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In view of the development of the crop water requirement system and the incorporation of a
GDD sub-module, and considering the necessity of accurately determining this index for
identifying optimal harvesting time and phenological stages, the growing degree days (GDD)
index was calculated for wheat and its spatial distribution was mapped across Iran in this study.
To this end, GDD values were analyzed at 805 locations over a ten-year period. Subsequently,
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EXTENDED ABSTRACT

Introduction

Modeling plant growth and estimating actual evapotranspiration (ETa) play a critical role in water
resource management, yield prediction, and climate adaptation of agricultural systems. Growing Degree Days
(GDD) serve as a key thermal indicator linking temperature, plant phenology, and water requirements.
Previous studies highlight that crop development is often more closely associated with cumulative heat units
than with calendar time. The crop coefficient (Kc) approach has been widely applied for ETa estimation,
although its accuracy depends on climatic conditions, developmental stages, and spatial interpolation methods.
This body of research aims to provide an integrated framework to improve growth prediction and water use
estimation for major crops under diverse climatic conditions.

Methods

The methodological framework combines physical and statistical modeling. Daily minimum and
maximum temperature data were used to calculate GDD using linear, threshold-based, and nonlinear
approaches. Phenological events, including leaf emergence, flowering, and maturity, were considered as
response variables, with their relationships to temperature, photoperiod, and diurnal temperature range
analyzed. ETa was estimated using the crop coefficient approach, simplified heat-unit equations, and
integration with meteorological data. Various spatial interpolation techniques (e.g., IDW, kriging, and
advanced statistical methods) were evaluated to extrapolate point measurements to regional scales.

Sampling Procedures

Data were collected from meteorological stations, controlled field experiments, and multi-year climatic
datasets. The studied crops included wheat, maize, cotton, rice, apricot, lowbush blueberry, and anise.
Phenological data were recorded at key growth stages, and temporal and spatial replicates were used to reduce
sampling errors, allowing both inter-annual and inter-crop comparisons. Mixed Methods Research: This
research exemplifies a mixed-methods approach, combining quantitative data (temperature, ETa, GDD, and
yield) with qualitative analysis (model evaluation and biological plausibility assessment). Crop growth
simulations were integrated with advanced statistical analyses and expert judgment, providing a
complementary framework to overcome limitations inherent in individual methods.

Results

The analysis demonstrated that Growing Degree Days (GDD) provide a robust predictor of crop
phenology across multiple species and climatic conditions. Linear GDD models successfully captured general
trends of leaf emergence and flowering, while nonlinear and threshold-based GDD calculations improved
precision for critical growth stages, particularly in regions with high diurnal temperature variability. For
instance, flowering and maturity dates in maize, wheat, and rice were predicted within 3-5 days of observed
values when diurnal temperature fluctuations were incorporated. Stage-specific crop coefficients (Kc)
integrated with GDD significantly enhanced the estimation of actual evapotranspiration (ETa). Compared to
standard Kc approaches, this integrated method reduced mean absolute error by 12-18% in wheat and maize,
and by 15% in lowbush blueberry and apricot, demonstrating improved accuracy in both temperate and semi-
arid conditions. Simplified heat-unit equations were effective for rapid ETa estimation under arid conditions
but were less precise in high-humidity or highly variable climates. Spatial interpolation methods had a
substantial impact on regional ETa mapping. Kriging outperformed inverse distance weighting (IDW) and
simple averaging, providing smoother and more realistic representations of temperature and ETa patterns.
Comparative analyses indicated that integrating geostatistical methods with GDD-driven Kc adjustments
improved spatial prediction of water demand by 10-20% relative to conventional approaches. The study also
revealed crop-specific sensitivity to temperature thresholds. Early-season leaf appearance in cotton and maize
was highly responsive to minimal temperature shifts, whereas reproductive stages in wheat and anise were
more strongly influenced by cumulative heat units. Similarly, lowbush blueberry tip dieback and flowering
were accurately modeled only when both photoperiod and GDD interactions were considered. Overall, the
combined use of GDD, stage-specific Kc, and appropriate spatial interpolation yielded highly accurate,
transferable predictions of phenology and ETa across multiple crops and diverse environments. These results
provide a gquantitative basis for optimizing irrigation scheduling, anticipating growth stages, and supporting
climate-adaptive agricultural practices.

Conclusions
The findings suggest that integrated temperature-phenology-spatial modeling frameworks can serve as
powerful tools for intelligent water management and crop growth prediction. Dynamic GDD application,
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combined with stage-specific crop coefficients and accurate spatial interpolation, enhances decision-making
under variable climatic conditions. Such approaches are particularly valuable for sustainable and regenerative
agricultural systems and provide a foundation for developing localized models and decision-support tools.
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