing a multi-scale approach, revealed the changing pattern of dr@ught in the Zagros forests. Findings
based on the IDSPI index demonstrated that during 2021-2022, the persistermlong—term droughts in the sub-
humid and Mediterranean regions increased sharply, and the moderating capacity of these areas was weakened.
Furthermore, the synchrony of extreme events in 1999, 2008, and2021 highlighted the role of large-scale climatic
drivers in steering regional dynamics. Ultimately, \the results demonstrate that drought has expanded from a
phenomenon confined to arid regions into a form of‘hydrological propagation into humid areas. This transformation
necessitates a revision of water resource management and @ak fo?ﬁtb:on eryation strategies. Therefore, the design of
early warning systems tailored to climatic regions, along with an emphasis;on long-term monitoring in humid areas,
is recommended to prevent irreversible environmental degradation.
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