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RESUMEN

La agricultura es un sector fundamental en el mundo, destacando los cereales
como el grupo de cultivos mas relevante. En este contexto, los sistemas de secano
adquieren especial importancia, ya que representan la mayor parte de las tierras
cultivadas. Sin embargo, la alta vulnerabilidad climatica de estos sistemas plantea
desafios importantes, especialmente en regiones como la mediterranea, reconocida como
una de las zonas mas sensibles al cambio climatico global. La humedad del suelo (soil
moisture, SM) es una variable crucial en esta region, ya que constituye el principal factor
limitante que influye directamente en procesos hidroldgicos, fenoldgicos y productivos.
Ademaés, es determinante en la caracterizacion de fendmenos extremos como las sequias
agricolas, cuya incidencia afecta de forma inmediata al rendimiento de los cultivos y
compromete la seguridad alimentaria. Dentro de estos fendmenos, las sequias repentinas
(flash droughts, FD) caracterizadas por su répida intensificacion, han generado un
creciente interés en los Gltimos afios, ya que representan una amenaza cada vez mayor
para los cultivos. A pesar del reconocimiento generalizado de la influencia de la SM en
la productividad agricola y su importancia para la identificacion de las sequias, su
utilizacion como indicador en estudios de impacto sobre los cultivos es limitada. Su
escasa utilizacion, junto con la falta de una aplicacion especifica en areas vulnerables y
en vegetacion de interés agrondémico, evidencia la necesidad de avanzar hacia
investigaciones que aborden de manera integral los efectos del estrés hidrico en la
agricultura. Partiendo de esta hipdtesis, el objetivo de la presente tesis doctoral fue
analizar el impacto de las sequias agricolas sobre la fenologia y la produccidn del cereal
en regiones bajo condiciones mediterraneas. Para lograr este proposito, se plantearon tres

objetivos especificos.

En primer lugar, se destaca la necesidad de analizar el impacto de la sequia
agricola sobre el rendimiento de los cultivos. A pesar del marcado efecto negativo que
los déficits de SM tienen sobre los cultivos, son escasos los estudios que utilizan la SM
como variable para identificar este tipo de sequia, a pesar de ser el indicador que la define.
En este contexto, el primer objetivo de esta tesis doctoral es analizar y comparar el
impacto de la sequia agricola sobre el rendimiento del trigo y la cebada en las principales
regiones cerealistas de Espafia y Alemania, caracterizadas por contrastadas condiciones
climaticas, durante el periodo 2001-2020. Para ello, se utilizd la SM de la zona radicular,



extraida de la base de datos del modelo LISFLOOD, y se emplearon sus anomalias como
indice de sequia agricola. Ademas, se identifico el mes en el que la SM ejercia una mayor
influencia sobre las variables de estado del cultivo, como la productividad primaria bruta
(gross primary productivity, GPP) y el indice de area foliar (leaf area index, LAI),
obtenidas del sensor MODIS. Los afios de sequia agricola y su impacto en el rendimiento
de los cereales se determinaron mediante tres enfoques basados en el mes critico,
considerando diferentes periodos de analisis. Para identificar dicho mes, se aplicaron dos
metodologias diferentes segun las condiciones ambientales de cada pais. Las variables
del cultivo mostraron una dependencia de la SM, especialmente durante los meses de
primavera. Asimismo, se observé que las sequias agricolas provocaron reducciones
relevantes en el rendimiento de los cereales, presentando variaciones en su magnitud que
reflejan el contraste entre las condiciones ambientales de cada pais. Tanto en las regiones
tradicionalmente afectadas por las sequias agricolas, como en aquellas que hasta hace
poco no lo estaban, este estudio proporciona informacién util para la gestion del agua y

la agricultura ante escenarios de cambio climatico.

En segundo lugar, se partié de la hipotesis de que la evolucion temporal de las
principales métricas fenoldgicas antes y después del comienzo del siglo XXI es incierta.
Ademas, la SM raramente se incorpora en los analisis fenoldgicos basados en
teledeteccion y la mayoria de los estudios se enfocan en la vegetacion natural. Por ello,
se defini6 como segundo objetivo de esta tesis doctoral el analisis de los patrones
temporales de la fenologia de los cereales de secano, extraidos del conjunto de datos
GIMMS NDVI3g en las principales regiones cerealistas bajo clima mediterrdneo de
Espafia, Portugal, Francia e Italia, durante el periodo 1982-2022. Se analizaron por
separado las series temporales anteriores y posteriores al inicio del siglo XXI, extrayendo
los pardmetros fenoldgicos mediante el método del umbral dinamico modificado, y se
estudiaron sus tendencias. Asimismo, se evaluaron las relaciones entre estos parametros
y la influencia de determinadas variables hidroclimaticas sobre el inicio o siembra (start
of season, SOS) y el final o cosecha (end of season, EOS) del ciclo fenoldgico. Las
tendencias fenoldgicas entre ambos periodos de estudio mostraron una inversion temporal
coincidente con la pausa del calentamiento global, reflejandose asimismo en la dinamica
de la influencia de las variables hidroclimaticas sobre SOS y EOS. Esta informacién
resulta fundamental para la gestion y planificacion de los cultivos de secano en escenarios

de cambio climatico.



El altimo objetivo parte del creciente interés por las FD debido a su dinamica
especifica, su rapida generacion, desarrollo y los dafios significativos que ocasionan. No
obstante, a pesar de la creciente evidencia de su amenaza para los cultivos, los estudios
en &mbitos agricolas siguen siendo limitados. En este contexto, se plante6 como tercer y
ultimo objetivo de esta tesis doctoral el analisis de las FD en las principales regiones
cerealistas de Espafia, Portugal, Francia e Italia entre 2000 y 2023, evaluando sus efectos
sobre la GPP, el rendimiento y la fenologia de los cereales. Las FD se identificaron
mediante la SM obtenida de la base de datos de reanalisis ERA5-Land. La respuesta de
los cereales se analizd mediante dos indices basados en el tiempo de respuesta de la GPP,
mientras que el impacto sobre la fenologia del cereal se evalu6 usando el NDVI
(Normalized Difference Vegetation Index), utilizando datos de MODIS. Se observé que
las FD afectaron significativamente a los cereales bajo condiciones mediterraneas,
presentando mayor frecuencia e intensidad durante los meses criticos de desarrollo, y
provocaron un estrés maximo en los cultivos en dichos periodos. Este analisis aporta
informacion clave para entender la resiliencia de los cultivos frente a las FD y para
desarrollar estrategias que mitiguen sus efectos en escenarios futuros de cambio

climético.
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CAPITULO 1 - INTRODUCCION OBJETIVOS Y METODOS

1.1 Motivacidn

La agricultura es un sector fundamental en el mundo, representando
aproximadamente el 40% de la superficie terrestre. Dentro de esta extension, un tercio
corresponde a tierras de cultivo, mientras que el resto son praderas y pastizales
permanentes (FAO, 2024a). A lo largo del siglo XXI, la superficie de tierras de cultivo
ha aumentado, destacando los cultivos anuales como el trigo, la cebada y el maiz, los
cuales han experimentado un incremento de 110 millones de hectareas entre 2001 y 2022,
lo que representa un crecimiento del 11% (FAO, 2024a). Los cereales son el principal
grupo de cultivos producidos mundialmente (Figura 1.1), destacando entre ellos el maiz,

el arroz, el trigo, la cebada y el sorgo (FAO, 2024b).
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Figura 1.1. Produccion mundial de cultivos primarios por grupo de cultivos. Imagen obtenida de FAO
(2024b).

El sistema de cultivo de secano es aquel en el que los cultivos dependen
exclusivamente de las precipitaciones, sin la aplicacion de riego. Este sistema es el méas
extendido en el mundo, desempefiando un papel crucial en la cadena mundial de
produccién y suministro de alimentos, ya que cubre aproximadamente el 80% de las
tierras cultivadas y genera alrededor del 60% de la produccion mundial de cultivos. Su
gran extension lo convierte en un componente clave de la agricultura mundial (FAO,
2024a). La elevada vulnerabilidad climatica de los sistemas de cultivo de secano confiere

una especial relevancia al impacto del cambio climético, ya que ha contribuido a la



reduccion de la seguridad alimentaria, ha afectado a la seguridad hidrica, y ha provocado
alteraciones en los patrones de precipitacion, asi como un aumento en la frecuencia e
intensidad de fendmenos climaticos extremos, como las sequias (IPCC, 2023). Aunque
se proyectan riesgos de sequia agravados globalmente, los patrones de cambio presentan
una notable variabilidad espacial, con incrementos significativos en latitudes medias (Gu
et al., 2020). En este contexto destaca la region mediterranea, identificada como uno de
los principales puntos criticos del cambio climatico mundial (Lionello y Scarascia, 2018).
Como consecuencia, las sequias en esta region son mas severas y se prevé un aumento
sustancial tanto en su frecuencia como en su intensidad (Gu et al., 2020), lo que plantea
importantes desafios hidrol6gicos, especialmente considerando que se trata de una region

con disponibilidad hidrica limitada.

En este escenario de alta dependencia climética, el cambio climatico representa
una amenaza global creciente para la agricultura y se espera que sus impactos se
intensifiqguen en el futuro (Borrelli etal., 2020). La regién mediterranea ha sido
reiteradamente identificada como una de las zonas més sensibles al cambio climatico
global (Giorgi, 2006), como lo demuestran distintas generaciones de modelos climéticos
(Cos et al., 2022; Pulighe et al., 2021; Seker y Gumus, 2022). Se prevé que en esta region
la precipitacion media disminuird progresivamente mientras que la temperatura
continuard aumentando, acompafiado todo ello de un incremento en la
evapotranspiracion, lo que provocara una disminucion anual significativa tanto en la
humedad del suelo (SM, soil moisture) de la zona radicular como en el almacenamiento
de agua subterranea, reforzando asi el escenario de creciente escasez hidrica en esta
region (Pulighe et al., 2021; Seker y Gumus, 2022). En este contexto, el Global Climate
Observing System (GCOS) de la World Meteorological Organization (WMO) ha
identificado 55 variables climaticas esenciales, entre las cuales, desde el afio 2010, se
encuentra la SM (GCOS, 2022). Estas variables proporcionan la evidencia necesaria para
comprender y proyectar la evolucion del clima, orientar las medidas de mitigacién y
adaptacion y evaluar riesgos (GCOS, 2022). La SM es especialmente relevante en la
region mediterranea, donde constituye un factor limitante que afecta el acoplamiento
suelo-atmosfera e influye en procesos clave como la evapotranspiracion, el ciclo
hidrolégico, la productividad agricola, asi como en fendmenos extremos como sequias e
inundaciones (Escorihuela y Quintana-Segui, 2016; Martinez-Fernandez et al., 2023). Por

ello, sumonitorizacion y analisis son indispensables para la gestion agricola (Gaona et al.,
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2022), la gestién de recursos hidricos (Brocca etal., 2017), la conservacion de
ecosistemas (Gonzélez-Zamora et al., 2021; Martinez-Fernandez etal., 2019) y la

evaluacion de riesgos naturales como las sequias (Almendra-Martin et al., 2021a).

El interés por la monitorizacion de la SM ha crecido de forma notable en las
ultimas décadas, impulsado por los avances tecnologicos que han permitido su
observacion a traves de sensores remotos. Hasta comienzos del siglo XXI, el estudio de
esta variable se basaba principalmente en mediciones in situ debido a la falta de
herramientas adecuadas para su monitorizacion a gran escala (Martinez-Fernéndez et al.,
2015). En la actualidad, existen multiples técnicas que permiten generar series de datos
con distintas resoluciones espaciales y temporales. El desarrollo de sensores remotos ha
sido clave en esta evolucion, permitiendo el paso de mediciones puntuales de la SM a un
seguimiento espacial y temporal continuo. En este contexto, destacan las dos primeras
misiones espaciales especificamente disefiadas para medir la SM: la mision Soil Moisture
Ocean Salinity (SMOS) de la Agencia Espacial Europea (ESA, European Space Agency)
y la mision Soil Moisture Active and Passive (SMAP) de la NASA (National Aeronautics
and Space Administration) (Wigneron et al., 2017). Ademas de los datos observacionales,
los datos de modelos han demostrado ser herramientas complementarias de gran utilidad
para monitorizar y estudiar la dinamica de la SM, asi como su papel en los intercambios
de agua y energia entre el suelo y la atmésfera (Laguardia y Niemeyer, 2008). Modelos
como LISFLOOD permiten generar series de SM con una resolucién espacial de hasta
5 km x 5 km (Van Der Knijff et al., 2010). Por otro lado, los productos de reanalisis,
como, por ejemplo, ERA5-Land, combinan las series satelitales y las de modelizacién

para beneficiarse de las ventajas de ambos (Mufioz-Sabater et al., 2021).

Ante el escenario del cambio climatico, una de las aplicaciones mas relevantes de
las bases de datos de SM es el andlisis de fendmenos extremos. Uno de los més
interesantes es la sequia, de la que se identifican diferentes tipologias: meteoroldgica,
hidroldgica, agricola y socioeconomica (Mishra y Singh, 2010). Entre ellas, la sequia
agricola tiene un impacto particularmente directo e inmediato, ya que se manifiesta
cuando la disponibilidad de SM desciende por debajo del nivel necesario para satisfacer
las necesidades fisioldgicas de las plantas, afectando negativamente el crecimiento y el
rendimiento de los cultivos (Potopova et al., 2016; Quiring y Papakryiakou, 2003). La
sequia agricola representa una de las principales causas de pérdida de productividad en

los sistemas de secano en todo el mundo, provocando significativas reducciones en el
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rendimiento de los cultivos (Li et al., 2017). Los estudios y evaluaciones de la sequia
agricola son fundamentales, dado que constituye una de las principales preocupaciones a
escala global en términos de seguridad alimentaria, estabilidad social y econdmica
(Krishnamurthy et al., 2022). Evaluar la sequia agricola y sus posibles impactos en la
seguridad alimentaria es especialmente crucial en regiones vulnerables y propensas a este
fendmeno (Orimoloye, 2022), como la regién mediterranea, caracterizada por una escasez
hidrica significativa (Essa et al., 2023). A pesar del reconocimiento generalizado de la
influencia de la SM en la productividad agricola y en la caracterizacion de las sequias,
persisten importantes lagunas o carencias al respecto en la literatura cientifica. Aunque la
SM es la variable que define la sequia agricola, pocas veces se emplea como indicador
principal en los analisis de impacto sobre los rendimientos de los cultivos, siendo
comunmente reemplazada por indices meteoroldgicos, o tratada como una variable
derivada (Krueger et al., 2019; Li et al., 2022).

En este contexto, en los Gltimos afios ha aumentado el interés por las sequias
repentinas (flash drought, FD), ya que representan un subtipo de sequia caracterizado por
una rapida intensificacion que puede dar inicio a una sequia 0 agravar una ya existente,
afectando de forma severa a la productividad agricola (Otkin et al., 2022). Aunque estas
sequias se originan por maltiples factores, la SM destaca como un indicador eficaz para
su identificacion y monitorizacion (Osman et al., 2024). La rapida aparicion de las FD
dificulta su prediccion, lo que reduce considerablemente el tiempo disponible para mitigar
sus impactos, agravando las consecuencias negativas en la agricultura y la sociedad
(Christian et al., 2024). Sin embargo, gran parte de la investigacion sobre FD se ha
centrado predominantemente en la vegetacion natural (Barbosa, 2023; O y Park, 2023).
En los pocos estudios que abordan su impacto en contextos agricolas, los analisis suelen
estar restringidos a escalas locales, limitados a un numero reducido de eventos, a menudo
enfocados en un caso aislado (Hunt et al., 2021; Otkin et al., 2021) o centrados de forma
general en tierras de cultivo sin considerar las repercusiones en cultivos especificos (O y
Park, 2024).

En este marco, hay que sefialar que el déficit de SM ejerce un impacto
significativo cuando ocurre durante las fases principales de crecimiento y reproduccion
del ciclo de los cultivos (Gaona et al., 2022). Por esta razon, la descripcion temporal es
crucial, ya que la sensibilidad de los cultivos a condiciones limitantes o de

sobreexposicion varia en cada etapa fenoldgica, definiendo periodos criticos especificos
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de impacto (Gaona et al., 2022). La dindmica de la vegetacion es un importante indicador
biologico que refleja las respuestas ciclicas y estacionales de los ecosistemas a los
regimenes climaticos e hidroldgicos (Zhang et al., 2003). Ademas, el calentamiento
global es un fendbmeno innegable que altera los ciclos fenoldgicos de la vegetacion
terrestre, por lo que resulta fundamental una caracterizacion precisa de la fenologia y la
monitorizacién de su comportamiento a lo largo del tiempo para comprender las
variaciones en los impactos del cambio climatico (Zhao et al., 2015). La informacién
fenoldgica de los cultivos se extrae principalmente mediante registros terrestres in situ y
datos de teledeteccién (Zhan et al., 2024). Aunque los seguimientos in situ ofrecen datos
detallados, sus limitaciones espaciales y temporales dificultan el analisis fenoldgico a
gran escala y largo plazo, mientras que los datos obtenidos por satélite son herramientas
eficaces para el seguimiento de la vegetacion a escalas espaciales y temporales adecuadas.
La fenologia derivada de estos datos suele obtenerse a partir de indices de vegetacion,
como, por ejemplo, el normalized difference vegetation index (NDVI) o el enhanced
vegetation index (EVI) (Liao et al., 2023). Con los avances en las tecnologias de
teledeteccion, que permiten la monitorizacion de la fenologia de la vegetacion, se han
realizado estudios recientes sobre las tendencias fenoldgicas y sus respuestas al cambio
climéatico en distintas escalas espaciales y temporales (Hua etal., 2025; Tian etal.,
2024a). Sin embargo, la atencion se ha dirigido principalmente a los cambios fenoldgicos
de la vegetacidn natural, siendo mucho menor en el caso de los cultivos agricolas. En los
pocos casos en que se han considerado los cultivos, los estudios suelen limitarse a escalas
pequefias, basados en datos de campo in situ (Reny An, 2021). Ademas, muchas de esas
investigaciones han incorporado variables climaticas como temperatura, precipitacion y
fotoperiodo en el analisis de los efectos del clima sobre la fenologia (Jin et al., 2019a;
Yuan et al., 2019a). Sin embargo, la SM ha sido poco considerada en estudios fenologicos
basados en datos de teledeteccion, a pesar de su importancia critica para los cultivos
(Gaona et al., 2023) y su estrecha relacion con la sequia agricola.

En definitiva, la falta de integracion de un indicador relevante como la SM y su
aplicacion especifica en areas vulnerables y vegetacion de interés agronomico, pone de
manifiesto la necesidad de avanzar hacia investigaciones que aborden de manera integral
los efectos del estrés hidrico en la agricultura. Este enfoque no solo es esencial para el
desarrollo de estrategias de adaptacion y mitigacion frente al cambio climatico, sino que

también resulta fundamental para garantizar la seguridad alimentaria, especialmente en



contextos donde los recursos hidricos son limitados y se proyecta un aumento en la
frecuencia e intensidad de fendmenos extremos como las sequias. Motivada por el interés
del tema de investigacion y por la constatacion de lagunas y carencias en la literatura
cientifica, esta tesis doctoral aborda el impacto de la sequia agricola sobre el rendimiento
del trigo y la cebada en regiones con diferentes condiciones climaticas, el estudio de los
patrones temporales de la fenologia en las ultimas décadas, asi como la caracterizacion y
efecto de las FD en el rendimiento y la fenologia en regiones cerealistas bajo clima

mediterraneo.
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1.2 Objetivos

Bajo el escenario de cambio climatico y el consecuente incremento proyectado en
la frecuencia e intensidad de las sequias, el objetivo general de esta tesis es aportar
enfoques analiticos y conocimiento sobre el impacto del déficit de SM en la fenologia y
produccién del cereal bajo condiciones mediterraneas. Este analisis se aborda desde
diferentes perspectivas, con un enfoque particular en el trigo y la cebada, por ser los

cultivos predominantes en las zonas de estudio. Los objetivos especificos son:

e Analizar y comparar el impacto de la sequia agricola en el rendimiento del trigo
y la cebada de secano en las principales regiones cerealistas de Espafia y Alemania
durante el periodo 2001-2020, considerando distintas perspectivas de analisis.

e Analizar los patrones temporales de la fenologia de los cereales de secano y sus
respuestas a diversas variables hidroclimaticas bajo condiciones mediterraneas
durante el periodo 1982-2022.

e ldentificar y caracterizar las FD en diferentes regiones cerealistas bajo
condiciones climaticas mediterraneas, evaluando su impacto en el estado del
cultivo, el rendimiento y la fenologia de los cereales durante el periodo 2000-
2023.



1.3 Produccion agricola bajo condiciones

mediterraneas

1.3.1 Caracteristicas ambientales de la region Mediterranea

La region mediterranea (Figura 1.2) constituye una extensa franja territorial que
rodea el mar Mediterraneo y se extiende por el sur de Europa, el norte de Africa y el
suroeste de Asia (Blondel, 2010). Esta region, comprendida entre las latitudes 29°N y
47,5°N, y las longitudes 10°0 y 39°E (Aurelle et al., 2022), se caracteriza por un clima
mediterraneo, con veranos calidos y secos e inviernos suaves y humedos (Lionello et al.,
2006). Las precipitaciones se distribuyen de manera irregular a lo largo del afio,
presentando una marcada estacionalidad, con una estacion estival seca (Tramblay et al.,
2020), especialmente pronunciada en el sur de la regién, donde las precipitaciones son
muy escasas 0 practicamente inexistentes (Giorgi y Lionello, 2008). La temperatura y la
precipitacion media anuales en los paises mediterraneos de Europa varian
considerablemente, alcanzando los 5 °C y 2027 mm en el norte de Italia, mientras que en
el sureste de Espafia se registran valores de 18 °C y 228 mm, respectivamente (Ferreira
etal., 2022; Llorens y Domingo, 2007). La alta variabilidad temporal del clima
mediterrdneo, tanto a escala estacional como interanual, se debe a su situacion de
transicion entre las latitudes medias y subtropicales, asi como a su asociacién con diversos

patrones de circulacidn atmosférica de gran escala (Tramblay et al., 2020).

Las condiciones climaticas de la region mediterranea inciden de forma
determinante sobre los ecosistemas, efecto que se ve reforzado por su topografia
contrastada, que incluye grandes cordilleras, profundos valles y extensas mesetas
interiores, entre otros elementos. Esta compleja geomorfologia genera una gran variedad
de hébitats que van desde matorrales esclerofilos y estepas semiaridas hasta humedales
costeros y bosques riberefios, 1o que explica la notable biodiversidad caracteristica del
bioma mediterraneo (Blondel, 2010). Por ultimo, la region alberga una amplia diversidad
de tipos de suelo, resultado de los diferentes materiales parentales, la topografia, las
condiciones climaticas y la influencia de factores bioldgicos como la vegetacion y la
fauna, junto con la influencia de actividades humanas (Ferreira et al., 2022). Pese a esta

riqueza edafica, esta regién enfrenta importantes desafios, ya que ha sido identificada
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como particularmente vulnerable a la degradacion del suelo y a la desertificacion,
especialmente en zonas de alto estrés, como las areas aridas y semidridas debido a su

mayor susceptibilidad (L6pez-Bermudez, 1993; Lopez-Bermudez et al., 1998).
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Figura 1.2. Mapa de los paises de la region mediterranea. Imagen obtenida de Ferreira et al. (2022).

1.3.2 El cultivo del cereal

Los cereales son plantas herbaceas monocotiledoneas de ciclo vegetativo anual,
pertenecientes a la familia de las poaceas (Poaceae), comunmente conocidas como
gramineas. Constituyen la fuente de alimentos mas importante en el mundo (Tufail et al.,
2023), siendo el trigo (Triticum spp.), el maiz (Zea mays), el arroz (Oryza sativa), la
cebada (Hordeum vulgare) y el sorgo (Sorghum spp.) los principales cultivos, tanto por
superficie cultivada como por volumen de produccion (Ahmad et al., 2024). Los cereales
representan casi el 75% de la superficie total cultivada del mundo y el 60% de la
produccion mundial de alimentos (Feng et al., 2024). Constituyen ademas la principal
fuente alimentaria de energia, carbohidratos y proteinas vegetales (Poutanen et al., 2022).
En la actualidad, aproximadamente el 41% de la produccion mundial de cereales se

destina al consumo humano, el 35% a la alimentacion animal y el resto a otros usos,

-11 -



principalmente industriales, como la produccién de biocombustibles (Poutanen et al.,
2022). En la region mediterrdnea, la agricultura representa aproximadamente el 30% de
la superficie total, aunque solo el 8% de las tierras agricolas esta dotada con sistemas de
riego (Alrteimei et al., 2022). Como consecuencia, la agricultura de secano constituye el
sistema predominante en la region, donde los cereales representan el principal grupo de
cultivos (Savin et al., 2022). En este contexto de recursos limitados, la productividad de
los cultivos depende fundamentalmente de la disponibilidad y eficiencia en el uso de los
factores limitantes, destacando el agua como uno de los mas criticos en la regién
mediterrdnea (Cossani et al., 2012). Los cultivos de trigo y cebada son los principales
cereales cultivados en secano de la region mediterrdnea, desempefiando un papel
estratégico en la economia y en la seguridad alimentaria de toda la zona (Albrizio et al.,
2010; Savin et al., 2022).

A pesar de que la produccion de cereales ha mostrado una tendencia creciente en
las Gltimas décadas, los sistemas de cultivo se enfrentan a desafios cada vez més severos
derivados del cambio climatico, especialmente en regiones semiaridas (Abi Saab et al.,
2019). La creciente variabilidad de los regimenes hidricos compromete la estabilidad del
rendimiento, lo que incrementa el riesgo de inseguridad alimentaria a escala global
(Bracho-Mujica etal., 2019; Sadok etal.,, 2019). Ante este escenario, se hace
imprescindible que la agricultura en la regidon mediterranea desarrolle una mayor
resiliencia al cambio climéatico y aumente su eficiencia en el uso del agua, a fin de
garantizar la sostenibilidad de la produccién y la seguridad alimentaria (UnNisa et al.,
2022).

1.3.3 Fenologia de los cereales

La fenologia es el estudio de las etapas recurrentes en el ciclo de vida de plantas
y animales (Schwartz, 2003). En el &mbito agricola, la fenologia se refiere al estudio de
las diferentes etapas de desarrollo que experimentan los cultivos a lo largo de su ciclo de
vida. Estas etapas, conocidas como fases fenoldgicas, siguen un orden cronoldgico
definido y estan estrechamente influenciadas por factores ambientales (Zhao et al., 2015).
Los cereales pueden clasificarse en dos grandes grupos segun su ciclo de cultivo, aunque

algunas especies presentan variedades adaptadas a ambos ciclos. Por un lado, los cereales
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de invierno, como el trigo, la cebada, la avena y el centeno, se siembran en otofio y se
cosechan en verano; por otro, los de primavera o verano, como el maiz y el sorgo, se
siembran a finales de la primavera y se recolectan a finales del verano o principios del
otofio. (Sherratt, 1980). En la region mediterranea predominan los cereales de invierno,
especialmente el trigo y la cebada, cuyo ciclo fenolégico se extiende desde la siembra en
otofio hasta la cosecha en verano (Sherratt, 1980). Comprender el ciclo fenoldgico de los
cultivos es esencial para una gestion agricola eficiente, ya que permite tomar decisiones

precisas en momentos clave del desarrollo.

La escala de Zadoks (Zadoks et al., 1974) es la mas utilizada para describir y
clasificar las fases fenoldgicas de los cereales, ya que proporciona un sistema
estandarizado y detallado que facilita la monitorizacion y manejo de estos cultivos
(Thomas, 2014). Esta escala fue desarrollada a partir de la escala de Feekes (Feekes,
1941), con el objetivo de proporcionar una descripcién mas precisa y universal de las
etapas de crecimiento, aplicable a todas las especies de cereales y adecuada para diversos
entornos agricolas (Zadoks et al., 1974). Ademas, fue disefiada para facilitar su uso en el
registro y procesamiento informatizado de datos, superando las limitaciones de las escalas
anteriores (Zadoks et al., 1974). La escala de Zadoks, esta estructurada en un sistema de
dos digitos en el que el primer digito, de 0 a 9, corresponde con el estadio de desarrollo
principal del desarrollo de la planta, mientras que el segundo digito, de 0 a 9, proporciona
una subdivision de esa fase, correspondiendo el valor 5 al punto intermedio de ese estado.
Los estadios principales de los cereales segun la escala de Zadoks (Figura 1.3) se dividen
en los siguientes (Tottman, 1987; Zadoks et al., 1974):

0 — Germinacion: conjunto de procesos que ocurren en la semilla desde que el
embridn comienza a crecer hasta que se ha formado una pequefia planta capaz de vivir de

forma independiente, es decir, que ya no depende del alimento almacenado en la semilla.

1 — Produccion de hojas en el tallo principal: en esta fase se inicia el crecimiento
vegetativo mediante la emision de hojas en el tallo principal. La planta comienza a
desarrollar sus primeros érganos fotosintéticos, lo que permite un mayor crecimiento y

acumulacién de nutrientes para el desarrollo posterior.

2 — Macollado: se produce la formaciéon de brotes laterales o macollos que
emergen desde los nudos de la base de la planta. Los macollos son tallos secundarios que

contribuyen a la produccion de nuevos brotes, siendo esenciales para la ramificacion de
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la planta y tienen un impacto directo en la cantidad de espigas que se formaran
posteriormente, lo que afecta a la densidad y el rendimiento de la cosecha.

3 — Encafiado: es el proceso en el que los nudos del tallo se estiran y se separan,
aumentando la altura de la planta. El primer nudo aéreo, visible como el nudo més bajo
del tallo, marca la aparicién de la hoja bandera, una de las hojas mas importantes para la
fotosintesis. Este alargamiento es crucial para la formacion de una estructura que permita

la futura emergencia de la espiga.

4 — Vaina engrosada: en esta fase, la espiga joven se esta desarrollando dentro de
las vainas de las hojas y se hace mas notoria. La vaina de la hoja bandera se engrosa para

proteger la espiga en formacién, aunque ain no es visible externamente.
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Figura 1.3. Principales fases de desarrollo de los cereales de invierno segun la escala de Zadoks. Imagen
obtenida de Toledo (2023).

5 — Espigado: la espiga comienza a emerger del tallo, marcando la transicion de
la etapa vegetativa a la reproductiva. La espiga, que es la estructura que contiene las
flores, empieza a ser visible fuera de las vainas y se inicia el proceso de diferenciacion

floral dentro de la espiga.

6 — Antesis o floracion: corresponde a la apertura de las flores y la polinizacion.

En los cereales, la floracion ocurre cuando las espiguillas se abren y estan listas para ser
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polinizadas. Este es un estadio critico en el que se produce la fecundacion de los évulos
de la flor, dando inicio a la formacion de granos. El éxito de la polinizacion es

determinante para el nimero final de granos por espiga.

7 — Estado lechoso del grano: el grano se encuentra en un estado inicial de
desarrollo, con alta cantidad de agua y una consistencia blanda. El contenido de almidén
y otros componentes en el grano estan en proceso de acumulacion. Fisiolégicamente, la
planta transloca nutrientes desde las hojas hacia los granos, lo que favorece su

crecimiento.

8 — Estado pastoso del grano: en esta fase, el grano comienza a endurecerse y
adquiere una consistencia mas densa o pastosa. La acumulacion de almiddn en el grano
se incrementa, aunque el contenido de agua sigue siendo relativamente alto. El grano
continda su desarrollo hacia la madurez perdiendo agua paulatinamente, mientras que la

planta reduce su actividad metabdlica.

9 — Madurez: este estadio marca la finalizacion del desarrollo del grano vy la
madurez fisioldgica de la planta. EI contenido de agua en los granos se reduce
significativamente, indicando que estan listos para la cosecha. La planta entra en
senescencia, lo que implica que las hojas y tallos se secan progresivamente. El ciclo de
vida de la planta llega a su fin y los granos son completamente formados para ser

recolectados.

1.3.4 Indicadores ecofisiologicos de la produccion agricola

Los indicadores ecofisioldgicos son parametros cuantitativos que describen cémo
responden las plantas a las condiciones del entorno (Llttge y Scarano, 2004). Estos
indicadores son fundamentales para comprender el comportamiento de los cultivos a lo
largo de su ciclo de vida y como responden a diversos factores ambientales, manejos
agrondémicos y condiciones climéaticas (Moriondo et al., 2021). En este contexto, los
indices de vegetacion son herramientas empleadas para estimar el vigor y la salud de la
vegetacion, a partir de combinaciones matematicas de valores de reflectancia obtenidos
en diferentes bandas espectrales y longitudes de onda (Chowdhury et al., 2024). Estos

indices se utilizan ampliamente en campos como la agricultura y la ecologia para analizar
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el estado fisiologico y la productividad de las plantas, estudiar la dindmica de la
vegetacion y evaluar diversas caracteristicas de los cultivos, como la biomasa
(Chowdhury et al., 2024; Viljanen et al., 2018).

Los indices de vegetacion se extraen principalmente a partir de observaciones
directas en el terreno y de datos de teledeteccion (Chowdhury et al., 2024). Los métodos
in situ, como los radiémetros, colorimetros y espectrometros portéatiles, permiten obtener
datos con alta resolucidn espacial y precision, pero requieren mediciones de campo
meticulosas, lo que compromete la existencia de series temporales prolongadas
(Candiago et al., 2015; Chowdhury et al., 2024). Este enfoque presenta limitaciones en
cuanto a las escalas espaciales y temporales, lo que dificulta el anlisis a gran escala y la
realizacion de estudios a largo plazo. Sin embargo, las observaciones por satélite
proporcionan informacidon ecofisioldgica de grandes extensiones y de series temporales
largas (Marshall et al., 2018), constituyendo una herramienta eficaz para investigar los
cambios en la productividad de la vegetacion, la estructura del dosel y su respuesta a

factores bioticos y abioticos (Tian et al., 2024b).

Los indices de vegetacion mas utilizados son el Ratio Vegetation Index (RVI),
Difference Vegetation Index (DVI), NDVI, EVI, Leaf Area Index (LAI) y Soil-Adjusted
Vegetation Index (SAVI) (Xue y Su, 2017). Estos indices proporcionan informacién
detallada sobre parametros ecofisioldgicos clave de la vegetacidn, reflejando su condicion
y dinamica de crecimiento. Ademas, existen otros indicadores ecofisiolégicos que se
centran en la productividad de la vegetacion, como el Gross Primary Production (GPP),
Net Primary Production (NPP) y Fraction of Absorbed Photosynthetically Active
Radiation (FAPAR), que reflejan la capacidad fotosintética y la eficiencia de los
ecosistemas (Xue y Su, 2017). Entre los principales satélites y sensores utilizados para el
estudio de estos indices se encuentran el Moderate Resolution Imaging
Spectroradiometer (MODIS), a bordo de los satélites Terra y Aqua de la NASA; el
Advanced Very High Resolution Radiometer (AVHRR), operado por satélites de la
National Oceanic and Atmospheric Administration (NOAA); el Satellite Pour
1’Observation de la Terre (SPOT), desarrollado por el Centre National d'Etudes Spatiales
(CNES) de Francia; Landsat, una misién conjunta de la NASA y el United States
Geological Survey (USGS) y Sentinel, del programa Copernicus de la ESA, entre otros

(Qin etal,, 2021). Diversos estudios recientes han utilizado estos indicadores
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ecofisioldgicos, con el fin de evaluar la capacidad de respuesta y resiliencia de los cultivos
ante condiciones adversas como la sequia (Deng et al., 2024; Fuentes et al., 2025; Li
etal., 2025).

1.3.5 Condicionantes ambientales de los cultivos de cereal en

ambientes mediterraneos

En la region Mediterranea, como en otras regiones del Planeta, prevalece un clima
mediterrdneo tipico con precipitaciones irregulares, concentradas en las estaciones
equinocciales, y veranos calurosos y secos. Bajo estas condiciones, la produccion de
cultivos de secano se ve influenciada principalmente tanto por la cantidad como por la
distribucion de las precipitaciones (Oweis et al., 2000). En este contexto climatico, la
produccidn de cereales esta fuertemente condicionada por la disponibilidad de agua y las
altas temperaturas, lo que expone a los cultivos a distintos grados de estrés hidrico, a
menudo acompafado de estrés térmico, limitando asi su desarrollo y productividad
(Rezzouk et al., 2022; Savin et al., 2015).

Entre los factores climaticos que condicionan el rendimiento de los cereales en
ambientes mediterraneos, la disponibilidad de agua representa la principal limitacién
ambiental, especialmente en regiones donde predomina la agricultura de secano (Araus
et al., 2003; Gaona et al., 2022). Asimismo, el bajo nivel fredtico y la irregularidad del
almacenamiento de agua en los embalses para riego, también pueden afectar el
rendimiento de los cultivos, asi como la supervivencia de todos los agroecosistemas
durante la estacidn seca de verano (Tramblay et al., 2020). En este contexto, el déficit
hidrico durante el periodo de crecimiento provoca pérdidas de rendimiento en el cereal
debido a la reduccion en el numero de granos de los cultivos (Albrizio et al., 2010).
Ademaés, cuando ocurre el estrés hidrico desde la antesis hasta la madurez del cereal,
acelera la senescencia foliar y la tasa de llenado del grano, reduciendo asi el tiempo
disponible para la translocacién de reservas de carbohidratos hacia el grano y, en

consecuencia, el peso final del grano (Albrizio et al., 2010; Oweis et al., 2000).

Las altas temperaturas durante el llenado del grano, una fase especialmente
sensible, pueden reducir tanto el peso como la calidad del grano (Gulino et al., 2023;

Passarella et al., 2002). Se ha demostrado que incluso breves episodios de calor intenso
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en este periodo disminuyen el tamafio del grano, con un impacto negativo que depende
tanto del momento en que ocurre el estrés térmico como de su intensidad (Passarella et
al., 2005). Ademas, estas condiciones estan asociadas con alteraciones en la composicion
de las proteinas del gluten, afectando negativamente las propiedades tecnoldgicas del
grano (Poggi et al., 2022). El aumento de temperaturas entre la elongacion del tallo y la
antesis actia como un factor limitante importante, ya que acelera el ciclo del cultivo y
reduce su potencial de rendimiento, efecto que se agrava significativamente cuando

coincide con una baja disponibilidad hidrica (Albrizio et al., 2010).

El agua y la energia se reconocen como los factores climéticos limitantes méas
influyentes para el crecimiento de la vegetacion (Karnieli etal., 2019). Desde una
perspectiva global, y excluyendo las zonas tropicales, Karnieli et al. (2019) demostraron
que el crecimiento de la vegetacion en latitudes altas o en zonas de gran altitud esta
limitado principalmente por la energia, mientras que, en latitudes bajas, como la region
mediterranea, el principal factor limitante es la disponibilidad de agua. La escasa
disponibilidad hidrica se considera el principal factor ambiental que limita el crecimiento
y la productividad vegetal en regiones como la mediterranea (Galmés et al., 2007; Gaona
et al., 2023; Gonzéalez-Zamora et al., 2021). En este contexto, como respuesta temprana
al déficit hidrico, las plantas cierran sus estomas para reducir la pérdida de agua, lo que a
su vez limita la fotosintesis y ralentiza el crecimiento (Flexas et al., 2014). Los principales
condicionantes ambientales que afectan a los cereales en ambientes mediterraneos exigen
una atencidn especial, asi como una descripcién temporal precisa, ya que la sensibilidad
de los cultivos a condiciones limitantes en cada fase fenoldgica, determina periodos

criticos de impacto sobre la productividad.
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1.4 Lasequia

1.4.1 Definicion y tipos de sequia

La sequia es uno de los riesgos naturales de mas impacto, ya que implica
mecanismos complejos y un poder destructivo significativo, limitando la produccion
agricola, obstaculizando el desarrollo econdémico y, en consecuencia, representando una
grave amenaza para la seguridad alimentaria mundial (Zhang et al., 2025). Los eventos
de sequia pueden manifestarse en una amplia variedad de zonas, no solo en regiones
comUnmente percibidas como secas, sino también en areas que habitualmente se
caracterizan por un excedente de agua (Fioravanti et al., 2025). Sus impactos varian
notablemente segun la region y el momento en que ocurren, lo que complica aln mas su
gestion y mitigacion (Hao y Singh, 2015). Tradicionalmente la sequia se clasifica en
cuatro categorias segun su naturaleza (Figura 1.4): sequia meteoroldgica, hidrolégica,
agricola y socioeconémica (Yin etal., 2022). Ademas de estas, Crausbay et al. (2017)
propusieron la categoria de sequia ecoldgica, que considera de manera integrada los
aspectos ambientales, climéticos, hidroldgicos, socioeconémicos y culturales del
fendmeno. Por otro lado, Svoboda et al. (2002) introdujeron el concepto de flash drought
(FD) o sequia repentina, con el objetivo de resaltar la intensificacion anormalmente rapida

de ciertos eventos, en contraste con las sequias tipicas que evolucionan de forma gradual.

La sequia meteoroldgica se define como la deficiencia de precipitaciones durante
un periodo prolongado (Wang etal., 2025a). La sequia agricola estad vinculada a la
insuficiencia de SM para satisfacer las necesidades de crecimiento de las plantas o la
produccion de cultivos (Liu et al., 2016). EI déficit de precipitaciones durante un periodo
prolongado provoca caudales anormalmente bajos en los rios, aguas subterraneas o
niveles de embalses, lo que impide satisfacer las demandas del suministro de agua,
originando la sequia hidroldgica (Van Loon, 2015). Los diferentes tipos de sequias estan
conectados e interactian de manera compleja (Figura 1.4), de modo que un tipo de sequia
conduce gradualmente a otro a lo largo del tiempo. Este proceso de transmision de sefiales
de pérdida de agua entre los distintos tipos de sequias se conoce como propagacién de
sequias (Wei et al., 2024). De esta forma, la sequia meteoroldgica da origen a otros tipos
de sequia, ya que el deficit de precipitaciones, combinado con el aumento de la demanda

de evaporacion atmosférica, puede provocar una disminucion prolongada y pronunciada
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de la SM (sequia agricola) e impactar gravemente los sistemas hidroldgicos (sequia
hidrolégica) (Wang et al., 2025a). Por ultimo, la sequia socioecondémica esta relacionada
con desequilibrios entre la oferta y la demanda de determinados bienes econdémicos, e
incorpora aspectos de los tres tipos de sequia basados en factores fisicos: meteoroldgica,
agricola e hidroldgica (Hao y Singh, 2015). Aunque la escasez de precipitaciones es la
causa comun de todos los tipos de sequia, sus efectos suelen manifestarse primero en el
sector agricola, debido a su mayor exposicion y su alta vulnerabilidad econdmica
(Ndayiragije y Li, 2022). Esta situacion se agrava en regiones con limitaciones hidricas
como la region mediterranea, donde predomina la agricultura de secano, lo que las hace
especialmente vulnerables a este fendbmeno (Almendra-Martin et al., 2021a; Martinez-
Fernandez et al., 2015).

Precipitation Temperature
Anomaly Anomaly

" Precipitation High
Agricultural Drought Low Soil Moisture Levels .

Hydrological Drought Low Discharge Groul;:::lv:vater
. \ Social Economic | Environmental

Figura 1.4. Tipos de sequia y sus relaciones causales. Imagen obtenida de Mullapudi et al. (2023).
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1.4.2 Sequia agricola

La sequia agricola comienza cuando la disponibilidad de SM para las plantas
disminuye a tal nivel que afecta negativamente el rendimiento de los cultivos y, por lo
tanto, la produccidn agricola (Panu y Sharma, 2002; Zhang et al., 2021a). Este concepto
hace referencia principalmente al deficit hidrico en los cultivos ocasionado por la
reduccion del suministro de agua en el suelo. En este sentido, la pérdida de SM, producto
de la disminucidn de las precipitaciones, es la primera sefial de este fendomeno (Liu et al.,
2016). A medida que contintan los procesos de evaporacion y transpiracion, el agua
disponible en el suelo se vuelve insuficiente para satisfacer las necesidades fisiologicas
de las plantas, inhibiendo su crecimiento y, en consecuencia, reduciendo el rendimiento
de los cultivos o, en casos graves, provocando su muerte total (Liu et al., 2016). Debido
a que esta reduccién de la SM afecta directamente al desarrollo de los cultivos y su
rendimiento, repercute negativamente en la seguridad alimentaria mundial y en el

desarrollo sostenible (Zhang et al., 2024a).

La sequia agricola puede tener graves consecuencias econdmicas y sociales,
especialmente en regiones con recursos hidricos limitados o con desequilibrios entre la
demanda de agua y la capacidad natural de suministro (Sepulcre-Canto et al., 2012).
Diversos estudios han evidenciado su impacto, como en el caso de la sequia agricola de
2005 en Espafia, que provoco una pérdida del 40% de la produccién de cereales, con
pérdidas estimadas en cultivos de secano y pastos que alcanzaron los 2.500 millones de
euros (Sepulcre-Canto et al., 2012). Un estudio realizado por Potopova et al. (2016) sobre
cultivos de secano en el sureste de Europa, demostro que la sequia agricola durante la
etapa reproductiva de los cultivos puede reducir significativamente el rendimiento
potencial del grano, explicando hasta un 62 % de la variabilidad observada en los bajos
rendimientos anuales. Mohammed et al. (2022) observaron que los cultivos de secano son
particularmente susceptibles a los eventos de sequia agricola, especialmente durante el
periodo de crecimiento, destacando que 2003 fue el afio méas drastico para la produccion
de trigo en Hungria, con las mayores reducciones de rendimiento del periodo 2000-2020,
lo que subraya el impacto directo de los episodios de sequia en la produccion de cultivos

en ese pais.
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1.4.3 Sequia repentina

El término de “sequia repentina” (flash drought, FD) fue introducido por primera
vez en 2002 para describir condiciones de sequia que se intensificaban rapidamente
(Peters et al., 2002; Svoboda et al., 2002). En los altimos afios ha crecido el interés
investigador hacia los eventos de sequia a corto plazo debido a sus efectos inmediatos,
impredecibles y perjudiciales, especialmente en la productividad agricola (Christian
et al., 2021). Estos eventos se caracterizan por un inicio abrupto, rapida intensificacion y
una corta duracién, provocado por altas temperaturas y precipitaciones por debajo de lo
normal, que generan una drastica disminucion de la SM y, en consecuencia, puede
devastar al sector agricola, ocasionando pérdidas significativas y dafios econdmicos
considerables debido a la reduccion de los rendimientos (Tyagi etal., 2022). Este
escenario es mas probable durante la temporada de crecimiento del cultivo, cuando la
demanda evaporativa alcanza sus niveles més altos desde un punto de vista climatico, lo
que intensifica los efectos de las FD tanto en la agricultura como en los ecosistemas
naturales, provocando un estrés evaporativo excesivo que contribuye a eventos extremos
como el aumento del riesgo de incendios forestales, el agotamiento de los recursos
hidricos, la disminucidn de la calidad del aire y la reduccion de la seguridad alimentaria
(Otkin et al., 2018a). El desarrollo caracteristico de una FD puede explicarse como la
convergencia de tres factores clave (Figura 1.5): una rapida intensificacion del evento
(componente “flash™), déficits significativos de SM (componente “drought”) y los
impactos derivados tanto de la intensidad como de la duracién de dichos déficits
(Christian et al., 2024).

Ante el rapido desarrollo de las FD, la implementacién de estrategias de
mitigacion resulta complejo, ya que estos eventos suelen desarrollarse sin previo aviso,
son muy rapidos en producirse y conducen a impactos de amplio alcance en todo el
territorio (Noguera et al., 2020). Un claro ejemplo de este fendémeno se presentd en el
oeste de Rusia en el afio 2010 (Christian et al., 2020). Este evento ocurrié durante la fase
critica de crecimiento para los cultivos de trigo, provocando una disminucion de hasta el
70% en los rendimientos de las principales regiones productoras (Hunt et al., 2021). En
este contexto, Espafia es una de las regiones mas afectadas por la sequia en Europa
(Almendra-Martin et al., 2022a) y experimenta impactos severos tanto en los cultivos

como en los recursos hidricos (Noguera et al., 2023). Noguera et al. (2020) encontraron
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que las FD son bastante frecuentes en el pais, representando casi el 40% de todos los
eventos de sequia, con una mayor incidencia en las estaciones de verano y primavera.
Asimismo, la FD de 2012 en Estados Unidos, se considerd uno de los desastres naturales
mas costosos de la historia del pais, con pérdidas agricolas significativas, debido a que
las FD maés severas ocurrieron durante las etapas criticas del desarrollo de los cultivos
(Otkin et al., 2016). Sin embargo, a pesar de la amenaza que suponen las FD para los
cultivos, los estudios sobre estos fenOmenos en contextos agricolas siguen siendo muy
limitados (Barbosa, 2023).

Flash

Rapid onset of drought

Flash
Drought

Drought

Sufficient drying
of land surface

Figura 1.5. Representacion esquemaética de los factores fundamentales que definen una sequia repentina.
Imagen obtenida de Christian et al. (2024).

1.4.4 Humedad del suelo

El agua constituye uno de los recursos naturales mas relevantes para los
organismos. Su presencia en la Tierra esta sujeta a un proceso dinamico conocido como
ciclo hidroldgico, el cual describe el transito constante del agua entre sus diferentes
fuentes de almacenamiento. A pesar de que el agua cubre cerca del 75 % de la superficie
terrestre, unicamente el 2,5 % corresponde a agua dulce (Oki y Kanae, 2006). De esta
proporcion, la mayor parte se encuentra almacenada en glaciares o en aguas subterraneas,

por lo que solo una fraccion muy reducida esta facilmente disponible. Menos del 1% del
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agua dulce se encuentra almacenada en sistemas de aguas superficiales, lo que limita ain
mas las fuentes accesibles (Davamani et al., 2024). Aunque representa solo una pequefia
fraccion del total de agua del planeta, el agua almacenada en el suelo, denominada
humedad del suelo (soil moisture, SM) desempefia un papel fundamental en el ciclo
hidrologico. La SM se define como el agua presente en la parte no saturada del perfil del
suelo, es decir, entre la superficie y el nivel freatico (Beldring et al., 1999). Esta puede
expresarse en distintas unidades, siendo la mas comdn y también la méas utilizada la
humedad volumeétrica del suelo, que se refiere a la fraccion de volumen de agua en una
determinada profundidad (m3 de agua por m? de suelo), o, alternativamente, como la
profundidad de una columna de agua contenida en esa misma capa (mm de agua) (Dorigo
etal., 2011). Este componente regula el intercambio de agua y energia entre la superficie
terrestre y la atmosfera, controla procesos clave como la infiltracion, la escorrentia y la
evapotranspiracion, y actla como un reservorio temporal de la precipitacién (Arora,
2002). Ademés, el conocimiento de la dinamica de la SM es crucial para el control de
eventos extremos como las sequias, especialmente en zonas de secano, donde el agua
infiltrada en el suelo a partir de las precipitaciones constituye la tnica fuente de humedad
disponible para los cultivos (Martinez-Fernandez y Ceballos, 2003; Martinez-Fernandez
etal., 2015).

La SM es una variable critica en numerosos procesos fisicos relacionados con la
agricultura, la hidrologia y la dindmica atmosférica, especialmente en contextos como el
mediterraneo, donde constituye un factor limitante. La agricultura de secano en areas
mediterraneas se enfrenta a importantes restricciones debido a la limitada disponibilidad
de agua para los cultivos (Jiménez-de-Santiago et al., 2019). En estos entornos, la SM en
la zona radicular actia como un control fundamental en los balances de agua superficial
y energia (Detto et al., 2006). Se ha demostrado que el déficit de SM puede alterar
significativamente el funcionamiento de la vegetacion, siendo la disponibilidad hidrica
para las plantas el principal mecanismo responsable de este impacto, con efectos directos
sobre la productividad agricola (Farooq et al., 2009; Huang et al., 2016; Zscheischler et
al., 2014). En este sentido, diversos estudios han demostrado que la SM tiene un papel
determinante en la productividad vegetal. Por ejemplo, Gaona et al. (2022) analizaron el
impacto de la SM de la zona radicular en comparacién con otras nueve variables
climaticas sobre el rendimiento del trigo y la cebada en las principales regiones cerealistas

de Espafia, concluyendo que la SM ejerce una influencia superior, tanto en magnitud
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como en duracion, respecto a los demas factores, y resulta clave en la variabilidad de los
rendimientos de estos cultivos en condiciones de escasez hidrica. De manera similar,
Gonzalez-Zamora et al. (2021) estudiaron la influencia de la SM en la variabilidad del
crecimiento de la especie de pino mas caracteristica del Mediterraneo frente a diversas
variables climéticas, y concluyeron que la SM es el factor determinante en el crecimiento
de dicha especie. Esta situacion cobra mayor relevancia segun el estudio de Almendra-
Martin et al. (2022a), en el que investigaron la tendencia de la SM en Europa en las
ultimas tres décadas y encontraron una tendencia general hacia condiciones mas secas
junto con un aumento en la frecuencia, la duracion y la intensidad de las sequias agricolas.
Estos hallazgos destacan la creciente importancia de monitorizar y comprender la
dindmica de la SM y su impacto en los cultivos, especialmente en regiones como las
mediterraneas, donde los cultivos de secano son particularmente vulnerables a estos
cambios. Este conocimiento es clave para mitigar los impactos negativos en la agricultura,
los ecosistemas y los recursos hidricos, y para desarrollar estrategias de adaptacion

eficaces que aseguren la productividad agricola y la seguridad alimentaria.

1.4.5 Cambio climatico

El cambio climatico se refiere a la alteracion a largo plazo de los componentes
climaticos globales o regionales (Dao et al., 2024). Segun el Intergovernmental Panel on
Climate Change (IPCC) la temperatura global en superficie fue 1,1 °C maés alta en el
periodo 2011-2020 que en 1850-1900 (IPCC, 2023). Este aumento de las temperaturas
puede influir significativamente en los procesos hidrolégicos, ya que incrementa la
evaporacion del agua superficial y la transpiracion de las plantas (Davamani et al., 2024).
Esto representa un problema particular para las zonas donde el agua es un factor limitante,
ya que el calentamiento asociado al cambio climatico acelera la desecacion del terreno y
aumenta la evapotranspiracion, lo que puede tener consecuencias negativas para la
productividad agricola (Dao et al., 2024). En este contexto, la region mediterranea se ha
identificado como uno de los puntos criticos del cambio climético global (Giorgi, 2006),
y se prevé que el calentamiento en esta area avance a un ritmo superior al promedio
mundial (Lionello y Scarascia, 2018). Como resultado, ha sido sefialada como una zona
de alto riesgo tanto por observaciones actuales como por proyecciones futuras (Lazoglou

etal., 2024). Durante el resto del siglo XXI se proyecta un notable aumento de la
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temperatura, acompafiado de una disminucion significativa de las precipitaciones en la
region mediterrdnea (Cos et al., 2022). Ademas, se espera un fuerte incremento de la
evapotranspiracion potencial debido al aumento térmico y a la reduccion del déficit de
presion de vapor de agua en superficie, lo que dara lugar a un acusado incremento de la
aridez (Carvalho etal., 2022). El cambio climatico representa una amenaza para la
seguridad alimentaria, especialmente en las regiones aridas y semiaridas del mundo
(Mohammed et al., 2022).

Como resultado del cambio climatico, tanto las tendencias observadas como las
proyectadas indican un aumento en la frecuencia y severidad de las sequias a escala
global, con especial incidencia en regiones que ya sufren un estrés hidrico significativo,
como es el caso de la region mediterranea (Cook et al., 2018; Damberg y AghaKouchak,
2014). Los cambios en la frecuencia, intensidad y duracion de las sequias tendrian
impactos significativos en la gestion del agua, los recursos naturales, la agricultura, los
ecosistemas acuaticos y los sectores socioecondémicos, siendo la region mediterranea la
méas afectada independientemente del tipo de sequia considerado (Lu etal., 2019;
Tramblay et al., 2020). Como consecuencia, las pérdidas netas de rendimiento asociadas
a la intensificacion de las sequias podrian traducirse en una reduccion significativa de la

productividad agricola y del valor econémico del sector (Naumann et al., 2021).

Las proyecciones climaticas indican un aumento del riesgo de disminucion de la
SM en el centro, oeste y sur de Europa bajo todos los escenarios considerados (Grillakis,
2019). En este contexto, la sequia agricola, entendida como el fenédmeno en el que la
insuficiencia de SM afecta negativamente al desarrollo y rendimiento de los cultivos, ha
suscitado una notable atencién en todo el mundo, debido a su impacto directo sobre la
seguridad alimentaria y el desarrollo socioecondmico sostenible (Pan et al., 2023). Esta
preocupacion se intensifica ante las proyecciones hacia condiciones mas secas para las
préximas décadas, lo que plantea nuevas amenazas para la produccién agricola y la
disponibilidad de recursos hidricos, especialmente en la region mediterranea (Wang et al.,
2022). En este escenario, resulta prioritario mejorar la monitorizacion y la alerta temprana
de la sequia agricola, asi como avanzar en el conocimiento de sus patrones y mecanismos
de ocurrencia (Xue et al., 2024). De forma paralela, esta rapida disminucién de la SM
puede afectar también al desarrollo de las FD (Otkin et al., 2018a). Bajo un escenario de
cambio climatico global, se prevé un aumento tanto en la frecuencia como en la intensidad

de las FD, lo que representa una amenaza creciente para los ecosistemas y, en particular,
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para las tierras de cultivo (Lovino et al., 2024). En la region mediterranea se ha observado
una intensificacion de estos eventos, afectando de forma especial a las zonas agricolas de
secano (Li et al., 2024; O y Park, 2023).

1.5 Meétodos para la identificacion de la sequia

agricola y su impacto en los cereales.

1.5.1 La humedad del suelo en el estudio de las sequias

1.5.1.1 Tecnicas y métodos para la monitorizacion de la humedad del suelo

La SM es una variable clave que desempefia un papel fundamental en los procesos
de retroalimentacion entre la superficie terrestre y la atmdsfera, siendo esencial en
numerosas aplicaciones hidroldgicas, meteorolégicas y agricolas (Eswar et al., 2018).
Existen diversos métodos para medir o estimar el contenido de agua del suelo, ya sea de
forma directa o indirecta. La SM puede obtenerse mediante mediciones de campo (in
situ), técnicas de teledeteccion y modelos de simulacion del balance hidrico del suelo.
Las observaciones in situ de la SM consisten en mediciones realizadas directamente en el
terreno. Dentro de éstas, el método gravimétrico es el Unico considerado directo, ya que
determina la SM a partir del peso de muestras extraidas a distintas profundidades, las
cuales se secan y se pesan antes y después del proceso (Lekshmi et al., 2014). Aunque
esta técnica proporciona datos precisos y homogéneos, su aplicacion implica mucho
tiempo y es destructiva, lo que limita su aplicabilidad a gran escala 0 en campafias de
monitorizacién continua o prolongadas. En la préactica, esto ha favorecido el uso
generalizado de metodos indirectos que, no obstante, requieren calibracion previa
mediante el método gravimétrico para garantizar la fiabilidad de los resultados (Dorigo
etal., 2011).

Los meétodos indirectos de medicion de la SM se fundamentan en la relacion entre
esta y ciertas propiedades fisicas del suelo como, por ejemplo, la constante dieléctrica, lo
que permite obtener estimaciones no invasivas (Gonzalez-Zamora, 2017). Entre estos
métodos se encuentran las sondas de neutrones, cuyas mediciones se basan en la

interaccion entre los neutrones emitidos por una fuente radiactiva y los atomos de
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hidrdgeno presentes en el agua del suelo. Esta interaccién permite estimar con precision
el contenido de SM, siempre que se lleve a cabo una calibracion adecuada con muestras
gravimétricas (Zreda etal., 2008). Otro ejemplo son los sensores electromagnéticos,
basados en la medicion de la constante dieléctrica del suelo, permitiendo una
monitorizacién continua del contenido de agua con minima perturbacién del medio. Estas
técnicas, no destructivas ni radiactivas, pueden automatizarse, lo que posibilita obtener
mediciones frecuentes en tiempo real a lo largo del dia (Lekshmi et al., 2014). Entre ellas,
destacan las basadas en principios de reflectometria en el dominio del tiempo (TDR, time
domain reflectometry) o en el dominio de la frecuencia (FDR, frequency domain
reflectometry) (Dobriyal et al., 2012). En todos los casos, es necesaria una calibracion
previa con muestras gravimétricas para asegurar la fiabilidad de los resultados. Existen
otras técnicas indirectas para la estimacion de la SM, como el método de atenuacion de
rayos gamma, Ground Penetrating Radar (GPR), Micro Electro Mechanical System
(MEMS), asi como técnicas dpticas, entre otras (Lekshmi et al., 2014).

En todo el mundo existen numerosas redes de estaciones in situ que monitorizan
la SM, cuyas caracteristicas varian considerablemente segun la ubicacion geogréfica, los
sensores empleados y su cobertura espacial (Al-Yaari et al., 2019). Desde hace méas de
quince afios, la International Soil Moisture Network (ISMN) se encarga de recopilar y
consolidar conjuntos de datos de SM in situ, configurando una base de datos global que
integra la mayoria de las series temporales generadas por las distintas redes existentes
(Dorigo et al., 2011). Aunque su distribucién es global, la mayoria de estas redes se

concentra en regiones de latitudes medias (Dorigo et al., 2011).

La teledeteccion es una técnica indirecta que permite estimar la SM a partir de la
radiacion electromagnética emitida o reflejada por la superficie terrestre (Rahman vy
Zhang, 2019). A través de sensores a bordo de plataformas aéreas o satélites, se obtienen
imagenes que permiten monitorizar variables del suelo de forma global y continua
(Mohanty et al., 2017). La SM puede estimarse en diferentes regiones del espectro, desde
el visible hasta las microondas (Njoku y Entekhabi, 1996). La region de las microondas
en el espectro electromagnético comprende las longitudes de onda entre 1 my 1 mm
(frecuencias 300 MHz-300 GHz) (Norgard y Best, 2017) y son especialmente adecuadas
para estimar la SM. Ademas, al no verse afectadas por la atmosfera ni depender de la
iluminacién solar, permiten estimaciones continuas de la SM en distintas condiciones

climéticas y ecosistemas (Das y Paul, 2015). Se han utilizado habitualmente diversas
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frecuencias bajas (bandas X, C y L) para detectar el contenido de humedad de la superficie
del suelo desnudo o con vegetacion (Mohanty et al., 2017). Sin embargo, la banda L se
ha considerado la mas adecuada para la estimacion de la SM (Laymon et al., 2001). La
estimacion de la SM en el rango de microondas se fundamenta en la medida de la
constante dieléctrica a partir de la emisividad o retrodispersion de la superficie (Das y
Paul, 2015). En este sentido, existen dos enfoques: sensores pasivos, que captan la
radiacion natural emitida por el suelo, y sensores activos, que miden la radiacion reflejada
tras emitir una sefial conocida (Mladenova et al., 2014). Para la monitorizacion global de
la SM, han sido puestos en Orbita varios radidmetros y radares de banda L a bordo de
satélites (Mohanty et al., 2017). La primera mision satelital disefiada especificamente
para estimar la SM fue SMOS (Soil Moisture and Ocean Salinity) de la ESA, la cual se
lanzé el 2 de noviembre de 2009 y sigue operativa actualmente (Kerr et al., 2016). Esta
mision incorpord el primer radiometro de microondas en banda L enviado al espacio.
Posteriormente, la NASA puso en oOrbita las misiones SAC-D/Aquarius (2011) y SMAP
(2015), que incorporaron radidmetros en banda L junto con sensores activos, para

aprovechar las ventajas de ambas técnicas (Bruscantini et al., 2014; Chan et al., 2018).

En este contexto, surgio el proyecto Climate Change Initiative (CCI) de la ESA,
el cual se cred para satisfacer las necesidades de monitorizacion de las principales
variables ambientales, entre ellas la SM, en apoyo a la investigacion climética (Dorigo
et al., 2015). Aungue un solo sensor podria cubrir algunos de los requisitos basicos, las
misiones satelitales individuales suelen tener una duracion limitada, lo que impide
construir registros climaticos prolongados. Por esta razon, el proyecto integra datos de
multiples sensores de microondas, tanto activos como pasivos (Figura 1.6), para generar
una base de datos de SM global, consistente y a largo plazo (Dorigo et al., 2015). No
obstante, presenta ciertas limitaciones inherentes, como la presencia de lagunas en los
datos. Estas pueden deberse a factores como los tiempos de revisita de los satélites,
presencia de hielo, nieve o vegetacibn muy densa, entre otros. En este contexto,
Almendra-Martin etal. (2021b) compararon diferentes metodos para abordar esta
limitacion y conseguir el relleno de lagunas, considerando tanto enfoques temporales
como espaciales, asi como distintos conjuntos de variables de entrada. Concluyeron que
el método support vector machine puede ser adecuado para completar las lagunas en la
base de datos de SM del CCI. Los productos de SM de CCI han sido ampliamente
validados (An et al., 2016; Gonzalez-Zamora et al., 2019; McNally et al., 2016) y usados
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para diversas aplicaciones (Martinez-Fernandez et al., 2019; Nicolai-Shaw et al., 2017;
Zhang et al., 2019).
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Figura 1.6. Cronologia de los sensores de teledeteccion de microondas pasivos y activos utilizados en la
generacion del producto ESA CCI SM v08.1. Imagen obtenida de https://climate.esa.int/es/proyectos/soil-

moisture/about/

La modelizacion es una técnica comun para estimar series de datos en diversos
campos (Lawless, 2011). La SM se ha estimado a través de una multitud de modelos con
diferentes caracteristicas y diferente grado de complejidad, requerimiento de datos o
cobertura espacial, entre otras (Brocca etal., 2017). Los modelos hidroldgicos y de
superficie terrestre (Land Surface Model, LSM) son los mas usados, ya que ambos
simulan el balance hidrico y energético del suelo mediante ecuaciones similares,
permitiendo estimar la SM a diferentes escalas temporales y espaciales (Famiglietti y
Wood, 1994). Los modelos hidroldgicos evolucionaron desde enfoques centrados en
estimar la escorrentia o el caudal (modelos de lluvia-escorrentia) que apenas consideraban
la SM, hasta incluir su dindmica (Engman, 1990). Existen diversos enfoques de
modelizacion para simular la dindmica temporal de la SM, que se diferencian segin su
estructura, complejidad y requerimiento de datos. Seglin el método empleado para
representar los procesos, estos modelos pueden clasificarse en tres grandes grupos:
modelos de base fisica, modelos estadisticos y modelos conceptuales (Brocca et al.,
2014). Los modelos de tipo conceptual son los mas utilizados, lo que permite simular la
SM con suficiente precision sin requerir conjuntos de datos detallados para su calibracion

y parametrizacion, empleando diferentes formulaciones para representar los tres
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componentes principales del balance hidrico del suelo, es decir, la infiltracion, la
percolacién y la evapotranspiracion (Brocca et al., 2014).

Paralelamente, los LSM se desarrollaron para representar los intercambios
acoplados de agua, energia y carbono entre la tierra'y la atmésfera, incorporando procesos
complejos como la dindmica del agua en capas profundas, lo que mejora la representacion
de la SM y amplia las aplicaciones hidrolégicas (Rosero et al., 2009). En conjunto,
aunque la modelizacion es una herramienta valiosa para numerosas aplicaciones, su uso
requiere precaucion, ya que las estimaciones estan condicionadas por la resolucién y
cobertura espaciotemporal del modelo, la calidad de los datos de entrada y la adecuacion
del propio modelo. Por ello, resulta imprescindible contar con una correcta validacion
mediante redes de estaciones in situ para garantizar su fiabilidad. Un ejemplo destacado
es el modelo hidrolégico LISFLOOD, desarrollado por el Joint Research Centre (JRC),
que utiliza sistemas de informacién geogréafica para simular procesos hidrologicos en
grandes cuencas fluviales europeas, y ofrece series de SM con una resolucion espacial de
hasta 5 km x 5 km (De Roo et al., 2000).

Las series de SM modelizada presentan diversas incertidumbres asociadas a los
modelos. Por ello, cada vez es més frecuente el uso de sistemas de asimilacion de datos
que integran observaciones in situ y satélite, lo que ha permitido importantes avances en
la generacién de lo que se conoce como series de datos de reanalisis (Valmassoi et al.,
2023). Esta técnica contribuye a mitigar errores intrinsecos de los modelos y mejorar la
representacion de los procesos hidroldgicos y de la superficie terrestre en las zonas donde
existen observaciones (Li etal., 2020). Sin embargo, las bases de datos de estas
observaciones también presentan sus propias fuentes de error, lo que puede introducir
incoherencias temporales y espaciales al ser integradas en los modelos (Mufioz-Sabater
etal., 2021). La eficacia de esta técnica depende de la disponibilidad de dichas
observaciones, lo que refuerza la necesidad de contar con redes in situ y datos satelitales
para una correcta validacion de las series de datos (Compo et al., 2011). Ejemplos de
bases de datos de reanalisis de SM son la Global Offline Land-surface Dataset (GOLD)
(Dirmeyer y Tan, 2001), la Modern-Era Retrospective Analysis for Research and
Applications - Land (MERRA-Land) (Reichle et al., 2011) o las ECMWF Re-Analysis
(ERA), como ERA-Interim/Land (Balsamo et al., 2015) y su version mejorada ERA5-
Land (Mufioz-Sabater et al., 2021).
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1.5.1.2 Humedad del suelo como indicador de sequia

La SM es un componente clave en el transporte de agua dentro del sistema
terrestre, por lo que constituye un indicador fundamental para la monitorizacién de la
sequia agricola (Pan et al., 2023). No obstante, los datos obtenidos por las diferentes
metodologias de medicién y estimacion de la SM vistos anteriormente, no siempre
reflejan de forma explicita la presencia o severidad de una sequia, debido a la complejidad
inherente de este fendmeno, cuyo desarrollo, duracién y extension espacial son dificiles
de observar directamente (Mishra et al., 2017). Por lo tanto, es habitual transformar los
valores observados en indicadores derivados, como anomalias de SM (Shukla et al.,
2014), indices de sequia (Martinez-Fernandez et al., 2015) o percentiles calculados a
partir de distribuciones de probabilidad ajustadas a datos de SM a largo plazo (Eswar
etal., 2018). Estas métricas, sin necesidad de conformar indices complejos, permiten
evaluar la desviacion de la SM actual respecto a las condiciones consideradas normales
en un lugar determinado, asi como estimar la disponibilidad hidrica en relacién con la

capacidad del suelo o las necesidades hidricas de la vegetacion.

En cuanto al uso de indices, la sequia agricola fue abordada inicialmente desde
una perspectiva principalmente climatologica utilizando indices basados en datos
meteorolégicos como el Standardized Precipitation Index (SPI; McKee et al., 1993),
Precipitation Condition Index (PCI; Zhang y Jia, 2013), Atmosphere Water Deficit
(AWD; Purcell etal., 2003), entre otros. Uno de los primeros indicadores de sequia
agricola desarrollados fue el Crop Moisture Index (CMI; Palmer, 1968), basado en el
Palmer Drought Severity Index (PDSI; Palmer, 1965), un indice meteoroldgico
ampliamente utilizado. La SM se considera un factor critico para el crecimiento de los
cultivos y, en consecuencia, una variable fundamental para caracterizar la sequia agricola
(Cao etal., 2022). Inicialmente, la SM se estimaba a partir de balances hidricos o
mediante modelizacion hidrologica a partir de datos meteoroldgicos. Por ejemplo,
Sheffield et al. (2004) desarrollaron un indice de sequia a partir de la SM denominado
Variable Infiltration Capacity (VIC), Narasimhan y Srinivasan, (2005) propusieron el
Soil Moisture Deficit Index (SMDI) y el Evapotranspiration Deficit Index (ETDI) para
analizar la sequia agricola basandose en la SM modelada con SWAT. Con el avance en
la disponibilidad de datos, la SM comenzé a utilizarse directamente para la generacion de
indices de sequia agricola. Sridhar et al. (2008) introdujeron el Soil Moisture Index (SMI)
a partir de observaciones de la Automated Weather Data Network (AWDN), destacando
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su utilidad en la monitorizacién de sequias. Mas recientemente, Martinez-Fernandez et al.
(2015, 2016) propusieron el Soil Water Deficit Index (SWDI), utilizando series de SM
obtenidas de SMOS en el area de la Red de Estaciones de Medicion de la Humedad del
Suelo (REMEDHUS) y lo compararon con el mismo indice calculado a partir de
observaciones in situ, obteniendo una buena concordancia y evidenciando el gran
potencial de la SM satelital para la monitorizacion de la sequia agricola. Si bien el uso de
datos in situ ha demostrado ser eficaz, el notable avance de la teledeteccion en las tltimas
décadas ha proporcionado una alternativa atractiva para la monitorizacion de sequias
agricolas gracias a su amplia cobertura espacial. Los productos de SM derivados de
teledeteccion han sido aplicados activamente en el desarrollo de diversos indices de
sequia agricola. Por ejemplo, los datos de SMOS se integraron en el SWDI propuesto por
Martinez-Fernandez et al. (2016). Asimismo, Sanchez et al. (2016) desarrollaron el Soil
Moisture Agricultural Drought Index (SMADI), combinando datos de SMOS con
observaciones del sensor MODIS. En general, se sugiere que la aplicacion directa de
métricas derivadas de la SM, como anomalias o percentiles, asi como el uso de indices
basados Gnicamente en esta variable, constituyen enfoques particularmente eficaces para

la monitorizacion de la sequia agricola (Cao et al., 2022).

Las FD son un subconjunto de todos los tipos de sequia que se caracterizan por
una intensificacion inusualmente rapida, ya sea para iniciar una sequia o para exacerbar
una sequia existente (Otkin et al., 2018b). Este tipo de eventos puede desarrollarse en el
transcurso de pocas semanas, lo que limita significativamente el tiempo disponible para
implementar medidas de mitigacion y respuesta. Los indices de sequia tradicionales, en
muchos casos, no logran captar adecuadamente la rapidez del desarrollo ni los impactos
inmediatos asociados, lo que genera importantes lagunas en su monitorizacion y
prediccion (Osman et al., 2024). Desde que se introdujo el término de FD por primera vez
en 2002 (Peters et al., 2002; Svoboda et al., 2002), el interés por la investigacién de este
fendmeno ha crecido de forma notable, especialmente durante la Gltima década, motivado
por la ocurrencia de eventos de alto impacto, como la FD ocurrida en 2012 en el centro
de Estados Unidos (Lisonbee etal., 2022). La mayoria de los estudios coinciden en
sefialar un déficit de precipitacion, una elevada evapotranspiracién y/o demanda
evaporativa para el desarrollo de una FD (Christian et al., 2024). La combinacion de una
reduccién en el suministro de agua y un incremento en la demanda provoca un rapido

descenso en los niveles de SM y de agua subterranea. Por lo tanto, la SM es un indicador
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critico para la monitorizacion de las FD, ya que integra los efectos del déficit de
precipitacion y de la evapotranspiracion, regula la absorcion de agua por las raices de las
plantas y puede influir en la persistencia e intensidad del fendbmeno mediante
retroalimentaciones suelo-atmdsfera (Seneviratne et al., 2010). La monitorizacion de las
FDy el desarrollo de indicadores para su deteccion se han abordado principalmente desde
este marco conceptual, prestando atencion a variables como la precipitacion (Noguera
et al., 2020), la evaporacion o demanda evaporativa (Christian et al., 2019a), laSM (O y
Park, 2023) y las condiciones de la vegetacion (Otkin et al., 2016). Existen diversos
indices para la identificacion de FD, como el Evaporative Demand Drought Index (EDDI)
(Hobbins et al., 2016; McEvoy et al., 2016), Evaporative Stress Index (ESI, Anderson
etal., 2016), Standard Evaporative Stress Ratio (SESR, Basara etal., 2019) y la
combinacion de ESI y el Rapid Change Rate Index (RCI, Otkin et al., 2014). Ademas, las
FD suelen identificarse mediante dos enfoques principales: el analisis de tasas de
intensificacion andmalamente rapidas y la identificacion implicita de caracteristicas de
desarrollo a corto plazo (Liu et al., 2020a). Este segundo enfoque clasifica las FD en dos
tipos: precipitation deficit flash drought (PDFD) y heat wave flash drought (HDFD).
Aunque ambos se manifiestan por déficits de SM, no la consideran. El otro enfoque se
basa en identificar cambios abruptos en variables relevantes (Hunt et al., 2009; Otkin
etal., 2018b). Sin embargo, dado que el enfoque para identificar eventos de PDFD y
HWFD no incorpora explicitamente la evolucion temporal de la SM, no puede garantizar
que los eventos presenten una intensificacion rapida ni captar eficazmente el inicio de las
FD (Liu et al., 2020a). Las FD deben identificarse no solo por su intensidad, sino también
por el corto periodo de tiempo en el que se desarrollan, con el fin de diferenciarlas de
sequias tradicionales de larga duracion (O y Park, 2023). Diversos estudios han propuesto
que el cambio de la SM a lo largo del tiempo es un indicador fundamental para su
deteccion, dada su estrecha relacion con las condiciones de la vegetacion (Hunt et al.,
2009; Otkin et al., 2018a). En esta linea, Osman et al. (2024) analizaron las principales
variables climéaticas empleadas en la definicion de FD, incluyendo la precipitacion, SM
de la zona radicular, temperatura, asi como la evapotranspiracion real y potencial, y
encontraron que la SM de la zona radicular era el indicador més eficaz para identificar las
FD. Esta situacion reviste especial preocupacion en regiones como la mediterranea,
caracterizada por condiciones de disponibilidad hidrica limitada, donde predomina el

cultivo de cereales de secano (Savin et al., 2022). Sin embargo, a pesar de la amenaza y
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las graves consecuencias que suponen las FD para los cultivos, los pocos estudios sobre
las FD en regiones agricolas, se encuentran restringidos a areas geograficas muy concretas
0 eventos aislados (Hunt et al., 2021; Otkin et al., 2021), o se enfocan de manera general
en las tierras de cultivo sin considerar los impactos en cultivos especificos (O y Park,
2024). Esto pone de manifiesto una brecha importante en el conocimiento sobre los
efectos particulares de las FD en la productividad agricola. Por esta razon, Shah et al.
(2022) enfatizaron la necesidad de evaluar de manera integral los efectos de las FD sobre
el crecimiento de los cultivos y las pérdidas en productividad, resaltando la urgencia de
Ilevar a cabo investigaciones que aborden los impactos de estos eventos en la agricultura
y permitan el desarrollo de estrategias de adaptacion efectivas.

1.5.2 Caracterizacion ecofisiologica y fenoldgica mediante

teledeteccion

La ecofisiologia vegetal representa el estudio de las interacciones entre las plantas
y el medio ambiente, proporcionando informacion sobre la capacidad de las plantas para
persistir en un entorno determinado, incluidos aquellos que estdn cambiando (Valliere
etal., 2022). En este contexto, la fenologia vegetal, entendida como la secuencia
anualmente recurrente de etapas de desarrollo de la vegetacion, adquiere especial
relevancia, ya que desempefia un papel esencial en la regulacién de la variabilidad
interanual de los ciclos del carbono y del agua en los ecosistemas terrestres (Zhou et al.,
2022). Las métricas fenoldgicas del ciclo vegetativo de los cultivos, como el inicio o
siembra (start of season, SOS) y el final o cosecha (end of season, EOS), se han
consolidado como indicadores ampliamente utilizados para evaluar las respuestas de la
vegetacion a las condiciones ambientales (Xu et al., 2020). Estas métricas permiten
analizar tanto el comportamiento estacional de las plantas como su sensibilidad a factores
de estrés, lo cual resulta fundamental para explicar la dindmica interanual del carbono
terrestre (Zhou et al., 2022). Comprender cémo varia la fenologia vegetal frente a
cambios climaticos es, por tanto, esencial para anticipar los efectos del cambio global

sobre los ecosistemas terrestres (Wang et al., 2020).

La obtencion de informacion fenoldgica de los cultivos se ha basado
tradicionalmente tanto en observaciones de campo como en datos de teledeteccion (Gong

etal., 2024). Si bien los registros in situ ofrecen datos precisos y detallados sobre el
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desarrollo de las plantas, su aplicacion se ve limitada por la escala espacial y temporal
que abarcan, lo que dificulta el seguimiento de dinamicas fenoldgicas a gran escala o
durante largos periodos de tiempo. Aunque numerosos estudios han empleado estos datos
para analizar tendencias fenologicas, reconocen sus limitaciones en cuanto a cobertura
geogréfica y continuidad en el tiempo, especialmente en entornos complejos (Meng et al.,
2021; Walther et al., 2002). Asimismo, ante la intensificacion del cambio climatico
global, que estd generando alteraciones significativas en los ecosistemas terrestres, se
hace cada vez mas urgente comprender y monitorizar los cambios fenologicos de la

vegetacion a escalas espaciales y temporales mas amplias (Piao et al., 2019).

Frente a estas limitaciones, los datos obtenidos mediante teledeteccion se han
consolidado como una herramienta eficaz para la monitorizacion de la fenologia de la
vegetacion en grandes extensiones territoriales y con una frecuencia temporal adecuada
(Xu et al., 2020). El seguimiento fenoldgico mediante sensores satelitales comenzo en la
década de 1970, cuando la tecnologia de teledeteccion se encontraba aln en sus primeras
etapas. Los investigadores empleaban principalmente datos del programa Landsat,
desarrollado conjuntamente por la NASA 'y el USGS (Gong et al., 2024). Aunque Landsat
cuenta con una extensa serie temporal, su ciclo de revisita de 16 dias limita su capacidad
para capturar cambios fenoldgicos con mas detalle. Posteriormente, la incorporacion de
sensores como MODIS y AVHRR marc6 una nueva etapa en la observacion remota de la
fenologia vegetal, al ofrecer una cobertura espacial mas adecuada para estudios a gran
escala (Gong et al., 2024).

Las series temporales de indices de vegetacion derivados de imagenes de satélites
constituyen la principal fuente de datos para inferir pardmetros fenoldgicos de la
vegetacion (Jin y Eklundh, 2014). Entre los indices comunmente empleados destacan el
NDVI (Normalized Difference Vegetation Index) y el EVI (Enhanced Vegetation Index).
El NDVI, propuesto por Rouse et al. (1974), es el indice mas utilizado en la estimacion
fenoldgica a partir de teledeteccion, debido a su simplicidad de célculo y amplia
aplicabilidad. Este indice mitiga en gran medida los efectos de factores como la
topografia, las condiciones de iluminacion, la cobertura nubosa y la interferencia
atmosférica, proporcionando informacion representativa sobre el estado de la vegetacién
y su cobertura (Huete et al., 2002). No obstante, el NDVI presenta limitaciones en zonas
con alta biomasa, ya que tiende a saturarse, lo que reduce su sensibilidad en areas con

vegetacion densa (Rocha y Shaver, 2009). En estos contextos, el EVI se presenta como
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una alternativa mas adecuada en coberturas vegetales de moderada a alta densidad,
permitiendo una monitorizacion mas precisa de la fenologia de la vegetacion (Son et al.,
2014). Ademas otros indicadores derivados de teledeteccion, como el LAI (Leaf Area
Index) y la GPP (Gross Primary Production), desempefian un papel clave en la evaluacién
de la respuesta de la vegetacion frente a los condicionantes ambientales (Fang et al., 2023;
Li y Qu, 2018). EI LAI es un indicador fundamental para representar la estructura y
evolucion de la cobertura vegetal, y ha sido reconocido como una variable indispensable
en la investigacion del cambio climatico global (Wang et al., 2025b). Por su parte, la GPP
cuantifica la cantidad de diéxido de carbono fijado por la vegetacion por unidad de
superficie y tiempo, y constituye un indicador esencial del crecimiento vegetal y de la
actividad fotosintética (Sun et al., 2019).

El proceso de monitorizacion de la fenologia de la vegetacion mediante
teledeteccion (Figura 1.7) se inicia con la adquisicidn de imégenes a través de plataformas
como satélites o drones. Estas imagenes son sometidas a un preprocesamiento orientado
a corregir interferencias atmosféricas y otros contaminantes. Posteriormente, se calculan
diversos indices de vegetacion que, tras ser suavizados mediante técnicas adecuadas,
permiten una extraccion precisa y fiable de los parametros fenoldgicos (Gong et al.,
2024). Existen diversos enfoques para la extraccion de pardmetros fenoldgicos a partir de
series temporales de indices de vegetacion obtenidas mediante teledeteccion. Entre los
métodos mas utilizados se encuentran aquellos basados en umbrales (fijos o dindmicos),
que identifican el momento en que la curva del indice de vegetacion supera ciertos valores
predefinidos (White et al., 2014). Mientras que los métodos de umbral fijo comparan la
evolucion estacional con un valor constante, los enfoques mas adaptativos, como el
umbral dinamico modificado, ajustan la deteccion fenoldgica a la dindmica temporal de
cada serie, 1o que mejora su precision (Huang et al., 2019). Ademas, se han empleado
otros muchos métodos como el método de media mévil (Duchemin et al., 1999), el
método de ajuste de funciones (Beck et al., 2006), el método de regresion lineal
segmentada (Magney et al., 2016) y el método de pendiente maxima (Sakamoto et al.,
2005).
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Figura 1.7. Representacion esquematica de la monitorizacion mediante teledeteccion de la fenologia de la

vegetacion. Imagen obtenida de Gong et al. (2024).

1.5.3 Evaluacién de tendencias de la sequia agricola y su impacto

en el cereal.

El calentamiento global ha provocado que en las Gltimas décadas se incremente el
interés por analizar las tendencias en series temporales climaticas e hidroldgicas. Este tipo
de estudios se ha consolidado como una herramienta fundamental para comprender la
evolucion de las variables hidrolégicas, tanto a partir de registros histéricos como de
escenarios proyectados por modelos climaticos (Almazroui y Sen, 2020). En este
contexto, el analisis de tendencias permite identificar cambios temporales significativos
en fendmenos hidroclimaticos, parametros fenoldgicos e indices agroclimaticos,
proporcionando una base cientifica para mejorar las proyecciones futuras y orientar la
toma de decisiones en materia de mitigacion y adaptacion (Almazroui y Sen, 2020). Su
aplicacion es especialmente relevante en regiones donde el agua es un factor limitante,
donde el riesgo de escasez hidrica es elevado y la planificacion eficiente de los recursos
depende en gran medida del conocimiento de las dinamicas fenoldgicas, climaticas e
hidroldgicas (Achite et al., 2021).

Los métodos estadisticos empleados en el analisis de tendencias suelen agruparse
en dos grandes categorias: paramétricos y no parametricos (Bianchi et al., 1999). Esta
clasificacion responde tanto a criterios estadisticos como a las caracteristicas propias de

las series temporales, las cuales a menudo presentan comportamientos no lineales, no
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estacionarios y con presencia de datos atipicos. Los métodos paramétricos parten del
supuesto de que los datos siguen una distribucion especifica (normalidad), asi como de la
estacionariedad y la independencia de las series temporales, condiciones que rara vez se
cumplen en las series hidrologicas (Jamali y Eslamian, 2023). En esta categoria se
incluyen técnicas clasicas como la regresion lineal de minimos cuadrados (Watson,
1967), la prueba t de Student (Kim, 2015) y la regresion cuantilica (Koenker, 2005). Si
bien son herramientas sencillas y computacionalmente eficientes, su aplicacion puede ser
limitada cuando los supuestos estadisticos no se cumplen, lo cual es frecuente en datos
hidrolégicos (Jamali y Eslamian, 2023). Ademas, estos métodos son sensibles a la
presencia de valores atipicos y pueden inducir errores en la interpretacion de las
tendencias si no se manejan adecuadamente (Hirsch et al., 1991). Por esta razén, el uso
de métodos paramétricos es menos frecuente en comparacion con los no paramétricos
(Lakhankar et al., 2009).

Los métodos no paramétricos no requieren que los datos cumplan condiciones de
normalidad o linealidad, y presentan mayor tolerancia a la presencia de valores atipicos
(Jamali y Eslamian, 2023). Entre los méas utilizados se encuentran aquellos que operan en
el dominio temporal, como la prueba de Mann-Kendall (MK) o el coeficiente de
correlacion de Spearman, ampliamente utilizados en la deteccidn de tendencias en series
hidroclimaticas, incluida la SM (Almendra-Martin, 2022). La prueba de MK (Kendall,
1948; Mann, 1945), es una de las herramientas no paramétricas mas utilizadas para
evaluar la presencia de tendencias en series temporales (Hamed, 2008). Dado que muchas
variables hidrometeoroldgicas presentan distribuciones asimétricas, el uso de este tipo de
prueba resulta especialmente apropiado (Yue y Pilon, 2004). Se trata de un método
estadistico simple y no paramétrico que permite analizar series temporales incluso en
presencia de datos con lagunas. No obstante, presenta limitaciones frente a la
autocorrelacion de las series, una caracteristica comin en muchas variables hidro-

climaticas (Hamed y Rao, 1998).

Ademas, existen enfoques méas avanzados que incorporan analisis en el dominio
de frecuencias, como la transformada de Fourier o el test de medias moviles. Estos
métodos requieren asumir condiciones de estacionariedad y linealidad en las series
temporales, lo cual puede ser restrictivo en el caso de las variables hidrolégicas, ya que
éstas suelen presentar comportamientos no lineales y no estacionarios (Coulibaly y

Baldwin, 2005). Finalmente, ha cobrado relevancia el uso de los métodos hibridos que
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combinan informacion de los dominios temporal y de frecuencias, como el test basado en
wavelet o el Empirical Mode Decomposition (EMD) (Almendra-Martin, 2022; Nazari
etal., 2025). Estos enfoques son ampliamente utilizados en hidrologia para analizar
sefiales no estacionarias y no lineales, permitiendo su descomposicion de manera eficaz
(Joseph et al., 2024).

La mayoria de los estudios que analizan tendencias en sequias agricolas se basan
en métodos no paramétricos, especialmente en la prueba de MK (Golian et al., 2015; Pan
et al., 2023; Potopova et al., 2016). Ademas, esta prueba ha sido ampliamente aplicada
en el analisis fenoldgico, especialmente para detectar tendencias en los ciclos de las
plantas, utilizando datos de teledeteccion y observaciones in situ (Bandoc et al., 2022;
Estefania-Salazar y Iglesias, 2025; Sisheber et al., 2023). Esta eleccion metodoldgica
adquiere particular importancia ante el aumento de la frecuencia e intensidad de eventos
hidroldgicos extremos, como las sequias, cuyo riesgo se prevé que siga incrementandose
como consecuencia del cambio climatico (Bjarke et al., 2024). En este contexto, el
analisis de tendencias resulta esencial para evaluar de forma precisa los impactos de estos
fendmenos sobre la dindmica hidroldgica y fenoldgica (Jamali y Eslamian, 2023; Jiao
et al., 2020).

Ademas del analisis de tendencias, para analizar el impacto en el cultivo del
cereal, se emplean comunmente técnicas estadisticas de correlacion que permiten
cuantificar la relacién entre variables climaticas, pardmetros fenoldgicos, indices
agroclimaticos o parametros agrondémicos, entre otros (Garcia y Garcia et al., 2008; Pefia-
Gallardo etal., 2019; Reidsma etal., 2009). Entre estas técnicas, el coeficiente de
correlacion de Pearson es uno de los métodos paramétricos mas utilizados para evaluar
relaciones lineales bajo el supuesto de normalidad en los datos (Sung etal., 2021).
Ademas, este coeficiente se ha empleado ampliamente para analizar la relacién entre
variables climaticas, parametros fenoldgicos y productividad vegetal, con el objetivo de
identificar los factores que impulsan las respuestas de la vegetacion frente al cambio
climatico (Li et al., 2021; Yang et al., 2024; Zhao et al., 2024). Ante el incumplimiento
de los supuestos de normalidad, el coeficiente de correlacion de Spearman se utiliza como
alternativa. El coeficiente de Pearson refleja la magnitud de la relacion lineal entre dos
variables, mientras que el coeficiente de Spearman mide la relacion mondtona entre ellas,
sin asumir linealidad ni normalidad. Ambos coeficientes de correlacion devuelven un

valor mas cercano a 1 (o —1) cuando los dos conjuntos de datos diferentes tienen una
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fuerte relacion positiva (0 negativa). Estas herramientas permiten identificar como se
relacionan variables climaticas, parametros fenoldgicos, indices agroclimaticos o
parametros agrondémicos, entre otros, facilitando asi la deteccion de factores de riesgo

asociados a la sequia y otras condiciones climaticas adversas.
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CAPITULO 2 - IMPACT OF AGRICULTURAL DROUGHT ON BARLEY AND WHEAT YIELD: A COMPARATIVE CASE
STUDY OF SPAIN AND GERMANY

Resumen

Ante el creciente interés por los impactos de la sequia en los cultivos, este trabajo
analiza el impacto de la sequia agricola sobre el trigo y la cebada durante el periodo 2001
2020. El estudio se llevo a cabo en las regiones espafiolas de Castilla y Leon y Castilla—
La Mancha, con superficies aproximadas de 94.000 km? y 79.000 km? respectivamente,
y en las regiones alemanas de Nordrhein-Westfalen, Niedersachsen y Bayern, con
superficies aproximadas de 34.000 kmz2, 48.000 km2y 71.000 km?, respectivamente. Estas
regiones representan las principales zonas cerealistas de Espafia y Alemania. La humedad
del suelo (SM) en la zona radicular se obtuvo a partir de la base de datos del modelo
LISFLOOD, empleandose las anomalias de SM como indice de sequia agricola. Las
variables del estado del cultivo, como la productividad primaria bruta (gross primary
productivity, GPP) y el indice de area foliar (leaf area index, LAI), se obtuvieron del
sensor MODIS (Moderate Resolution Imaging Spectroradiometer), identificando el mes
en el que la SM ejerce la mayor influencia sobre ellas. Los datos de los rendimientos de
los cultivos en Espafia y Alemania se obtuvieron del Ministerio de Agricultura, Pesca y
Alimentacién de Espafia y de la Oficina Federal de Estadistica de Alemania,
respectivamente. Los afios de sequia agricola y su impacto sobre el rendimiento de los
cereales se determinaron a escala regional, aplicando tres enfoques diferentes en torno al
mes critico, considerando distintos periodos de tiempo: el mes critico, el mes critico junto
con el anterior o el posterior, y el mes critico junto con el anterior y el posterior. Para
determinar el mes critico se aplicaron dos analisis diferentes, en funcion de las diferentes
condiciones medioambientales de cada pais. En Espafia se realizd un anélisis de
correlacion mensual entre las anomalias de la SM y el rendimiento de los cereales y, en
Alemania se empled un andlisis de tendencias mensuales de las anomalias de la SM. Los
resultados mostraron una dependencia de las variables del cultivo respecto a la SM
durante los meses de primavera en ambos paises, y también en los meses de verano en
Alemania. Se observaron diferencias ligadas a las condiciones ambientales. En Espafia,
se registro una considerable reduccién del rendimiento de los cereales que superé el 30%.
De igual forma, en Alemania se observé un indicio preocupante, con una tendencia
creciente a la aparicion de sequias agricolas y una reduccion del rendimiento de los
cereales cercana al 5%. Ante las previsiones futuras sobre el impacto negativo del cambio

climatico en la produccion mundial de alimentos, este estudio aporta informacion Gtil para
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la gestion hidrica y agricola en un contexto de cambio climético. Tanto en las regiones ya
amenazadas como en aquellas que hasta hace poco no estaban afectadas, resulta
fundamental estudiar medidas de adaptacion que permitan mitigar el impacto de la sequia

agricola sobre los cultivos, mejorando asi la productividad hidrica y la seguridad

alimentaria futura.

Palabras clave: humedad del suelo; rendimiento; trigo; cebada; sequia agricola;

cereal de secano; Espafia; Alemania.
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Abstract

Given the growing interest in drought impacts on crops, this work studied the
impact of agricultural drought on wheat and barley during the period 2001-2020. The
study was carried out in the Spanish regions of Castilla y Leon and Castilla—La Mancha,
with approximate areas of 94,000 km2 and 79,000 km2, respectively, and in the German
regions of Nordrhein-Westfalen, Niedersachsen and Bayern, with approximate areas of
34,000 km2, 48,000 km2 and 71,000 km2, respectively. These are the main cereal-
growing regions of Spain and Germany. Soil moisture (SM) in the root zone was extracted
from the LISFLOOD model database, and SM anomalies were used as the agricultural
drought index. Gross primary productivity (GPP) and leaf area index (LAI) variables were
obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS), and the
month in which SM is most influential on these crop state variables was identified. Crop
yields in Spain and Germany were obtained from the Spanish Ministry of Agriculture,
Fisheries and Food and the German Federal Statistical Office, respectively. Agricultural
drought years and their impact on cereal yields were determined on a regional scale using
three approaches based on the critical month with different time periods. These
approaches were the use of the critical month and the two (before or after) and the three
months (before and after) around the critical month. Two different analyses were used to
identify the critical month, depending on the different environmental conditions in each
country. These two approaches consisted of a monthly correlation analysis between SM
anomalies and cereal yield in Spain and a monthly trend analysis of SM anomalies in
Germany. The results showed a dependence of crop variables on SM in spring months in
both countries and in summer months in Germany. Differences were found depending on
the environmental conditions. A considerable reduction in cereal yields was obtained in
Spain which exceeded 30%. Similarly, a worrying sign was observed in Germany, with a
positive agricultural drought trend and a yield reduction of almost 5% in cereal crops. In
view of future forecasts of the negative impact of climate change on global food
production, this study provides valuable information for water and agricultural
management under climate change scenarios. Both in regions that are already threatened
and in those that until recently were not affected, it is necessary to study adaptation
measures to avoid aggravating the impact of agricultural drought on crops, which could

improve water productivity and future food security.

-47 -



Keywords: soil moisture; yield; wheat; barley; agricultural drought; rainfed
cereal; Spain; Germany.

-48 -



CAPITULO 2 - IMPACT OF AGRICULTURAL DROUGHT ON BARLEY AND WHEAT YIELD: A COMPARATIVE CASE
STUDY OF SPAIN AND GERMANY

2.1. Introduction

Global warming has led to rising temperatures, causing environmental changes
that have accelerated the water cycle, thus increasing extreme hydrological events and,
therefore, reducing water availability and increasing water resource vulnerability (Chagas
et al., 2022; Kundzewicz, 2008). Over much of the globe, as a result of climate change,
drought has become one of the worst disasters (Spinoni et al., 2018), and its frequency
and intensity are expected to increase (Dube et al., 2022; Martinez-Fernandez et al.,
2015), particularly in water-limited regions (Vicente-Serrano et al., 2020). Droughts
adversely affect crops, but the consequences vary according to plants, soils and regions
(Labedzki and Bak, 2014). Thus, drought is considered one of the major natural hazards
with significant impacts on the environment, society, agriculture and the economy
(Alkhalidi et al., 2023).

Drought is classified into four categories based on its nature: meteorological,
hydrological, agricultural and socioeconomic drought (Yin etal., 2022). Agricultural
drought is a period in which the soil moisture (SM) supply is less than the minimum needs
of plants, so them yields of crops and, therefore, their production are negatively affected
(Palmer, 1965; Quiring and Papakryiakou, 2003). Studies and assessments of agricultural
drought are crucial, as it is considered the most serious concern in many countries from
food security, social stability and economic perspectives (Feng et al., 2019; He et al.,
2013).

Agriculture is the main land use type in Europe, which is an activity that requires
a significant amount of water, an increasingly scarce resource (Bednar-Friedl et al., 2022;
Iglesias and Garrote, 2015). In fact, SM drought risk is projected to increase in central
western Europe and southern Europe under all climate scenarios, and the Mediterranean
region is expected to be the most affected region, regardless of the type of drought
(Bednar-Friedl etal., 2022; Grillakis, 2019; Tramblay et al., 2020). This hazard is
especially important, as the European Union (EU) is one of the largest cereal producers
in the world, with wheat (Triticum) and barley (Hordeum vulgare) cereals standing out in
terms of planted area (EC, 2023). As a consequence, net yield losses will reduce the

economic output of agriculture in the EU (Naumann et al., 2021).
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This scenario is emphasized in rainfed agriculture owing to its increased
vulnerability to climate anomalies (Rao and Gopinath, 2016). Under rainfed conditions,
important crops such as wheat and barley often suffer from droughts that cause significant
yield losses (Hossain et al., 2012). Looking ahead to the next decades, it is believed that
production levels will stagnate for a variety of reasons, but mainly due to climate change
and adverse weather events (EC, 2023). Thus, in the face of a changing climate, it is
crucial to analyze and understand the impact of climatic extremes on past and present
crop yields to ensure and optimize yields. Thus, several studies (Hernandez-Barrera et al.,
2017; Péscoa etal., 2017; Pefia-Gallardo etal., 2019) have analyzed the drought
vulnerability of crops in Spain and the impact on crop yields and consider the need for
further analysis to help unravel the climatic mechanisms influencing yield responses to
climate in Spain. In addition, with the same approach, several studies have been
conducted in Germany (Eyshi Rezaei etal., 2015; Kloos et al., 2021) suggesting the
specifical analysis of individual drought years with respect to relevant variables and the
performance of a monthly correlation analysis between drought indices and crop yields

to determine possible seasonal focal points.

It is increasingly difficult to ignore SM as a key variable of the natural system
(Seneviratne et al., 2010). SM availability is a nexus of the water and the energy and
carbon cycles, as well as a primary process in the climate system (Falloon et al., 2011;
Jung et al., 2010). SM drought has been shown to alter vegetation processes (Huang et al.,
2016), and in many of them, plant water availability is responsible for this effect
(Zscheischler et al., 2014). In fact, in agriculture, SM is an essential variable because its
scarcity is an obstacle to proper plant productivity (Farooq et al., 2009), reducing crop
yields (Rossato et al., 2017).

However, despite the importance and interest in agricultural impacts caused by
soil moisture deficits, few studies have quantified the impact in terms of crop yields in
each zone (Yao et al., 2022). Many drought indices have been developed (Zargar et al.,
2011), but meteorological drought indices are usually used to assess the impact of drought
on agricultural production (Li et al., 2022; Nath et al., 2017). When agricultural drought
indicators are used, SM is usually not used as the primary variable but as a derived
variable (Krueger etal., 2019), despite SM being the variable by which agricultural

drought is defined. This is so, even though SM has been shown to be the critical variable
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in the productivity of strategic crops under certain environmental conditions (Gaona et al.,
2023).

This study aims to analyze the impact of agricultural drought on wheat and barley
crop yields in rainfed systems from different perspectives and under different
environmental scenarios. The analysis was performed in the main cereal-growing regions
of Spain and Germany, two of the most important countries for the production of these
crops in Europe, during the 2001-2020 period. For this purpose, the monthly SM
anomalies in the root zone, obtained from the LISFLOOD model database (Sepulcre-
Canto et al., 2012), were considered as the agricultural drought index. The study allows
for a comparison of the effect of agricultural drought on wheat and barley crops in two
areas with different climatic (water-limited vs. energy-limited) conditions over the last
two decades. This work can help inform management decisions to face future scenarios,

both in water-limited and in energy-limited regions, for these two key cereals.

2.2. Materials and Methods

2.2.1. Study area

Spain and Germany were selected as study areas (Figure 2.1) for different reasons.
The first reason is because several studies have observed significant drought trends in
southern and central Europe (Almendra-Martin et al., 2022a; Hansel et al., 2019). Second,
due to the importance of cereal grain production in Spain and Germany, they were among
the top 5 producing countries in Europe in 2022 (EUROSTAT, 2023a). Finally, the last
reason is due to the different characteristics hindering crop productivity which allow for
a comparison of impacts under a wide range of conditions, from the limited water of Spain

to the mainly limited energy of Germany (Nemani et al., 2003; Schumacher et al., 2020).

-51-



6°0'0"E 9°0'0"E 12°0'0"E 15°0'0"E
1 L 1 1

GERMANY ‘N\
54°0°0"N C T
10°0'0°0 0°0'0" 10°0'0"E 20900"E
1 1 1 1
60°00™ 51°0'0"NH £ . ol e g
/ - K P o g
£2S Baltic h 2. B 4
Sca Y : i .
S B
48°00"N-] e 9
50°00"NA : 0 110 220 440
N T
pean
9°00°0 6°00"0 3°00°0 0°00" 3°00"T.
4 e Bogyier 1 1 ' 1 '
,,,,,,, ~ Biscay 45°0'0"N-]
| SPAIN l’l
lan e s
40°00" N4
o %,
. 000N 7
0 500 1000 2000 3000 4000 3 CM ¢
—— K 39°0'0"N-] i
30°0°0"N . R s
36°0'0"N-]
0 110 220 440
Km

Figure 2.1. Study areas. Regions of Germany (right, top) and Spain (right, bottom) selected for study
(shaded orange): Nordrhein-Westfalen (NW), Niedersachsen (NS), Bayern (BY), Castillay Le6n (CL) and
Castilla—La Mancha (CM).

In Spain, the regions of Castilla y Leén (CL) and Castilla—La Mancha (CM) were
selected as the areas to be studied (Figure 2.1) since they are the main cereal-producing
regions, accounting for approximately 60% of cereal production (MAPA, 2025a). The
CL and CM regions consist of 9 and 5 provinces, respectively, and are characterized by
a semiarid Mediterranean climate, with cold winters and hot summers, average
temperatures ranging between 10 °C and 15 °C and total annual rainfall ranging between
350 mm and 600 mm (Csb climate according to Képpen—Geiger classification) (Beck
etal., 2018). The same approach was used in Germany, where the regions of Bayern
(BY), Niedersachsen (NS) and Nordrhein- Westfalen (NW) were selected (Figure 2.1) as
the regions with the highest cereal production, accounting for almost 41% of total
production (EUROSTAT, 2023b). BY, NS and NW are composed of 7, 4 and 5 districts,
respectively, characterized by a temperate continental climate, with cold winters and mild
summers, average temperatures around 9 °C and total annual rainfall around 900 mm (Cfb

and Dfb according to Kdppen—Geiger classification) (Beck et al., 2018).
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2.2.2. Irrigation and Cereal Cover Mask

To study the areas of rainfed wheat and barley crops, two databases were used to
create a mask that filters out all the areas other than the target areas. To exclude irrigated
areas, the Digital Global Map of Irrigation Areas of the Food and Agriculture
Organization (FAQO) was used, which represents the global area equipped with irrigation
at a spatial resolution of 5 arc minutes or 0.083 decimal degrees (Siebert et al., 2013).
Additionally, to discard areas with different land cover types, the Climate Change
Initiative (CCI) Land Cover (LC) map from the European Space Agency (ESA) was used.
It describes Earth’s land surface in 37 original LC classes based on the United Nations
Land Cover Classification System (UN-LCCS) (Di Gregorio, 2005), with a spatial
resolution of 300 m (Defourny et al., 2012).

In this study, ArcGIS v10.8 software (ESRI®, Redlands, CA, USA) was used to
create the mask of irrigated areas, together with land cover maps. First, the irrigation and
the land cover maps were resampled in the grids of the soil moisture and the GPP-LAI
databases. Then, one mask for each database (soil moisture and GPP-LAI) was calculated
by hiding all the pixels with more than 10% irrigated area and those with a land cover
other than rainfed cropland, assuming that barley and wheat are the main cereals in those

areas.

2.2.3. Soil Moisture Database

The hydrological rainfall-runoff model LISFLOOD developed by the floods
group of the Natural Hazards Project of the Joint Research Centre (JRC) of the European
Commission (Burek et al., 2013; De Roo, 1999) was used as the SM database. It is utilized
by the European Flood Alert System (EFAS) and the European Drought Observatory
(EDO) for flood and drought monitoring, respectively (Cammalleri et al., 2017; Thielen
etal., 2009). The database has been validated (Laguardia and Niemeyer, 2008) and
satisfactorily used in many studies (Gonzalez-Zamora et al., 2022; Sarmiento et al.,
2023). The model provided SM data with a spatial scale of 5 x 5 km and a daily temporal
resolution, with data from 1991 to the present (De Roo et al., 2000).

Moreover, it provides SM in three different depth layers in each pixel, but in this

work, only the first two layers (0—100 cm) were selected. The SM value of the two layers
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was averaged to first obtain a daily series of root zone SM, and then a monthly series of
root zone SM throughout the study period was obtained from 2001 to 2020.

2.2.4. Wheat and Barley Crop Data

Yield data for wheat and barley crops were obtained on an annual scale, for every
province of the study area, from 2001 to 2020. Provincial and regional yield data for the
Spanish regions CL and CM were obtained from the Statistical Yearbook of the Ministry
of Agriculture (MAPA, 2025a), which provides provincial and regional grain yields
(kg/ha) of wheat and barley in rainfed systems for the period 1904-2020. The crop yield
data for the NW, NS and BY regions of Germany were obtained from the German Federal
Statistical Office (DESTATIS, 2023), which provides winter wheat and barley grain

yields for administrative districts and federal states from 1999 to 2022.

It was assumed that there was no need to eliminate the trend in the crop yield
series because the increase in yields due to technological improvements mainly occurred
in the 20th century (Gouveia and Trigo, 2008; Pascoa et al., 2017), prior to the study

period.

The gross primary production (GPP) and leaf area index (LAI) were also used, as
they are two important indicators of vegetation growth and biomass and, therefore, have
become essential for studying vegetation and climate change interactions (Anav et al.,
2015; Fang et al., 2019). The GPP describes the amount of carbon dioxide fixed by plants
through photosynthesis, a key component of the terrestrial carbon cycle (Beer et al.,
2010). The LAI quantifies leaf area in an ecosystem and is therefore a fundamental
variable in processes such as respiration, rainfall interception and photosynthesis (Fang
et al., 2019). Thus, both variables were obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS). The product MCD15A2H was used to obtain the annual
LAI, and the products MOD17A2H and MYD17A2H were used to obtain the annual
GPP. The MCD15A2H product version 6 derived from the MODIS Terra/Aqua combined
product has a temporal resolution of eight days and a spatial resolution of 500 m (Myneni
etal., 2023). The MOD17A2H and MYD17A2H version 6 products are derived from the
MODIS sensors onboard NASA’s Terra and Aqua satellites, respectively, with a temporal
resolution of eight days and a spatial resolution of 500 m (Running et al., 2015a; 2015b).
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In this study, only the months of the phenological cycle of wheat and barley
characteristic of each region for each year were considered. For this purpose, the sowing
and harvesting months for wheat and barley crops in the regions of Spain were extracted
from the sowing, harvesting and marketing calendar (MAPA, 2025b), which provides
data at the provincial and regional scales. For the choice of dates, those corresponding to
semihard and soft wheat (Triticum aestivum) and malting barley (two races, Hordeum
distichum) were considered since they are predominant in CL and CM (MAPA, 2025a).
In addition, the calendar provides for each month of the year a percentage of sowing and
harvesting occurrence. Thus, the months with the highest percentage of sowing and
harvesting were selected to establish the beginning and end of the phenological cycle.
Due to the high degree of similarity between the provincial and regional phenological
cycles in each study region, the regional phenological cycle of each crop was considered
for both scales. Thus, the phenological cycle of barley in CL and CM is from November
to July, and the phenological cycle of wheat is from October to July in CL and from
November to July in CM.

In the federal states of Germany, the sowing and harvesting months of wheat and
barley crops were extracted from the phenological database of Germany’s national
weather service (DWD, 2023). It provides the dates of the sowing, emergence, earing,
grain filling, milky ripening and harvesting phases, but in this work, only the dates of the
sowing and harvesting phases were considered. For the choice of dates, an average of the
available dates in the study period was made, and the resulting month was selected. In
addition, as in the Spanish regions, the regional phenological cycle of each crop was
considered for each region under study and its provinces. Thus, in BY, NS and NW, the
phenological cycle of barley is from September to July, and that of wheat is from October
to August.

2.2.5. Agricultural Drought Index: Soil Moisture Anomalies

SM anomalies have been successfully used in many works (Almendra-Martin
et al., 2022b; Champagne et al., 2015; Scaini et al., 2015) and have been proven to be a
good indicator of agricultural drought (Almendra-Martin etal., 2021a; Shukla et al.,
2014). In the present study, monthly SM anomalies at the provincial scale in the root zone

were used to analyze the impact of agricultural drought on cereal yields. For this purpose,

-B5 -



first, a provincial-scale spatial average of SM in the selected cereal areas was obtained.
Then, provincial-scale SM anomalies were calculated as follows:

SM anomalies = SM, — SM /&gy (2.1)

where SM is the monthly SM series for year t, SM is the monthly average using
the entire study period and &5, is the standard deviation of SM in the study period at the
provincial scale (Almendra-Martin et al., 2022b; Champagne et al., 2015; Scaini et al.,
2015).

2.2.6. Analysis of Biophysical Indicators: GPP and LAl

The GPP and LAI data series were used to identify the state of cereals as a whole
since it was not possible to characterize wheat and barley crops separately. The
phenological cycle considered was that in which the months of the wheat and barley
phenological stages coincided. Although differentiation at the crop scale was not feasible,
the study focuses mainly on wheat and barley cereal crops, which are the main rainfed

crops in the study regions.

For the study of the month in which the two biophysical parameters of cereals are
most affected by agricultural drought, a Pearson correlation analysis was performed
between the cereal GPP and LAI and the agricultural drought index using MATLAB
v.R2023b software (MathWorks®, Natick, MA, USA). The analysis was performed at
the provincial scale from 2001 to 2020, thus obtaining a monthly correlation coefficient
(R) value during the phenological cycle of the cereal. In each province, the month with
the highest absolute R value was considered the critical month. To obtain the critical
month for each region, the most frequent critical month at the provincial scale was

selected.

2.2.7. ldentification of Agricultural Drought Years

The countries studied in the present work have different environmental
conditions. Specifically, Spain is a territory with mainly water-limited conditions,

whereas Germany mainly has energy-limited conditions. Several studies (Dudney et al.,
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2023; Rehana and Monish, 2020) have analyzed drought by differentiating zones
according to the predominant limiting variable, thus dividing the territory between water-
limited and energy-limited zones. Therefore, due to the different environmental
conditions and limiting factors, a different procedure was followed in each country for

the identification of agricultural drought years.

2.2.7.1. Spain

In Spain, the critical month for crop yield was determined by performing a
Pearson correlation analysis between wheat and barley yields and the agricultural drought
index from 2001 to 2020, thus obtaining a monthly R value during the phenological cycle
of wheat and barley. The analysis was performed at the provincial level, and
subsequently, the most frequent critical month in each region was extracted, considering

the month with the highest correlation as critical.

Once the critical month for CL and CM was obtained, it was used to identify the
drought years. One of the most commonly used methods for drought detection is based
on the definition of a threshold level below which drought is said to have occurred
(Dracup et al., 1980). This approach was applied in the present work, using a percentile
as a threshold. A percentile is defined as the value that divides a linearly ordered dataset,
so that it indicates the value below which a percentage of the dataset is equal to or less
than that value (Moreno et al., 2022). A common value adopted in the literature to detect
agricultural drought is the 20th percentile (Andreadis etal., 2005; Liu et al., 2020b;
Sheffield et al., 2009). Accordingly, the 20th percentile was used as the threshold level,

below which the onset of agricultural drought was defined.

In addition, three approaches were studied for wheat and barley with different
time periods as the criteria to identify drought years. The critical month (M) and two (2M,
the critical month plus the next or the previous month) or three (3M, the critical month
plus the previous and next months) months around the critical month were used. Thus,
for the identification of drought years for wheat and barley crops in each Spanish region
and for each year of the study period, the threshold level was applied to the three

approaches.
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2.2.7.2. Germany

Germany is a temperate country in which agriculture is mainly energy-limited.
However, environmental and climate conditions are changing, and positive drought trends
have recently been observed in many regions of central Europe (Almendra-Martin et al.,
2022a; Schumacher et al., 2023). Consequently, for the selection of the critical month for
the yield variable and, therefore, the detection of drought years, a provincial and monthly
scale analysis of agricultural drought index trends was performed. The Mann—Kendall
(MK) statistical test is a nonparametric test used to identify trends in time-series data
(Kendall, 1948; Mann, 1945). It is widely used to detect whether there are statistically
significant increasing or decreasing trends in hydrometeorological time series (Tan et al.,
2015; Tian and Quiring, 2019). The ability of this test to detect trends in hydrology studies
has been demonstrated (Burn and Elnur, 2002), and it has been applied in several
agricultural drought studies (Almendra-Martin etal., 2021a; Golian etal., 2015;
Potopova et al., 2016). Many studies have reported that correlations in the time series
may affect the results of the MK test (Bayazit and Onoz, 2007; Von Storch, 1999);
nevertheless, in this study, the anomalies of the SM series were studied, which, according
to (Albergel et al., 2013), is a technique for avoiding these inconveniences. In this study,
the MK test was used to detect whether there were statistically significant increasing or
decreasing trends in the agricultural drought index during 2001-2020 to identify the
critical month (month in which statistical significance predominates) of administrative
districts. Under the null hypothesis of no trend Ho, the MK test statistic (S) was calculated
as follows (Kendall, 1948; Mann, 1945):

S = f zn: sgn(x; — x;) (2.2)

i=1 j=i+1
Where
1 ifx>0
sgn(x) =< 0 ifx=0 (2.3)
-1 ifx<0
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For an upward trend, the S statistic is increased by +1, while it is decreased by —1
for a downward trend. The S statistics remain unchanged for a zero difference. The

statistical parameter Z allows us to determine whether a trend is significant:

( i if S$>0
Jvar(S)
Z = 0 ifS=0 (2.4)
L % if S$>0
var

Throughout this study, a p value of 0.05 (confidence level of 95%) was used as
the criterion for the statistical significance of a trend. Thus, for an absolute value of Z
greater than 1.96, a significant trend was considered. The month with the most districts
with statistically significant trends was considered the critical month for all German

regions.

Once the critical month for the yield variable in the German regions was obtained,
the years with agricultural drought were identified using the same procedure explained
above for the Spanish regions. Thus, for the three approaches studied (M, 2M and 3M),
the 20th percentile was used as the threshold level, below which years with agricultural

drought were defined.

2.2.8. Yield Reduction Calculation

Once the years with agricultural drought were identified, the percentage reduction
in wheat and barley yields was calculated for those years in each region and for the three
criteria. A normal year for crop yield is considered when the drought index is between
the 40th and 60th percentiles (Salazar et al., 2012), and the average yield in normal years
is estimated and used as a reference. In years classified as agricultural drought years, the

annual yield reduction rate is calculated as follows:

Yield,; + Yield,, + :-- + Yield
Yield s = nl r;z nx (2.5)
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x 100% (2.6)

where Yieldrr represents the benchmark yield of the selected region, x represents
the number of normal years in the study period, and Yieldnx (X = 1,2,..., 4) represents the
yield of year x. YRm is the yield reduction rate of the selected region in the m™" year (m =
1,2,..., 20), and Yieldgm (m = 1,2,..., 20) represents the yield in year m identified as dry
(Yao et al., 2022).

2.3. Results and Discussion

2.3.1. Biophysical Variables versus Agricultural Drought

The average R values for the relationships of the agricultural drought index with
GPP and the LAI for the predominant month are given in Table 2.1. The results of the
correlation analysis between GPP and the agricultural drought index (Table 2.1) show
that the months of the reproductive stage (April, May and June) of cereals are
predominant in the provinces of all the regions considered. Moreover, the average R value
(resulting from averaging the R values of the critical month of the provinces belonging to
the region studied) shows a clear difference between the Spanish and German regions,
presenting a direct relationship between SM anomalies and GPP in the Spanish regions
(0.50 in CL and 0.29 in CM) and an inverse relationship in the German regions (—0.57,
—0.44and —-0.48 in BY, NS and NW, respectively). These results are consistent with those
of Fu et al. (2022), which show that in times of drought, in areas where soil water content
is high, an increase in plant GPP is promoted, as occurred in this study in the regions of
Germany. Thus, moderate drying of wet soil causes an increase in the carboxylation
capacity of plants (Fu et al., 2022). Several studies have reported improved vegetation
conditions during drought in wet regions (O and Park, 2023; Orth and Destouni, 2018).
In contrast, in areas where the water content is below a threshold, GPP decreases under
drought conditions, as is the case in regions of Spain. Vegetation in arid regions reacts
quickly to SM deficiency, which would imply greater drought stress in vegetation, as this
is a limiting factor of vegetation functioning in water-limited environments (Vicente-
Serrano et al., 2013).
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Table 2.1. Predominant month and mean R of the predominant month for each study region (Castilla y
Ledn, CL; Castilla-La Mancha, CM; Bayern, BY; Niedersachsen, NS and Nordrhein-Westfalen, NW)
resulting from the correlation analysis between biophysical parameters and the agricultural drought index.

Region Predominant Month Average R
GPP LAI GPP LAI
CL May May 0.50 0.69
CM April April 0.29 0.69
BY May July —0.57 0.16
NS June July -0.44 0.57
NW May July —(0.48 0.49

Regarding the relationship between the LAI and agricultural drought index (Table
2.1), it is observed that in Spanish regions, the predominant months correspond to the
reproductive stage of the plant, as in the results obtained with GPP. In the German
regions, July is the predominant month, and the mean R values (0.16, 0.57 and 0.49 in
BY, NS and NW, respectively) are lower than those in the Spanish regions (0.69 in both
regions, CL and CM). Both cereal variables, GPP and the LAI, show different behavior
in the regions of the two countries, in accordance with the fact that one has water-limited
and the other energy-limited conditions. In BY, NS and NW, there is an inverse
relationship between SM anomalies and GPP and a direct relationship with the LALI.
Conversely, in CM and CL, there is a direct relationship in both cases. The results are
consistent with those obtained by Hu et al. (2022), who demonstrated decoupling between
the LAl and GPP as aridity decreases. Hence, areas in water-limited environments, such
as CM and CL, showed a stronger link between GPP and the LAI. In contrast, in the BY,
NS and NW regions, under energy-limited conditions, a decreased LAI in drought years
could facilitate carbon uptake by smaller leaves and consequently enhance GPP (Hu et al.,
2022).

2.3.2. Critical Month Identification

In Spain, the critical month for cereal crops in CL and CM (Figure 2.2) is
predominantly May, except for wheat in CM, where it is April. In both regions and for
both crops, the critical month is in the spring phenological stages, i.e., during the
reproductive and maturation phases of the crop. The R values are within the range of 0.60
to 0.80, which shows that SM is a fundamental variable for the development of cereals.
These results are also consistent with those of Gaona et al. (2022), which observed that
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in the main cereal-growing areas of Spain, the critical periods of impact on the wheat and
barley yields of SM were concentrated in the spring phases. Several studies (Abeledo
et al., 2008; Cossani et al., 2007) have shown that grain yields are strongly affected by
water stress during anthesis in May. In addition, Capa-Morocho et al. (2016) observed

that the dry conditions in those months in Spain led to a marked decrease in yields.

Analyzing the agricultural drought trends for each month of the year in all districts
of the study regions in Germany (Figure 2.3), a generalized negative trend is observed in
all months and areas. This result is consistent with that reported in the study by Almendra-
Martin et al. (2022a), in which the authors observed a trend toward drier conditions in
central Europe over the last three decades. The month with the maximum number of
districts with a significant trend was April, followed by May. Thus, April was selected as
a critical month in the regions of Germany to identify drought years. Several studies
(Hlavinka et al., 2009; Panek and Gozdowski, 2020) prove that for winter cereals that
dominate agricultural production in central Europe, the development stage in early spring
is crucial for determining grain yield, as the cereals are very susceptible to drought in that
period. Thus, Eitzinger et al. (2003) studied the effect of water stress on winter wheat
production in central Europe and found that during the month of April, the crop is very

sensitive to water stress, causing low yields.

Barley

Wheat
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=CM mCL

Figure 2.2. Most frequent critical month and its average R, obtained from monthly and provincial

correlations between SM anomalies and the annual yields of barley and wheat during the growing season

in the Castillay Ledn (CL, blue) and Castilla—La Mancha (CM, orange) regions.
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Figure 2.3. Monthly results of SM anomaly trends (Z) and months with statistical significance p < 0.05 (*)
in the Bayern (BY), Nordrhein-Westfalen (NW) and Niedersachsen (NS) districts. The yellow and blue

blocks indicate positive and negative trends, respectively.

2.3.3. Agricultural Drought Year Detection

For the identification of drought years, the 20th percentile of the agricultural
drought index was calculated, using it as the threshold below which years were considered
dry years (Figure 2.4). As a general result, in all regions except CM, dry years were
coincident in wheat and barley crops since the critical month used for drought year
selection was the same for both crops. Of the three approaches applied (M, 2M and 3M)
for wheat and bar-ley, in the case of 2M, April and May were detected in all regions.
Furthermore, for the three temporal approaches, very similar patterns were observed for
each crop and region. Hence, the three criteria used mostly adequately identify the
predominant dry years in CM and CL, as well as in BY, NS and NW. In the case of
German regions, the years with agricultural drought were grouped in the last decade of
study, in accordance with the soil moisture trend observed in this study and others (Jaagus
et al., 2022). Therefore, it could be said that the three criteria used are equally valid for

the identification of agricultural drought years.
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Figure 2.4. Dry years detected (red bars) in each region (Castilla y Ledn, CL; Castilla-La Mancha, CM;
Bayern, BY; Niedersachsen, NS and Nordrhein-Westfalen, NW) for wheat (left) and barley (right) and for
the three criteria (M, 2M and 3M) from 2001 to 2020.

In the CL region, the dry years identified (2005, 2009, 2017 and 2019) coincide
for the three approaches used. In the CM region, there is variation in dry years in the three
periods as well as between the two crops. Thus, the years 2005, 2012 and 2017 coincide
mostly for both crops and time periods in CM. The years 2006 and 2015 were especially
dry for wheat and barley crops, respectively. The drought episodes identified in CL and
CM have also been detected and studied by other authors, but mostly from a
meteorological drought perspective. The study by Garcia-Herrera et al. (2007) describes
that 2005 was characterized by extremely dry conditions on the Iberian Peninsula, which

had a significant impact on cereal production, decreasing it by 60% on average. The 2015
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event first appeared in early spring (May and earlier) in southern France and on the Iberian
Peninsula (lonita et al., 2017; Laaha et al., 2017). Several studies have identified 2012 as
a year with drought (Lorenzo etal., 2022; Pascoa et al., 2021). Garcia-Herrera et al.
(2019) analyzed the drought that affected Europe from July 2016 to June 2017. They
found that during that period, most of Western Europe suffered a major drought event
resulting in severely affected crops, especially cereals in Spain. Khoury and Coomes
(2020) indicate that Spain suffered major droughts in 2005, 2012 and 2017. Moreover,
the consequences of drought events for vegetation, such as those observed in 2015, 2018

or 2019 in most parts of Europe, are productivity losses (Obladen et al., 2021).

In the German regions, a cluster of dry years was observed in the second decade
of study. Almost 90% of the dry years identified in the German regions occurred from
2010 onward, with a clear incidence in 2011, 2012 and 2020, showing a clear climatic
trend, which led to an increase in frequency droughts. These results are consistent with
those obtained by Erfurt etal. (2020), who reported that droughts identified in
southwestern Germany from 1801 to 2018 based on meteorological indices were
distributed over the study period, but in the last decade, drought episodes showed greater
severity (Erfurt et al., 2019) also classified the period from 2003 onward as one with the
highest incidence of severe drought events in southwestern Germany. Markonis et al.
(2021) argued that the most abrupt change in increasing warm season droughts in Europe
has been observed in central Europe in the last 15 years, with dry events identified in
agreement with those of the present study.

Agriculture is facing changing climatic conditions, and severe droughts are
expected to increase in the coming years (Dai, 2013; Spinoni et al., 2018). The results
obtained show an increase in droughts in the most recent decade of study in the German
regions. Despite the apparent lower dependence on irrigation in temperate regions, the
impacts of drought on agriculture in these areas are considered a major abiotic stress (Rey
et al., 2017). One of the actions aimed at reducing drought risks is increasing the water
supply (Iglesias etal., 2009, 2012). Irrigation can greatly mitigate adverse impacts
resulting from water stress by maintaining higher SM requirements (Vogel et al., 2019).
This fact becomes even more evident and corroborates the evolution of the agricultural
drought years identified in this study when analyzing the evolution of the irrigated area
in German regions. According to data obtained from the German Federal Statistical Office
(DESTATIS, 2023), from 2010 to 2020, the irrigated area increased by 86%, 27% and
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86% in BY, NS and NW, respectively. Therefore, there are worrying signs of increasing

water stress in areas where this variable was not previously a limiting factor.

2.3.4. Impact of Agricultural Droughts on Grain Yield

According to the identification of dry years in each region and for wheat and
barley crops, the yield reduction for these years was calculated by averaging the 4 years

identified in each region for each of the three approaches used (Tables 2.2 and 2.3).

Table 2.2. Average percentage of yield reduction in drought years in Castilla y Ledn (CL) and Castilla—La
Mancha (CM) for wheat and barley and for the three criteria (M, 2M and 3M).

. CL CM
Month Period Wheat Barley Wheat Barley
M 32.8 28.8 28.5 33.7
2M 34.9 32.2 315 33.9
3M 34.9 32.2 8.4 34.8

Table 2.3. Average percentage of yield reduction in drought years in Bayern (BY), Nordrhein-Westfalen
(NW) and Niedersachsen (NS) for wheat and barley and for the three criteria (M, 2M and 3M).

Month BY NS NW

Period Wheat Barley Wheat Barley Wheat  Barley
M —11.57 —11.38 1.31 3.69 2.85 —0.33
2M -0.09 4.78 2.90 -0.79 1.88 441
3M 0.82 —2.49 11.80 16.18 —4.62 1.35

In drought years, the Spanish regions of CL and CM (Table 2.2) suffered a
significant decrease in crop yields, which was evident in all cases. The average yield
reduction in both crops was greater than 30%, which demonstrates the importance of soil
water in the root zone for wheat and barley yields (Gaona et al., 2023). These results are
in agreement with the evidence obtained by the authors of Janacek (1994), confirming
that in semiarid agricultural areas, the most important limiting factor for crop productivity
is water stress caused by reduced soil water availability and, therefore, agricultural
drought. Comparing the two regions, a greater reduction is observed for wheat in CL and
for barley in CM. However, the difference in crop reduction in both regions is small,

usually less than 5%.
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There is an interesting debate as to whether wheat or barley is better adapted to
drought. Some authors (Albrizio etal., 2010; Lépez-Castafieda and Richards, 1994)
found better adaptation of barley to drought conditions, displaying a better yield potential
than wheat in the Mediterranean basin. In contrast, several studies (Cossani et al., 2009;
Slafer and Savin, 2023) did not find consistent differences between the yields of the two
crops. In general, in the present work, in both regions and crops, a similar yield reduction
of between 29% and 35% predominates. These reductions are larger than those obtained
in the projection of Olesen etal. (2007) for winter wheat in Spain, with a predicted

average yield decrease of 21% by the end of the 21st century.

These results highlight the susceptibility of rainfed crops to the increasing
intensity of soil drought and warn of the severe impacts on crop yields that are already
occurring. It is well known that the Mediterranean area is among the most vulnerable
regions to climate change, and this is likely to worsen in the future (Gu et al., 2020).
Indeed, climate models project a decrease in SM and an increase in the duration and
intensity of droughts in the Mediterranean region (Spinoni et al., 2018; Tramblay et al.,
2020). Therefore, this observed reduction in crop yields could be exacerbated in the
future, and in the face of growing global food needs, this finding is of great concern and

may aggravate the global food crisis (Brisson et al., 2010; Spiertz and Ewert, 2009).

In the case of Germany, there is notable variability in cereal yield variations in all
three regions (Table 2.3). In BY, an increase in yield was observed, reaching 11% when
the critical month approach was applied for both crops. In contrast, the NS and NW
regions showed mostly yield reductions. In NS, the average yield reduction was 5% for
wheat and 10% for barley, reaching 11% and 16%, respectively, with the 3M approach.
The NW region showed smaller values than NS, with an average yield reduction of 2%

for wheat and 3% for barley.

Yield increases in years of agricultural drought identified in BY can be explained
by drought periods also being characterized by increased energy availability (Orth and
Destouni, 2018). In this way, the main limiting variable for crops in this area increases,
favoring the conditions for crop development and, therefore, yield. Furthermore, in the
same context, this result can also be explained by consequences resulting from climate
change, which have already been seen to influence crop yields in Europe, affecting them

differently according to region and a variety of other factors (EEA, 2023a). Thus, due to
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global warming, energy factors such as the average annual temperature in Europe in the
period 20062015 increased by approximately 1.52 °C (EEA, 2023b) and were found to
cause crop Yyields to increase, except in southern Europe (Ewert et al., 2005). This is
consistent with the slight increase in crop yield obtained in dry years in BY, where the
yield increase implied by an increase in energy variables probably outweighs the yield
reduction caused by agricultural drought. However, some regions with little or small
positive impacts of climate change could reverse this circumstance, leading to more
severe drought situations (Forzieri et al., 2014; Van Lanen et al., 2017). This idea is
further reinforced as climate change is projected to worsen in the near future (Malhi et al.,
2021).

In northern Germany, there are other factors that could explain the results obtained
for NS and NW. In those regions, the soils are mostly sandy (Drastig et al., 2016) and
therefore have a low water-holding capacity. The sand fraction has an inverse relationship
with important soil water properties such as water-holding capacity (Martinez-Fernandez
et al., 2021). This circumstance increases the susceptibility to soil drought in the regions
of NS and NW, located in northwestern Germany, where decreases in wheat and barley
yields have been reported. Therefore, this finding warns of the deleterious consequences
already occurring for the yield of the two main exported cereals from Europe (Schils
et al., 2018) in areas where SM was not previously a limiting factor for crop development.
Drastig et al. (2011) found several years ago that those agricultural regions of northern
Germany could lose productivity if they are subjected to more frequent and long-lasting

droughts without irrigation.

Evidence of all this was observed in 2011, a year of particularly intense
agricultural drought in the German regions (Figure 2.4), causing an average yield
reduction of more than 9% in cereals (Table 2.4). This result is consistent with that of
Oikonomou et al. (2020), which classified the 2011 drought in the EU as having the
largest spatial extent on record. In the same context, Erfurt et al. (2020) studied droughts
using meteorological indices for southwestern Germany and classified 2011 as one of the
most extreme years with precipitation shortages accompanied by high temperatures.
Thus, 2011 was identified as a dry year in Germany due to a precipitation deficit in early
April, ending the month with a soil moisture deficit and leading to vegetation stress in
mid-May and consequent reductions in crop yields, especially for cereals (Sepulcre-Canto

et al., 2012). Consistent with the aforementioned research, the present study finds that in
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2011, identified as an agricultural drought year in Germany, both cereals showed a
marked reduction in yield for all regions and approaches (Table 2.4). Barley showed an
average Yyield reduction of 13%, which was much larger than that of wheat, with an
average reduction of 5% (Table 2.4). Therefore, this shows that in areas where, until now,
soil water content was not a limiting factor, a soil moisture deficit in April is promoting

a reduction in cereal yields, with barley being more vulnerable than wheat.

Table 2.4. Average percentage of yield reduction in the drought year 2011 in Bayern (BY), Nordrhein-
Westfalen (NW) and Niedersachsen (NS) for wheat and barley and for the three criteria used (M, 2M and
3M). ND means not a drought year.

Month BY NS NW

Period Wheat Barley Wheat Barley Wheat Barley
M ND ND 4.67 12.02 6.16 11.87
2M 3.26 12.30 5.60 10.36 2.70 12.78
3M 5.75 12.10 10.63 21.57 0.96 11.59

Several studies have shown that in recent decades, there has been a general trend
of change toward drier conditions, mainly in central and eastern Europe (Almendra-
Martin et al., 2022a; Capa-Morocho et al., 2016). Some studies projected a progressive
increase in climate threats in Europe, mainly driven by a trend toward more likely and
severe extreme soil drought events in central Europe under future warming scenarios
(Grillakis, 2019; Hansel et al., 2019).

The detrimental effect observed for wheat and barley yields in Spain due to the
decrease in SM may be an indication of what may happen to areas where soil water
content was not previously a crop constraint. In Germany, an area where SM was not
historically a limiting factor, an observed and significant reduction trend in SM reported
in recent years is starting to cause reductions in crop yields that, according to future
projections, could increase. In fact, this likely hypothesis is reinforced by a recent study
by Denissen et al. (2022) conducted for the period 1980-2100, in which a widespread
shift in the ecosystem from energy- to water-limited conditions was found, which the
authors attributed to global warming. This finding warns against a possible increase in
the frequency of agricultural drought events and consequent yield loss in cereals, such as
that already detected in this study for Germany in the last decade.
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2.4. Conclusions

The impact of agricultural drought on wheat and barley crops in the main cereal-
growing regions of Spain and Germany during the 2001-2020 period was analyzed. In
general, the results of all the analyses carried out in this study show the importance of SM
in cereals, especially in the months of the reproductive and ripening phases of the crops.
Moreover, with respect to the three approaches studied, the results obtained showed
similar patterns. Therefore, it can be stated that the three criteria were useful for the

identification of drought years and for the calculation of yield loss.

The analysis of the GPP and LAI variables revealed similar behaviors in water-
limited environments and the inverse in energy-limited environments, showing the
influence of soil water content on the development of these variables. The use of SM
anomalies evidenced their suitability for the identification of years with agricultural
drought, in agreement with previous findings. Furthermore, a cluster of drought years was
observed in the second decade of study in Germany, which is a clear indicator of warning
in terms of SM deficit in areas where this variable is not the main constraint.

As expected, in water-constrained areas, a considerable reduction in crop yields
has been observed, exceeding 30% yield reduction, because of agricultural drought.
Unexpectedly, in regions located in energy-constrained areas, where water is not the main
limiting factor, a singular yield reduction of around 5% has been observed for both crops.
Thus, the results suggest that, in the face of increased droughts, the worsening of cereal
yield losses is likely, which will increase notably in southern regions, as is happening in
Spain. Similarly, Germany, where the SM was not considered a constraint until now, is
starting to show increasing water stress that may lead to unprecedented reductions in

cereal yields.

This finding has important implications for agriculture, as it was proven that in
recent years, in areas where water was not the main limiting factor, it is now having
detrimental effects on crop yields. Although the yield decrease detected in the German
regions shows moderate values, it is an indicator of change in environmental conditions
and will have negative consequences on agricultural production. Indeed, in view of
climate change impacts, the results obtained warn against a new uncertain scenario for

crop yields. This likely transformation suggests that in areas where SM has not yet been
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a limiting factor, the situation can reverse and lead to a significant decrease in cereal
yields. This possible scenario could be similar to that currently being observed in Spanish
regions, where yields have declined by more than 30% in drought years over the last two
decades due to soil water deficits. The results of this study are of interest for adaptation
and/or mitigation strategies to cope with these detrimental impacts on crop yields due to
agricultural drought.
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Resumen

Este estudio analiza los patrones temporales de la fenologia de los cereales de
secano a partir del conjunto de datos GIMMS NDVI3g en las principales regiones
cerealistas bajo clima mediterrdneo de Espafia, Portugal, Francia e Italia, durante el
periodo 1982-2022. Se analizaron por separado las series anteriores y posteriores del
inicio del siglo XXI. Los parametros fenoldgicos se obtuvieron mediante el método del
umbral dinamico modificado y se analizaron sus tendencias. También se realizaron
andlisis de correlacion para estudiar las relaciones entre estos parametros y evaluar la
influencia de variables hidrocliméticas sobre el inicio (SOS) y el final (EOS) del ciclo
fenoldgico. Los resultados mostraron un cambio de tendencia de los patrones fenoldgicos
entre ambos periodos de estudio, coincidiendo con la pausa del calentamiento global. En
el primer periodo (1982-2002), el SOS y el EOS se adelantaron (=7,5 y —3,1 dias,
respectivamente), y la duracién del ciclo fenologico (LOS) aument6. Sin embargo,
durante la segunda etapa (2003-2022), el SOS y el EOS se retrasaron (7,5 y 1,7 dias,
respectivamente) y la LOS disminuyd. Se observaron dindmicas similares en cuanto a la
influencia de las variables hidroclimaticas sobre el SOS y el EOS, con mayor impacto en
el primer periodo y menor en el segundo. Este estudio presenta aportaciones relevantes
sobre la dindmica fenoldgica de los cereales de secano que puede ser Util para su gestion

y planificacion frente a escenarios de cambio climatico.

Palabras clave: fenologia del cereal; cereal de secano; clima mediterraneo; pausa

del calentamiento global; NDVI; humedad del suelo.
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Abstract

This study analyzes the temporal patterns of rainfed cereal phenology extracted
from the GIMMS NDVI3g dataset in the main cereal-growing regions under a
Mediterranean climate in Spain, Portugal, France and Italy during the period 1982—2022.
The series before and after the beginning of the 21st century were analyzed separately.
Phenological parameters were extracted using the modified dynamic threshold method,
and their trends were analyzed. Correlation analyses were performed to study the
relationships among these parameters and to analyze the influence of hydroclimatic
variables on the start (SOS) and end (EOS) of the growing season. Results showed a
temporal reversal in phenological trends between both study periods, coinciding with the
global warming hiatus. In the first period (1982-2002), SOS and EOS advanced (-7.5
and —3.1 days, respectively), and the length of growing season (LOS) increased.
However, during the second stage (2003- 2022), SOS and EOS were delayed (7.5 and
1.7 days, respectively), and LOS decreased. Similar dynamics were observed for the
influence of the hydroclimatic variables on SOS and EQS, stronger in the first period and
weaker in the second. This study provides valuable information on the phenological
dynamics of rainfed cereals that may be useful for their management and planning in

climate change scenarios.

Keywords: cereal phenology; rainfed cereal; Mediterranean climate; global

warming hiatus; NDVI; soil moisture
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3.1. Introduction

Vegetation phenology dynamics are considered important biological indicators
that reflect the cyclical and seasonal responses of ecosystems to climate and hydrological
regimes (Zhang etal., 2003). In this context, global warming is an undeniable
phenomenon with a significant impact on terrestrial vegetation, altering its phenological
cycles (Zhao etal., 2015). Thus, an accurate characterization of phenology and
monitoring of its behavior at different times are fundamental to understanding the
variations in climate change impacts. This is of particular interest in water-limited areas,
such as the Mediterranean, as it is one of the most vulnerable regions to climate change,
and this vulnerability is likely to worsen in the future (Gu et al., 2020). The soil moisture
(SM) drought risk is projected to increase around the world, resulting in increased
frequency and intensity of agricultural droughts under all climate scenarios, with the
Mediterranean region being the most affected (Benito-Verdugo et al., 2023; Tramblay
etal., 2020). The Mediterranean region is characterized by water-limited conditions,
where rainfed cereal cultivation predominates (Jacobsen et al., 2012). This increases the
interest in the study of the phenological behavior of cereals under the Mediterranean
climate, which could be an essential tool for better agronomic management under a global

climate change scenario (Jiao et al., 2020).

Crop phenological information is mainly extracted from in situ ground records
and remote sensing data (Zhan et al., 2024). In situ monitoring of vegetation is mainly
based on field observation methods and provides detailed and accurate information on
plant development. However, this approach is limited by its spatial and temporal scales,
making it impossible to detect phenological dynamics at larger spatial scales and to
conduct long-term studies. Several studies used information from in situ observations for
the analysis of phenological trends but recognized that the geographic extent is limited,
as are long-term observations in complex environments (Meng et al., 2021; Walther et al.,
2002).

However, satellite data are effective tools for monitoring land surfaces at large
spatial and suitable temporal scales, which allow tracking of the phenological dynamics
of vegetation over large areas (Liao et al., 2023). The phenology obtained from satellite

data is usually determined from vegetation indices (VIs), such as the normalized
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difference vegetation index (NDVI) or the enhanced vegetation index (EVI) (Gerard
et al., 2020; Kibret et al., 2020; Liao et al., 2023). Many studies have investigated the
vegetation phenology using satellite sensors, including mainly the Advanced Very High
Resolution Radiometer (AVHRR) (Tian et al., 2024a; You et al., 2013), the Moderate
Resolution Imaging Spectroradiometer (MODIS) (Gerard et al., 2020) and the Satélite
Pour I’Observation de la Terre (SPOT) (Meroni et al., 2014). In particular, the NDVI
derived from the AVHRR sensor is the most widely used tool for studying the long-term
phenological dynamics of vegetation at global, continental and regional scales. It is the
longest NDV I time series to date and has been shown to have a good capability for long-
term vegetation monitoring (Fu et al., 2018).

With the impressive advancements in remote sensing technologies, which make
it possible to effectively monitor vegetation phenology, recent research on phenological
trends and their responses to climate change has been performed at different scales.
Various climatic factors, such as temperature, precipitation, photoperiod, etc., can
influence the seasonal development of plants and the calendar of phenological phases
(Gordo and Sanz, 2010; Menzel et al., 2020). Many studies have incorporated these
variables into analyses of climatic impacts on phenology (Jin et al., 2019a; Yuan et al.,
2019a). However, the use of other important factors, such as the soil water content, in
phenological analyses using remote sensing data is uncommon, despite its crucial
importance for crops and the impacts that agricultural drought is causing (Benito-
Verdugo et al., 2023).

The main vegetation parameters that are extracted to monitor phenological
dynamics are the start of the growing season (SOS), the end of the growing season (EOS)
and the length of the growing season (LOS); the latter is calculated from the previous two
parameters. Many studies have shown that prior to the 2000s, there was a general trend
of advanced SOS in many regions, and different time periods and study methods were
used (Piao et al., 2006; Stockli and Vidale, 2004). However, since the start of the 2000s,
several studies have suggested that the trend may have slowed (Cong et al., 2013; Jeong
etal., 2011) or even reversed (Fu et al., 2014; Touhami et al., 2022; Zhang et al., 2023).
In contrast, the overall trend of the EOS was more heterogeneous and less marked than
that of the SOS, with a majority of advances (Jeong et al., 2011; Zhu et al., 2012) but also
some delays (Touhami etal.,, 2022). The discrepancy in the trends of the main

phenological metrics before and after the beginning of the 21st century has been attributed
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to the global warming hiatus (Piao et al., 2019). However, it is still not clear how these
trends evolved beyond that period and whether they have persisted in recent years,
specifically in agricultural areas. Accordingly, Piao etal. (2019) recommended
continuous monitoring and analysis using satellite observations to verify whether and
how the trends in phenological parameters will continue in the coming decades. Several
studies (Guo and Hu, 2022; Measho et al., 2023; Ren and An, 2021) have noted that,
despite the interest in detecting the phenological dynamics of cultivated plants at a
regional scale, most researchers did not consider it due to the perception that it was
influenced by anthropogenic activities. Thus, instead of focusing on cultivated plants,
attention has been mostly focused towards phenological changes in natural vegetation.
Moreover, in the few cases where cultivated plants have been considered, they were
small-scale studies based on in situ field data (Ren and An, 2021). Therefore, assessments
of plant phenology covering both the periods before and after the global warming hiatus
are needed, especially for cultivated plants. This would provide a more complete
understanding of the temporal phenological dynamics of vegetation and would allow

verification of the trends of most current phenological parameters.

This study aimed to analyze the patterns of the temporal phenological parameters
of rainfed cereals based on the NDVI AVHRR data and their responses to hydroclimatic
variables under Mediterranean conditions. The analysis was performed in the main cereal-
growing regions with a Mediterranean climate in Spain, Portugal, France and Italy during
the period from 1982 to 2022. This study provides a deep understanding of the
phenological dynamics of crops as important as cereals, particularly in water-limited
regions. In these environments, accurate management and yield forecasting are crucial to
ensure food security and agricultural sustainability under a climate change scenario. This
work can significantly contribute to inform management decisions with the aim to address

future situations in water-limited regions for these key crops.
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3.2. Materials and Methods

3.2.1. Study area

In the Mediterranean region, the most common crops are rainfed cereals, with
wheat and barley being the main crops (Mefleh, 2021; Savin et al., 2022). The area is
characterized by water-limited conditions, with dry, hot summers and mild, humid
winters. The main cereal-growing regions under a Mediterranean climate in Spain (e.g.,
Castilla y Ledn and Castilla-La Mancha, CL and CM, respectively); Portugal (e.g.,
Alentejo, AT); France (e.g., Occitanie, OC); and Italy (e.g., Puglia, PG), as highlighted
in previous works (DRAAF, 2024; Garcia-Ledn et al., 2020; MAPA, 2025a; Stoate et al.,
2000), were selected as the study areas (Figure 3.1).
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Figure 3.1. Location map of the cereal zones in the study regions: Castilla y Le6n (CL) and Castilla La-
Mancha (CM) in Spain; Alentejo (AT) in Portugal; Occitanie (OC) in France; and Puglia (PG) in Italy.
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3.2.2. Data Source

3.2.2.1. Detection of Cereal Zones

To study rainfed cereal areas in the selected study areas (Figure 3.1), two
databases were used to create a mask that filtered out all the areas other than the target
areas. The Climate Change Initiative (CCI) Land Cover (LC) map obtained from the
European Space Agency (ESA) was used to discard areas with different land cover types
than cereal crops. It describes Earth’s land surface in 37 original LC classes based on the
United Nations Land Cover Classification System (UN-LCCS) (Di Gregorio, 2005), with
a spatial resolution of 300 m (Defourny et al., 2012). Additionally, the Digital Global
Map of Irrigation Areas of the Food and Agriculture Organization (FAO) was used to
exclude irrigated areas. It represents the global area that is equipped with irrigation at a
spatial resolution of 5 arc minutes (Siebert et al., 2013). In this study, pixels with more
than a 10% irrigated area and with land cover types different from those of rainfed and
mosaic cropland were hidden. This mask was applied to all databases to select those pixels
that only represented areas of rainfed cereal crops, assuming that cereals are the

predominant crop in each region.

3.2.2.2. Remote Sensing Data and Processing

The normalized difference vegetation index third-generation V1.2 (NDVI3g)
dataset for Global Inventory Modeling and Mapping Studies (GIMMS) was used as the
remote sensing source data. It is based on corrected and calibrated measurements from
the Advanced Very High Resolution Radiometer (AVHRR) that were obtained from
different sensors onboard the National Oceanic and Atmospheric Association (NOAA)
polar-orbiting meteorological satellites (Pinzon et al., 2023). The dataset provided two
NDVI values per month over 14-16 day compositing periods, with a spatial resolution of
0.0833 degrees and global coverage from 1982 to 2022.

The cubic spline interpolation method was used to obtain the daily NDVI time
series, since it is one of the most common methods used for time interpolation (Talebi
etal., 2023; Wolberg and Alfy, 1999). Cubic spline interpolation of the data with
piecewise cubic polynomials allows the NDVI curve to pass through two endpoints with

their respective derivatives (Talebi et al., 2023). Additionally, for noise reduction, the
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NDVI time series was smoothed by calculating the moving average with a 30-day

window.

3.2.2.3. Hydroclimatic Data

Climatic and SM data were used to analyze the relationships among phenological
patterns and environmental conditions. The climate variables were obtained from the
EOBS database, which is a gridded daily Earth observation dataset over Europe belonging
to the Copernicus Climate Change Service (C3S) European climate and assessment
dataset (Bandhauer et al., 2022). The E-OBS database used, version 28.0, provides data
with a spatial resolution of 0.1° x 0.1° and daily temporal resolution, with data available
from January 1950 to December 2023. Climatic data were resampled into NDVI3g
GIMMS grids using a majority filter. Among the set of climate variables that is provided
by this database, four variables were selected for this study: accumulated precipitation
(P), maximum temperature (Tmax), minimum temperature (Tmin) and relative humidity
(RH). However, the latter was only used to calculate the vapor pressure deficit (VPD),
which was defined for its agronomic relevance in vegetation development. The VPD
(kPa) is the difference between the saturated vapor pressure (es) and the actual vapor
pressure (ea) and was calculated according to Equations (3.1)—(3.4) (Allen et al., 1998;
Yoder et al., 2005), where eo is the saturated vapor pressure at the air temperature (kPa),
and Ti i Tmax Of Tmin (°C).

VPD = ¢;, — ¢, (3.1)
e’ (Tmax) + e° (Tmin) (32)
€ =
2

17.27 T; (3.3

°(Ty) = 0.61 (—1)

e?(T) = 0.6108 exp |73
o, = RH eo(Tmax) + eO(Tmin) (3-4)

4100 2

As in the previous section, the moving averages were calculated using a 30-day
window for P, Tmax, Tmin and VPD. Finally, to obtain the variables by season, the

averages of each of the variables and for each pixel in each season of the year were
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calculated. Thus, autumn was considered to occur from September to November, winter
from December to February, spring from March to May and summer from June to August.

The ERA5-Land reanalysis database was used as the SM database. It is provided
by the European Centre for Medium-Range Weather Forecasts (ECMWF) in the
framework of the C3S (Mufioz-Sabater et al., 2021). This reanalysis database has been
widely validated and used (Almendra-Martin et al., 2022b; Gaona et al., 2022; Gonzalez-
Zamora et al., 2023). The series provides SM data from 1981 to the present, with an
hourly temporal resolution and a regular grid of 0.1°. The SM data were resampled into
NDVI13g GIMMS grids using a majority filter. In addition, it provides the SM in three
different depth layers in each pixel (0—100 cm). In this study, the SM values of the three
layers at different depths were averaged at 12 am and 12 pm to determine the daily SM
in the root zone (0—100 cm). As in the previous subsection, the moving averages SM were
calculated with a 30-day window and then averaged for each season of the year.

3.2.3. Data Analyses

Figure 3.2 shows the general technical flow chart of this study. The three main
components are: (1) data collection and preprocessing of phenological parameters, (2)
data collection and preprocessing of hydroclimatic data, and (3) analysis of phenological

parameters and hydroclimatic data.

""" Phenclogy parameters
Data collection and preprocessing

'
Data collection and preprocessing

........................................................................................

limatic data

Figure 3.2. The technical flow chart of this study.
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3.2.3.1. Phenology Parameter Extraction

The identification of the phenological parameters of cereals was performed using
the modified dynamic threshold method (Huang et al., 2019), which is an improved
method of the original dynamic threshold method (Jonsson and Eklundh, 2002; White
etal., 1997). The time series of crop vegetation indices tend to be asymmetric; therefore,
this method solves this problem by using two different amplitudes for the recovery of the
SOS and EOS of crops (Huang et al., 2019). A diagrammatic sketch of the modified

dynamic threshold method is shown in Figure 3.3.
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Figure 3.3. Application of the modified dynamic threshold method on the NDVI series throughout the
agricultural year to extract the phenological parameters: start (SOS), end (EOS), length (LOS) of the
growing season, booting stage (BS), and the NDVI value in the BS (BV). BV is the maximum NDVI value
within the growing season, “x” is the minimum NDVI value on the left side of BV and “b” is the minimum
value on the right side of BV. The black arrow indicates the retrieval of the BS date from BV. “al” denotes
the difference between BV and x, while “a2” denotes the difference between BV and b; these are the

amplitudes used to retrieve SOS and EOS, respectively.
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The agricultural year was defined as the period from the season in which the SOS
occurred to the season in which the EOS occurred. In all study regions and for cereal
crops, the SOS occurs in autumn, and the EOS occurs in summer of the following year
(Manfron et al., 2017; MAPA, 2025b; Meyer et al., 2020; Morais et al., 2018; Ventrella
etal., 2016; Yang et al., 2020); therefore, the agricultural year was considered to extend
from 1 September to 31 August of the following year. The SOS and EOS dates were
retrieved at the pixel scale, and the amplitude thresholds were defined to be 20%
according to the methodology used in several studies (Ersi et al., 2023; Jin et al., 2019a;
Kern etal., 2020; You et al., 2013). The calculations of SOS and EOS thresholds are

summarized in Equation (3.5).

{NDVISOS > x +20% * a (3.5)
NDVIEOS <b+20% = a,

Derived from these two parameters, the LOS was calculated as the time between
the SOS and EOS. In addition, the booting stage (BS) was identified as the date when the
NDVI value during the crop year reached its maximum, indicating the peak of green
biomass development (Benedetti and Rossini, 1993; Pan et al., 2015), and the NDVI
value in the BS (BV) was also determined. Finally, following the methodology of Jeong
et al. (2011), 10-year moving averages were calculated to remove statistical uncertainties
caused by the first and last values and individual outliers in the time series for each pixel
and for all identified phenological parameters.

3.2.3.2. Trend Analysis

The Mann—Kendall (MK) statistical test was used in the present study for the trend
analyses. It is a nonparametric test used to identify trends in time-series data (Kendall,
1948; Mann, 1945). The ability of this test to detect trends has been demonstrated in many
studies on the dynamics of vegetation phenology based on satellite observations (Jiao
et al., 2020; Karkauskaite et al., 2017; Yuan et al., 2019a). In this study, the MK test was
used to detect whether there were statistically significant increasing or decreasing trends
in phenological parameters at the pixel scale. Under the null hypothesis of no trend HO,
the MK test statistic (S) was calculated as follows:
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S = "21 Zn: sgn(x; — x;) (3.6)

i=1 j=it+1

where
1 ifx>0
sgn(x) =4 0 ifx=0 3.7)
-1 ifx<0

For an upward trend, the S statistic is increased by +1, while it is decreased by —1
for a downward trend. The S statistics remain unchanged for a zero difference. The

statistical parameter Z allows us to determine whether a trend is significant:

( i if S>0
| Jvar(S)
Z = { 0 if§=0
| Ss+1 (3.8)
k \/T(S) lfS <0

Throughout this study, a p value of 0.05 (95% confidence level) was used as the
criterion for determining the statistical significance of a trend. Thus, for an absolute value
of Z greater than 1.96, a significant trend is considered.

3.2.3.3. Correlation Analysis

Pearson’s correlation coefficients (R) were calculated at the pixel scale to analyze
the relationships among the main phenological parameters (e.g., the SOS, EOS and LOS).
The significance of the correlations was identified with p values at the 95% confidence

level.

In addition, for the analysis of the influence of the hydroclimatic variables on the
SOS and EOS parameters, the mean SOS and EOS dates were previously calculated for
all the pixels of the study regions as well as for each season of the hydroclimatic variables.
Subsequently, R values were calculated between each hydroclimatic variable and the
main phenological parameters, SOS and EOS, with the statistical significance level set to
p < 0.05. This analysis was conducted during the season in which the SOS and EOS
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occurred, as well as during the previous season. Therefore, for the SOS, the autumn
season and summer season of the previous agricultural year were considered, while for

the EOS, the summer and spring of the current agricultural year were considered.

3.3. Results

3.3.1. Phenological Dynamics over Decades

The initial analysis of the extracted parameters involved comparing the dates of
the phenological parameters, SOS, EOS, and BS, with the LOS and BV values between
the first and last decades of the study (Figure 3.4).
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Figure 3.4. Histograms of the distributions of the start (SOS), end (EOS), length (LOS) of the growing
season, booting stage (BS), and the NDVI value in the BS (BV) differences between the last (2013- 2022)
and first (1982-1992) decades of the study period at the pixel scale in Castilla y Ledn (CL), Castilla La
Mancha (CM), Alentejo (AT), Occitanie (OC) and Puglia (PG). Values equal to 0 are excluded from the

percentages (advance, red; delay, blue).
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Advanced dates predominated for the SOS, EOS, and BS, while the LOS
increased. CM stood out, with an advanced SOS in 64% of the pixels. Regarding the EOS
and LOS, the CL showed very pronounced advance and shortening, with 88% and 78%,
respectively, of negative pixels. For BS, the AT showed a delay in the dates in 72% of
the pixels. Conversely, for the BV, all regions showed an increase, with an average

increase of 88% of the pixels.

Several authors reported changes in the phenological parameters from the 2000s
onward (Cong et al., 2013; Fu et al., 2014) and associated these with the global warming
hiatus (Zhu et al., 2012). In the study areas, this slowdown in global warming was also
observed between the end of the 20th century and the beginning of the 21st century, as

shown in Figure 3.5.
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Figure 3.5. Average monthly mean temperature (°C) of the study regions from 1982 to 2022 and the
regression lines and their equations for the period associated with the global warming hiatus (green) and

the periods before (red) and after (blue).

With the aim of studying the behavioral patterns before and after this climatic
inflection, the study period was divided into two parts: the first period covered the first
two decades (1982-2002), and the second period covered the last two decades (2003—
2022). This approach, which involves dividing the period into two parts, namely, before

and after the slowdown in global warming, has been used in other studies (Jeong et al.,
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2011; Zhao et al., 2015), although with a shorter observation period and for all types of

vegetation cover.

Figures 3.6-3.8 show that the decadal differences in both periods had inverse
behaviors, considering the predominant pattern of each phenological parameter, except
for BV, which increased in both periods. Thus, in the decadal differences of the first
period, advances in the SOS and EOS and an increase in the LOS were predominantly
observed (Figures 3.6 and 3.7). The SOS advanced in all regions except for CL, with PG
standing out for its advancement in 81% of the pixels, while for the EOS, CL showed an
advancement in 75% of the pixels. The length of the phenological cycle of the PG
increased in 79% of the pixels. In contrast, the differences in the decades of the second
period showed delays in the SOS and EOS and decreases in the LOS (Figures 3.6 and
3.7). The SOS experienced delays in all regions, with the percentages of positive pixels
ranging between 52% and 67%, while the LOS decreased in all regions, with the
percentages of negative pixels ranging between 56% and 64%. The EOS predominantly

experienced delays, with the PG region standing out with a delay for 68% of its pixels.
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Figure 3.6. Spatial distribution of the differences in the start (SOS), end (EOS) and length (LOS) of the
growing season, between the two decades (1993-2002 minus 1982-1992) of the first period and of the
second period (2013-2022 minus 2003-2012), represented at the pixel scale in Castilla y Ledn (CL),
Castilla-La Mancha (CM), Alentejo (AT), Occitanie (OC) and Puglia (PG).
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Figure 3.7. Histograms of the distributions of the differences in the start (SOS), end (EOS) and length (LOS)
of the growing season between the second (1993-2002) and first (1982-1992) decade (Decade 2—1, brown)
and between the fourth (2013-2022) and third (2003—-2012) decade (Decade 4-3, blue), represented at the
pixel scale in in Castillay Leon (CL), Castilla-La Mancha (CM), Alentejo (AT), Occitanie (OC) and Puglia

(PG). Values equal to 0 are excluded from the percentages (advance, red; delay, blue).

BS followed the same pattern that was observed for the SOS and EOS in each
period (Figure 3.8). During the first period, not only did the SOS and EOS advance, but
they also caused a change in the phenological cycle, thus advancing the BS. In all regions,
the BS advanced with an average of 76% of the pixels, except in the PG, where delayed
pixels predominated, with a negligible difference of 48% compared to 45% for advanced

pixels.

However, in the second period, the BS was mostly delayed, with CL occurring in
57% of the delayed pixels. In contrast, the BV showed a consistent pattern in the same
direction in both periods, with average percentages of increasing pixels of 70% and 86%

in the first and second periods, respectively.
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Figure 3.8. Histograms of the distribution of the differences in the booting stage (BS) and the NDVI value
in the BS (BV) between the second (1993-2002) and first (1982-1992) decade (Decade 2-1, brown) and
between the fourth (2013-2022) and third (2003—-2012) decade (Decade 4-3, blue), represented at the pixel
scale in Castilla y Le6n (CL), Castilla-La Mancha (CM), Alentejo (AT), Occitanie (OC) and Puglia (PG).

Values equal to 0 are excluded from the percentages (advance, red; delay, blue).

3.3.2. Temporal Patterns of Phenological Trends

The trends of the phenological parameters during the first and second periods are
shown in Table 3.1, and the values of the slopes of these trends are shown in Table 3.2.
Significant changes in the SOS, EOS, LOS and BS were observed in the two study
periods, with an inverse pattern between them. During the first period, the SOS, EOS and
BS dates tended to advance in all regions, with 76%, 65% and 75%, respectively, of the
pixels showing negative trends (Table 3.1). The average pixels across all regions with
significant trends toward advancing dates for the SOS, EQOS, and BS represented nearly
55% of the total pixels. The SOS presented an average advance of 7.5 days, with the AT
and PG regions experiencing the greatest advancements, exceeding 10 days (Table 3.2).
The EOS presented an average advance of 3.1 days, while the BS advanced by 7 days,
with the OC and CL regions showing the greatest advancements in both cases. In most
regions, the LOS exhibited increases, although the distribution was more heterogeneous,
with the CL and OC regions showing decreases due to greater advancements of the EOS

than of the SOS. The average increase in the LOS across all regions was 4.3 days, with
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an average increase in regions with a higher percentage of positive pixels of 9 days and a
mean decrease in CL and OC of 2.2 days. When contrasting regions with LOS increases
and decreases, the increases in the number of days were observed to be four times greater

than the decreases.

Table 3.1. Trends of the cereal phenological parameters, SOS, EOS, LOS, BS and BV, at the pixel scale in
CL, CM, AT, OC and PG and the averages of these parameters for the two study periods. The data indicate
the percentages of pixels with positive trends (P), negative trends (N), statistically significant trends p <
0.05 (S), significant positive trends (SP) and significant negative trends (SN). The highest percentages

(above 50) for each parameter have been colored in red (negative trends) and blue (positive trends).

1% period (%) 2" period (%)
Regions P N S SP SN P N S SP SN
SOS
CL 38 62 62 22 40 68 32 64 45 19
CM 26 73 67 13 54 66 33 65 44 21
AT 18 81 75 7 68 89 11 77 73 4
oC 21 79 70 13 57 75 25 81 64 17
PG 14 86 75 7 68 55 38 60 40 20
Average 23 76 69 12 57 71 28 69 53 16
EOS
CL 15 85 70 8 62 39 61 59 21 38
CM 45 54 54 25 30 53 46 62 34 28
AT 48 51 59 27 32 73 27 67 51 16
oC 32 68 80 22 58 58 41 63 40 22
PG 35 65 70 25 45 75 17 72 59 13
Average 35 65 66 21 45 60 38 65 41 23
LOS
CL 38 61 61 20 41 30 70 68 18 50
CM 66 34 55 41 14 39 60 62 23 39
AT 78 22 68 59 10 21 78 66 8 58
oC 44 55 64 27 37 32 68 62 15 47
PG 82 18 71 60 11 40 52 56 26 29
Average 62 38 64 41 23 32 66 63 18 45
BS
CL 7 93 80 4 77 67 33 73 51 22
CM 21 78 65 10 56 38 61 82 29 54
AT 27 73 63 8 55 84 15 73 67 6
ocC 16 84 74 7 67 49 51 71 34 37
PG 49 49 56 22 34 57 35 61 39 22
Average 24 75 68 10 58 59 39 72 44 28
BV
CL 70 30 62 49 13 79 21 73 62 11
CM 58 42 62 41 21 84 16 83 73 11
AT 58 42 48 28 20 90 10 84 80 4
oC 98 2 96 94 1 92 8 93 87 6
PG 68 32 74 50 24 66 27 74 52 22
Average 70 30 68 52 16 82 17 81 71 11
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In contrast, during the second period, there was a predominant trend toward delays
in the SOS, EOS, and BS dates across all regions, with 70%, 60%, and 59%, respectively,
of the pixels showing positive trends (Table 3.1). On average, nearly 43% of the pixels
across all regions exhibited significant trends toward delayed SOS, EOS, and BS dates.
The SOS presented an average delay of 7.5 days, with AT and OC being the regions with
the greatest advances, averaging 10.6 days (Table 3.2). The EOS presented an average
advance of 1.7 days, and the BS presented an average advance of 1.6 days, with AT
experiencing the most prolonged delay. The BS trend was more heterogeneous across all
regions, as it advanced in CM and OC, while in the remaining regions, it was delayed,
which was similar to what occurred in CL with the EOS, which was the only region with
a higher percentage of positives. However, compared to the first period, the rate of
advancement slowed, with the average advancement of the BS decreasing from 8.8 days
to 2.8 days in CM and OC and from 6.6 days to 2 days in the EOS for CL. Considering
all territories as a whole, the LOS presented a decreasing trend in 66% of the pixels, 68%
of which were significant, with an average decrease of 6 days. BV increased in both
periods, with a 47% difference in the increase between the second and first periods (Table
3.2). Overall, clear inverse trends in the phenological parameters were observed between
the two periods, with a tendency toward delayed SOS, EQOS, and BS, along with a

reduction in the LOS in the latter years.

Table 3.2. Slopes of the MK trends of the phenological parameters of SOS, EOS, LOS, BS and BV cereals
in CL, CM, AT, OC and PG and the average of these parameters for the two study periods. A% indicates
the percentage increase in the NDVI from the first period (1P) to the second period (2P).

SOS EOS LOS BS BV
Periods  Regions Davs/period NDV1/oeriod A%
ays/perio perio oP-1p
CL -3,2 -6,6 -3,3 -13,0 0,009
CM -6,1 0,0 5,6 -6,9 0,005
1 AT -10,6 -1,1 9,5 -3,7 0,004
oC -5,9 -7,3 -1,1 -10,6 0,021
PG -11,4 -0,6 10,5 -1,0 0,005
Average -7,5 -3,1 4.3 -7,0 0,009
CL 6,5 -2,0 -8,7 4,7 0,015 40
CM 4,2 1,4 -3,3 -5,0 0,018 69
AT 11,8 3,3 -8,7 6,6 0,020 81
2 oC 9,4 2,9 -6,5 -0,6 0,020 -8
PG 55 2,8 -2,6 2,4 0,012 54
Average 7,5 1,7 -6,0 1,6 0,017 47
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3.3.3. Relationships between the Phenological Parameters of

Vegetation

The interrelationships among the main phenological parameters of cereals,
namely, the SOS, EOS and LOS, were analyzed (Table 3.3). The results showed that there
were no clear relationships between the SOS and EOS in either period since no marked
patterns were detected in any region. The percentage of positive correlations is slightly
greater than that of negative correlations, with an average percentage of significant
positive correlations in all regions of approximately 55% in both the first and second
periods. The mean R value in all regions was irrelevant, with values of 0.03 and 0.09 in

the first and second periods, respectively.

However, when the relationships of the SOS and EOS with the LOS were
analyzed, very marked patterns were observed in both periods. During the first period,
there was an inverse relationship between the SOS and LOS, with an average of 93% of
pixels having a negative correlation in all regions, 89% of which were significant, with
an average R value of —0.71. The AT and PG regions had inverse correlations for 100%
of their pixels, with 100% and 95% of the correlations being significant and with average
pixel R values of —0.96 and —0.87, respectively. This indicates that the SOS advances
caused an increase in the LOS, as shown in the previous section.

In the second period, relationships between the SOS and LOS were observed to
be in the same direction as those in the first period but were more pronounced (Table 3.3).
Across all regions, there were pixel percentages with inverse correlations between 92%
and 99%, of which an average of 94% were significant. The average R value for the study
region was —0.80. OC increased the number of pixels with a negative correlation by 16%,
increased the number of pixels with an inverse and significant correlation by 26%, and
increased the R value from —0.41 to —0.70. Although the relationship between the SOS
and LOS remained consistent in both periods, it was slightly more pronounced in the
second period. Thus, the dynamics of the SOS inversely influenced the LOS, with a

stronger relationship observed in later years.
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Table 3.3. Correlation coefficients between the phenological parameters, SOS, EOS and LOS, at the pixel
scale in CL, CM, CM, AT, OC, and PG and the averages of these parameters for the two study periods. The
data indicate the average R value in pixels (R), the percentage of pixels with a positive correlation (P), a
negative correlation (N), a statistical significance of p < 0.05 (S), a positive significant correlation (SP) and
a significant negative correlation (SN). The highest percentages (above 50) for each parameter have been
colored in red (negative trends) and blue (positive trends).

1%t period 2" period
Regions P N S SP SN R P N S SP SN R
SOS - EOS
CL 57 41 52 32 20 0,09 5 45 50 28 23 0,05
CM 47 52 52 26 27 -0,02 5 44 56 33 23 0,08
AT 41 57 52 20 32 -0,09 68 32 53 43 10 0,24
oC 62 37 61 41 21 0,16 57 43 56 34 23 0,09
PG 46 52 52 24 28 -0,01 51 49 59 33 25 0,02
Average 51 48 54 28 26 0,03 57 43 55 34 21 0,09

SOS - LOS
CL 5 9% 81 0 81 -0,67 2 98 92 O 91 -0,82
CM 7 92 82 3 79  -0,65 8 92 8 4 82 -0,70
AT 0 100 95 0 95 -0,87 2 98 9% O 95 -0,84
oC 22 77 65 7 57 0,41 6 93 84 1 83 -0,70
PG 0 100 100 O 100 -0,96 1 9 99 0 99 0,94
Average 7 93 85 2 83 -0,71 4 96 91 1 90 -0,80

EOS - LOS

CL 88 12 74 72 2 0,56 79 21 60 54 6 0,40
CM 90 9 78 77 1 0,64 83 17 67 62 5 0,49
AT 83 17 68 62 6 0,46 68 32 54 38 16 0,19
oC 93 7 86 84 2 0,71 83 17 67 62 5 0,50
PG 66 34 61 42 19 0,22 61 39 62 45 17 0,20
Average 84 16 73 67 6 0,52 75 25 62 52 10 0,36

The relationships between the EOS and LOS (Table 3.3) were direct in both study
periods, in contrast to the relationships between the SOS and LOS. In the first and second
study periods, the average percentages of pixels showing direct correlations were 84%
and 75%, respectively, of which 80% and 69%, respectively, were statistically significant.
Across all regions, there were slight decreases in the percentages of positively correlated
pixels from the first to the second period. The average R values were 0.52 and 0.36 in the
first and second periods, respectively. Although this relationship remained consistent in
both periods, it was slightly less pronounced in the second period. Consequently, the EOS
has become less decisive in affecting the LOS in recent years. Therefore, while the SOS

iIs becoming more determinant of the LOS, the EOS has the opposite influence. This
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suggests that the SOS varied more significantly than the EOS, as observed in the trend

analysis.

3.3.4. Influence of Hydroclimatic Variables on Phenological

Parameters

The analysis of the potential controls of the hydroclimatic variables on the
dynamics of phenological parameters under Mediterranean conditions is shown in Table
3.4. During the first period, a distinctive pattern of statistically significant inverse
correlations was observed, involving the relationships of the SOS and EOS with the
Tmax, Tmin and VPD variables of the previous summer and spring, respectively. Among
these, the highest R values correspond to the relationships of the SOS and EOS with Tmin
and Tmax, respectively, with R values of —0.71 in both cases. During the second period,
a similar pattern was also observed for both phenological parameters, with significant
direct correlations of the autumn and summer Tmax values with the SOS and EOS dates,
with R values of 0.53 and 0.45, respectively. Furthermore, during the spring of the first
period, the EOS also showed a significant direct correlation with SM, with R values of
0.50. Similarly, during the summer of the first period, an inverse correlation between the

EOS and Tmin was observed, with an R value of —0.61.

Table 3.4. Correlation coefficients between the SOS, EOS and hydroclimatic variables during the current
phenological season and the previous season for the five study regions as a whole, considering the first (1P)

and second (2P) periods. p < 0.05 indicates statistical significance (*).

SOS EOS
Variables Autumn Last summer Summer Spring
1P 2P 1P 2P 1P 2P 1P 2P

P -0,10 -0,17 0,04 0,11 -0,16 0,08 0,09 0,06
Tmax 0,27 053* -052* 0,30 -0,37 045* -0,71* 0,26
Tmin 0,08 003 -071* -0,14 -0,61 * 0,04 -0,58* -0,04
VPD 0,36 040 -045* 0,28 -0,26 041 -054* 0,19
SM -0,17  -0,36 0,40 0,07 0,29 -0,04 050* -0,15

Specifically, the energy variables and SM could have played a significant role in

the observed variations in the SOS and EOS during the first study period. However, in
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recent decades, Tmax has emerged as the variable that exerts predominant control over
the dynamics of these key phenological parameters.

3.4. Discussion

The results revealed a clearly delineated pattern of reversal or slowdown of the
phenological parameters from the beginning of the 21st century. During the first period,
the SOS, EQOS, and BS dates improved by averages of 7.5 days, 3.1 days, and 7 days,
respectively, while the LOS increased by 4.3 days. These results are consistent with those
of many previous investigations, such as Stockli and Vidale (2004), which revealed a
general shift toward earlier and longer growing periods in Europe, which were
approximately 5.4 days/decade and 9.6 days/decade, respectively, during the period from
1982 to 2001. Piao et al. (2006) reported that in China from 1982 to 1999, the SOS
advanced at a rate of 7.9 days/decade, and the LOS increased by 10.16 days/decade.
Furthermore, there is extensive evidence that spring events such as BS occurred
increasingly earlier in the studies prior to the 2000s. For instance, Menzel et al. (2006)
reported an advance of 2.5 days/decade in spring phenology in Europe from 1971-2000.
A study carried out by Pefiuelas et al. (2002) revealed that in the Mediterranean region,
plants altered their cycles, with advances in phenological phases of approximately 6 days
during the period from 1952 to 2000.

However, during the first decades of the 21st century, changes in the trends of
phenological parameters were evident. In the present study, average delays of 7.5 days in
the SOS, 1.7 days in the EOS and 1.6 days in the BS were recorded, while the LOS
decreased by 6 days. Similar results were obtained by Touhami et al. (2022), who detected
an average delay in the SOS of 7.8 days and a decrease in the LOS of 12.8 days from
2000 to 2017 in the Mediterranean region of northeastern Tunisia. Additionally, several
studies have reported trends toward delayed EOS in recent decades (Fan et al., 2022; Liu
et al., 2023). Thus, Zhu et al. (2024) reported a delayed EOS of 1.6 days/decade in China.
Zhang et al. (2020) studied the phenology in the Northern Hemisphere and observed EOS
delays of 6.3 days/decade.

The present study found strong evidence that the BV tended to increase in both
periods, with average increases in the first period of 0.009 NDVI and 0.017 NDVI in the
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second period. The observed increase in the second period was significantly greater than
that in the first period, being 47% greater. This finding is consistent with that obtained in
the study of Gao et al. (2022), who also identified a trend toward greening during the
1982-2020 growing season, with an average increase of 0.048 NDVI per decade. This
trend showed two distinct periods, one of gradual growth before 2006 and another of
drastic increase in the NDVI after 2006. De Jong et al. (2013) reported a continuous
increase in plant activity in Europe. Several studies have shown that the increasing rate
of CO2 fertilization caused by increasing temperatures and CO2 levels are the main
drivers of the observed greening (Kumar et al., 2022; Mishra and Mainali, 2017; Piao
et al., 2015). The Intergovernmental Panel on Climate Change (IPCC) 2023 report (IPCC,
2023) highlights that the greenhouse gas (GHG) emissions during 2010-2019 were higher
than those in any previous decade. In 2019, GHG emissions were 12% higher than those
in 2010 and 54% higher than those in 1990, which explains the notable increase observed
in the second study period.

According to previous studies (Julien and Sobrino, 2009; Wu et al., 2012, 2016),
an advanced SOS was associated with a longer LOS in the first study period, and this
association was slightly stronger in the second period, when a delayed SOS was
associated with a shorter LOS. Alternatively, it was observed that an earlier EOS was
associated with a shorter LOS in the first period, but this relationship was also weaker in
the second period, with a more delayed EOS associated with a longer LOS. The
relationships between the SOS and LOS were slightly stronger than those between the
EOS and LOS, suggesting that the SOS had a greater impact on the LOS than did the
EOS; moreover, this impact was slightly more pronounced in the second period than in
the first period. Additionally, a negligible relationship was found in the first period,
although it was slightly more prominent in the second period between the SOS and EOS,
with a positive relationship of 57% of pixels, of which 60% were significant. This finding
suggests that in the second period, later SOS in autumn are usually accompanied by later

EOS in summer, regardless of the summer conditions.

Changes in vegetation phenology are considered to be a consequence of adaptive
responses to climatic factors (Hmimina et al., 2013). Particularly in rainfed agriculture,
environmental conditions determine the correct development of crops. A greater
influence of the energetic variables and SM was observed during the first period in the

previous season on the SOS and EOS. The discrepancy between the first and second
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periods coincides with the changes observed in the trends of the phenological parameters.
Stronger and more significant associations were found between the first periods of the
SOS and EOS in the previous summer and spring, respectively, and Tmax, Tmin, VPD
and SM. More specifically, in the first period, the variables Tmax, Tmin and VPD of the
previous summer were the variables that most influenced the SOS with an inverse
relationship. The same pattern was observed for the EOS, except for SM aggregation,
which had a direct relationship. Thus, increases in Tmax, Tmin and VPD would lead to
advances in the SOS and EOS, while a decrease in SM would also advance the EOS.
Several studies obtained similar results (Yuan etal., 2019a, 2024), and others have
confirmed these results since at the end of the 20th century there were increases in VPD
(Yuan et al., 2019b) and a warming of the Earth’s surface with significant increases in
temperature (Braganza et al., 2004). Furthermore, in the study by Almendra-Martin et al.
(2022a), a general decreasing trend in SM in Europe was observed. However, in the
second period, the pattern that was observed in the first period changed, and only the
direct relationships of Tmax in autumn and summer with the SOS and EOS, respectively,
were significant. Thus, an increase in Tmax would cause delays in the SOS and EOS. In
agreement with these results, Del Rio et al. (2012) observed an increase in Tmax at a

greater rate than in Tmin.

As previously observed, there is a disparity in the phenological patterns as well as
in the relationships among these patterns and climatic factors between the first and second
periods of this study, with the inflection point that occurred around the beginning of the
21st century. A reversal of the SOS, EOS, LOS and BV was observed after 2002. From
the late 20th century until approximately 2012, the global surface temperature did not
increase as rapidly as predicted by global climate models (Fyfe et al., 2013; Medhaug
etal.,, 2017). This slowdown in warming is known as the global warming hiatus.
However, since approximately 2012, particularly more intense warming has been
observed (Huang et al., 2021; Zahradnicek et al., 2021). In the Mediterranean region
under study, a reversal of the dynamics of the phenological parameters as well as a
decrease in the influence of climatic variables and SM on the phenology of cereals
between the first and second periods of study was obtained. This phenomenon can be
attributed to the global warming hiatus, which resulted in a pause in warming around the
early 2000s, as observed in most of the world (Kosaka and Xie, 2013). Consequently,

further studies in other regions are suggested to evaluate the generalizability of these
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findings and to better understand the impact of the global warming hiatus on crop plant
phenological trends.

3.5. Conclusions

The results obtained in this study reveal a clear distinction between the last
decades of the 20th century and the first decades of the 21st century. The trends in SOS,
EOS, LOS and BS experienced significant changes between these periods. In the first
period, advances in SOS, EOS and BS were observed, as well as an increase in LOS; in
the second period, these trends reversed, showing delays in SOS, EOS and BS and a
decrease in LOS. However, BV continued to show a steady increase in both study periods.
Additionally, the SOS was more decisive than the EOS in determining the lengthening of
the LOS. A greater influence of the energy climatic variables and SM was observed in
the season prior to the SOS and EOS. In addition, a decrease in the influence of the
energetic and SM variables on the SOS and EOS was detected throughout the study
period. In the first period, the energetic variables with an inverse relationship and SM
with a direct relationship during the previous season had a more significant impact on the
progression of the SOS and EOS. However, in the second period, only Tmax during the

SOS and EOS emergence seasons showed a direct relationship with their delays.

These findings, which are consistent with the timing of the global warming hiatus,
reflect changes in the trends of phenological parameters around the beginning of the 21
century. Furthermore, they highlight the suitability of using the NDVI obtained through
remote sensing to analyze the dynamics of cereal phenological parameters over time.
These results extend the understanding of the changes in cereal phenology in regions
under a Mediterranean climate and provide a valuable reference for understanding

ecosystem responses to climate change.

Continuous monitoring of phenological parameters using remote sensing is
essential for detecting long-term changes in vegetation and for better understanding the
ecosystem responses to climate change. These detected phenological changes are crucial
because they could impact food security, especially in regions susceptible to SM scarcity
due to climate change. However, it is recommended to explore the phenology of

vegetation and crops other than cereals, as well as in other areas under different
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environmental conditions, to determine whether this trend is generalizable. This study
demonstrated the importance of understanding the phenological trends and their
relationships with climate change to develop adaptation strategies and strengthen the
resilience of agricultural systems to changing environmental conditions. These findings
may be useful for agricultural management practices, such as sowing planning, seed and
crop selection and management, as well as for developing strategies and strengthening
the resilience of agricultural systems to changing environmental conditions. Furthermore,
these results provide a solid basis for future research in this field, thus contributing to the
advancement of knowledge and management of agricultural systems in a constantly

evolving context of climate change.
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Resumen

Objetivo del estudio: Identificar y caracterizar las sequias repentinas (FD) en
zonas con cereales de secano bajo condiciones mediterraneas, analizando sus efectos
sobre la Productividad Primaria Bruta (GPP), el rendimiento y la fenologia de los cereales
entre 2000 y 2023.

Area de estudio: Principales regiones mediterraneas cerealistas de Espafia,

Portugal, Francia e Italia.

Materiales y métodos: Las FD se identificaron utilizando la humedad del suelo
obtenida de la base de datos de reanalisis ERA5-Land y se caracterizaron segin su
frecuencia, duracion y severidad. La respuesta de la GPP a las FD se analiz6 utilizando
dos indices de tiempo de respuesta. Para evaluar el impacto de las FD sobre el rendimiento
de trigo y cebada, se calculo el porcentaje de reduccion del rendimiento durante los afios
con FD, mientras que el efecto de las FD sobre el estado y la fenologia de los cereales se
evalud utilizando el indice de Vegetacion de Diferencia Normalizada (NDVI). Los datos
de GPP y NDVI se obtuvieron de MODIS.

Resultados principales: Las FD afectaron significativamente a los cereales bajo
condiciones mediterraneas, con una mayor frecuencia e intensidad durante los meses
criticos de su desarrollo. Los cereales respondieron rapidamente a las FD, mostrando un
estrés maximo durante los meses criticos. Las FD provocaron una reduccion de hasta un
33% en los rendimientos de trigo y cebada, empeoraron el estado de los cereales en

comparacidn con los afios sin FD y adelantaron levemente las fases fenoldgicas.

Aspectos destacados de la investigacidn: Estos resultados alertan sobre los efectos
de las FD en los cultivos de cereales bajo condiciones mediterraneas y en regiones con
limitacion hidricas en general, destacando las repercusiones que ya estan afectando a estos
cultivos. Este analisis ayuda a identificar patrones de respuesta que determinan la
resiliencia de los cultivos a las FD, facilitando el desarrollo de estrategias para enfrentar

futuras adversidades bajo escenarios de cambio climatico

Palabras clave: Humedad del suelo; Cereales de secano; Trigo; Cebada; Clima

mediterraneo.
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Abstract

Aim of study: To identify and characterize flash droughts (FD) in areas with
rainfed cereal crops under Mediterranean conditions, analyzing their effects on cereal
gross primary productivity (GPP), yield, and phenology from 2000—2023.

Area of study: The main Mediterranean cereal-producing regions of Spain,

Portugal, France, and Italy.

Material and methods: FD were identified using soil moisture from the ERA5-
Land reanalysis database and characterized in terms of frequency, duration, and severity.
GPP sensitivity to FD was analyzed using two response time indices. To evaluate the
impact of FD on wheat and barley yield, the percent yield reduction during FD years was
calculated, while the effect of FD on cereal health and phenology was assessed using the
normalized difference vegetation index (NDVI). GPP and NDVI data were obtained from

the Moderate Resolution Imaging Spectroradiometer (MODIS).

Main results: FD had a significant impact on cereal under Mediterranean
conditions, with higher frequency and intensity during months critical for cereal
development. Cereals responded rapidly to FD, experiencing peak stress during critical
months. FD reduced wheat and barley yields by up to 33%, led to poorer cereal health
compared with years without FD events, and caused a slight advancement in the

phenological phases.

Research highlights: These results warn about the effects of FD on cereal crops
under Mediterranean conditions and in water-limited regions in general, highlighting the
potential consequences that are already affecting these crops. This knowledge helps
identify response patterns that determine crop resilience to FD, facilitating the

development of strategies to cope with future adversities under climate change scenarios.

Additional keywords: Soil moisture; Rainfed cereals; Wheat; Barley;

Mediterranean climate.
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4.1. Introduction

Drought is one of the most damaging natural hazards, and its frequency and
intensity are expected to increase under the context of climate change, particularly in
water-limited regions (Martinez-Fernandez et al., 2015; Tramblay et al., 2020). In recent
years, increasing attention has been given to flash droughts (FD), which are characterized
by their rapid onset, intensification, and short duration (Lovino et al., 2024). The abrupt
onset of FD makes them difficult to predict and significantly reduces the time available
to mitigate their impact, which exacerbates the adverse effects on agriculture and society
(Christian et al., 2024).

FD are caused by multiple factors, such as high temperature and evaporative
stress, precipitation shortages and soil moisture deficits (Hu et al., 2024). Consequently,
indicators have been developed to identify FD based on various hydrometeorological
factors. Among these, soil moisture (SM) is recognized as an effective indicator of FD
(Osman et al., 2024) and has been widely used for FD identification (Hu et al., 2024; O
and Park, 2023). Osman et al. (2024) analyzed the main climatic variables used to define
FD and concluded that root-zone SM is the most reliable indicator of these events. This
variable is particularly relevant in regions such as Europe, where SM has been observed
to generally decrease, with a significant projected reduction in the southern part of the
continent (Almendra-Martin et al., 2022a; Ruosteenoja et al., 2018). Although SM is
widely used as the main agricultural drought indicator, it is important to note that it
exhibits metric-dependent responses to changes in temperature (Burke, 2011). Rising
temperatures under climate change conditions can significantly affect SM levels by
intensifying surface evaporation and plant transpiration (Berg and Sheffield, 2018). This
process increases vapor pressure deficit and atmospheric evaporative demand, which
raises evapotranspiration even under dry conditions, potentially further depleting SM and

intensifying drought stress in crops (Seneviratne et al., 2010).

FD interfere with the physiological dynamics of vegetation, especially
photosynthesis (Zhang et al., 2024b). Vegetation indicators obtained through remote
sensing have been frequently employed for the dynamic monitoring of vegetation and its
reactions to FD, such as the normalized difference vegetation index (NDVI), the leaf area

index (LALI), solar-induced chlorophyll fluorescence (SIF) and gross primary productivity
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(GPP), among others (Adhikari et al., 2024). However, although these tools provide
information on general vegetation responses, studies that explicitly analyze the impact of
the phenological cycle during FD are lacking. Most research has documented the overall
behavior of vegetation in the face of these events (Barbosa, 2023; Zhang et al., 2024b),
but how FD affect phenological phases is still unknown. This issue becomes even more
relevant considering that, in recent years, changes in the phenology of crops such as
cereals have been observed in regions susceptible to SM deficits (Benito-Verdugo et al.,
2024).

Under global climate change scenario, the frequency and intensity of FD are
projected to increase worldwide, posing a significant threat to ecosystems, particularly
croplands (Lovino et al., 2024). A substantial increase in FD has been observed in the
Mediterranean region (O and Park, 2023), with rainfed croplands being the most affected
(Li et al., 2024). This situation is of particular concern for the Mediterranean region, as it
is characterized by water-limited conditions, where rainfed cereal -cultivation
predominates, with wheat and barley being the most widely grown crops (Savin et al.,
2022). In fact, Benito-Verdugo et al. (2023) reported that cereals grown in water-limited
areas are particularly vulnerable to agricultural droughts, with drought-induced cereal
yield reductions exceeding 30%. Despite clear evidence of the threat that FD pose to
essential crops such as cereals, studies of FD in agricultural contexts remain very scarce,
with most research focusing on FD in areas with natural vegetation (Barbosa, 2023; O
and Park, 2023). Moreover, the few studies of FD in agricultural regions are limited to
very specific geographic areas or to isolated events (Hunt et al., 2021; Jin et al., 2019b;
Otkin et al., 2021) or focus broadly on croplands without considering impacts on specific
crops (O and Park, 2024). Consequently, Shah et al. (2022) reported that analysis of the
integral impact of FD on crop growth and productivity losses is crucial, emphasizing the
need for research that addresses the impacts of FD on agriculture and facilitates the

development of effective adaptation strategies.

This study aimed to identify and characterize FD in areas with rainfed cereal crops
under Mediterranean conditions using SM data from the ERA5-Land reanalysis database
to assess the impact of FD on the GPP, yield, and phenology of cereals. The analysis
focused on the main cereal-producing regions of Spain, Portugal, France, and Italy from
2000-2023. This research aims to improve the understanding of FD and their impacts on

cereals in water-limited regions, where managing and forecasting yields under climate
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change is particularly important. Furthermore, this study provides insights into the
ecological impacts of FD, helping to develop more effective monitoring and early
warning systems. This work can inform management decisions in future scenarios for
these key crops in water-stressed regions and help mitigate the adverse effects of FD on

agriculture.

4.2. Materials and Methods
4.2.1. Study area
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Figure 4.1. Location map of the areas with rainfed cereal crops in the study regions: Castilla'y Leén (CL)
and Castilla-La Mancha (CM) in Spain; Alentejo (AL) in Portugal; Occitanie (OC) in France; and Puglia
(PG) in Italy.

The Mediterranean region is characterized by water-limited conditions, with mild
and humid winters followed by dry and hot summers. Annual rainfall in the
Mediterranean region is reduced and highly variable (Careddu etal., 2024). The
predominant crops in the region are rainfed cereals, with wheat and barley being the most

widely grown (Savin et al., 2022). The main cereal-growing regions under Mediterranean
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climate in Spain (e.g., Castilla y Leon and Castilla-La Mancha [CL and CM,
respectively]), Portugal (e.g., Alentejo [AT]), France (e.g., Occitanie [OC]), and Italy
(e.g., Puglia [PG]), as highlighted in previous works (Benito-Verdugo etal., 2024;
Careddu et al., 2024; Gameiro et al., 2024; Moojen et al., 2024), were selected as the
study areas (Figure 4.1).

4.2.2. Irrigation and cereal cover mask

To analyze areas with rainfed cereal crops in the selected regions (Figure 4.1),
two datasets were utilized to create a mask that filtered out all the areas other than the
target areas. The Digital Global Map of Irrigation Areas of the Food and Agriculture
Organization (FAQ) was used to exclude irrigated areas. This map represents global areas
equipped with irrigation, with a spatial resolution of 5 arc min (Siebert et al., 2013). In
addition, to exclude areas with land cover types other than cereal crops, the Climate
Change Initiative (CCI) Land Cover (LC) map from the European Space Agency (ESA)
was used. This dataset has been widely used in drought studies (Akinyemi, 2021;
Barbosa, 2024; Crocetti et al., 2020; Stoyanova et al., 2023). It categorizes the Earth’s
surface into 37 original LC classes based on the United Nations Land Cover Classification
System (UN-LCCS), with a spatial resolution of 300 m (Di Gregorio, 2005). The
irrigation and the LC maps were resampled into SM grids using a majority filter. Pixels
with land cover types different from those of rainfed and mosaic cropland and those with
more than 10% irrigation were excluded from this study. The applied mask then filtered
all datasets, leaving only pixels representing rainfed cereal crops, assuming that cereals

were the predominant crop in each region.

4.2.3. Soil moisture data

The SM data for FD identification were obtained from the ERA5-Land reanalysis
database. This database is provided by the European Centre for Medium-Range Weather
Forecasts (ECMWEF), framed within the Copernicus Climate Change Service (C3S) of the
European Commission (Mufioz-Sabater et al., 2021). This reanalysis database has been
widely validated and used (O and Park, 2023; Shah et al., 2022). It provides SM data from

1981 to the present, with an hourly temporal resolution and a regular 10 x 10 km
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resolution grid. The dataset also includes a four-layer representation of SM (0-7, 7-28,
28-100 and 100-289 cm). According to the average rooting depth of cereals, SM satisfies
vegetation demands up to a soil depth of 100 cm (Wang et al., 2023a; Zhang et al., 2024c).
Therefore, the SM data from the first three layers were selected. To estimate the daily
root-zone soil moisture (0—100 cm), the SM values from these layers at different depths

were averaged at 12 am and 12 pm.

4.2.4. Cereal crop data

Yield data for wheat and barley crops were obtained on an annual scale for each
region of the study area from 2001-2023. Regional yield data for the Spanish regions CL
and CM, the Portuguese region AL, the French region OC, and the Italian region PG were
obtained from the Statistical Yearbook of the Ministry of Agriculture (MAPA, 2025a),
the agricultural statistics publications of the National Institute of Statistics of Portugal
(INE, 2025), the annual agricultural statistics of the Ministry of Agriculture and Food
Security of France (AGRESTE, 2025), and the National Institute of Statistics of Italy
(Istat, 2025), respectively.

The gross primary productivity (GPP) and normalized difference vegetation index
(NDVI) were also used, as they are two important indicators for characterizing vegetation
conditions (Adhikari etal., 2024). The GPP refers to the amount of carbon dioxide
captured from the atmosphere by terrestrial plants through photosynthesis, a crucial
process in the terrestrial carbon cycle (Zhang and Yuan, 2020). The NDVI is a common
indicator used to monitor vegetation status and has been widely used in the study of
vegetation changes (Adhikari et al., 2024; Magney et al., 2016). Therefore, both variables
were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS). GPP
data were obtained from the MOD17A2HGF and MYD17A2HGF version 6.1 products
from the Terra and Aqua satellites, respectively. These products have a temporal
resolution of 8 days and a spatial resolution of 500 m (Running and Zhao, 2021a, 2021b)
and have been satisfactorily used recently to analyze vegetation responses to drought
(Kashyap and Kuttippurath, 2024; Wang et al., 2023b; Zou et al., 2024). NDVI data were
obtained from MOD13A1 (Terra) and MYD13A1 (Aqua) version 6.1 products with a
temporal resolution of 16 days and a spatial resolution of 500 m (Didan, 2021a, 2021b).
GPP and NDVI data were resampled into SM grids using a majority filter.
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4.2.5. Flash drought identification and characterization

The analysis considered only the months corresponding to the phenological cycle
of wheat and barley. The agricultural year was defined as the period from the month of
sowing to the month of harvest. In all the selected regions, sowing occurs in October and
harvesting occurs in July of the following year (Dare-ldowu et al., 2021; Garcia-Leon
etal., 2020; MAPA, 2025b; Morais et al., 2018). Therefore, the agricultural year was

considered to be from October 1 to July 31 of the following year.

FD are defined based on rapid changes in SM, mainly following the approach of
O and Park (2023) and Shah et al. (2022), who recently studied flash droughts in Europe.
The SM data for each agricultural year during the study period are aggregated into 5-day
averages (pentads) and then converted to percentiles via the nonparametric Gringorten
plot position approach (Gringorten, 1963). This methodology has been widely used in
previous studies (Christian et al., 2019b; Mukherjee and Mishra, 2022; Qing et al., 2022).
The percentiles are determined at each pixel in each region for the same pentad over the
entire study period. FD initiate when the SM decreases from at least the 40th percentile

to less than the 20th percentile within the subsequent two pentads (Figure 4.2).

100

— SM percentile
20th percentile
80 === 40th percentile

SM percentile

FD onset -
FDe

Time (pentads)

Figure 4.2. Schematic diagram of the evolution of a flash drought (FD) event, showing changes in soil

moisture (SM).

SM percentiles in that interval must continuously decrease at an average rate of at

least 0.1 per pentad to be considered a rapid SM reduction intensification, thus qualifying

-112 -



CAPITULO 4 — IMPACT OF FLASH DROUGHTS ON CEREAL CROPS UNDER MEDITERRANEAN CONDITIONS

as an FD (Wang et al., 2023a). Finally, FD end when SM increases above the 20th
percentile and is maintained for at least two pentads (Figure 4.2). In addition, FD must
have durations of 6-18 pentads (30-90 days) to distinguish them from long-duration
traditional droughts (O and Park, 2023).

To characterize the FD identified, the total mean frequency, mean duration, and
monthly frequency for the study period were calculated for each region. To calculate FD
frequency, only the onset pentad of each FD was considered. In addition, FD severity
(FDS) was determined using the FD intensity index (FDI) developed by Zhang et al.
(2021b), which was applied to the pentads of each FD across all pixels and regions and

was calculated as follows:

FDI = (1- RDx (1- SM) (4.1)

FDS = Y™, FDI (4.2)

where Rl is the rapidity of FD between two consecutive pentads and varies from
the range -1 to 1 (i.e., from -100 to 100%). A negative value of Rl indicates a decrease in
SM. FDS is the sum of FDI values along each FD.

4.2.6. Analyzing the sensitivity of plant indicators and yield to flash
droughts

GPP constitutes the main carbon sink in global terrestrial ecosystems, and its
reduction during periods of water stress is attributed mainly to stomatal closure, as well
as nonstomatal limitations such as a decreased carboxylation rate and lower active leaf
area (Zhang and Yuan, 2020). In particular, negative GPP anomalies during FD are
interpreted as the onset of the ecological response (Zhang and Yuan, 2020). To evaluate
the ecological impact, the GPP time series was adjusted to the SM data format and
resolution. For this, daily GPP data were obtained using the linear interpolation method
(O and Park, 2023) and subsequently aggregated into pentads. Finally, the normalized
anomalies of GPP were calculated as follows:
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SGPPA = SEFt— Hare (4.3)

oGPP

where GPP represents the GPP value for pentad ¢, pcee is the average of the GPP
values across all pentads in the time series and oepe is the standard deviation of the GPP

values across all pentads in the time series.

In this analysis, two response time indices were used to examine the relationship
between FD and ecological drought (Zhang and Yuan, 2020). On the one hand, the
response time of the vegetation to the FD was calculated for each FD event in all pixels
of each region. This index is defined as the time elapsed until the first occurrence of the
standardized negative GPP anomaly, which allows for the evaluation of how quickly
vegetation responds to the onset of a FD. On the other hand, the time at which the GPP
reached its minimum value in each FD of all pixels in each region was calculated to
analyze the period during which the vegetation experienced the greatest impact of the FD.
From these data, the minimum GPP value recorded for each FD was assigned to the
corresponding pentad, and these values were then averaged by both month and region
according to the timing of occurrence to obtain the monthly average minimum GPP. This

allowed for the evaluation of cereal behavior throughout the phenological cycle.

To analyze the impact of FD on cereal crop yields, the Pearson correlation
coefficient (R) between annual wheat and barley yields and the monthly average
frequency and the monthly average FDS were calculated in each region. Additionally, to
quantify the impact of FD on crop yields, the percentage reduction in wheat and barley
yields during years with FD in each region was calculated. FD years are those in which
any FD is present in the total sum of FD across all pixels for each year in each region. A
normal yield year is defined as a year without an FD, with the average yield from normal
years used as a reference. In years classified as FD affected, the annual rate of yield
reduction is calculated as follows (Benito-Verdugo et al., 2023):

Yieldypq + Yieldpy +-+Yieldpy
x

Yields, = (4.4)

Yieldgtq — Yieldyq
YRd = : J

x 100% (4.5)

Yieldstd
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where Yield,;,; represents the average yield in years without an FD for the selected
region, X represents the number of years without FD in the study period, Yield,, (x =1,
2, ..., 23) represents the yield of year x, YR, is the yield reduction rate of the selected
regioninyeard (d=1, 2, ..., 23), and Yield,, (d =1, 2, ..., 23) represents the yield in
year d identified with an FD.

Finally, the NDVI was used to study the influence of FD on the phenology of
cereal crops because it is a widely used indicator and a representative index for studying
the phenological stages of crops (Benito-Verdugo et al., 2024). Wheat and barley were
grouped, as recommended by Zheng et al. (2015), who suggest grouping them given their
erectophile canopy structure and very similar phenological development. The cubic spline
interpolation method was employed to obtain the daily NDVI time series, as it is one of
the most common methods used for time interpolation (Wolberg and Alfy, 1999). In
addition, the NDVI time series was smoothed using a 30-d moving average to reduce
noise. Following the methodology of Magney et al. (2016), the onset dates of the key
growth stages of cereals, such as tillering, stem extension, heading, and ripening, were
calculated, corresponding to stages 10, 31, 50, and 70, respectively, according to the
Zadoks scale (Zadoks etal., 1974). The onset date of each phenological stage was
determined using piecewise linear regression (Magney et al., 2016) for each agricultural
year and pixel. The mean annual dates of each phenological stage were calculated for all
pixels in each region, allowing for the determination of the average date of each
phenological stage in each agricultural year and region. Finally, the mean dates for years

with and without FD were calculated and compared.

4.3. Results and discussion

4.3.1. Flash drought patterns and characteristics in areas with cereal

crops

The results of the analysis of the total mean frequency and mean duration of FD
events in the studied regions are shown in Figure 4.3. The predominant frequency of 7-9
FD events was observed in most regions, affecting approximately 50% of the pixels.

However, in OC and PG, a higher predominant frequency of 10-12 FD events was
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observed, with these regions also experiencing approximately 50% of the affected pixels.
These results are notable compared with those reported by O and Park (2023), who
reported that 4 FD events occurred in Europe from 2000-2019. This result is also
supported by the findings of Shah et al. (2022), who reported an increase in the frequency
of FD events in the Mediterranean region, especially in recent years. In terms of duration,
FD events lasting 10-12 pentads (50-60 days) were the most frequent across all regions,
affecting an average of 85% of the pixels in each region. These results are consistent with
those of previous studies, which reported an average FD duration of approximately 11
pentads (55 days) (Wang et al., 2023a; Zhang et al., 2024c).
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Figure 4.3. The mean frequency of flash drought (FD) events (left, in blue) and the mean duration of FD

events (right, in yellow), expressed as the percentage of pixels affected in each region during the agricultural
years from 2001-2023.

The analysis of the monthly distribution of FD frequency in the phenological cycle
of cereal crops is shown in Figure 4.4a. The results revealed a generally higher incidence
of FD in the late spring months. In particular, the highest frequency of FD occurred in
April in CL in May in CM, AL and PG; and in June in OC. During these months, CL and
CM experienced almost 1.6 FD events, AL and OC experienced approximately 1.5 FD

events, and PG experienced more than 1.7 FD events.
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Figure 4.4. a) Average monthly frequency of flash drought (FD) events in each study region. b) Categorical
representation of the average monthly flash drought severity (FDS) in each study region, with cells colored

according to severity.

These results are consistent with those of Lovino et al. (2024), who observed that
agricultural FD occurred most frequently during critical crop growth periods, with the
highest frequency in Europe during spring and with effects extending into June. In
addition, the monthly distribution of FDS was analyzed (Figure 4.4b), revealing a pattern
almost identical to that of frequency, with approximately 70% of the most severe events,
classified as exceptional FD, concentrated in the critical months for cereal development.
These events were concentrated mainly in May, which was the month of highest severity
in all regions, except in OC, where the highest severity occurred in June. This deviation
observed in OC may be related to the impacts of climate change, whose consequences are
not spatially uniform and can vary in magnitude from one region to another (Bento et al.,
2021). These results align with those of the study by Christian et al. (2019a), which
revealed that FDS tends to increase during the growing season, as crops exhibit greater
sensitivity to SM conditions during their reproductive stages (Ho etal., 2023). The
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months with the highest frequency and severity coincided with the critical period for
cereal crop development, particularly with respect to SM demand (Benito-Verdugo et al.,
2023; Gaona et al., 2022). During this period, crops are in their most important phases
(reproductive and grain-filling phases), and deficits in SM can impair enzymatic activity,
reduce nutrient absorption, and increase pollen sterility, which result in hindered grain
setting and other negative impacts on yield (Farooq et al., 2012).

4.3.2. Impact of flash droughts on GPP

Analysis of the timing of the response of cereal GPP to FD events (Figure 4.5)
revealed a clear pattern across all FD events in the study regions, and negative GPP
anomalies occurred predominantly during the first pentad. These findings indicate that
cereals under Mediterranean conditions responded quickly to FD, resulting in signs of
stress from the onset. Thus, more than 80% of FD in CL, OC, and PG and approximately
75% in CM and AL (Figure 4.5) exhibited evident responses within the first 5 days of an
FD.

These results are consistent with those of previous studies examining the response
of semiarid ecosystems to water availability, which can be explained by the relationship
between SM availability and GPP. A deficit in SM induces stomatal closure in most
vegetation, which limits the ability of plants to photosynthesize and consequently reduces
GPP (Qiu etal., 2023). The strong response observed in the present analysis may be
attributed to the fact that, in water-limited areas where SM is a critical limiting factor, its
variation dominates the GPP dynamics compared to other variables. Dang et al. (2022)
noted that, in arid and semiarid regions, variations in SM are a key factor in modulating
GPP. In addition, Stocker et al. (2018) reported that SM can reduce GPP by more than
40% in these areas.

These findings revealed faster responses of cereals to FD events compared to those
previously reported. Thus, Zhang and Yuan (2020) reported negative GPP anomalies in
rainfed crops in 40% of cases within the first 8 days. Additionally, Zhang et al. (2024b)
observed in southern China that FD events generated widespread GPP responses within

the first three pentads in agricultural areas.
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Figure 4.5. Percentage of the response time (in pentads) for the first occurrence of a negative GPP anomaly
during flash drought (FD) events over the cereal phenological cycle and the study period in all pixels of the

study regions.

The analysis of the monthly average minimum GPP during FD events is shown in
Figure 4.6. The results revealed that the lowest minimum GPP value occurred in May for
CM, AL, and PG, with values of -0.79, -0.61, and -1.07 g C, respectively. In CL, the
lowest minimum GPP value occurred in April, with a value of -0.55 g C, whereas in OC,
the lowest value was observed in June, with a value of -0.71 g C. Compared with the other
regions, PG presented the lowest monthly GPP value. All regions showed a strong
negative impact of FD on cereals during the months critical for cereal development, which
is consistent with the results obtained in the previous section. This suggests that these
months were the most critical for cereals in terms of FD, which directly impacted on their
productivity. Drought directly affects the photosynthetic capacity of crops, leading to
reductions in leaf area, stomatal closure, decreased nutrient uptake, deterioration of
carboxylation enzyme activities, ATP synthesis, and destruction of the photosynthetic

apparatus, which are key factors that reduce carbon fixation (Farooq et al., 2012).
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Figure 4.6. Monthly average of the minimum GPP during flash drought (FD) events in the phenological
cycle of cereals for all pixels in each region throughout the study period. The shaded circles represent the

lowest minimum GPP value for each region, and their numerical value is also indicated.

4.3.3. Impact of flash droughts on crop yield

The R values calculated between the wheat and barley yields and the monthly
average FD frequency (Figure 4.7a), as well as the monthly average FDS (Figure 4.7b),
are presented in Figure 4.7. In general, the results showed a pattern consistent with
previous findings, where negative and significant R values were identified mainly in the
months critical for cereal growth. With respect to the relationships between the monthly
FD frequency and wheat and barley yields (Figure 4.7a), significant negative R values for
both crops were observed in CL and CM predominantly from April to June and March to
July, respectively. In CL, May and June had the lowest significant R values for wheat and
barley, respectively, both at -0.66. In CM, April had the lowest significant negative R
values for wheat and barley, at -0.83 and -0.76, respectively. Similarly, in AL, April was
the only month with statistically significant values for wheat and barley, at -0.47 and -
0.45, respectively. These results are consistent with those reported by Noguera et al.
(2020), who documented a higher number of FD during spring and summer in Spain. In
fact, previous studies (Benito-Verdugo et al., 2023; Farooq et al., 2012) have shown that
grain yields are strongly affected by water stress during critical periods. In contrast, OC
had a significantly positive R value in November for both wheat and barley. In PG, no
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significant values were observed in any month, but negative R values were recorded,
especially in May, a critical month for this region, when the lowest values were
predominantly observed. FD frequency is projected to increase worldwide, with the
greatest increases expected in Europe, including a notable increase in the Iberian
Peninsula (Christian et al., 2023). Therefore, the results obtained are concerning for key
cereals in Mediterranean areas, as an increase in FD frequency could even more

significantly reduce the yields of essential crops such as wheat and barley.
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Figure 4.7. a) Correlation coefficient (R) between monthly average flash drought (FD) frequency and
annual wheat yield (left) and barley yield (right) in the study regions during the agricultural years from
2001-2023. b) R between monthly average flash drought severity (FDS) and annual wheat yield (left) and
barley yield (right) in the study regions during the agricultural years from 2001-2023. (*) Months with

statistical significance at p < 0.05.

The relationship between FDS and wheat and barley yields (Figure 4.7b) followed
a pattern similar to that observed between FD frequency and yields. Negative and
significant R values for both crops were identified in CL and CM mainly from March to
June and February to June, respectively. In CL, May presented the lowest and most
significant R values, at -0.61 for wheat and -0.60 for barley. In CM, April had R values
of -0.79 for wheat and -0.72 for barley. In AL, negative and significant R values were
observed for wheat in March and May, whereas no significant values were recorded for
barley. In OC and PG, no significant relationships were identified in any of the analyzed
months, although PG presented the lowest negative R values in May, the critical month.

Drought stress during the reproductive and grain-filling phases is the most devastating to
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crop yield (Benito-Verdugo et al., 2023). Shah et al. (2022) reported an increase in FDS,
especially in the Mediterranean region. Additionally, FDS is projected to increase
globally, with prominent hotspots in water-limited regions such as the Mediterranean
(Christian et al., 2023). Therefore, under climate change, increases in both FD frequency
and severity will have an even greater impact on cereal yields in the Mediterranean region
due to its high vulnerability.

To quantify the impact of FD on the yield of the two main cereals of the
Mediterranean region, the yield reduction of wheat and barley in the studied regions was
analyzed (Table 4.1). The greatest reduction occurred in CM, with a 33% decrease in
wheat and barley yields. These results are in accordance with previous results, in which
CM presented the lowest R values between the frequency and severity of FD and cereal
yields (Figure 4.7). CL presented yield reductions of 16% for wheat and 20% for barley,
which is in line with previous results. Although AL, OC, and PG did not show significant
relationships or showed relationships that were not as strong as those in CL and CM
between the frequency and severity of FD and cereal yields (Figure 4.7), they also
experienced yield reductions in both crops, albeit to a lesser extent. In AL, the average
reduction in wheat and barley yields was 5%, whereas in PG, it was 8%. OC was the
region with the lowest reduction, in line with previous results (Figure 4.7), as practically
no negative R values were observed. There is notable variability in yield reduction across
regions, which can be attributed to the fact that the impacts of climate change and its
consequences are not uniformly distributed across space, with their magnitude varying
significantly from one region to another (Bento et al., 2021; Trenberth, 2011).

Table 4.1. Average percentage of yield reduction in flash drought (FD) years for wheat and barley in the

study regions.

Cereals Castillay Ledn Castilla-La Alentejo Occitanie Puglia
crops (CL) Mancha (CM) (AL) (00) (PG)
Wheat 16 33 3 1 9
Barley 20 33 7 1 7

These results are consistent with those of previous studies indicating that FD
negatively affect crop yields (Christian et al., 2024; Hunt et al., 2021). Previous studies
that exclusively analyzed individual FD events, particularly the most severe events,
reported significant reductions in agricultural yields. In this context, during the 2010 FD

in Russia, Hunt et al. (2021) reported a decrease of over 70% in wheat yields. Similarly,
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Otkin et al. (2021) documented that the 2012 FD across the US caused a decrease of
approximately 25% in corn and soybean yields. However, the present study considered
all FD events over 23 years, regardless of their severity, and therefore revealed more
moderate, although highly significant, mean reductions. In fact, in some cases, such as in
CL, the mean yield reduction was greater than that observed in the more severe FD
reported by Otkin et al. (2021).

4.3.4. Effects of flash droughts on cereal phenology

Figure 4.8 shows the difference in the NDVI between years with FD and years
without FD. Predominantly, years with FD presented lower NDV1 values than did years
without FD. The most pronounced differences are observed during April, May and June.
Specifically, in CL and CM, the largest difference in the NDVI between years with and
without FD occurred in May, with an average value below -10%. In AL and PG, the
greatest difference was observed in April, with an average value close to -10%, whereas
in OC, the month with the greatest difference was June, with a value of less than -5%.
These months correspond, as shown in the previous results, to the critical periods for
cereal crops. The regions with the greatest differences in NDVI (CL and CM) were also
those that experienced the greatest reduction in crop yield, whereas the region that
experienced the least reduction in yield (OC) was the one that presented the smallest
differences in NDVI. These findings underscore the role of the NDVI as a useful indicator
for assessing the impact of FD events on vegetation health and its direct relationship with
crop yield. The NDVI, as a reliable indicator of vegetation conditions, plays an important
role in monitoring stress and vegetative dynamics in the context of sudden changes in SM
in the context of FD (Adhikari et al., 2024). Moreover, in semiarid areas, the NDVI is
closely correlated with SM deficits (Barbosa, 2023). Therefore, the results obtained
revealed the negative impact of FD on NDV1 and, consequently, on cereal health, leading
to vegetation damage. These findings are consistent with several previous studies that
identified significant reductions in NDVI under FD (Adhikari etal., 2024; Jin et al.,
2019b).
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Figure 4.8. The left y-axis shows three series: the average monthly NDVI during the study period (blue
line), the average monthly NDVI in years with flash drought (FD) events (green line), and the average
monthly NDVI in years without FD events (red line). The right y-axis shows the percentage difference

between the NDVI values in years with and without FD, expressed through light gray bars.

Regarding the impact of FD on cereal phenology, Table 4.2 shows the differences
(in days, d) in the dates of the main developmental stages of cereals between years with
FD and years without FD during the study period, for each region and for the average of
these. In general, FD caused a slight advancement of all developmental stages in all
regions. The tillering stage showed the smallest advancement, with an average of 1.5 d,
particularly in OC and PG, where the advancement was 2 d, whereas in the other regions,
it was only 1 d. The stem extension stage, which was the phase with the greatest advance,
presented an average advance of 3.6 d, with PG standing out with an advancement of 7
d. On the other hand, the heading stage showed an average advance of 2.8 d, with AL
standing out with a change of 5 d and PG standing out with a change of 4 d. Finally, the
ripening stage was the second most advanced stage, with an average advance of 3 d. In
this stage, AL, OC and PG stood out, each with an average of 4 d. These results indicate
that FD slightly altered the phenological stages of cereals by advancing their occurrence.
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Notably, the most significant changes occurred in those phenological stages that take
place during the critical periods of cereal development, specifically in the spring and
summer months. This finding aligns with the results shown in the previous sections,
which revealed that both the frequency and intensity of FD, as well as their most
significant impacts on cereal variables, were predominantly concentrated in these critical
months. In addition, the advancement of phenological stages could represent a viable
strategy to mitigate the impacts of climate change on yields (Bento et al., 2021), as it has
been shown that exposure for 1 d to temperatures above 32 °C results in a 2.9% decrease
in yield (Gammans et al., 2017), which may help explain the regional variability in yield
reduction results presented in the previous section (Table 4.1). Although few studies have
specifically analyzed the impact of FD on crop phenological stages, the results obtained
in the present study are in line with those of Jin etal. (2019b), who observed an

advancement in phenological stages during the 2012 FD in the US.

Table 4.2. Differences between the dates of the main growth stages of the cereals in years with and without

FD for each region and the average for all regions for the study period, expressed in days.

Regions Tillering Stem Extension Heading Ripening
Castillay Leon (CL) 1 2 1 2
Castilla-La Mancha (CM) 1 2 2 1
Alentejo (AL) 1 4 5 4
Occitanie (OC) 2 3 2 4
Puglia (PG) -2 -7 -4 -4
Average 1.4 -3.6 2.8 -3

Drought affects crop phenology by shortening its growth cycle, as SM deficits
induce a signal that triggers an early change in plant development, which accelerates the
crop life cycle as a mechanism to complete its development before unfavorable conditions
further restrict its growth (Farooq et al., 2012). In fact, several studies have shown that
spring phenological phases in the Mediterranean tend to advance under drought
conditions (Bernal et al., 2011; Spano et al., 2024). In addition, wheat and barley crops
respond to drought by accelerating flowering and physiological maturity, resulting in

yield reductions (McMaster and Wilhelm, 2003), as evidenced in the previous section.
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4.4. Conclusions

This study expands the knowledge of the effects of FD on cereal crops under
Mediterranean conditions and in water-limited regions in general and provide warnings
about the potential consequences that are already affecting these crops. Given the
projections of increased frequency and intensity of FD in water-limited regions, these
effects are anticipated to worsen over time. Additionally, yield reductions, crop health
affection and slight acceleration of phenological cycles caused by FD underscore the
urgency of adopting more efficient agricultural management approaches that ensure
agricultural sustainability. Event forecasting becomes crucial, as disaster mitigation and
loss prevention depend on the ability to anticipate these phenomena. In this context,
understanding how FD impact vegetation is crucial not only for the early detection of
damage but also for identifying response patterns that can determine crop resistance to
FD. This knowledge could be essential for developing more adaptive and efficient
agricultural management strategies and improving the resilience of crop systems to future
adversities.

The impact of FD on a greater variety of crops and regions under different
environmental conditions should be investigated to assess the extent of these effects.
These results not only provide a solid basis for future research in this field, addressing a
significant gap in the current literature, but also offer useful information to improve
agricultural management and planning in the context of ongoing climate change. The
integration of this knowledge into adaptive approaches will allow progress toward a more
sustainable and efficient agricultural model, helping to mitigate the adverse effects of FD

and ensuring food security.

- 126 -



CAPITULO 5

CONCLUSIONES Y LINEAS FUTURAS
DE INVESTIGACION






CAPITULO 5 — CONCLUSIONES Y LINEAS FUTURAS DE INVESTIGACION

5.1 Conclusiones

Esta tesis ha abordado el analisis de los efectos de la sequia agricola en los
principales cultivos de cereales bajo condiciones mediterraneas, mediante la integracion
de un indicador clave como la SM. A través de tres estudios interrelacionados, se han
empleado distintos enfoques metodoldgicos con el objetivo de profundizar en el impacto
de la sequia agricola sobre el trigo y la cebada, analizar sus variaciones fenoldgicas y

evaluar los efectos de las sequias repentinas en un contexto de cambio climatico.

En primer lugar, considerando las limitaciones existentes en la utilizacion de la
SM como indicador principal para el analisis de la sequia agricola, y dada la importancia
de evaluar sus impactos en regiones vulnerables y propensas a este fendbmeno, esta tesis
evalu6 el impacto de la sequia agricola sobre el rendimiento del trigo y la cebada en las
principales regiones cerealistas de Espafia y Alemania. Los resultados destacan la
importancia de la SM para el rendimiento de los cereales, especialmente durante las
etapas de reproduccién y maduracion del cultivo. En este contexto, la relacion entre la
sequia agricola y la productividad vegetal presentdé comportamientos similares en
entornos limitados por agua, y patrones opuestos en regiones donde la disponibilidad
energética representa el principal condicionante, lo que evidencia la influencia directa de
la SM sobre el desarrollo de estos indicadores de vegetacion. En aquellas regiones donde
el agua no se consideraba tradicionalmente el principal factor limitante, se detecté un
aumento en la incidencia de sequias agricolas durante la Gltima década del periodo
analizado, lo que constituye una sefial de alerta ante posibles cambios en las condiciones
climéticas. Las pérdidas de rendimiento debidas a las sequias agricolas superaron el 30%
en las zonas bajo condiciones mediterraneas, aungque también se registraron reducciones
de rendimiento, mas moderadas, en regiones donde el agua no se ha considerado hasta
ahora el principal factor limitante. Esto sugiere un posible cambio en las condiciones
limitantes, que podria aumentar la vulnerabilidad de regiones hasta ahora no consideradas
especialmente expuestas. En conjunto, los hallazgos aportan evidencia solida del
creciente impacto de la sequia agricola sobre la produccién cerealista y subrayan la
necesidad urgente de desarrollar estrategias de adaptacion y mitigacion frente a un
escenario climatico cada vez mas incierto. Ademas, advierten sobre un futuro
potencialmente adverso para la produccion agricola, ya que regiones donde la SM no

habia constituido un factor limitante podrian experimentar pérdidas significativas,
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replicando patrones ya observados en las regiones espafiolas. En este sentido, los
resultados resultan clave para orientar medidas adaptativas que contribuyan a reducir la

exposicion de los cereales a los impactos negativos de la sequia agricola.

En segundo lugar, dada la importancia del estudio de las variaciones fenoldgicas
de la vegetacion, y considerando la escasa atencion prestada a los cultivos agricolas en
este ambito, asi como la limitada incorporacién de la SM en dichos analisis, esta tesis
analizo las tendencias fenologicas de los cereales en regiones bajo condiciones
mediterraneas. Los resultados revelaron un cambio evidente entre las tltimas décadas del
siglo XXy las primeras del XXI. Durante el primer periodo, se adelantaron SOS y EOS
y aumenté LOS, mientras que en el segundo periodo se registraron retrasos en SOS y
EOS, y una reduccion de LOS, y la biomasa de los cultivos continu6 aumentando en
ambos periodos. Ademas, se constatd que el SOS tiene una mayor influencia que el EOS
en LOS, y que tanto las variables energéticas como la SM durante la estacion previa a
SOS y EOS ejercen un papel fundamental, especialmente en el primer periodo analizado.
Estos resultados son consistentes con lo encontrado en relacién con la pausa del
calentamiento global, reflejando un cambio en la tendencia de los pardmetros fenol6gicos
a comienzos del siglo XXI. En este contexto, los hallazgos obtenidos son relevantes para
la planificacion agronémica, ya que ofrecen una referencia para comprender las
respuestas de los cultivos al cambio climético y orientan el desarrollo de estrategias que
aumenten la resiliencia de los cultivos en un contexto de cambio climético en constante

evolucion.

Por ultimo, en relacion con el creciente interés en los ultimos afios por las FD y la
escasa investigacion sobre su impacto en cultivos agricolas, esta tesis identificd y
caracterizo la incidencia de las FD en las principales regiones cerealistas de secano bajo
condiciones mediterraneas en Europa. Los resultados revelaron una clara incidencia de
las FD en estas regiones, con mayor frecuencia e intensidad durante los meses criticos de
abril, mayo y junio. Los cereales respondieron rapidamente al estrés provocado por las
FD, las cuales causaron reducciones en el rendimiento de trigo y cebada de hasta un 33%,
con diferencias significativas entre regiones, asi como un deterioro en el estado de los
cultivos. Estos impactos reflejan la creciente vulnerabilidad de los sistemas agricolas
frente a las FD, cuyas consecuencias podrian agravarse en el futuro, afectando de manera
critica la sostenibilidad de los sistemas productivos. Ademas, estos resultados ayudan a

identificar patrones de respuesta frente a las FD que pueden ser clave para seleccionar
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variedades més resistentes y desarrollar enfoques de manejo adaptativos, orientados a
fortalecer la resiliencia de los sistemas agricolas frente al cambio climatico y garantizar

la seguridad alimentaria.
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5.2 Lineas futuras de investigacion

En esta tesis se han alcanzado de manera satisfactoria los objetivos planteados.
No obstante, durante su desarrollo se han puesto de manifiesto diferentes incertidumbres
que requieren mayor profundizacion, lo que permite la formulacion de nuevas lineas de

investigacion para ser abordadas en futuros trabajos.

El andlisis del impacto de la sequia agricola sobre los cereales evidencid la
importancia critica de este fenémeno y, por lo tanto, del contenido de SM en la produccion
cerealista, especialmente durante las fases mas sensibles del ciclo fenoldgico. Los
resultados indicaron que las regiones con limitaciones hidricas experimentaron fuertes
descensos del rendimiento del trigo y la cebada, mientras que en zonas tradicionalmente
menos vulnerables también se registraron pérdidas, aunque de forma més moderada. En
este sentido, una posible via de investigacion seria ampliar el andlisis a otras zonas
agricolas con diferentes condiciones climaticas, para validar si estos resultados siguen el
mismo patron. Asimismo, de cara a las importantes reducciones de rendimiento
observadas, resulta prioritario evaluar la eficacia de distintas practicas de manejo
agricola, con el fin de disefiar estrategias de adaptacion que mitiguen o reduzcan el

impacto de la sequia agricola sobre los sistemas productivos.

El cambio en las tendencias fenoldgicas de los cereales bajo condiciones
mediterraneas entre finales del siglo XX y principios del XXI abre una linea de
investigacion orientada a continuar con la monitorizacion fenoldgica. Esto permitird
verificar si la inflexion detectada persiste o si se reanudan los patrones fenoldgicos
previos en el contexto del cambio climatico, tanto en las regiones estudiadas como en
otras zonas con condiciones ambientales diferentes. Asimismo, resultaria relevante
aplicar esta metodologia en otros cultivos, con el fin de evaluar si los cambios fenoldgicos
responden a dinamicas especificas del cultivo o si reflejan dindmicas generales comunes

a diferentes especies cultivadas.

Por ultimo, los resultados obtenidos evidencian de manera clara la incidencia y
los efectos de las FD en los cultivos de trigo y cebada bajo condiciones mediterraneas.
Considerando la creciente frecuencia e intensidad proyectada de estos eventos, una linea
futura de investigacion seria ampliar la monitorizacion de las FD a otras regiones

agricolas y a otros cultivos estratégicos, con el fin de evaluar la generalidad de los efectos
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observados y disefiar posibles estrategias de manejo mas adaptativas y eficientes,
fortaleciendo asi la resiliencia de los sistemas agricolas frente al cambio climético.
Ademas, seria fundamental desarrollar sistemas de prediccion y alerta temprana que
permitan anticipar estos eventos y minimizar sus impactos, facilitando la toma de

decisiones agrondmicas en tiempo real.
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