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Drought is among the most severe climatic hazards in arid and semi-arid regions, and its
increasing intensity and frequency in recent decades have substantially impaired the
structure and functioning of terrestrial ecosystems. Nevertheless, field-based evidence
on drought impacts on woody vegetation in dryland ecosystems, particularly with respect
to vegetation density dynamics, remains limited. This study aimed to assess the effects
of drought, using the standardized drought indices SPI and PNPI, on density variations
of two woody species, Acacia ehrenbergiana Hayne and Ziziphus spina-christi, in the
Espakeh Plain, Sistan and Baluchestan Province, Iran. Furthermore, transformed drought
index time series were employed to investigate temporal lags in species density
responses to wet and dry periods. The results demonstrated that density differences of
both species between wet and dry periods were statistically significant, and that
vegetation density variations exhibited a strong correspondence with the transformed
SPI index. Time-series analysis revealed a lag of one to two years in density responses
following wet and drought events, with the lowest densities of both species occurring
one to two years after the most severe drought. Based on the SPI index, Spearman
correlation coefficients between vegetation density and wet and dry periods were 0.62
and 0.96 for A.ehrenbergiana, and 0.88 and 0.74 for Z.spina-christi, respectively. In
contrast, the PNPI index showed limited explanatory power for 4.ehrenbergiana, likely
due to differences in the computational frameworks of the drought indices applied in this
region. Overall, drought resulted in a significant decline in the density of both species in
the study area, with A.ehrenbergiana and Z.spina-christi densities decreasing from
17.33£7.22 and 8.44+4.51 to 8.66+4.78 and 5.11+£3.32 individuals per hectare,
respectively. Given the greater vulnerability of Z.spina-christi to drought stress, the
development and implementation of climate-adaptive management strategies are
essential to ensure its conservation and long-term persistence.
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EXTENDED ABSTRACT

Introduction: While growing global temperatures continue to affect seasonal shifts stratified worldwide, the ecosystems
and community structures of dry and semi-dry environments are most negatively affected by the global climate crisis. In
recent years, the most prominent seasonal factor affecting adjustment of ecosystems resulting from global temperatures
on the ecosystem of the world’s arid environments remains climate-related drought. While short-term meteorological
shifts may occur, the absence of moisture over time contributes to ecological shifts. Changes in precipitation, regardless
of the magnitude, impact vegetation, structure and resilience of the ecosystem and land-atmosphere processes. The last
several years have created the most drought periods, while the severity of droughts creates the most significant concerns
over the ecological stress of dry climate-sustained forests. Although vegetation responses have been monitored remotely
at global and regional scales using satellite technologies, the focus at these levels is primarily on surviving vegetation
while the impacts vegetation and ecosystem stress and decline have on the ecosystem remain unobserved. Are there, in
particular, and the dry regions of southeastern Iran, are there are no empirical studies documenting the impact of drought
on the structure and density of the tree density, and are there any remote regions of the. The focus of the present study is
to identify drought-induced vegetation changes of the Espakeh Plain, with special reference to the two ecologically
significant and indigenous tree species, Ziziphus Spina-Christi and Acacia Ehrenbergiana. Combined with field-based
measurements, this research attempts to refine our understanding of process-level tree cover decline in arid ecosystems
by identifying delayed and cumulative biological responses to long-term climatic water stress.

Materials and Methods: The research was carried out in the hyper-arid Espakeh Plain of Iran's Sistan and Baluchestan
Province, which has a mean annual precipitation of around 65 mm and extreme solar exposure. The extent of drought was
assessed using two of the most common climate indices, the Standardized Precipitation Index (SPI) and the Percent of
Normal Precipitation Index (PNPI). The indices were computed with a 12-month time step based on the long-term
precipitation data from Iranshahr synoptic meteorological station. Vegetation changes were studied through long-term
field monitoring conducted from 1996 to 2009. A total of 195 permanent transects, each 1,000 meters long, were
systematically surveyed to measure tree density and density changes over time. To understand the combined effects of
drought severity and species-specific responses on vegetation structure, a two-way analysis of variance (ANOVA) was
used. Additionally, time-series data were classified and transformed to identify delays between drought events and
subsequent changes in tree density, allowing us to detect delayed ecological responses to prolonged climatic water stress.

Results and Discussion: Drought was found to be the main cause of tree density decline in the Espakeh Plain. Both
Acacia ehrenbergiana and Ziziphus spina-christi showed significant decreases in density (P < 0.01) during the study
period. The density of A. ehrenbergiana dropped from about 17 individuals per hectare in wet years to 8.66 under severe
drought conditions, while Z. spina-christi experienced a 39% decrease. These findings indicate significant decreases in
tree cover, highlighting the vulnerability of these species to extended periods of water stress. Comparative analysis of
drought indices showed that the SPI was more sensitive in detecting ecological responses than the PNPI, which was often
affected by minor rainfall fluctuations. Time-series analyses further revealed a pronounced lag effect: minimum tree
densities occurred one to two years following the peak of severe drought events, suggesting temporary resilience in these
species that eventually fails under cumulative water deficits. Conversely, vegetation recovery following above-average
precipitation was delayed by approximately twelve months, indicating that ecosystem responses to climatic variability
are not immediate. These delayed responses have important implications for the management and conservation of arid
dryland forests, emphasizing the need for long-term planning under changing climate conditions.

Conclusion: Prolonged drought acts as a key driver of tree density decline in southeastern Iran, with cumulative and
delayed effects on woody cover and ecosystem resilience. The SPI proved to be a reliable predictor of these delayed
ecological responses, highlighting its utility for monitoring and early-warning applications. Species such as Z. spina-
christi exhibit high vulnerability and a lagged response to water stress, indicating that conservation and management
strategies must be proactive and account for temporal delays in density dynamics. Effective interventions that integrate
climatic early-warning systems and consider two-year biological lags are essential to sustain species persistence and
maintain ecosystem functioning under increasing aridity.

Keywords: Drought, Plant density variation, Species vulnerability, Standardized Precipitation Index, Time-lag response,
Vegetation dynamics
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