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Climate variability is increasing uncertainty in citrus production and complicating industrial planning in Mediterranean systems. This study analyses a large industrial dataset of fresh orange production collected over nine growing seasons (2016/2017–2024/2025) in Palma del Río (southern Spain), integrating agronomic, spatial and climatic information from 169 orchards and 17 varieties. Agroclimatic indicators describing water availability, thermal accumulation and extreme temperatures were combined with yield data to assess interannual variability and develop a climate-based prediction model. A multiple linear regression explained a high proportion of seasonal yield variability (R² = 0.737) and showed good predictive performance, with low Root Mean Square Error (RMSE) (1.28 t ha⁻¹), low Mean Absolute Error (MAE) (1.10 t ha⁻¹), and negligible Mean Bias Error (MBE). Extreme heat, expressed as the number of days with Tmax > 35 °C, emerged as the main climatic driver of yield variability. These results highlight the potential of industrial datasets to support predictive tools for harvest planning and decision-making under increasing climate uncertainty.
Introduction
Citrus fruits (Citrus spp.) represent the most important fruit crop in global trade due to their wide geographical distribution and high economic relevance. Production is mainly concentrated in temperate and humid regions, with China, Brazil, the United States and the Mediterranean basin as leading producing and processing areas. Approximately 40% of global citrus production, particularly oranges, is destined for juice processing, highlighting the strategic importance of citrus value chains at the global scale (FAOSTAT, 2026). Climate change is increasingly affecting citrus production systems by intensifying climatic variability and reducing production predictability, particularly for weather-dependent crops (Balfagón et al., 2022). In citrus, climate-driven variability alters production levels and yield stability, which may in turn affect fruit size, quality and sanitary status-key factors for acceptance in fresh markets and for the efficiency of industrial sorting and processing operations (Nagaz et al., 2020; Dong et al., 2024; Onwude et al., 2024). Consequently, citrus companies face growing uncertainty in harvest planning, logistics and fruit allocation between fresh markets and processing. In parallel, citrus packing and commercialization facilities generate large volumes of production, yield and logistics data. When collected over multiple seasons and across varieties and orchards, these data constitute valuable industrial databases that enable the analysis of yield variability at scale and support a transition towards predictive and anticipatory decision-making. However, despite their potential, long-term industrial production and yield datasets remain underexplored in the scientific literature, particularly in the citrus sector, where most studies focus on single campaigns or limited spatial scales (Guo et al., 2023; Onwude et al., 2024; Tinyrio et al., 2025). The present study focuses on Palma del Río (Córdoba, southern Spain), one of the leading orange-producing areas in Andalusia, located in the Guadalquivir Valley, a representative irrigated Mediterranean citrus region (Observatorio de Precios y Mercados de Andalucía, 2024). The area is characterized by the main commercial orange varieties and an extended harvest period from October to June, supplying both fresh and processing markets. This context provides an appropriate framework to analyse climate-driven yield variability. The aim of this work is to demonstrate how a large-scale, long-term industrial database of fresh orange production and yield can be used to improve harvest planning, decision-making and resource efficiency in citrus value chains under climate variability.
Materials and methods
Plant material and data description
The study was based on a large industrial dataset comprising a total of 207,243.8 kg of oranges, corresponding to 17 commercial varieties supplied by 169 orchards, representative of the citrus production area of Palma del Río (Córdoba, southern Spain). Data covered nine growing seasons (2016/2017–2024/2025). Recorded variables included agronomic and traceability information such as growing season, harvest date, grower, SIGPAC parcel identification (FEGA, 2025). The varieties included are cultivated for the fresh market; however, from a typological standpoint, they may be classified as fresh and juice oranges, including Navel-type cultivars as well as Salustiana, Valencia Late, and pigmented varieties. Production and quality data were provided by Sunaran, an Agricultural Transformation Society responsible for citrus production and commercialization. These records were integrated with GIS-based spatial information and official climatic data. All datasets were harmonized in a relational database structured by agricultural growing season (October–September). Unique internal identifiers ensured traceability, and incomplete or inconsistent records were excluded through a data validation process. Production was calculated from truck weight records, aggregating total delivered weight per parcel and growing season. Yield (t ha⁻¹) was estimated using both declared parcel area and GIS-derived area to evaluate potential discrepancies between reported and spatially measured surfaces. Calculations were aggregated by season, grower and parcel. Climatic data were obtained from the Andalusian Agroclimatic Network, Palma del Río station (IFAPA, 2025), including precipitation, air temperature, and reference evapotranspiration (ETo). Variables were aggregated by agricultural growing season. Agroclimatic indicators comprised cumulative precipitation, climatic water deficit (CWD) (precipitation − ETo, mm), growing degree days (GDD) (°C day⁻¹; base temperature 12 °C), number of days with maximum temperature >35 °C, and frost-risk days (minimum temperature ≤ 0 °C). These indicators were subsequently integrated with production data. Climatic data include the 2015/2016 growing season because citrus yield harvested in a given campaign (e.g., 2016/2017) is primarily determined by the agroclimatic conditions of the preceding season, when flowering, fruit set and early fruit development occur; therefore, each yield value was linked to the climatic indicators of the previous campaign.
Statistical analysis
Statistical analyses were conducted using IBM SPSS Statistics (IBM Corp., Armonk, NY, USA). Raw production data from Sunaran’s Crop Management Records (cMR) were cleaned and validated using unique parcel identifiers. Production and yield variables were derived and aggregated by agricultural growing season (October–September), treated as a categorical variable. Descriptive statistics characterized interannual variability in production, yield and agroclimatic indicators. The relationship between climate variability and citrus yield was assessed using a multiple linear regression model (MLR), with seasonal yield (t ha⁻¹) as the dependent variable and selected agroclimatic indicators as predictors. Model performance was evaluated using R², RMSE, MAE and bias. The statistical significance of regression coefficients was assessed using Student’s t-tests within the MLR framework. Corresponding p-values were calculated for each predictor to evaluate their contribution to the model, adopting a significance level of α = 0.05.
Results and discussion 
Climate conditions and agroclimatics indicators 
Figure 1 shows the interannual variability and long-term trend of annual precipitation in the Middle–Lower Guadalquivir region over the study period. Annual precipitation in the Middle–Lower Guadalquivir during the period 1995–2024 averaged 520.8 mm, with a high interannual variability (standard deviation of 180.9 mm), reflecting the pronounced irregularity typical of Mediterranean climates. A negative linear trend of −5,3 mm year⁻¹ was detected, although statistical significance was marginal (p = 0.081), suggesting a progressive reduction in precipitation masked by strong year-to-year variability. The analysis of precipitation anomalies revealed an increasing recurrence of dry years after 2010, with particularly severe deficits in 2005, 2015 and 2023. This pattern reinforces the evidence of growing climatic aridity in the region, with direct implications for irrigated agriculture. For citrus cultivation, these conditions imply a structural dependence on irrigation, as annual precipitation frequently fails to meet crop water requirements. The combination of declining rainfall trends, recurrent drought years and increasing evapotranspiration demand highlights the need for optimized irrigation scheduling and improved water-use efficiency to ensure the sustainability of citrus orchards in the Middle–Lower Guadalquivir.
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Figure 1: Trends in mean annual precipitation in the Middle–Lower Guadalquivir region based on data from the Regional Ministry of Sustainability and Environment (SECA, 2025).

Table 1 summarizes the main climatic characteristics of the citrus growing seasons in Palma del Río during the period 2015/2016–2023/2024. The results highlight a pronounced interannual variability in precipitation, with cumulative values ranging from 353.0 mm to 639.6 mm. In contrast, cumulative reference evapotranspiration (ETo) remained consistently high across all seasons, varying between 1193.7 and 1361.6 mm, which indicates a persistent atmospheric water demand largely exceeding rainfall input. Mean air temperature showed relatively limited interannual fluctuations, with values between 17.07 and 19.12 °C. However, a slight increase in mean and maximum temperatures was observed in the most recent seasons, particularly in 2022/2023, when the highest mean maximum temperature (27.57 °C) was recorded. This thermal pattern suggests a progressive intensification of heat conditions during the citrus growing period. Relative humidity exhibited moderate variability among seasons, generally ranging from approximately 56 to 67%, while mean solar radiation remained high throughout the study period (17.0–20.3 MJ m⁻² day⁻¹), reflecting the strong radiative regime typical of southern Mediterranean environments.  
Table 1: Climatic statistics by agricultural year (citrus growing season) in Palma del Río (Spain)
	Growing season
	Precipitation (mm)
	ETo (mm)
	Mean temperature (°C)
	Mean max.  temperature (°C)
	Mean min. temperature (°C)
	Mean 
RH (%)
	Mean solar radiation (MJ m⁻² day⁻¹)

	2015/2016
	359.8
	1193.7
	19.12
	26.86
	11.72
	56.34
	20.27

	2016/2017
	542.6
	1284.7
	18.00
	26.29
	10.72
	64.89
	17.17

	2017/2018
	639.6
	1229.7
	17.07
	25.11
	10.24
	67.01
	17.45

	2018/2019
	383.2
	1318.8
	17.49
	25.85
	10.11
	64.76
	18.09

	2019/2020
	456.0
	1320.9
	18.41
	26.42
	11.38
	63.56
	17.04

	2020/2021
	412.4
	1324.2
	18.37
	26.39
	11.20
	67.14
	18.18

	2021/2022
	353.0
	1327.2
	18.18
	26.88
	10.36
	63.54
	18.43

	2022/2023
	438.0
	1361.6
	18.89
	27.57
	10.87
	58.98
	18.47

	2023/2024
	568.6
	1307.1
	18.14
	26.47
	10.62
	66.71
	17.89


Note: ETo, reference evapotranspiration; RH, relative humidity. Values correspond to the growing season. Growing season defined from October to September
Table 2 presents the main agroclimatic indicators derived for citrus growing seasons in Palma del Río. All seasons exhibited a marked negative climatic water balance, with CWD ranging from −590.1 mm to −981.6 mm. These consistently negative values confirm the existence of a structural water deficit, in which precipitation is systematically insufficient to offset atmospheric evaporative demand, reinforcing the reliance of citrus production on irrigation. GDD showed substantial interannual variability, with values spanning from 2087.2 to 2771.4. The highest GDD accumulation occurred during the 2022/2023 growing season, reflecting warmer thermal conditions and an increased potential for accelerated crop phenology. Such thermal accumulation may contribute to earlier flowering and fruit development but also intensifies crop water requirements and heat stress risk. The number of days with maximum temperatures exceeding 35 °C was consistently high, ranging from 52 to 79 days per season, indicating frequent exposure of citrus orchards to extreme heat events. These conditions can adversely affect flowering, fruit set and fruit quality. In contrast, frost-risk days (Tmin ≤ 0 °C) were relatively infrequent but recurrent, with up to 23 frost-risk days recorded in 2022/2023, highlighting that cold stress remains a relevant, albeit secondary, climatic constraint in the region. Overall, the combined patterns of persistent water deficit, increasing thermal accumulation and frequent heat extremes underline the growing agroclimatic pressure on citrus cultivation in the Middle–Lower Guadalquivir area, emphasizing the need for adaptive irrigation strategies and climate-resilient orchard management.
Table 2: Derived agroclimatic indicators by citrus growing season in Palma del Río
	Growing season
	CWD (mm)
	GDD (°C/day)
	Tmax > 35 °C (days)
	Frost risk (days)

	2015/2016
	−833.9
	2087.2
	78
	3

	2016/2017
	−742.1
	2490.7
	72
	13

	2017/2018
	−590.1
	2239.9
	52
	22

	2018/2019
	−935.8
	2312.9
	61
	20

	2019/2020
	−864.9
	2522.1
	79
	5

	2020/2021
	−911.8
	2480.3
	69
	16

	2021/2022
	−981.6
	2438.2
	78
	17

	2022/2023
	−923.6
	2771.4
	79
	23

	2023/2024
	−738.5
	2506.8
	77
	15


Note: Growing season defined from October to September. CWD, climatic water deficit; GDD, growing degree days; Tmax > 35 °C, number of days with maximum temperature above 35 °C; Frost risk, number of days with minimum temperature ≤ 0 °C. Values correspond to the growing season.
Description of citrus samples
Table 3 summarizes the structural characteristics and total citrus production for nine consecutive growing seasons (2016/2017–2024/2025), with total production estimated from truck-weight records. 
Table 3: Structural characteristics and total citrus production for nine consecutive growing seasons (2016/2017–2024/2025)
	Season
	No. of parcels
	No. of varieties
	Total production
 (t)*
	Total Area (ha)
	Yield (t/ha)

	2016/2017
	122
	13
	20,662.4
	556.43
	37

	2017/2018
	111
	14
	19,543.5​
	577.66
	34

	2018/2019
	150
	16
	34,127.2
	741.82
	46

	2019/2020
	150
	15
	23,998.1​
	526.58
	46

	2020/2021
	117
	13
	19,557.9
	440.25
	44

	2021/2022
	169
	16
	35,169.9
	751.59
	47

	2022/2023
	137
	12
	16,069.2
	506.83
	32

	2023/2024
	130
	12
	13,796.2​
	455.21
	30

	2024/2025
	145
	17
	24,319.4
	619.41
	39


Note: Total production calculated as the sum of truck weights

Marked interannual variability was observed, with production values ranging from 13,796 t in 2023/2024 to 35,170 t in 2021/2022, reflecting strong sensitivity of the production system to seasonal conditions. When production data are interpreted in combination with the agroclimatic indicators presented in Tables 1 and 2, a clear relationship emerges between citrus production and climate variability. Seasons characterized by higher cumulative precipitation and less negative CWD, such as 2018/2019 and 2021/2022, coincided with the highest production levels. In contrast, campaigns affected by severe water deficits and reduced precipitation, notably 2022/2023 and 2023/2024, showed sharp declines in total production, despite comparable numbers of parcels and varieties. The impact of atmospheric demand is particularly evident when considering cumulative reference evapotranspiration (ETo), which remained consistently high across all seasons (1193–1362 mm). Under these conditions, years with low rainfall resulted in strongly negative water balances (down to −981.6 mm in 2021/2022), increasing dependence on irrigation and amplifying production losses during drought episodes. This confirms that, under Mediterranean irrigated conditions, water availability rather than thermal variability is the primary limiting factor for citrus production at the season scale. Thermal indicators showed a secondary but relevant influence. GDD increased in the most recent seasons, reaching a maximum in 2022/2023, together with a high number of days with maximum temperatures exceeding 35 °C. While increased thermal accumulation may accelerate phenological development, the combination of heat stress and water deficit likely contributed to reduced fruit set, increased fruit drop and lower harvested volumes during these seasons. Conversely, frost-risk days were relatively infrequent and did not show a consistent relationship with total production, indicating that cold stress played a minor role compared with water and heat stress.

3.3 Multiple linear regression model results

A MLR model was developed to evaluate the capacity of agroclimatic variables to predict interannual variability in citrus yield under Mediterranean irrigated conditions. Seasonal yield (t ha⁻¹) was used as the dependent variable, while CWD (mm), accumulated GDD (°C/day), Tmax > 35 °C (days), and frost-risk (days) were included as predictors. The model can be expressed as: 

-risk                                  (1)

The MLR model explained 73.7% of the observed interannual yield variability (R² = 0.737). Among the explanatory variables, the number of days with extreme heat (Tmax > 35 °C) showed a statistically significant negative effect on yield (p = 0.044), indicating an average reduction of approximately 1.1 t ha⁻¹ per additional hot day. Model performance metrics indicate a good predictive accuracy at the seasonal scale. The RMSE (1.28 t ha⁻¹) and MAE (1.10 t ha⁻¹) are low relative to the observed yield range (30–47 t ha⁻¹), suggesting limited dispersion between observed and predicted values. The near-zero bias (−0.03 t ha⁻¹) indicates the absence of systematic overestimation or underestimation, confirming that prediction errors are symmetrically distributed around zero. CWD and GDD exhibited the expected directional effects but were not statistically significant once extreme heat was accounted for, suggesting that, under irrigated Mediterranean conditions, heat stress rather than water availability emerges as the dominant climatic driver of seasonal yield variability. Previous studies have reported substantial interannual variability in citrus yield, even under well-managed and irrigated conditions. For instance, Suarez et al. (2023) reported yield ranges of approximately 20–70 t ha⁻¹ across seasons, corresponding to deviations of 40–60% from average citrus yields, and highlighting the strong influence of climatic variability on production. In this context, the yield variability captured by the MLR model developed in this study is consistent with values reported in the literature and underscores the relevance of climate-driven factors, particularly climatic water balance, in shaping production outcomes. The negative effect of extreme heat (Tmax > 35 °C) on yield reflects the sensitivity of citrus reproductive and metabolic processes to high temperatures. Values above 35 °C during flowering and early fruit development reduce fruit set and photosynthetic efficiency, limiting carbon availability for growth. Under Mediterranean irrigated conditions, irrigation mitigates soil water deficit but cannot prevent heat-induced physiological damage. The 35 °C threshold is supported by evidence showing significant alterations in fruit development above this level (Mesejo et al., 2024) and by studies recommending capping effective heat units at 35 °C (Abdel-Sattar et al., 2024). Orchard management practices (irrigation scheduling, rootstocks, fertilization, pruning and pest control) may introduce additional variability in yield. However, recent studies indicate that climatic stress—particularly extreme heat and drought—remains the dominant driver of citrus productivity, often overriding management-level adjustments (Balfagón et al., 2022). Although adaptive strategies can improve resilience, they do not fully offset adverse climatic impacts at the system scale (Joseph et al., 2021). The large spatial scale of the dataset (169 orchards and 17 varieties) and seasonal aggregation reduce the influence of individual management decisions, allowing robust climate–yield relationships to emerge. Nevertheless, management variability may contribute to unexplained variance and should be addressed in future, more detailed analyses. From an industrial perspective, these results highlight the value of integrating seasonally aggregated agroclimatic indicators with large-scale industrial production data to support yield forecasting, harvest planning and risk management in citrus value chains under increasing climate variability.
Conclusions
Interannual variability in citrus yield in the Guadalquivir Valley is strongly influenced by climatic conditions, particularly by the occurrence of extreme heat events. This study highlights the relevance of integrating agroclimatic information with large scale industrial production data to improve the understanding of yield variability in Mediterranean citrus systems. MLR model illustrates how seasonally aggregated agroclimatic indicators, including climatic water deficit, accumulated growing degree days, extreme heat events defined as maximum temperature above 35 °C, and frost risk days, can be jointly used to support yield assessment and predictive analyses. Such data driven approaches provide a solid basis for the development of operational tools, including digital twins, aimed at enhancing harvest planning, resource efficiency and the resilience of citrus value chains under increasing climate variability.
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