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Resumen

Eucalyptus grandis es una especie ampliamente utilizada por la industria forestal en
Uruguay debido a su potencial de crecimiento y calidad de madera. Sin embargo, el
aumento en la frecuencia de sequias exige genotipos mas adaptados, obtenidos
principalmente por hibridacion con eucaliptos de mayor rusticidad. El objetivo de esta
tesis fue estudiar los efectos del déficit hidrico (sequia) sobre atributos anatdémico-
funcionales y desempeio en clones comerciales de Eucalyptus grandis (GQG), E. grandis
x camaldulensis (GC), E. grandis X tereticornis (GT)y E. grandis x urophylla (GU1 y
GU?2) para contribuir al desarrollo de criterios de seleccion de genotipos mas tolerantes.
Se evaluaron plantines en invernaculo y arboles juveniles a campo. Los clones difirieron
en sus estrategias de uso del agua y resistencia a la sequia. GC y GT presentaron un
comportamiento anisohidrico, con menor control estomatico durante la sequia, lo que
promovi6 la transpiracion y la fijacion de C, y permitid sostener su potencial de
crecimiento, especialmente en GC. Los ajustes osmoticos o elasticos les permitieron
mantener turgencia durante el estrés. Ademas, presentaron alta pérdida de conductividad
hidraulica por bajos potenciales hidricos, una estrategia hidraulicamente riesgosa. Estos
clones mantuvieron la fraccion de limenes de vasos e incrementaron la densidad de la
madera lo cual favoreci6 tanto la eficiencia como la seguridad hidraulica. E. grandis, y
en menor medida GU1 y GU2, adoptaron una estrategia mas conservadora del agua y
evitadora de la deshidratacion, con estricto control estomatico y baja transpiracion. Esto
provoco una fuerte caida del crecimiento en el clon GG bajo sequia, seguido de GU2,
aunque ambos mostraron respuestas plasticas de aclimatacion. Los resultados sugieren
que en tallos se prioriza la eficiencia, y en ramas, la seguridad hidraulica, pero cada clon
presenta un conjunto de caracteres distintivo que confiere diferente sensibilidad al estrés
hidrico. El clon GC presentd mejor desempefio ante la sequia y un alto crecimiento con
buena disponibilidad hidrica, con lo que demostré6 combinaciones de caracteres que
maximizan productividad y adaptabilidad. Se discuten caracteres potencialmente utiles

en la seleccion temprana de genotipos tolerantes a la sequia.

Palabras clave: Eucalyptus grandis, hibridos interespecificos, resistencia a sequia,

conductividad hidraulica, anatomia xilematica
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Mechanisms of drought tolerance in pure and hvbrid clones of commercial

Eucalyptus: a contribution to the selection of more tolerant genotypes

Summary

Eucalyptus grandis is widely used in Uruguayan forestry for its growth potential
and wood quality, but increasing drought severity requires genotypes better adapted
through hybridization with drought-resistant eucalypts. This thesis aimed to
investigate the effects of drought on anatomical-functional and performance traits in
commercial clones of Eucalyptus grandis (GQG), E. grandis x camaldulensis (GC), E.
grandis X tereticornis (GT) and E. grandis x urophylla (GU1 and GU2) to contribute
to the development of selection criteria for more tolerant genotypes. Seedlings were
evaluated in the greenhouse and juvenile trees were evaluated in the field. The clones
exhibited distinct water-use strategies and varying levels of drought resistance. GC
and GT clones exhibited an anisohydric behavior, characterized by a weak stomatal
response under drought conditions, which promoted transpiration and carbon fixation,
thereby sustaining their growth capacity, particularly in the GC clone. Osmotic and/or
elastic adjustments allowed these clones to maintain cell turgor. Additionally, they
exhibited a high loss of hydraulic conductivity due to lower water potential, a
hydraulically risky strategy. E. grandis and, to a lesser extent, GU1 and GU2 adopted
a more conservative water use and dehydration-avoidance strategy, characterized by
strict stomatal control and reduced transpiration. This resulted in a steep decline in
growth in the GG clone under drought, followed by GU2, although both genotypes
exhibited plasticity in their acclimation response. The results suggest that stems
prioritize hydraulic efficiency, while branches prioritize safety; however, each clone
exhibits a distinctive set of traits that confer different sensitivities to water stress. Clone
GC showed better performance under drought and high growth under favorable water
availability, demonstrating trait combinations that maximize productivity and
adaptability. Traits with potential use in the early selection of more drought-tolerant
clones are discussed.

Keywords: Eucalyptus grandis, interspecific hybrids, drought resistance,

hydraulic conductivity, xylem anatomy



1. Introduccion

La superficie forestada en Uruguay supera un millon de hectareas y la mayor
parte (>70 %) corresponde a plantaciones de especies del género Eucalyptus (DIEA,
2023), caracterizado por su notable capacidad adaptativa (Stape y Binkley, 2010). Los
productos de mayor valor econémico se obtienen a partir de Eucalyptus grandis,
especie de alta productividad en la region y probada calidad industrial. Més allé de sus
caracteristicas intrinsecas, la productividad de las especies comerciales depende, en
gran medida, de los avances en el mejoramiento genético y el manejo silvicola
(Gongalves et al., 2017), que han hecho grandes progresos en las ultimas décadas. Sin
embargo, el aumento de la variabilidad climatica en todo el mundo, y en el Cono Sur
en particular (IPCC, 2022; Linderman et al., 2013;), favorece la ocurrencia de sequias
severas y olas de calor, hecho que condiciona el crecimiento de las plantas (Harper et
al., 2009; Tyree y Jarvis, 1982) y el rendimiento de los rodales (Pyrke y Kirkpatrick,
1994). Por lo tanto, es importante que los programas de mejoramiento incorporen
criterios de seleccion no solo basados en el aumento de la productividad y calidad
industrial, como ha sido histéricamente, sino también en caracteres de respuesta al
estrés ambiental (Lachenbruch y McCulloh, 2014).

En este sentido, los programas de mejoramiento de eucaliptos se orientan hacia
el uso de hibridos de E. grandis con especies de mayor rusticidad como los eucaliptos
colorados (E. camaldulensis, E. tereticornis) y E. urophylla, buscando combinar
atributos deseables —productividad y resistencia a estrés— de ambos parentales.
Debido a que, en general, existen compromisos entre ambas caracteristicas (e. g.,
especies/genotipos altamente productivos suelen presentar menor resistencia al estrés
y viceversa), la optimizacion de atributos mediante hibridacion requiere de un
conocimiento solido acerca de caracteres morfofisioldgicos que se expresan en la
descendencia de distintas combinaciones, especialmente, aquellos de mayor relevancia
en etapas tempranas del desarrollo. Estos caracteres son clave para el establecimiento
de las plantaciones. Los antecedentes especificos vinculados a estos conceptos, en
general y en el contexto del sistema de estudio, se presentan en los siguientes

apartados
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1.1. Respuesta al estrés hidrico en lefiosas: evitacion vs. tolerancia

Las plantas desarrollan diferentes estrategias de resistencia frente al déficit
hidrico (i. e., sequia). Tienen como objetivo retrasar el mayor tiempo posible la
deshidratacion (especies evitadoras) o bien mantener la funcionalidad y la fijacion de
carbono aun con cierto grado de deshidratacion de los tejidos (especies tolerantes)
(Lambers et al., 2008; Levit, 1980). Sin embargo, entre estos extremos hipotéticos
existe un gradiente de respuestas intermedias. Segun Lambers et al. (2008), los
caracteres mas importantes asociados a una especie evitadora son a) un estricto control
estomatico promovido por la reduccion del potencial hidrico y b) el desarrollo de un
sistema radical amplio o una elevada conductancia hidraulica (K;) de la planta. El
aumento en Kj puede lograrse mediante una alta relacién entre el area de xilema
conductivo y el area foliar asociada (relacion de Huber) o a través de una mayor
eficiencia en el transporte de agua debido a una menor resistencia al flujo. La reduccion
de la resistencia implica la formacion de elementos de conduccion (vasos, traqueidas)
con mayor diametro. Asimismo, los diferentes tipos de regulacion estomatica
modifican la eficiencia en el uso del agua —a escala de hoja o de planta— y afectan
el balance entre la fijacion de carbono y la actividad transpiratoria (Anderegg et al.,
2018; Lin et al., 2015).

Las respuestas al déficit hidrico ocurren basicamente en dos fases (Choat et al.,
2018). En la primera fase, el control estomatico es el principal mecanismo de
regulacion del estado hidrico, ya que supera por varios ordenes de magnitud a la
pérdida de agua por otras vias (Kerstiens, 1996). Durante la segunda fase, una vez que
los estomas se cerraron, la pérdida de agua persiste a través de la cuticula, el ritidoma
(bark) y, en menor medida, por una apertura estomatica residual. Posteriormente, si el
déficit hidrico persiste, la deshidratacién favorece la propagacion del embolismo, lo
que provoca distintos grados de pérdida de conductividad hidréaulica y, en casos
extremos, puede producir la muerte de tejidos, 6rganos o incluso del individuo
completo (Blackman et al., 2016; Hammond y Adams, 2019).

En las hojas la tolerancia al déficit hidrico depende de distintos mecanismos que
permiten mantener la turgencia a medida que el potencial hidrico disminuye. Los mas

importantes son los ajustes de tipo osmético (acumulacion de osmolitos compatibles)

12



y elastico (modificacion de la rigidez de la pared celular) (Choat et al., 2018; Larcher,
2003, Pallardy, 2008). Asimismo, existen mecanismos que modifican la permeabilidad
de las membranas mediante cambios en la expresion o actividad de acuaporinas
(Kapilan et al., 2019). Si bien se trata de un tipo respuesta al estrés ampliamente
estudiada en especies herbaceas, existen solo reportes recientes en diferentes lefiosas
de interés productivo (Carraro y Di Lorio, 2022).

En términos hidraulicos, la tolerancia a la sequia se asocia con una menor
vulnerabilidad a la cavitacion de la columna de agua dentro del xilema (Choat et al.,
2012). La resistencia a la cavitacion depende de rasgos anatdmicos que limitan la
entrada o la propagacion del aire en los elementos de conduccion (Jacobsen et al.,
2007; Willson et al, 2008), como asi también del engrosamiento de las paredes
celulares en conductos y células acompafiantes (fibras y fibrotraqueidas). Este refuerzo
estructural es fundamental para preservar la funcionalidad del sistema conductivo, ya
que aumenta la estabilidad mecanica frente a la cavitacion y al colapso (Hacke et al.,
2001; Matos et al., 2024; Zanne et al., 2010). Asi, la relacion entre el espesor de pared
y el didmetro de lumen de los elementos individuales de conduccién constituye un
indicador clave de la resistencia a la cavitacion (Hacke et al., 2006; Lens et al., 2011).

Estos cambios morfologicos promueven un aumento en la densidad de la madera
(Hacke et al., 2001; Meinzer y McCulloh, 2013) y evidencian la transicién hacia un
tejido con mayor seguridad hidraulica (menor vulnerabilidad a la cavitacion) a costa
de una menor eficiencia (baja conductividad hidraulica) (L1 et al., 2024; Martinez-
Vilalta et al., 2002; Zimmermann et al., 2021; Soro et al., 2023). El balance entre
seguridad y eficiencia define la arquitectura hidraulica de las especies lefiosas (Sperry
et al., 2008) y determina el potencial de adaptabilidad de las especies al estrés abidtico
(Johnson et al., 2022; Li et al., 2023). No obstante, existen distintos patrones de
respuesta asociados a los rasgos anatomicos y al grado de vulnerabilidad a la
cavitacion. Por ejemplo, en angiospermas de ambientes 4ridos, el balance entre
seguridad y eficiencia conlleva un descenso marcado en el didmetro de los vasos
(Jacobsen et al., 2007; y Schenk, 2012; Pfautsch, 2016). Sin embargo, en géneros como
Populus se ha observado una gran variabilidad de respuestas en cuanto a los atributos

anatomicos y la seguridad hidraulica (Fichot et al., 2015).
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Existen otras caracteristicas estructurales del xilema, surgidas del conjunto de
los elementos de conduccion, que también afectan la relacion entre la eficiencia del
transporte y la seguridad hidraulica. Entre ellas, algunas de simple cuantificacion son
la fraccion de lumenes (F) y la composicion de los conductos (S), que mide la
distribucion de tamaiios de estos en el tejido. El analisis en conjunto de ambos atributos
ofrece una vision integrada de la coordinacion funcional del xilema frente a la
variacion de las condiciones ambientales (Zanne et al., 2010). Asimismo, la
capacitancia de los tejidos (e. g., McCulloh et al., 2014; Scholz et al., 2007) y la
morfologia de las puntuaciones intervasculares (e. g., Sperry y Hacke, 2004) son
caracteres que también afectan la conductividad hidraulica, la vulnerabilidad a la
cavitacion y, eventualmente, la reparacion del embolismo (Brodersem et al., 2013).
Por otro lado, se ha reportado que las fibras xilematicas desempefian un rol importante
en la recuperacion del embolismo en Populus nigra (Tricerri et al., 2025), al proveer
agua estructural almacenada. En la figura 1 se presentan algunas de las respuestas al

déficit hidrico en especies lefiosas.

Figura 1
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Principales caracteres fisioldgicos y morfologicos asociados con la respuesta al estrés

en especies lefiosas

Caracteres morfolégicos

» Anatomia estomatica

» Densidad de nervaduras

+ Area foliar

» Marchitamiento

« Area foliar/area de xilema activo

Caracteres fisiologicos (hoja)

* Regulacion estomatica

* Regulacion de turgencia por
ajuste osmotico y/o elastico

» Conductancia cuticular

Caracteres hidraulicos

+ Vulnerabilidad a la cavitacion

+ Conductancia hidraulica maxima
+ Capacitancia y reserva de agua
+ Permeabilidad membrana

(regulacion acuoporinas

Anatomia xilematica_

+ Conductos, tamafio, nimero,
conexiones

+ Puntuaciones, espesor de
membrana, porosidad

+ Densidad de madera

Caracteres fisiologicos (raiz)
* Parénquima lacunar en corteza - )
+ Contraccion radical + Relacion raiz/tallo
(aislamiento hidraulico) { * Profundidad de arraigamiento
« Conductancia hidraulica * Densidad y longitud de raices finas

suelo-raiz

Caracteres morfologicos (raiz)

Nota. Modificado de Choat et al. (2018).

1.2. Adaptabilidad al déficit hidrico y plasticidad fenotipica

Para evaluar el potencial de adaptacion de una especie, es esencial identificar el
valor adaptativo de diferentes caracteres morfofuncionales, analizando su relacion con
el crecimiento y con la supervivencia de las plantas en condiciones de estrés. Asi,
existen determinados rasgos anatdmicos que desempefian un rol clave en algunas
especies, mientras que en otras su impacto es limitado. Por ejemplo, la vulnerabilidad
a la cavitacion del xilema es un cardcter determinante de la respuesta a la sequia en
Pseudotsuga menziesii (Dalla-Salda et al., 2011); sin embargo, en Pinus pinaster su
papel es poco relevante (Lamy et al., 2014), como se deduce de su baja variabilidad
entre procedencias creciendo en distintos ambientes. Para comprender el valor
adaptativo de un rasgo dentro de una especie o genotipo, €s necesario conocer coOmo
se integra en el conjunto de mecanismos de ajuste en 6rganos aéreos y subterraneos.
Este enfoque permitiria conocer tanto las respuestas de la planta entera (Rowland et
al., 2023) como los efectos compensatorios que operan en funcion de la exposicion al

estrés (Martinez-Vilalta et al., 2023).
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Ademas de la variacion genética, es fundamental considerar la plasticidad
fenotipica de los caracteres de interés, entendida como la norma de reaccion ante
diferentes condiciones ambientales. La magnitud de la plasticidad varia en funcion del
genotipo y del caracter evaluado y estd asociada a la heterogeneidad ambiental a la que
el taxon ha estado expuesto durante su historia evolutiva (Balaguer et al., 2002). Esta
respuesta condiciona la capacidad de aclimatacion del individuo al factor de estrés y
afecta su desempefo funcional, asi como su aptitud en ambientes variables. Por lo
tanto, la comprension de respuestas plasticas constituye un elemento primordial para
predecir y gestionar los efectos del cambio climatico en los vegetales (Nicotra et al.,
2010; Valladares et al., 2014). Estudiar la plasticidad fenotipica implica identificar

posibles interacciones genotipo-ambiente.

1.3. Respuestas al estrés hidrico en Eucalyptus sp.

En Eucalyptus, los mecanismos mas importantes para mantener la turgencia
celular y evitar la deshidratacion son el control estomatico y los ajustes de tipo
osmotico y elastico (White et al., 2000; Whitehead y Beadle, 2004; Zhang et al., 2015).
Sin embargo, mas alld de las respuestas plasticas —como la acumulacién de
osmolitos— existe una amplia diversidad de caracteres de la madera que determinan
distintos grados de adaptacion a la sequia. Por ejemplo, E. grandis es mas vulnerable
a la cavitacion que E. camaldulensis (Barotto et al., 2016; Fernandez et al., 2019). La
anatomia y la densidad de la madera sugieren una estrategia de evitacion en la primera
especie y de tolerancia en la segunda (Monteoliva et al., 2015). Por este motivo, es
importante identificar cambios en caracteres morfofisiologicos relacionados con la
resistencia al estrés hidrico que puedan surgir a partir de la hibridacion entre E. grandis
y especies consideradas mas rusticas o tolerantes, como E. camaldulensis. Al mismo
tiempo, es importante evaluar el impacto del estrés sobre la tasa de crecimiento
potencial de los individuos.

Al igual que en otros géneros, se espera una coordinacion entre las respuestas de
las hojas y de los organos lefiosos, como asi también variaciones en sus relaciones
alométricas. Identificar dichas respuestas contribuiria al ajuste y ampliacion de los

caracteres que pueden emplearse en la seleccion precoz de genotipos con mayor
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tolerancia al déficit hidrico. En este contexto, resulta relevante determinar si la
combinacion de caracteristicas de E. grandis con las de especies mas tolerantes se
traduce en un desempefio diferencial bajo condiciones contrastantes de disponibilidad
de agua. En particular, interesa conocer si los hibridos exhiben un compromiso entre
el crecimiento y la capacidad de regular su estado hidrico en condiciones de alta
disponibilidad de agua, pero una ventaja funcional en situaciones de déficit, asociada
a mayores tasas de transpiracion, mantenimiento de la turgencia y eficiencia en el
transporte de agua. De esta manera, sera posible seleccionar o desarrollar clones —
mediante cruzamientos interespecificos— que mejoren la adaptabilidad del género al

cambio climatico, sin comprometer la produccion ni la calidad de la madera.

1.4. Hipétesis

a) Los clones hibridos de E. grandis con eucaliptos colorados (E. camaldulensis
y E. tereticornis) y con E. urophylla presentan menor crecimiento que E. grandis en
condiciones de alta disponibilidad hidrica; sin embargo, bajo condiciones de déficit
hidrico, presentan una mayor actividad transpiratoria y capacidad de crecimiento,
debido a la activacion de mecanismos que mantienen la turgencia, la apertura
estomatica y la eficiencia del transporte de agua, ademas de relaciones alométricas que
maximizan el abastecimiento de agua al follaje.

b) El mejor desempeiio de los clones hibridos bajo déficit hidrico esta asociado
a valores intrinsecos mas altos en caracteres funcionales relacionados con la tolerancia
al estrés, asi como con una mayor plasticidad fenotipica en dichos caracteres.

c¢) Existen correlaciones significativas entre variables anatomicas y funcionales,
asi como también entre atributos funcionales de distintos Organos, que permiten
utilizar determinados caracteres como proxy de otros caracteres en la seleccion precoz

de clones de alto valor.

1.5. Objetivo general

Determinar mecanismos morfofisioldgicos involucrados en la respuesta al

déficit hidrico en clones comerciales de Eucalyptus grandis e hibridos con eucaliptos
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colorados (E. camaldulensis y E. tereticornis) y con E. urophylla, para contribuir al

desarrollo de criterios de seleccion de genotipos mas tolerantes.

1.6. Objetivos especificos

a) Caracterizar y comparar variables asociadas a las relaciones hidricas y al
intercambio gaseoso en los diferentes clones durante la estacion de crecimiento,
en el estado de plantin.

b) Cuantificar variables anatomico-funcionales del xilema y de la planta entera,
relacionados con la arquitectura hidraulica de los diferentes genotipos.

¢) Cuantificar el grado de plasticidad fenotipica en caracteres funcionales (anatémicos,
fisiologicos, morfologicos, de asignacion de biomasa) en funcion de Ia
disponibilidad hidrica del sustrato.

d) Identificar como los mecanismos fisiologicos, las caracteristicas anatomico-
funcionales (objetivos a y b) y la plasticidad fenotipica (objetivo c) se relacionan
con el desempeio de clones puros e hibridos bajo condiciones contrastantes de
disponibilidad hidrica.

e) Estudiar las relaciones hidricas y la fijacion de carbono en individuos juveniles de
los diferentes taxones, creciendo a campo con distinta disponibilidad hidrica del
suelo (condiciones medias del sitio o la disponibilidad hidrica estacional), e
interpretar los patrones de crecimiento, comparandolos con los observados en el

estado de plantin (objetivos anteriores).

1.7. Revision bibliografica

1.7.1. Intercambio gaseoso vy actividad transpiratoria

La apertura estomatica es el proceso mas importante mediante el cual las plantas
regulan su estado hidrico. Se expresa frecuentemente a través de la conductancia
estomatica (gs) y es una limitante importante de la productividad en rodales de
Eucalyptus (Whitehead y Beadle, 2004). En E. grandis, la gs depende principalmente
de la irradiancia (PAR), del déficit de presion de vapor del aire (Dpv) y de la
disponibilidad hidrica en el suelo (Mielke et al., 2000). Asi, bajo condiciones dptimas

de luz (PAR ~ 800 pmol m™ s') y agua, presenta una mayor tasa transpiratoria que
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varias otras especies del género (Brodribb y Holbrook, 2004; Valverde et al., 2025).
Los eucaliptos colorados —Ilamados asi por la tonalidad de su madera, en contraste
con los blancos— presentan un comportamiento estomatico diferente a E. grandis. Por
ejemplo, E. tereticornis es menos sensible al Dpv que E. grandis (Bourné et al., 2015)
y transpira mas activamente bajo condiciones de déficit hidrico en la atmoésfera. A su
vez, E. camaldulensis es mas sensible que E. tereticornis, pero activa mecanismos
compensatorios que le permiten mantener el intercambio gaseoso; entre ellos, un
mayor desarrollo radical y un aumento de la conductividad hidraulica en raiz y tallo
(Whitehead y Beadle, 2004). En general, los eucaliptos colorados presentan una
estrategia menos conservativa en el uso del agua (i. e., menor control estomatico),
similar a lo reportado en E. urophylla (Singh, 2005).

El estado hidrico de los tejidos se mide habitualmente a través del potencial
hidrico (V). Este parametro indica la capacidad energética del agua y permite predecir
la direccion del flujo en el sistema suelo-planta-atmoésfera. El agua pura posee un W
igual a cero, tomando valores negativos el agua en el suelo, en la planta o la atmosfera
de acuerdo a su concentracion en estos compartimientos. El agua se mueve por
difusion desde zonas con potenciales mas cercanos a cero hacia zonas con mayor
déficit de agua, es decir, con valores de ¥ mas negativos. Debido a que es una medida
de la concentracion relativa de agua en un tejido, el ¥ influye sobre procesos
fisiologicos clave, como la turgencia y la expansion celular, por lo que se trata de un
indicador fundamental para comprender las estrategias de respuesta de las plantas al
déficit hidrico. En este contexto, la transpiracion desempeiia un rol central, ya que
genera tension (AY) en los conductos xilematicos, lo que promueve la absorcion de
agua desde el suelo. Bajo condiciones de elevada tension en el xilema (i. e., estrés
severo) se pueden desencadenar eventos de cavitacion y embolia en el xilema (Sperry
et al., 2002; Tyree, 2003; Martinez-Vilalta y Garcia-Forner, 2016) que comprometen
la funcionalidad hidraulica y la supervivencia de los arboles (McDowell et al., 2008).
Las lefosas regulan su apertura estomatica (gs) para evitar que el ¥ descienda por
debajo de un valor critico (umbral) a partir del cual se induce el embolismo de manera

progresiva (Martin-St. Paul et al., 2017; Ryan et al., 2006).
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En condiciones de estrés severo, la embolia masiva puede interrumpir el
transporte xilematico y comprometer la integridad del tejido, con la consiguiente
muerte de 6érganos o, en situaciones extremas, del propio individuo. En E. grandis el
umbral esta proximo a ¥ = -2 MPa (Mielke et al., 2000), aunque en otras especies del
género es menor a -4 MPa (White et al., 2000). Asi, E. grandis reduce
significativamente la apertura estomatica a medida que disminuye el potencial hidrico,
lo que evidencia su elevada sensibilidad al déficit hidrico (Bourné et al., 2015). E1 ¥
maximo se registra al final del periodo nocturno (prealba, ¥,4) y su valor refleja el
potencial hidrico del suelo en contacto con las raices, siempre que no exista
transpiracion nocturna, que el suelo que rodea las raices mantenga una humedad
relativamente homogénea y que no haya aporte externo de agua. En Eucalyptus existe
una relacion lineal entre el Wpq y la gs, inclusive en condiciones de bajo contenido
hidrico del suelo (Korner y Cochrane, 1985; Mielke et al., 2000; White et al., 2000;
Zhang et al., 2015).

El potencial hidrico foliar de mediodia (Wmd) representa el ¥ minimo diario en
los tejidos y su variacidon en relacion con la actividad transpiratoria y humedad del
suelo define patrones caracteristicos (figura 2). Cabe mencionar que la tasa de
transpiracion de una planta € es directamente proporcional a su conductancia hidraulica
total (K1) y a la diferencia de potencial entre el suelo y las hojas. En numerosas
especies, el Wma permanece relativamente constante, al margen de la disponibilidad
hidrica en el suelo. Este comportamiento se denomina isohidrico y, en general, supone
un importante control estomatico en condiciones de elevada demanda atmosférica o
bajo contenido hidrico del suelo (Hubbard et al., 2001; Ripullone et al., 2007). En
especies o genotipos isohidricos se minimiza la pérdida de agua —y consecuente
deshidratacion de los tejidos— a pesar de una disminucion en la transpiracion y
fijacion de carbono. Contrariamente a esta estrategia, los eucaliptos —aunque en
diferente grado segun la especie— se consideran especies anisohidricas, ya que su Wmd
disminuye proporcionalmente en funcién del contenido de agua en el suelo (figura 2).
Por otra parte, Franks et al. (2007) definieron en Eucalyptus gomphocephala un
comportamiento denominado isohidrodinamico. Consiste en mantener relativamente

constante la actividad transpiratoria durante ciclos estacionales de distinto contenido
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de agua del suelo a través de un ajuste coordinado de la conductancia estomatica y la
conductividad hidraulica. Asi, en especies isohidricas, el potencial minimo se
mantiene relativamente constante (figura 2), de modo que el AY —y, por ende, la
transpiracion— disminuye a medida que se reduce la disponibilidad de agua del suelo.
En las especies anisohidricas, el potencial minimo desciende junto con el potencial de
prealba a medida que el suelo se seca (figura 2), de manera que el gradiente de
potencial (AY = ¥pqa — WYmd) se incrementa. La transpiracion en este caso se mantiene
en mayor o menor medida en funcion de la reduccion de la conductancia hidraulica
(K»n) que produce la cavitacion. En las especies isohidrodinamicas, el A¥Y es menos
variable que en las especies anisohidricas y mas estable que en las isohidricas, lo que
permite mantener la capacidad de transporte de agua (K;) y, por lo tanto, la

transpiracion.

Figura 2
Patrones generales que representan la variacion del potencial hidrico foliar mediodia

(Wma) en funcion de los ciclos estacionales de humedad del suelo.
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Ciclos de contenido de humedad del suelo

Nota. H: suelo humedo, S: suelo seco. Modificado de Franks et al. (2007).

1.7.2. Relaciones hidricas foliares y respuesta al estrés

Para evaluar el estado hidrico de un tejido es importante la determinacion del ¥

y de sus principales componentes: el potencial osmotico (Wn) y el potencial de
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turgencia o presion (Wp), no solo en un momento puntual, sino antes y después de los
eventos de sequia. Es posible determinar valores normales con los que opera la planta
—Ilos cuales pueden ser intrinsecamente mas o menos favorables para el
mantenimiento de la turgencia en condiciones de bajo contenido de agua en el suelo—
asi como su capacidad para modificar activamente (ajustar) dichos valores (Fernandez
y Gyenge, 2010).

Una respuesta frecuente al estrés hidrico es el ajuste elastico, el cual implica un
cambio en el mddulo de elasticidad de la pared celular (€). La reduccion de € conlleva
una disminucién de la rigidez de la pared, lo que permite mantener la presion de
turgencia frente a un descenso del potencial hidrico. Si bien € depende en gran medida
del genotipo (Leuschner et al., 2019) y de la edad de los tejidos (Saito y Terashima,
2004), en Eucalyptus su modificacion es muy marcada, tanto en la magnitud como en
la direccion del cambio. Por ejemplo, en E. platypus disminuye frente a sequia (de 20
a 15 MPa) pero en E. camaldulensis aumenta (de 18 a 23 MPa). En la primera especie,
la estrategia consiste en incrementar la elasticidad de la pared, mientras que en la
segunda se trata de aumentar su rigidez (White et al., 2000). Las paredes rigidas (alto
€) permiten generar un gradiente de potencial hidrico que promueve la absorcion de
agua en suelos secos, a partir de pequeias variaciones del contenido relativo de agua
en los tejidos. En general, el incremento de € estd asociado a un mayor control
estomatico (Lenz et al., 2000).

El ajuste osmoético es otro mecanismo de respuesta que consiste en la
acumulacion de solutos —osmolitos compatibles— para reducir el potencial osmotico
(WYn) y, de esta manera, promover un gradiente de potencial hidrico que facilita el
ingreso de agua en las células. La disminucion del Wn es un indicador de tolerancia a
la sequia en los vegetales (Choat et al., 2018; Larcher, 2003; Wang et al., 2018) vy,
aunque presenta gran variabilidad genotipica, es un mecanismo de respuesta frecuente
en Eucalyptus (Pitay Pardos, 2001; Lemcoff et al., 2002). Por ejemplo, en E. globulus
se observé un aumento de carbohidratos solubles y prolina en respuesta a la sequia
(Guarnaschelli et al., 2003). Sin embargo, en varios hibridos interespecificos los
resultados no han sido consistentes, como por ejemplo, en E. nitens % E. grandis

(Mokotedi, 2013). El ajuste osmotico presenta menor dependencia de la especie que
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el ajuste elastico (Merchant et al., 2007) y también menor dependencia de la edad de
los tejidos. Existen especies que combinan ambas estrategias (alto € y bajo ¥Yr) para
mantener un AW suelo-planta favorable para la absorcion de agua en suelos secos, lo

que les permite sostener el crecimiento (Corcuera, 2003).

1.7.3. Suministro de agua al follaje y variables hidraulicas

En especies lefiosas el agua circula por una vasta red de conduccion, donde las
resistencias al flujo y la capacitancia desempefian un rol clave para comprender el
comportamiento en diferentes condiciones ambientales. La resistencia al déficit
hidrico depende de factores relacionados con la eficiencia del transporte (Tyree y
Zimmermann, 2002), cuya principal medida es la conductividad hidraulica (kn). Esta
refleja la capacidad de suministro de agua al follaje y se relaciona directamente con la
apertura estomatica y con la fijacién de carbono (Hubbard et al., 2001). En este sentido,
la reduccion de ky induce el cierre estomatico, y si bien se desconoce como opera el
mecanismo, se sabe que influye de manera directa sobre la eficiencia en el uso del agua
de la planta (Gleason et al., 2016).

La conductividad hidraulica (kn) se calcula como la masa de agua (Q, kg) que
atraviesa un segmento de longitud conocida (/) por unidad de tiempo (s) y por unidad
de diferencia de presion (AP, MPa) entre sus extremos, kn = Q/ x AP ! (kg m s™' MPa-
1. Para estandarizar las mediciones, se corrige por el 4rea de xilema activo (4s) y se
obtiene la conductividad hidraulica especifica, ks = Q/ (4s AP)! (kg m™'s!' MPa ).
Asi, por ejemplo, luego de sequias prolongadas, el didmetro medio de los elementos
de conduccion disminuye (i. e., los nuevos elementos son mas pequefios) y su nimero
por unidad de superficie aumenta. Estos cambios reducen significativamente la ks,
dado que esta variable depende directa y exponencialmente (a la cuarta potencia) del
diametro de los conductos. Por otro lado, para conocer la capacidad de suministro de
agua al follaje, se normaliza la kn (medida o tedrica, ver mas abajo) por el area foliar
alimentada por el segmento de xilema considerado (4r) y se obtiene la conductividad
hidraulica foliar especifica, ki = Q/ (4r AP)! (kg ms™! MPa!). Tanto la ks como la ki

son variables que definen propiedades intensivas, dado que, al haber sido
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estandarizadas (por longitud y dreas de xilema o foliar), no dependen de las
dimensiones del material.

Es importante considerar que, al medir la ks de un 6rgano extraido directamente
de una planta (ejemplo, una rama terminal), este generalmente contiene cierto nivel de
embolismos. Estos pueden ser removidos mediante perfusion de agua a presion (de
aproximadamente 0,1-0,2 MPa), para asi obtener la kn maxima (o la ksmax, al
estandarizarla por el tamafio), propiedad que hace referencia a la capacidad conductiva
del segmento. A su vez, una aproximacion a esta medida puede hacerse a partir de las
dimensiones de los elementos de conduccion del xilema. Asi, es posible calcular la ks
maxima teoérica (ksieo) asumiendo que todos los conductos son funcionales y
despreciando las resistencias de las puntuaciones intervasculares. En este sentido, la
ks maxima tedrica siempre es mayor que la ks maxima real medida, ya que esta integra
las resistencias de las puntuaciones. La ksmeo = Zi (di* mp /128nw), donde d; es el
diametro del conducto, p es la densidad del agua a 20 °C (998,2 kg m™) y nw es la
viscosidad del agua (8,9 x 10! MPa).

Otra propiedad hidraulica clave para comprender la resistencia a la sequia es la
vulnerabilidad a la cavitacion del xilema (e. g., Maherali et al., 2004), que se describe
a partir de los parametros de la curva sigmoidea que relaciona el porcentaje de pérdida
de kn (PLC) y el potencial hidrico del segmento considerado. Esta curva se conoce
como curva de vulnerabilidad a la cavitacion y su pardmetro mas comunmente
reportado es el Pso (i. e., potencial hidrico en el cual el segmento pierde 50% de ku).
La elaboracion de estas curvas en laboratorio requiere llevar los tejidos a la maxima
pérdida de ky posible, lo que en varias especies de eucaliptos suele implicar valores
muy bajos de potencial hidrico (entre -8 y -10 MPa). A su vez, el grado de embolismo
que la planta tiene in sifu en un determinado momento se calcula relacionando la ks
medida inmediatamente después de la extraccion del segmento con los valores
posteriores a la remocion del embolismo, es decir, la ksmax. Asi, se calcula la reduccion
porcentual de la conductividad hidraulica como PLC =1 - (ks/ksmax), la cual refleja la
cavitacion real en la condiciéon ambiental en la que se cosechd el material. La

vulnerabilidad a la cavitacion es una propiedad intensiva de los tejidos, pero la
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cavitacion real depende de esta y de los niveles de tension alcanzados en cada
momento como consecuencia de la disponibilidad de agua y la apertura estomatica.

Todas las medidas hidraulicas mencionadas permiten comparaciones entre
organos o tratamientos (ejemplo, distinta disponibilidad hidrica) y son ttiles para
estimar respuestas adaptativas. Asimismo, en estudios ecofisiologicos es habitual
calcular una variable que define una propiedad extensiva, la conductancia hidraulica
(K»). Se trata de una variable funcional que integra todos los valores de conductividad
hidraulica de un 6rgano o de la planta entera y es el cociente entre la transpiracion (E)
y el AY entre los extremos del segmento, drgano o planta (Bond y Kavanagh, 1999).
La K de una planta varia durante el transcurso del dia debido a la interdependencia
entre la gs, el ¥ y la ki de los distintos 6rganos. Cuando la transpiracion es intensa,
pueden ocurrir eventos de cavitacion que reducen la ki en segmentos u 6rganos de la
planta. Por ello, la mayoria de las especies lefiosas mantiene la gs en un rango que
evita una disminucion significativa de kn, dado el incremento de AY.

En especies angiospermas, la ks y la vulnerabilidad a la cavitacion del xilema
estan determinadas principalmente por caracteristicas anatomicas de los vasos. La
mayoria de los estudios que describen las relaciones entre estructura y funcion
provienen de especies con vasos agrupados. Sin embargo, en Eucalyptus se han
observado vasos solitarios y poco numerosos, generalmente rodeados por traqueidas
vasicéntricas y parénquima axial. Estudios recientes también muestran diferencias en
la vulnerabilidad a la cavitacion de algunos eucaliptos y su relacion con la anatomia
xilematica (Ferndndez et al., 2019). En dicho estudio se reportan relaciones
particulares para especies del género en materiales utilizados comercialmente, es decir,
que han sufrido algin tipo de seleccidon y mejoramiento genético. A diferencia de lo
postulado para la mayoria de las angiospermas y coniferas, la vulnerabilidad a la
cavitacion disminuye en las especies comerciales de Eucalyptus con vasos mas anchos
(Barotto et al., 2016). La mayor vulnerabilidad de los vasos con menor didmetro podria
explicarse por la presencia de puntuaciones intervasculares de mayor tamafo
(Fernandez et al., 2019) o por la presencia de membranas delgadas en ellas (Pfautsch
et al., 2018). Las células que rodean a los vasos los interconectan radialmente y

desempefian un rol fundamental, actuando como puentes hidraulicos que aumentan el
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pasaje de agua radialmente entre vasos solitarios a la vez que reducen la propagacion
del aire (embolismo) entre conductos (Fernadndez et al., 2019). Asimismo, estas
conexiones contribuirian a la reparacion del embolismo a través de la liberacion de
solutos en los vasos, como potasio (Hmidi et al., 2025) o carbohidratos no estructurales
(Li et al., 2025).

La relacion entre los lumenes de los elementos de conduccion, el grosor de las
paredes celulares y la presencia de otros tipos celulares —como las fibras y
fibrotraqueidas en angiospermas— resulta en distintas relaciones peso seco:volumen
de madera. Asi, la densidad de madera es una propiedad emergente de la anatomia que
tiene un rol central en el funcionamiento de las lefiosas. La densidad de la madera es
una propiedad muy variable en Eucalyptus (400-1000 kg m) (Zanne et al., 2010) y
su valor aumenta debido a los ajustes morfoldgicos y anatdmicos en respuesta al estrés
hidrico, tales como la reduccion de limenes y engrosamiento de paredes celulares.
Existen trabajos que relacionan la densidad de la madera en este género con
propiedades hidraulicas, tanto entre especies (Barotto et al., 2017; Fernandez et al.,
2019; Searson et al., 2004) como dentro de una misma especie (Barotto et al., 2018).
El compromiso entre seguridad y eficiencia hidraulica es mayor en E. grandis, especie
que presenta una elevada ky tedrica en tallos, principalmente debido a su mayor
densidad de vasos con diametros mas amplios, en comparacion, por ejemplo, con E.
viminalis (Barotto et al., 2017). Asi, la densidad de madera en los genotipos de E.
grandis de alto crecimiento en Sudamérica es de alrededor de 350-400 kg m>. Es
posible que estos valores bajos de densidad de madera sean una consecuencia del
mejoramiento genético enfocado en la productividad, ya que los reportes de densidad
basica de madera de esta especie en bosques de Australia son mucho mayores, del
orden de 600 kg m™ (Ilic et al., 2000). Por el contrario, E. camaldulensis (Nouri, 2012;
Tampori et al., 2024), E. tereticornis (Pillai et al., 2013) y E. urophylla (Vieira et al.,
2021) son especies con valores de densidad basica mayores a 500 kg m™ que sugieren
un tejido xilematico menos eficiente, mas resistente y seguro en términos hidraulicos.
En E. tereticornis se han reportado promedios por encima de 800 kg m (USDA Forest

Service, 2023), lo que sugiere que es una especie con alta seguridad hidraulica.
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El déficit hidrico produce cambios anatomicos y morfoldgicos que reflejan la
capacidad de aclimatacion a ambientes con déficit hidrico. Los cambios plésticos de
conductividad hidraulica que surgen como respuesta de aclimatacion a condiciones de
mayor estrés hidrico afectan el proceso fotosintético (Eamus et al., 2000; Santiago et
al., 2004; Xu et al., 2021). En varias especies de Eucalyptus las respuestas mas
comunes de tipo no estomatico (fase fotoquimica) implican una reduccion en la tasa
maxima de transferencia de electrones (Jmax) y en la tasa maxima de carboxilacién
(Vcmax), aunque con recuperacion de los valores a largo plazo (Zhou et al., 2016). En
E. globulus, la sequia prolongada reduce el diametro y nimero de los nuevos vasos, lo
que disminuye la ky y, eventualmente, la gsy la fijacion de carbono por unidad de area
foliar. En los hibridos E. grandis < camaldulensis y E. grandis * urophylla se observo
que la kn méxima y la vulnerabilidad a la cavitacién no presentan variaciones entre
sitios con distinta condicion hidrica, aunque si dependen del genotipo, lo que
determina su respuesta diferencial al déficit hidrico (Vander Willigen y
Pammenter, 1998).

Otras respuestas plésticas frente a la sequia incluyen modificaciones en la
relacion de Huber (4rea foliar / 4rea de xilema activo) y en el area foliar especifica
(AFE, area de lamina / peso seco de lamina). Si bien ambas relaciones disminuyen en
condiciones de estrés, existe una gran variacion genotipica en la respuesta,
particularmente en especies como E. globulus (Pita y Pardos, 2001). Asimismo, el
estrés hidrico reduce la densidad y frecuencia estomaticas, aunque la evidencia para
varios hibridos —como E. grandis % camaldulensis— no es concluyente (Eksteen
etal., 2013).

En este contexto, resulta relevante analizar las relaciones entre el intercambio
gaseoso y variables hidrico-funcionales, analizando los efectos de distintos factores —
intrinsecos y extrinsecos— sobre la funcionalidad e integridad hidraulica en
condiciones de déficit hidrico. Asi, serd posible identificar mecanismos de respuesta a
la sequia en clones de interés silvicola y, al mismo tiempo, podréa conocerse el impacto
potencial sobre la economia del agua y del carbono a diferentes escalas (6rgano,

individuo, bosque) (figura 3). Este analisis es fundamental para contribuir a la
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seleccion de genotipos con mayor capacidad de resiliencia, tratando de minimizar los

compromisos con la productividad de los rodales.

Figura 3

Principales aspectos que afectan la funcionalidad hidraulica en arboles
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Nota. Esquema conceptual que integra los principales aspectos (circulos de colores)
que definen la funcionalidad hidréaulica del arbol, abarcando multiples escalas, desde
las células (xilema y floema) y tejidos hasta el individuo. Los circulos més pequefios
(grises) indican variables o procesos especificos que afectan la funcionalidad

hidraulica en cada una de las escalas representadas. Modificado de Pfautsch (2016).
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1.7.4. Antecedentes nacionales

En Uruguay, aunque ya se habian realizado estudios de fisiologia vegetal en
rodales comerciales, los primeros trabajos integrados de ecofisiologia —incluyendo
relaciones hidricas, fotosintesis y area foliar— se iniciaron en 2008 en plantaciones de
Pinus taeda (Géndara, 2013). En ellos se evalu6 el impacto del manejo silvicola sobre
parametros hidricos y fotosintéticos, area foliar y crecimiento de arboles sometidos a
poda y raleo en sitios contrastantes (Gandara et al., 2014). Se obtuvieron modelos que
relacionan potencial hidrico, crecimiento e indice de area foliar del rodal. Los trabajos
se enmarcaron en un estudio de cuencas pareadas establecidos en Tacuarembo por la
North Carolina State University y la empresa forestal Lumin (ex Weyerhaeuser
Uruguay), cuyo objetivo principal fue analizar el efecto de la forestacion sobre los
pastizales nativos, estimando la evapotranspiracion en ambos sistemas y evaluando
diferencias en las propiedades fisicas y quimicas de suelo (Amatya et al., 2014; Cano
et al., 2023; Skaggs et al., 2008). Luego, se desarrollaron una serie de trabajos en el
Departamento de Biologia Vegetal de la Facultad de Agronomia de la Universidad de
la Reptiblica (Udelar), en los cuales se estudio el impacto del manejo silvicola sobre
el estado hidrico y la eficiencia en el uso del agua en plantaciones de pinos (Pechi y
Ramirez, 2012) y eucaliptos (Dellacassa y Figarola, 2016; Dellepiane, 2023).

Por otro lado, se evalud el efecto del déficit hidrico en Eucalyptus en condiciones
de crecimiento controladas (invernaculo). Se utilizaron clones comerciales de E.
grandis y E. grandis * camaldulensis y E. grandis x tereticornis. Se caracteriz6 la
actividad fotosintética —fases bioquimica y fotoquimica— y el consumo de agua de
las plantas, donde se destacé el desempeno fotosintético y la notable capacidad de
disipacion de energia bajo estrés del clon de E. grandis x tereticornis (Nion et al.,
2024). Mas adelante, en distintos trabajos del Departamento Forestal de la Facultad de
Agronomia (Udelar), se midieron variables ambientales asociadas a sistemas
silvopastoriles con E. grandis, como la radiacion fotosintéticamente activa, el indice
de area foliar y el contenido de humedad del suelo, a través de observaciones a campo
complementadas con andlisis de la estructura arborea mediante teledeteccion

(Dogliotti et al., 2023; Gonzalez-Talice y Dogliotti, 2024).
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2. Similares pero contrastantes: respuesta fisiologica a la sequia v crecimiento
en especies puras v clones hibridos interespecificos de Eucalyptus

2.1. Resumen

Mensaje clave: Eucalyptus grandis e hibridos con eucaliptos colorados y con E.
urophylla presentan diferentes estrategias frente a la sequia en el largo plazo, con
implicancias en la regulacion estomatica, la hidraulica de la planta y el crecimiento.

Resumen: Las especies de eucalipto son importantes en la silvicultura comercial
debido a su rapido crecimiento y gran adaptabilidad. Sin embargo, en el contexto
actual de cambio climatico, es fundamental evaluar la respuesta a la sequia de
diferentes genotipos para mejorar la resiliencia y la productividad. El mejoramiento
genético a menudo implica el cruzamiento de especies de rapido crecimiento y alta
calidad con especies tolerantes a la sequia. Para optimizar la gestion forestal, resulta
esencial comprender las ventajas y desventajas de las especies puras y de los hibridos.
Este estudio examind las respuestas fisioldgicas y de crecimiento a la restriccion
hidrica (RH) de los clones de E. grandis (GQG), E. grandis x E. camaldulensis (GC),
E. grandis x E. tereticornis (GT) y E. grandis X E. urophylla (GU1 y GU2) en la etapa
de plantulas durante dos ciclos de sequia. Las mediciones incluyeron el potencial
hidrico foliar ('), el contenido relativo de agua (RWC), la conductancia estomatica
(gs), curvas de presion-volumen, conductividad hidraulica (ks, ki), el porcentaje de
pérdida de conductividad hidraulica (PLC), el area foliar especifica (AFE) y el
contenido de clorofila en hojas. Los resultados revelaron diferentes estrategias de
respuesta a la sequia entre los clones. Los hibridos GC y GT fueron més consumidores
de agua, presentando un alto PLC (>80 %) debido al cierre estomatico limitado.
Ademas, mostraron mayor contenido de clorofila lo cual maximiz6 la ganancia de
carbono y el crecimiento en condiciones de sequia. GC presentd ajuste eléstico y
osmotico, mientras que GT solo mostré ajuste elastico. GG fue el clon mas sensible a
la sequia, debido a un fuerte control estomatico, ajuste osmotico y baja cavitacion, lo
que limito la asimilacion de carbono y provocéd la mayor reduccion del crecimiento.
Los hibridos GU compartieron similitudes fisiologicas con GG, pero mostraron

respuestas de crecimiento variables a WR. Estos hallazgos sugieren que algunos clones
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hibridos podrian superar a E. grandis puro bajo WR, con una variacion genotipica

significativa incluso entre hibridos que comparten especies parentales similares.

Palabras clave: intercambio gaseoso - conductividad hidraulica - resistencia al

estrés - embolismo
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Abstract

Key message Eucalyptus grandis and hybrids with red gums and E. urophylla exhibit different strategies to deal with
long-term drought, involving differences in stomatal regulation, plant hydraulics, and growth.

Abstract Eucalyptus species are important in commercial forestry for their rapid growth and adaptability. In the context of
climate change, evaluating the drought responses of different genotypes is critical for enhancing resilience and productivity.
Genetic improvement often involves crossing fast-growing, high-quality species with drought-tolerant ones. Understanding
trade-offs in pure species and hybrids is essential for optimizing forest management. This study examined physiologic and
growth responses to water restriction (WR) of E. grandis (GG), E. grandis X E. camaldulensis (GC), E. grandis X E. tereti-
cornis (GT), and E. grandisx E. urophylla (GU1 and GU2) clones at the sapling stage across two drought cycles. Measure-
ments included leaf-water potential (¥), relative water content (RWC), stomatal conductance (gg), pressure—volume traits,
hydraulic conductivities (kg, k; ), percentage loss of hydraulic conductivity (PLC), specific leaf area (SLA), and chlorophyll
content. Results revealed different drought response strategies among clones. GC and GT hybrids were more “water spend-
ers”, exhibiting high PLC (>80%) due to limited stomatal closure, along with higher chlorophyll levels that maximized
carbon gain and growth under drought. GC exhibited both elastic and osmotic adjustment, while GT showed only elastic
adjustment. GG was the most drought-sensitive clone, relying on strong stomatal control, osmotic adjustment, and low
cavitation, which limited carbon assimilation and resulted in the greatest growth reduction. GU hybrids shared physiologic
similarities with GG but showed varying growth responses to WR. These findings suggest some hybrid clones may outper-
form pure E. grandis under WR, with significant genotype variation even among hybrids sharing similar parental species.

Keywords Leaf gas exchange - Hydraulic conductivity - Stress resistance - Xylem embolism

Introduction

Eucalyptus is a globally important genus for planted for-
ests, with over 22-million ha cultivated across more than
95 countries (Zhang and Wang 2021). Of its more than 700
species, only a few are widely used in intensively managed
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These hybrids may retain desirable traits like rapid growth
and wood quality, while improving adaptability to climate-
induced stresses (Janes and Hamilton 2017).

Plants adopt various strategies for drought resistance,
including delaying dehydration (avoidant species) or sus-
taining function during water scarcity (tolerant species)
(Levitt 1980; Lambers et al. 2008). Drought avoidance
traits include strong stomatal control influenced by water
potential (W), extensive root systems, and high hydraulic
conductance (K). Increased K can be achieved by a low leaf
area to xylem area ratio or by high tissue hydraulic conduc-
tivity (ky), both increasing carbon gain per unit leaf area
(Eamus et al. 2000). Drought tolerance, in turn, depends
largely on osmotic and elastic adjustments that maintain cell
turgor under water deficit, influencing the turgor loss point
(TLP)—the leaf-water potential at which turgor pressure
reaches zero. This parameter serves as a key indicator of
drought tolerance (Zhu et al. 2018). In this context, some
species exhibit both a lower osmotic potential at full turgor
(Wn) and an increased modulus of elasticity (€), allowing
them to maintain turgor as ‘P declines. In contrast, other spe-
cies reduce € to delay turgor loss at lower leaf-water content
(RWC) without osmotic adjustment (Kozlowsky and Pal-
lardy 2002). Both strategies help maintain protoplast vol-
ume, thereby extending stomatal opening and photosynthesis
during drought (Meinzer et al. 2014). Moreover, variations
in € are influenced by factors such as leaf age (Saito and
Terashima 2004) and genotype (Leuschner et al. 2019), add-
ing complexity to drought responses. These drought toler-
ance traits at leaf level are often linked to lower vulnerability
to xylem cavitation (Pfautsch 2018), reinforced xylem cell
walls and increased wood density of woody organs (Meinzer
and McCulloh 2013).

Eucalyptus species exhibit adaptations to prevent turgor
loss and dehydration, primarily through stomatal regulation
and adjustments in osmotic and elastic tissue properties (White
et al. 2000; Whitehead and Beadle 2004; Zhang et al. 2015).
Elastic adjustment, involving shifts in the cell wall’s elastic-
ity, can either increase or decrease as an adaptive response
(Schulte 1992; Leuschner et al. 2019). Stiffer walls (high €)
create a water potential gradient that facilitates water uptake
in dry soils with minimal changes in relative water content
(RWC). While high € aligns generally with stronger stomatal
control (White et al. 2000; Lenz et al. 2006), it has been also
observed in E. camaldulensis, a species with relatively weak
stomatal regulation (White 2000). The capacity for osmotic
adjustment is also particularly relevant in the adaptation of
eucalypts to drought, being strongly genotype-dependent (Pita
and Pardos 2001; Lemcoff et al. 2002). Osmotic adjustment
in E. camaldulensis and E. globulus occurs through the accu-
mulation of solutes such as sugars, cyclitols, and proline to
retain water (Souden et al. 2020; Guarnaschelli et al. 2003).
On the other hand, drought impacts leaf-level photosynthesis
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in several ways, including reducing chlorophyll content due
to increased degradation or slowed biosynthesis (Xue 2011).
Yet, some species like E. grandis (Silva et al. 2017), hybrids
with E. tereticornis (Nién et al. 2024), and with E. robusta
(Michelozzi et al. 1995), show increased chlorophyll content
in response to drought.

Regarding hydraulic traits, eucalypts exhibit distinctive
wood characteristics with different functional consequences
in terms of drought adaptability. For example, E. grandis is
more susceptible to cavitation than E. camaldulensis (Fernan-
dezet al. 2019; Barotto et al. 2016), yet it shows stronger sto-
matal control, as evidenced by a rapid decrease in stomatal
conductance (gg) as water potential drops (Bourné et al. 2015).
Wood anatomy and density suggest that E. grandis follows an
avoidance strategy, whereas E. camaldulensis employs a more
drought-tolerant strategy (Monteoliva et al. 2015; Fernandez
etal. 2019; Barigah etal. 2021). A seminal study about vulner-
ability to cavitation in Eucalyptus demonstrated that interspe-
cific hybrids (E. grandis X camaldulensis and E. grandis X uro-
Pphylla) exhibited significantly lower vulnerability to cavitation
than the pure species E. grandis. However, overall, all taxa
studied showed high vulnerability to cavitation (substantially
higher than E. camaldulensis reported in other studies), with
values characteristic of drought avoidant species (Vander Wil-
ligen and Pammenter 1998).

As exposed above, Eucalyptus taxa demonstrate diverse
drought-resistance mechanisms, from avoidance to tolerance,
making it difficult to predict traits in hybrids coming from the
combination of parental species with contrasting strategies.
Moreover, as genetic improvement prioritizes fast-growing
species, it is essential to evaluate potential trade-offs between
drought resistance and growth potential in hybrids. This study
aimed to analyze the effects of medium-term water restric-
tion (over an entire growing season) on leaf-water status, plant
hydraulics, and growth in six-month old plantlets of E. gran-
dis and its hybrids with E. camaldulensis and E. tereticornis
(red gums) and E. urophylla (white gum). We hypothesized
that hybrids with red gum species would outperform E. gran-
dis under drought due to the higher drought resistance of the
parental pure species, while hybrids with white gum (E. uro-
phylla) would show intermediate responses. We also hypoth-
esized a correlation between the type of drought resistance
strategy (avoidance vs. tolerance) and growth under stress,
resulting in a more marked decrease in growth in avoidant
taxa than in drought-tolerant ones.

Materials and methods

Plant material and culture conditions

The study was conducted using commercial clonal mate-
rials typically used in forest plantations in Uruguay,
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South-America. Eucalyptus is the most widely planted
genus in this country, covering 1 million hectare (MGAP
2022), and supporting a well-developed paper industry.
The experiment took place in a greenhouse at the Plant
Biology Department of Centro Universitario de Tac-
uaremb6, Uruguay (31.73° S; 55.97° W). Ahead of the
experiment, rooted cuttings of Eucalyptus grandis (GG),
E. grandis X camaldulensis (GC), E. grandis X E. tereti-
cornis (GT), and E. grandis X E. urophylla (GU1 and GU2)
were grown for 5 months in a clonal nursery (Lumin for-
estry company) in 120 cm?® tubes filled with inert substrate,
maintained at 20-22 ‘C and 90-95% of relative humidity.
The plantlets were periodically watered with a Biorend®
solution (10 cm® L™") until transplantation into 3 L pots
containing Carolina Soils® substrate (58% peat, 40%
vermiculite, 1.5% dolomitic limestone, and 0.5% trace
minerals). At 6 months of age, the plantlets were put in
18-L plastic pots filled with Carolina Soils® substrate and
moved to a greenhouse in Tacuarembd, to acclimate them
to the environmental conditions where the experiment was
conducted.

Experimental design

Two drought-stress cycles were imposed from 29 Octo-
ber 2019 (austral spring) to 22 March 2020 (early fall),
each lasting 60 days, with a 15-day recovery phase in-
between. A split-plot design was applied using six plants
per clone of each treatment (totaling 60 plants), with the
water regime (well-watered (WW) or water-restricted
(WR) plants) being the main plot and the clone (GG, GC,
GT, GUI, and GU2) representing the subplot. Plants were
organized in four rows of 15 individuals. An automatic
drip irrigation system operated twice daily for 15-min
intervals, at 6:30 am and 7:30 pm. Each pot was fitted with
two drip emitters placed opposite to each other at a depth
of 5 cm, each delivering a flow rate of 8 mL per 15 min.
Half of the plants received a water volume (mL) sufficient
to offset losses due to evapotranspiration and were clas-
sified as well-watered (WW) plants. The remaining half,
designated as WR plants, received 30% of the volume sup-
plied to the WW plants. This reduced water dose had been
previously shown to induce drought stress in these clones.
In all cases, water loss was measured by the gravimetric
method. During the recovery phase -the interval between
drought-stress cycles- all plants received the same amount
of water as the WW plants. Substrate water content (0; %,
w/w) was monitored biweekly using a TDR equipment
(Decagon®, Pullman, WA), averaging 36.1% in WW and
9.7% in WR plants over both cycles (see below for further
methodological details on these measurements).

Plant measurements

Six-month-old plants, grown as described above, were used
in this experiment. The study examined the impact of water
availability on plant water status, functional parameters,
plant hydraulics, and growth. RWC, stomatal conductance,
and water potential were assessed over two consecutive
days at the beginning and end of each drought cycle. Pres-
sure—volume (P-V) curves were constructed at the end of
each cycle to calculate functional parameters. Shoot hydrau-
lic conductivity, specific leaf area, plant leaf area, leaf chlo-
rophyll content, and plant size (to estimate growth through
the comparison with initial size) were measured at the end
of the study period (i.e., at the end of the second drought
cycle).

Leaf relative water content

Leaf RWC was evaluated biweekly in all experimental
plants. Two freshly collected disks (2.49 cm.?) were taken
from two opposite leaves per plant, weighed to obtain the
fresh weight (FW, mg), and placed in 1.5 mL Eppendorf
tubes containing distilled water for 72 h. Daily weight
measurements were taken until a stable value was obtained
(TW). Then, disks were dried at 60 °C for 48 h, and dry
weight was measured (DW). RWC (%) was calculated as
RWC = [(FW — DW)/(TW — DW)]100

Stomatal conductance

Stomatal conductance to water vapor (g5, mmol m~2s7!)
was assessed with a steady-state diffusion leaf porometer
(Model SC-1 Decagon Devices®, Pullman, WA) on three
randomly selected plants per clone and treatment. Meas-
urements were taken between 8:00 and 10:00 a.m. on the
abaxial surface of three subapical, healthy, fully expanded,
and illuminated leaves.

Leaf-water potential

Bulk leaf-water potential was recorded on four randomly
selected plants per clone and treatment in two daily time
intervals -pre-dawn and midday- to capture daily maximum
and minimum values, respectively. Measurements were
taken between 4:30 and 5:30 a.m. (¥4, MPa) and between
12:00 and 2:00 p.m. (¥4 MPa) using a pressure cham-
ber (M3005 Soil and Moisture®; Santa Barbara, CA) on
subapical shoots. Each shoot had an equal number of fully
expanded and illuminated leaves. Diurnal fluctuation of ¥
(A, MPa) was calculated as A = ¥4 — ¥ g
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Pressure-volume curves and leaf hydric parameters

Measurements were performed at the end of each drought
cycle on four randomly selected plants per clone and treat-
ment (totaling 40 plants). A branch, approximately 15 cm
in length (comprising six leaves with very short petioles),
was excised from the main stem and rehydrated in the dark
for 3 h in glasses containing distilled water and covered
with plastic bags. To construct pressure—volume curves, the
pressurization method (Hinckley et al. 1980) was applied
by releasing water from the cut end of the branch in inter-
vals of 0.2 MPa. Each branch underwent ten measurements,
with pressure increasing until it reached 2 MPa, using a
Schoélander-type chamber (M3005; Soil and Moisture®,
Santa Barbara, CA). Water expelled was collected onto filter
paper and weighed (+0.1 mg) using an analytical balance
(MT42022, Shimadzu®). P-V curves were then constructed
for each branch, and the following functional parameters
were calculated: elasticity modulus of the cell wall (€, MPa),
the osmotic potential at saturation (¥r,,, MPa), and the
water potential at incipient plasmolysis (‘¥ p, MPa).

Shoot hydraulic conductivity

Hydraulic conductivity (ki) was measured in all 60 plants
at the end of the second drought-stress cycle. To minimize
cavitation during the sampling prior to the conductivity
measurements, the plants were watered the evening before
sampling. Previous studies on E. camaldulensis indicate that
the cavitated vessels are not repaired in the short term, even
when the plant exhibits a high (near-zero) water potential
(Barigah et al. 2021). By irrigating plants prior to sampling,
we reduce xylem tension, enabling the measurement of the
percent loss of conductivity resulting from prior cavita-
tion (i.e., cavitation that occurred during the experimental
period). The following morning, between 7:00 and 9:30
a.m., a subapical shoot segment 5-8 cm long was excised
from each plant and defoliated under distilled water. The
segments were cut 30 cm from the shoot apex, and perpen-
dicular diameters (mm) were measured at both the proximal
and distal ends. The time taken (s) to pass 0.4 mL of distilled
water through each segment was measured using a conduc-
tivity meter designed according to “the pipette method”
(Sperry et al. 2002). The first measurement was recorded
without embolism removal (ky), while the second (ky,.,)
was performed after perfusing distilled water under pressure
(0.1 MPa) using a 60 mL syringe. Values were recorded after
obtaining three consecutive stable measurements. Percent-
age loss of hydraulic conductivity (PLC) was calculated as
PLC = [1 — Ky /Kpgnax]- Specific hydraulic conductivity (kg,
Kgmax) Was determined by standardizing ky by the cross-
sectional area of each segment. Leaf-specific hydraulic con-
ductivity (k. Ky ) Was calculated by normalizing kg by
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the leaf area of each segment (LA,, m?), where LA, was
calculated as LA; = SLA X DW,,. Here, SLA represents
the specific leaf area (methodological details provided in
the next section), and DW,, is the segment’s foliage DW.
Hydraulic conductivity (kg s~ m MPa™") was calculated as
ky; = Q X L/AP, where Q represents the water flow per unit
time (0.0004 kg s™"), L represents length of the segment (m),
and AP=0.01 MPa (determined by a water column of 1 m
above the sample).

Plant leaf area and specific leaf area

After measuring hydraulic conductivity, 20 leaf discs (1.71
cm? each) were randomly collected from various parts of
each plant. These discs were dried at 60 °C for 72 h to obtain
the dry weight of each disc (DW,). Subsequently, all leaves
were completely removed from each plant, dried at 60 °C
for 72 h, and weighed to quantify the total dry leaf mass
(DW,). The specific leaf area (SLA, cm? g™') was calculated
as SLA = 1.71/DW,. Total plant leaf area (LA, cm?) was
calculated as LA = SLA X DW,.

Leaf chlorophyll content

Relative chlorophyll content (SPAD index) was assessed
using a SPAD-502® chlorophyll meter, which measures
leaf absorbance within the near-red (650 nm) and infrared
(940 nm) wavelength ranges. Measurements were taken on
the adaxial surfaces of four subapical, healthy, and fully
mature leaves from three plants per clone and treatment at
the end of the second drought cycle.

Plant growth

Plant height (H,, cm) and ground-level stem diameter (®,
mm) of all 60 plants were measured at the beginning and
end of each drought cycle using a millimeter tape and a digi-
tal caliper. Relative growth (RG, %) was estimated as the
relative increment in H; and @ between the beginning of
the experiment and the end of the second cycle, as follows:
RG = [(Gn — G,_;)/(G,_)]100, where G represents the
plant height (H,) or diameter (®).

Meteorological variables and soil water content

Air temperature (T, °C) and relative humidity (HR, %) were
automatically logged every 15 min at a height of 1 m using
an RHT10 sensor (EXTECH® Instruments). The air vapor
pressure deficit (Vpd) was calculated according to Allen
et al. (1998), with an average of 1.51 kPa in the morning
(8:00 to 10:00 a.m.) and 4.21 kPa at midday (12:00 to 2:00
p.m.) during the study period. Substrate volumetric water
content (0; % Vol) was recorded biweekly in 30 randomly
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selected pots using a time-domain reflectometer (GS1 rug-
gedized sensor, Decagon®, Pullman, WA). Two measure-
ments were taken at opposing positions within each pot at
a depth of 10 cm.

Statistical analysis

A split-plot design was employed, with the irrigation treat-
ment as the main plot factor and clone as the subplot fac-
tor. The analysis focused on specific clones and treatment
levels rather than on broader populations of inference, mak-
ing fixed effects appropriate for examining clone X treat-
ment X block interactions within a controlled setting (Steel
and Torrie 1980). A two-way ANOVA was performed for
each measured variable to analyze treatment effects and the
clone*treatment interaction within each drought-stress cycle.
Data were verified for normality using the Schapiro-Wilk
test. Analyses were conducted using InfoStat® software
(UNC, Cérdoba, Argentina), and mean comparisons were
performed by Tukey’s test (p <0.05). The model analyzed
was as follows:

Yijk = p + i+ Bj + yk + (ap)ij + (ay)ik + (afy)ijk + €ijk

where, Y} response variable, u: overall mean of the model,
a;: effect of the i genotype (GG, GC, GT, GU1, GU2),
p;: effect of the Jj™ treatment (WW and WR), v,: the effect
of the k™ block (irrigation row, 1 to 4), (u/})ij: interaction
between the i level of o and the j™ level of f, (ay)y: inter-
action between the i level of a and the k™ level of y, B
interaction between the j® level of p and the k" level of y,
(apy);j: interaction between the ™ level of o, the j level of
B, and the K™ level of y, E;j: experimental error with £;~N
(0, 626).

Multivariate analysis was carried out by means of Prin-
cipal Component Analysis (PCA) with the FactoMineR
package (Husson et al. 2007) to assess grouping of clones
based on their functional response to the water regime treat-
ments. Correlation between traits (Pearson’s R) and associ-
ated p-values are also reported.

Results
Plant water status

Water restriction (WR) reduced RWC) by 12% (p=0.0295),
with WW plants maintaining 81 + 1% compared to 69 +1%
in WR plants. The RWC decreased slightly but significantly
between cycles (75% in the first cycle vs. 71 + 1% in the sec-
ond one), a trend consistent across biweekly measurements.
No significant clonal differences in RWC were observed
(p =0.080).

Predawn leaf-water potential (¥pa) was significantly influ-
enced by the water availability treatment and the drought
cycle (p<0.0001). Mean ¥,y was 37% lower in the first
cycle (‘de= —0.58 +0.03 MPa) than in the second one
(‘l‘pd= —0.37+0.03 MPa). On average, WR plants exhibited
a 38% reduction in ‘{-‘pd throughout the experiment. During
the second cycle, ¥, declined further in red gum hybrids
(GC and GT), with a twofold decrease in GT (Fig. 1a).

Midday leaf-water potential (¥,4) also varied signifi-
cantly among clones, water regimes, and cycles (p<0.0001),
with the lowest mean ¥ ; observed in the second cycle, 13%
lower than in the first drought period (mean value across all
the clones: — 1.83 +0.06 MPa). The WR treatment reduced
W .a by 23% on average, with red gum hybrids declining
27%, especially GT (¥4 < —2.0 MPa) in comparison with
their well-irrigated counterparts. The GG clone exhibited
the highest mean ¥, 4 (¥ 4> — 1.55 MPa), followed by the
GU hybrids, with no clonal differences under WW condi-
tions (Fig. 1b).

Diurnal fluctuation in ¥ (AW) differed significantly by
clone, cycle, and water regimes (p <0.01). The GT clone
exhibited the highest A¥ (1.26 +0.07 MPa), while the GG
clone had the lowest (0.89 +0.07 MPa). Under WR, the GC
and GT clones showed a 35% increase in AW in the first
cycle, with the GT clone maintaining this trend in the second
cycle, too. GU clones exhibited reduced A¥ under drought,
while the GG clone was unaffected compared to WW condi-
tions (p =0.0064) (Fig. lc).

Stomatal conductance (gs)

Stomatal conductance (gg) varied significantly with water
regime (p <0.0001), clone (p <0.0001), and their inter-
action (p=0.0296). The GC clone exhibited the high-
est mean gg (607 +30 mmol m~2 s7!), followed by GT
(477 +27 mmol m~2 s~Y), with both clones maintaining
elevated gg across water regimes. Under WR conditions, the
GC clone achieved the highest gg (432 +32 mmol m~2s7!),
whereas the GU1 clone showed the lowest values
(28628 mmol m~2s~"). The GG and GU2 clones displayed
intermediate gg levels. On average, water restriction reduced
85 by 60%, with reductions of up to 70% observed in the GG
and GUI1 clones (Table 1).

Leaf stomatal conductance exhibited a moderate-to-strong
positive correlation with ¥4 in GT (R=0.74, p=0.03) and
GC (R=0.56, p=0.02) hybrids. Regression models revealed
that ¥y explained a greater proportion of gg variance in red
eum hybrids, as denoted by the highest R values. In con-
trast, this relationship was weaker in the other clones, with
an average R*=0.25 (p <0.05) across treatments, and even
lower R? under WR than WW conditions. Notably, the slope
of the W,;-g relationship became negative under WR in E.
grandis (GG) and E. grandis X E. urophylla hybrids (Fig. 2).
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First drought cycle

GG GC GT GUI GU2

¥,, (MPa)

¥ g (MPa)

AW(MPa)

0.8

0.4

0.0

GG GC GT GUI1 GU2

O Well watered (WW)

Fig.1 a Mean predawn leaf water potential (‘¥yq. MPa), b Midday
leaf-water potential (¥4, MPa), ¢ Diurnal fluctuation in leaf-water
potential (AY, MPa) for E. grandis (GG), E grandis X E camaldulen-
sis (GC), E. grandisX E. tereticornis (GT), and E. grandisX E. uro-

Pressure-volume curve parameters

Across all the studied clones, the modulus of elasticity (€)
of leaf tissue was significantly higher in the first drought
cycle than in the second cycle (€E=28.59+0.76 MPa
and 4.81+0.76 MPa, respectively, p=0.0005). Under
WW conditions, the GT clone exhibited the highest €
(16.74 +1.97 MPa, p=0.015), which was twice as high

@ Springer

Second drought cycle

GT GUI GU2

GG  GC
0.0
02
04
0.6 . g *
08
a
-1.0

GG GC GT GUI GU2

1.6
*
1.2
0.8
0.4
0.0
GG GC

GT GU1 GU2

B Water restricted (WR) C

phylla (GU1 and GU2) clones under well-watered (WW) and water-
restricted (WR) conditions during the first and the second drought
cycles. Asterisks indicate significant differences (p<0.05) between
WW and WR within each clone and cycle

as that of the other clones. This clone was also the one
that exhibited the greatest reduction in € under WR con-
ditions, decreasing by 45% during the first drought cycle,
(p=0.0187). In the second cycle, however, WR decreased
€ only in the GC clone, with even a steeper reduction
(75%) than that observed in the GT clone in the first cycle
(Table 2). Both red gums hybrids were those that displayed
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Table T Mean stomatal conductance (gs, mmol H,O m™ s7") for E.
grandis (GG), E grandis X E camaldulensis (GC), E. grandis XE. ter-
eticornis (GT) and E. grandis X E. urophylla (GU1 and GU2) clones
under well-watered (WW) and water-restricted (WR) regimes

Stomatal conductance (gg) (mmol H,O m72s7)

WwW WR
GG 564.52+29.26b 197.10+25.99bc
GC 709.45+28.01a 432.52+32.58a
GT 698.54+29.26a 289.69+23.91b
GU1 489.66+32.35b 145.08 £2391c
Gu2 503.11+24.52b 227.25+2391bc

Data are presented as mean+SE of multiple dates throughout the
experiment. Different lowercase letters indicate significant differences
between clones or treatments (p <0.05)

a higher change in their cell wall elasticity, but in different
periods of the experiment.

Across the evaluated clones, the osmotic potential at satu-
ration (Wn,,) averaged — 1.04 +£0.07 MPa, with no signifi-
cant difference between drought cycles (p=0.0621). The GC
clone showed the highest mean Wr, (— 0.93+0.10 MPa),
while GU hybrids had the lowest (— 1.25+0.09 MPa,
p=0.0217). In the second cycle, GC exhibited the largest
osmotic adjustment, as indicated by the high and significant
difference in ¥, between WW and WR plants (Table 2),
showing also a high difference between Wr;p and ¥r,,
(0.90+0.07 MPa) in WR plants, corresponding to a 2.4-fold
reduction in Wy p. Similarly, a significant decrease in Wy p
was also observed in E. grandis, with reductions of 34% in

GC GT

y=50837x+714.4
R =0.62

y =342.03x + 757.1

the first cycle (p=0.032) and 19% during the second cycle
(p=0.040) (Table 2).

Plant hydraulics

Specific hydraulic conductivity (kg) exhibited a signifi-
cant clone X treatment interaction (p =0.0003). On aver-
age, plants subjected to the WR treatment showed 44%
lower kg (2.87 +0.34 kg m~! MPa ~!) compared to WW
plants (kg=4.12+0.32 kg m~' MPa™'). However, the red
gum hybrids (GC, p=0.0110; GT p=0.0013) experienced
a 73% reduction in kg and PLC exceeding 80%, both of
which were significantly higher in magnitude than those
observed in the other clones. Moreover, E. grandis exhib-
ited an increase in kg under WR conditions (p=0.0162)
relative to control plants, attributed to a reduction in
PLC (43%, p=0.0162). In contrast, E. urophylla hybrids
(GUI, p=0.6373; GU2, p=0.4515) showed no difference
in kg or PLC between water availability treatments. After
embolism removal, kg, Was unaffected by either water
regime (p=0.0013) or genotype (p =0.2332), indicating
that the observed ks differences were due to the variation in
native embolism among clones and drought treatments. As a
result of cavitation, leaf-specific hydraulic conductivity (k)
decreased by 75% in GC (p=0.088) and GT (p =0.0096)
clones under WR, whereas no significant changes occurred
in the other clones (Table 3). Furthermore, k; . did not
differ significantly between clones or drought treatments
(Table 3).

GG 1000
y=208.07x +567.21 ] goo
o R’ =0.09

= B 600
i
"o 2 ] 400
y=1495.1x + 11324 ;;;lgzxa,om 25 | prgyy e=%? 200 B
K =067 =056 y=-526.56x+ 12622 * g
080  -0.60 040 -0.20 (U~
Gul Gu2 1000 B,
Py
y=441.79x + 648.28 y =415.09x + 545.48 800 "
2 = R*=030 O Well watered (WW) N,
R =067 3 60 ;
® Water restricted (WR)
S OEFy 53.72x + 122,11 400
* TTTeR=0 200
080 060 -040 -0.20 080 060 -040 -0.20 0
¥,q (MPa)

Fig.2 Relationship between mean predawn water potential (¥,
MPa) and mean mid-morning leaf stomatal conductance (gs, mmol
H,0 m™?s7") for E. grandis (GG), E grandis x E camaldulensis (GC),
E. grandis X E. tereticornis (GT), and E. grandis X E. urophylla (GU1

and GU2) clones under well-watered (WW) and water-restricted

(WR) regimes. Each point represents the mean of three replicates
(i.e., three plants); the different points correspond to measurements
carried out on different dates across the study period. Each panel
shows the response of each clone under both water regimes
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Table 2 Mean modulus of

elasticity (€, MPa), osmotic Firit droughticycle

Second drought cycle

potential at saturation (‘¥'r,,. € (MPa)

Wrp (MPa)

Wny,, (MPa) € (MPa) Wrp (MPa) Pr, (MPa)

MPa), and water potential

at turgor loss point (W p. GG
MPa) for E. grandis (GG), E WW
grandis X E camaldulensis (GC), WR
E. grandis XE. tereticornis (GT)

and E. grandis X E. urophylla GC
(GU1 and GU2) clones under wWw
well-watered (WW) and water- WR

restricted (WR) regimes during GT
the first and the second drought
cycles

742+242a —122+0.16a —1.03+£0.09a 3.22+0.56a —1.24+0.10a —1.06+0.05a
10.73+2.10a  —1.64+0.18b —1.09+0.15a 3.30+131a —-147+0.07b —1.22+0.05b

585+1.19a —-0.96+0.15a —0.84+0.09a 994+13la —151+0.10a —-0.64+0.07a
674+1.19a -1.19+£02la -094+0.17a 254+131b —-154+0.07a -1.29+0.07b

WW 16.74+197a -0.98+0.15a —-0.86+0.09a 735+2.76a —127+0.10a —1.20+0.08a

WR  839+197b -1.13+02la -1.05+0.17a 5.05+195a -140+0.07a —1.14+0.08a

GU1

WW  6.63+1.80a —1.31+0.19a -096+0.11a 424+1.04a —123+0.10a -1.13+0.09
WR  692+1.47a -123+02la -099+0.17a 3.84+1.04a -—1.36+0.07a —1.02+0.09a

Gu2

WW  579+265a -1.32+0.14a —1.11x£0.09a 423+1.13a -1.18+0.10a —1.08+0.09a
WR 628+2.65a —1.19+0,14a —-108+0.17a 3.84+093a —-126+0.10a —1.06+0.09

Data are presented as mean +SE. Different lowercase letters indicate significant differences between treat-
ments within each clone and drought cycle (p < 0.05)

Table3 Shoot  specific  hydraulic  conductivity — (kg. kg
57! m™' MPa™), shoot leaf-specific hydraulic conductivity (k;. kg
s~' m™ MPa"1), and percentage loss of hydraulic conductivity (PLC,
%) after embolism removal for E. grandis (GG), E grandis X E cama-
ldulensis (GC), E. grandis X E. tereticornis (GT) and E. grandis X E.
urophylla (GU1 and GU2) clones under well-watered (WW) and
water-restricted (WR) regimes at the end of the second drought cycle

PLC (%) ky (kgs™ m™ MPa™")

ks (kg
s m™ MPa™)

GG
WW 3.23+0.74b
WR 527+0.55a
GC
WW 5.61+0.80a
WR  1.02+0.55b
GT
WW 4.68+0.80a
WR  0.98+0.50b
GU1
WW 3.45+0.80a
WR  4.00+0.55a
GuU2
WW 3.80+0.80a
WR  324+0.50a

52.21£691a 1.83+0.39a
29.88+£7.18b 1.70+0.19a

48.72+£7.46b 2.09+0.42a
84.18 £7.18a 0.59+0.19b

50.95 +7.46b 1.47+042a
87.54 +6.56a 0.40+0.17b

49.29+746a 091+042a
62.59+7.18a 1.14+0.19a

47.10+£746a 1.38+042a
55.94+6.56a 1.22+0.17a

Data are presented as mean+SE. Different lowercase letters indi-
cate significant differences between treatments within each clone
(p<0.05)

The percentage of hydraulic conductivity (PLC) and
midday leaf-water potential (¥, exhibited a negative
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Table4 Correlation between
the percentage loss of

hydraulic conductivity (PLC,
%) and midday leaf water GG 020 0.65
potential (¥ 4. MPa) for E.

Correlation
(Pearson’s R)

*p-value

grandis (GG), E grandis x E GC  -0.60 0.11
camaldulensis (GC), E. GT -042 0.30
grandis XE. tereticornis (GT), GUl -0.64 0.09
and E. grandis x E. urophylla GU2 —0.60 017

(GU1 and GU2) clones at the
end of the second drought cycle

relationship in all hybrids (GC, GT, GU1, and GU2), but
a positive relationship in the E. grandis clone (GG). How-
ever, Pearson’s correlation coefficient (R) indicated no sta-
tistical significance for any clone (*p > 0.05 in all cases),
likely due to the limited sample size (Table 4).

Plant leaf area and specific leaf area

Plant leaf area decreased by 75% (p <0.0001) under WR
with no clonal effect (p =0.2248, data not shown). Spe-
cific leaf area (SLA) varied among genotypes (p=0.0025)
and water regimes (p <0.0001), with GU1 exhibiting the
highest average SLA (16.88 +2.37 cm? gr™') and red gum
hybrids, the lowest SLA (11.29+0.73 and 11.92+0.68
cm? gr~!, for GC and GT, respectively). SLA increased by
20% under the WR treatment in most of the genotypes, GC
being the exception with no significant change in response
to drought (Table 5).
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Table5 Specific leaf area

2 1
(SLA, cm® g") for E. SLA (em™g™)

grandis (GG), E grandisX E GG WW 12.69+1.17b
camaldulensis (GC), E. -
grandis X E. tereticornis (GT), WR 15.17£1.26a
and E. grandis X E. urophylla GC WW  11.06+0.93a
(GU1 and GU2) clones at the WR 12.58 +1.10a
end of the second drought-stress GT WW  10.31+£0.96b
cycle under well-watered (WW)
and water-restricted (WR) WR 13.54:£0.96a
regimes GUl  WW  12.82+1.25b
WR 16.37+1.25a
GU2 WW  1257+1.04b

WR 16.87+1.13a

Data  are  presented  as
mean+SE. Different lowercase
letters indicate significant dif-
ferences between treatments
within each clone (p <0.05)

Leaf chlorophyll content

Leaf chlorophyll content, assessed through the SPAD
index, was higher (p <0.0001) in GC (40.84 +1.12) and
GT (38.76 + 1.22) clones compared to E. grandis X E. uro-
phylla hybrids, exceeding their index by 22%. The index
significantly decreased (p =0.0010) in WR plants of GU1
(28%), GU2 (31%), and GG (13%) clones, while GC and GT
remained unaffected (Table 6).

Height and diameter relative increment

Relative height increment decreased by 40% in WR com-
pared to WW plants (p <0.0001), while the relative incre-
ment in basal diameter decreased by 21% under drought
across all studied clones. However, there was a significant
effect of the genotype on the magnitude of growth reduction
in response to drought. Clones GG and GT exhibited the
most significant growth reductions under WR (p <0.0001),

Table 6 SPAD index at the end of the second drought-stress cycle for
E. grandis (GG), E grandisXE camaldulensis (GC), E. grandisxXE.
tereticornis (GT), and E. grandisx E. urophylla (GU1 and GU2)
clones under well-watered (WW) and water-restricted (WR) regimes

SPAD index

WW WR
GG 37.07+1.73a 3243+1.41b
GC 42.12+2.42a 39.57+1.71a
GT 40.19+0.73a 3734+1.27a
GUI 38.26+1.08a 27.73+0.61b
GU2 34.67+1.73a 23.95+0.82b

with GG exhibiting the lowest average height of all studied
clones (p=0.04). In contrast, the GC clone had the greatest
final height (p=0.0238). Notably, the GC clone maintained
both height and diametric growth under WR (Table 7).
Differences were observed between the E. grandis X uro-
phylla clones in the response of relative height and diameter
increment to drought: GU2 showed reductions in both height
and diameter increments, while GU1 exhibited a decrease
only in diameter increment (Table 7).

Multivariate analysis

The PCA indicated that the first two dimensions (Diml
and Dim2) accounted for 50.68% of the total variance, with
Dim 1 and Dim 2 explaining 27.9% and 22.8%, respec-
tively. Including Dim 3 increased the explained variance
to 64.83%. Leaf-water potential (¥4 and '¥,,j) contributed
most to Dim1 (0.60 and 0.56, respectively), followed by sto-
matal conductance (gg, 0.46). Dim2 was primarily driven
by the PLC (0.56), with smaller contributions from specific
hydraulic conductance (kg, 0.34), leaf-specific hydraulic
conductance (k;, 0.33), and the specific leaf area (SLA,
0.31) (Fig. 3a).

Although all the studied clones had a rather similar gen-
eral physiologic behavior and growth under control (high
water) conditions, PCA ordination revealed distinct physi-
ologic responses among the clones under WR (Fig. 3b). Red

Table 7 Height and diameter relative increment (%) for E. gran-
dis (GQ), E. grandisX E. camaldulensis (GC), E. grandis X E. tereti-
cornis (GT) and E. grandis X E. urophylla clones under well-watered
(WW) and water restricted (WR) regimes

Clone Relative increment (%)
Height (H)) Diameter (®)

GG

wWwW 195.48 +38.51a 20093+ 18.16a

WR 95.78 +38.51b 96.60 + 18.16b
GC

wWwW 316.23+47.31a 150.09 +40.38a

WR 245.72+4731a 175.36 +£40.38a
GT

wWw 293.01 £20.73a 210.76 £20.55a

WR 121.38 £20.73b 74.59 +20.55b
GU1

wWwW 208.91+3041a 195.35+28.53a

WR 182.30+3041a 132.20+28.53b
GU2

WW 261.57+3231a 283.84+3291a

WR 157.58 £32.35b 90.77 £32.91b

Data are presented as mean+SE. Different lowercase letters indi-
cate significant differences between treatments within each clone
(p<0.05)

Data are expressed as mean + SE measured at the end of the experi-
ment. Different lowercase letters indicate significant differences
between treatments (p < 0.05)

@ Springer

40



w

6 Page 10 of 15

Trees (2025) 39:36

(]
=n

X X
=) =)
* %
o o
a [ IS
< 05| =
= | =
2 2
= |/ \ | &
£ [ Yul | E
e 00 r ]
< \ H <
= | [ | =
S i / 2
g ; /|8
= i g
= -0.5 ! =)
.:' | ks kb .:
g = /| E
8 . b g
2101 —
-1.0 -0.5 0.0 0.5 1.0

First principal component (27.89%)

Fig.3 a Principal component analysis of eleven physiological param-
eters: leaf predawn (¥,4) and midday (‘¥,4) water potential, daily
fluctuation of leaf water potential (A'¥), stomatal conductance (gg).
elasticity modulus (g), osmotic potential at saturation (Wr,), water
potential at turgor loss point (‘Wr;p), specific hydraulic conductiv-
ity (kg). leaf-specific hydraulic conductivity (k; ). percentage loss of

gum hybrids (GC and GT) clustered in the upper-left part of
the diagram, reflecting higher covariance among variables
and greater values specially in PLC. White gum hybrids
(GUI and GU2) clustered in the lower left of the diagram,
indicating lower covariance and reduced values compared
to red gum hybrids, but higher SLA. E. grandis (GG) clone
exhibited a unique behavior, showing the highest homogene-
ity in variance and the lowest variable values, as illustrated
by its ellipse spanning two quadrants (Fig. 3b). Correlations
among variables are detailed in the supplementary material.

Discussion

This study assessed the effects of water restriction on water
status, leaf morphological and physiologic variables, plant
hydraulics, and growth in Eucalyptus grandis and inter-
specific hybrids to characterize the functional strategies in
response to drought of each species group. Hybrids with
red gum species (E. camaldulensis, E. tereticornis) were
expected to outperform E. grandis under drought due to the
higher drought resistance of red gums as parental species,
while hybrids with white gum (E. urophylla) were antici-
pated to show intermediate responses. We also hypothesized
a correlation between drought resistance strategies (avoid-
ance vs. tolerance) and growth under stress, resulting in a
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First principal component (27.89%)

hydraulic conductivity (PLC), and specific leaf area (SLA). b Con-
fidence ellipses representing clone Xtreatment groups for E. grandis
(GG), E. grandis X E camaldulensis (GC), E. grandis X E. tereticornis
(GT), and E. grandisxurophylla (GU1 and GU2) clones in well-
watered (WW) and water-restricted conditions (WR)

more marked decrease in growth in avoidant taxa than in
drought tolerant ones. To this end, plants were exposed to
moderate-to-severe drought, with midday measurements
taken under Vpd exceeding 4 kPa (Amitrano et al. 2019).
Soil water content decreased by one-third, with greater
effects during the first cycle, while plants acclimated better
during the second cycle by activating additional drought-
response mechanisms. Overall, hybrid clones demonstrated
lower drought sensitivity than E. grandis, with physiologic
responses clustering as expected in PCA. However, no
consistent relationship was observed between physiologic
strategies and growth performance under drought. Specific
responses and behaviors observed in the different taxa are
discussed in the following subsections.

Different water-use strategies among clones

Two distinct water-use strategies were identified among the
studied clones under varying soil moisture levels. Hybrids
of E. grandis with red gums (GC and GT) demonstrated a
“water-spending” strategy, characterized by higher transpi-
ration rates under drought. This was reflected in elevated
stomatal conductance (gg), a steep water potential gradient
(A'Y), and the lowest midday leaf-water potential (¥4,
particularly in the GT clone (Fig. 1b, Table 1). A lower
slope in the linear relationship between g¢ and predawn leaf
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water potential (¥,q) was observed in these hybrids under
drought conditions compared to those under high-water
availability (Fig. 2), indicating reduced stomatal sensitiv-
ity as water availability declines. This response supports
the maintenance of high gas exchange during drought and
reflects anisohydric behavior. In contrast, the E. grandis
clone (GG) and the white gum hybrids (GU1 and GU2) fol-
lowed a “water-conservative” strategy, showing increased
stomatal responsiveness to ‘l‘pd under WR (Fig. 2), indicative
of isohydric-like behavior.

These results align with previous studies on field-grown
trees (Géandara et al. 2020) and rooted cuttings (Nion et al.
2024), which reported similar patterns than those observed
in this study regarding leaf-level water-use efficiency under
drought in E. grandis clones and hybrids with red gum and
with white gum species. Regarding hybrids with red gum
species, similarly low stomatal sensitivity was reported in
parental species such as E. camaldulensis (Merchant et al.
2007; Bourne et al. 2017; Souden et al. 2020) and E. tereti-
cornis (Bourne et al. 2015; Aspinwall et al. 2016). These
species, along with certain GC hybrids, demonstrate mor-
pho-physiologic adaptations that maintain hydraulic con-
ductivity under high xylem tension (Whitehead and Beadle
2004; Eksteen et al. 2013; Barotto et al. 2016; Saunders and
Drew 2022; De Kauwe et al. 2022), thereby supporting con-
tinued stomatal opening under drought stress. However, our
single-time-point g¢ highlights the need for further research
to determine whether these hybrids exhibit sensitivity to Vpd
comparable to that of their parental species.

Adaptive mechanisms to droughtin red gum
hybrids: the role of elastic and osmotic adjustments

Cell-wall elasticity appears to play a more critical role than
osmotic adjustment in maintaining turgor pressure in red
gum hybrids, a finding that aligns with observations in
related eucalypts (White et al. 2000; Lemcoff et al. 2002;
Callister et al. 2008). These hybrids were able to sustain
stomatal opening, transpiration, and water uptake during
drought conditions by enhancing the elasticity of their cell
walls, as indicated by a reduced modulus of elasticity (€).
The increased cell wall elasticity can be attributed to the pro-
duction of new leaves with cell properties adapted to drought
conditions. These adaptations involve modifications to the
cellulose microfibrils and the cell matrix polysaccharides in
the new foliage (Joly and Zaerr 1987). The newly formed
leaves are expected to have thinner cell walls and larger
intercellular spaces (Niinemets 2001). In our study, the GC
clone likely developed such foliage in the spring, while the
GT clone exhibited these changes later, in late summer.
Furthermore, the GC clone also exhibited osmotic adjust-
ment later in the growing season, likely through the accumu-
lation of soluble sugars in response to water stress, a pattern

also observed in E. camaldulensis (Lemcoff et al. 2002;
Souden et al. 2020). Notably, the Wy p — ¥, difference
in GC was three times greater (0.90 +0.07 MPa) than the
value reported for E. camaldulensis by Lemcoff et al. (2002),
highlighting the extent of its osmotic adjustment capacity.
The E. grandis clone (GG) exhibited reduced Wy, , in both
cycles and a decrease in Wr in the second cycle. This sug-
gests active osmolyte accumulation in WR plants of this E.
grandis clone, particularly in spring (first drought cycle),
while recognizing that other clones may display different
behaviors. Interestingly, the lowest Wy p observed in the GG
clone contrasts with the typical drought-avoidance strategy,
which generally involves a reduction in stomatal conduct-
ance (gg) to maintain turgor, rather than altering the TLP
(Levitt 1980; Barlett et al. 2016). However, although this
clone exhibited a significant osmotic adjustment in response
to drought, it was not enough to maintain its gs compared to
the well-watered plants.

Photosynthetic and leaf morphologic responses
to drought

Drought reduced chlorophyll content in GG, GU1, and GU2
clones, while the red gum hybrids were not significantly
affected and maintained higher chlorophyll levels compared
to the other taxa, suggesting better preservation of the pho-
tosynthetic capacity under drought conditions. In agreement
with previous research, it was observed that red gum hybrids
acclimated their photosynthetic structure, including both the
photochemical and biochemical phases, to cope with pro-
longed drought, potentially exhibiting “hermetic” behavior
(Nion et al. 2024). Conversely, specific leaf area increased
during drought for all clones except GC, which showed a rel-
atively stable leaf surface-to-leaf weight ratio. The smallest
SLA increase was observed in GT, suggesting low plasticity
in this leaf trait, similar to that of GC.

Hydraulic traits and drought-response mechanisms

Regarding hydraulic traits, there were varying degrees
of percent loss in conductivity (PLC) among the clones,
depending on their stomatal behavior. In this context, red
gum hybrids exhibited the most significant decrease in
stem hydraulic conductivity (kg) due to cavitation, reach-
ing values of PLC around 85%. This value is close to the
non-return point threshold described for E. camaldulensis,
which did not resprout when the main stem reached PLC
values above 85% (Barigah et al. 2021). The higher sto-
matal conductance of red gum hybrids suggests a reduced
vulnerability to drought-induced xylem embolism, a char-
acteristic similar to that of their red gum parental spe-
cies. These species are known to develop compensatory
mechanisms that maintain hydraulic conductivity under
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water stress (Lemcoff 2002; Whitehead and Beadle 2004;
Maseda and Fernandez 2016). Indeed, E. camaldulensis
is a dehydration postponement species, losing hydraulic
conductivity at lower ¥ compared to E. grandis and other
eucalypts (Barotto et al. 2016; Ferndndez et al. 2019). The
GU clones also showed relatively high PLC values, but
these were lower than in red gums hybrids (55-62% of the
maximum PLC), with all hybrid clones demonstrating a
more risk-prone hydraulic strategy than the pure-species
GG clone (PLC around 30% under the drought treatment).

Our findings in the hybrid clones align with those of
Saunders and Drew (2022), who also reported a high-
risk hydraulic strategy linked to other GC and GU hybrid
clones. This strategy allows plants to maintain relatively
high hydraulic conductance despite the associated safety
trade-offs, mainly due to vessel diameter modifications and
functional traits of cells surrounding vessels. However,
the underlying mechanisms remain a subject of debate
(Nardini et al. 2011; Fernandez et al. 2019). In our study,
considering the clones exhibiting this “risky” strategy,
only the two white gum hybrids (GU1 and GU2) were
able to maintain high water transport capacity per unit
leaf area (i.e., similar k;_in control and water-restricted
plants) by the end of the experiment. In contrast, although
some hydraulic conductance was maintained, both red-
gum hybrids showed highly reduced hydraulic efficiency
under relatively long-lasting drought conditions. Saun-
ders and Drew (2022) reported that GC hybrids are more
resistant to embolism formation but have lower levels of
hydraulic recovery after water refilling. In our study, we
did not measure the effect of long-term water recovery to
evaluate the impact of PLC on plant’s resilience. However,
in the short term, no mortality was observed in any of the
plants, suggesting that non-recovery thresholds were not
exceeded in any case.

There is an interdependent relationship between sto-
matal conductance (gg) and hydraulic conductivity (ky),
which is crucial for maintaining plant-water status,
especially under drought conditions (Sperry et al. 2002;
Brodribb et al. 2003; Crous et al. 2018; De Kauwe et al.
2022; Johnson and Brodribb 2023). In response to drought
conditions, plants usually undergo morpho-physiologic
changes in roots (Sperry and Saliendra 1994; Carminati
and Javaux 2020; Bourbia et al. 2021), stem (Li et al.
2019), and leaves (Cochard 2002) that reduce hydraulic
conductivity, inducing stomatal closure to prevent further
xylem dysfunction. Unexpectedly, we observed increased
cavitation and reduced ky; with high transpiration rates in
GC and GT clones. This behavior may indicate a decou-
pling of the influence of ky on gg as the soil dries, as
reported in some fast-growing species (Ocheltree et al.
2016; Miillers et al. 2022), including some Eucalyptus
species (Creek et al. 2018).
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Drought response strategies and growth dynamics

As described previously, hybrid clones exhibited different
drought-response strategies compared to the GG clone,
with hybrids being more drought-tolerant and GG more
drought-avoidant. Among the hybrids, the GU clones dif-
fered in their response from GC and GT. Red-gums clones
showed a riskier strategy for hydraulic maintenance, with
higher elastic/osmotic adjustment and no changes in SLA
or chlorophyll content. GU clones displayed intermedi-
ate PLC levels and stomatal control of minimum water
potential, but no significant elastic/osmotic adjustments,
an increased SLA, and a marked decrease in chlorophyll
content under WR. Although these patterns suggest a com-
mon growth response within each group, drought reduced
height growth twice as much as diameter growth in four
of the five clones, with GC being the only genotype main-
taining both traits at control levels. This behavior indi-
cates GC’s ability to activate diverse drought-response
mechanisms. While GC exhibited high height growth
under well-watered conditions, it did not show a trade-
off between growth potential and drought resistance. In
contrast, the studied GT clone, similar to GC in its toler-
ance strategy, showed a substantial growth reduction under
drought, resembling the avoidant GG clone. Among GU
hybrids, GU2 was particularly drought-sensitive based on
its growth reduction, but the physiologic measurements
could not explain this particular response.

Conclusions

This study identified varying drought responses among
the studied GG, GC, GT, and GU hybrid clones, leading
to different growth capacities under both control and water
restricted conditions. While all clones exhibited strategies
ranging from water spenders to water savers, only the GC
clone maintained high growth under drought. One GU clone
(GU1) showed relatively low growth reduction, particularly
in height, highlighting the need to explore the physiologi-
cal differences between GU1 and the more sensitive GU2.
Overall, hybrid clones outperformed GG in growth under
both conditions; however, significant variation exists among
clones, and no single strategy can reliably predict growth
under drought. Ongoing research aims to examine the impact
of drought on wood anatomy to better understand the under-
lying drought-response mechanisms.
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3. Anatomia funcional del xilema en especies puras v clones hibridos
interespecificos de Eucalyptus con diferente resistencia a la sequia

3.1. Resumen

Los eventos climaticos extremos amenazan la resiliencia de las plantaciones de
Eucalyptus; sin embargo, el cruzamiento con especies tolerantes a la sequia podria
mejorar la resistencia al estrés. En este estudio se analizaron respuestas anatomicas y
funcionales del xilema frente a la sequia en clones comerciales de Eucalyptus grandis
(GG) y sus hibridos: E. grandis x camaldulensis (GC), E. grandis x tereticornis (GT)
y E. grandis *x urophylla (GU1, GU2). Se evaluaron caracteristicas de los vasos
(transporte de agua), fibras (soporte mecéanico) y densidad de la madera (D) en tallos
y ramas. También se estimd la conductividad hidraulica tedrica del tallo (kstneo), la
fraccion de lumenes (F), la composicion de los vasos (S) y sus asociaciones con datos
previos de hidraulica y crecimiento. Se observaron diferentes respuestas a la sequia
entre genotipos. El clon GC presentd un perfil caracteristico en los ajustes del xilema
que explicaria su mayor desempefio bajo diferentes condiciones de riego. Los hibridos
de eucalipto colorado (GC, GT) mantuvieron la ksieo durante la sequia, con un valor
estable de F y vasos de menor didmetro promedio, particularmente en las ramas. En
cambio, GG y GU2 mostraron una reduccion de F y S. Ademas, la ksmeo en los tallos
disminuy6 a pesar de mostrar valores similares de F, lo que indicaria una
reconfiguracion vascular que ajusta el xilema del tallo hacia una configuracion mas
similar con el xilema de la rama. Casi todos los clones aumentaron la densidad de la
madera bajo sequia, en ambos 6rganos, con el mayor incremento en los hibridos de
eucalipto colorado. Estos resultados revelan la activacion de distintos ajustes
anatomicos frente a la sequia entre los clones, lo que explica parcialmente sus
respuestas en crecimiento.

Palabras clave: Eucalyptus grandis, estrés hidrico, conductividad hidraulica,

elementos xilematicos, densidad de madera
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Abstract

Climate extremes threaten the resilience of Eucalyptus plantations, yet hybridization with
drought-tolerant species may enhance stress tolerance. This study analyzed xylem anatom-
ical and functional drought responses in commercial Eucalyptus grandis (GG) clones and
hybrids: E. grandis x camaldulensis (GC), E. grandis X tereticornis (GT), and E. grandis x urophylla
(GU1, GU2). We evaluated vessel traits (water transport), fibers (mechanical support), and
wood density (D) in stems and branches. Theoretical stem hydraulic conductivity (Ksgheo),
vessel lumen fraction (F), vessel composition (S), and associations with previous hydraulic
and growth data were assessed. While general drought responses occurred, GC had the
most distinct xylem profile. This may explain it having the highest performance in different
irrigation conditions. Red gum hybrids (GC, GT) maintained kg, under drought, with
stable F and a narrower vessel size, especially in branches. Conversely, GG and GU2
reduced F and S; and stem Kgy},¢, declined for a similar F in these clones, indicating vascular
reconfiguration aligning the stem with the branch xylem. Almost all clones increased D
under drought in any organ, with the highest increase in red gum hybrids. These results
reveal diverse anatomical adjustments to drought among clones, partially explaining their
growth responses.

Keywords: Eucalyptus grandis; water stress; hydraulic conductivity; xylem elements;
wood density

1. Introduction

Eucalyptus species cover over 20 million hectares worldwide due to their high pro-
ductivity and adaptability [1]. In the subtropical and warm-temperate regions of South
America, Eucalyptus grandis is widely cultivated for its superior pulp and timber yields.
However, an increasing occurrence of droughts, frosts, and heatwaves [2,3] threatens plan-
tation resilience, particularly during early growth stages. Consequently, breeding programs
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prioritize genotypes exhibiting traits linked to abiotic stress tolerance, such as efficient wa-
ter use, sustained hydraulic function, and stable growth under adverse conditions. Within
this context, hybridization with drought-tolerant red gums (E. camaldulensis, E. tereticornis)
and E. urophylla is commonly used to enhance adaptability and productivity.

Balancing xylem hydraulic efficiency and safety is a fundamental physiological strat-
egy that allows plants to maintain function, survive, and remain productive under drought
conditions [4-6]. During water stress, increased xylem tension frequently induces cavitation
and embolism, which reduce hydraulic conductivity and limit gas exchange and carbon
assimilation. The potentially severe consequences of this process, including hydraulic
failure and plant mortality, underscore the importance of understanding the trade-off
between efficiency and safety in xylem function [4,7]. In angiosperms, susceptibility to
hydraulic dysfunction is closely linked to anatomical features such as vessel diameter, ves-
sel grouping, and pit membrane structure, which collectively influence both conductivity
and resistance to cavitation [8,9]. Vessel wall reinforcement also plays a critical role in
preserving conduit integrity under negative pressure [8], while fibers primarily provide
mechanical support, although they may also contribute to sustaining hydraulic function
under stress [10-12].

Overall, vessel wall reinforcement and thicker fiber walls contribute to increase wood
density, a trait generally associated with enhanced xylem safety under negative pressure
conditions [8]. In response to drought, many woody species exhibit anatomical adjustments
that favor a safer xylem structure—such as a reduced vessel diameter or increased cell
wall thickness—often at the cost of lower transport efficiency, typically quantified as
specific hydraulic conductivity (ks) [13-16]. This trade-off between hydraulic safety and
efficiency is a central principle in plant hydraulic architecture [17], and elucidating its
underlying mechanisms is essential for understanding species-specific responses to water
stress [18-20]. In this context, structural traits such as the lumen fraction (F) and vessel
composition (S) are particularly informative, as they influence both the water transport
capacity and vulnerability to embolism. These integrative traits offer valuable insights into
how plants coordinate hydraulic function in response to environmental variability [21].

The Eucalyptus genus, comprising over 700 species, exhibits a wide range of hydraulic
strategies to cope with drought. In a comparative study of 31 species along an aridity
gradient, Pfautsch et al. [22] reported that species native to drier environments tend to
develop narrower vessels and denser wood. These traits are typically associated with lower
theoretical specific hydraulic conductivity (i.e., maximum kg based on vessel dimensions),
reflecting a trade-off that favors hydraulic safety over transport efficiency. Such charac-
teristics are largely genetically determined and exhibit limited plasticity. For example,
Eucalyptus grandis displays high stem ks values due to its large vessel diameters and high
vessel area, features generally linked to a lower wood density and greater conductive
capacity. However, under water-limited conditions, E. grandis adopts a water-conservative
strategy, primarily through tight stomatal regulation and the maintenance of stable water
potentials [23-25]. In contrast, red gums such as E. camaldulensis and E. tereticornis follow a
water-spending strategy, maintaining higher rates of gas exchange and growth even under
drought stress.

The hydraulic strategy employed by red gum species involves a greater degree of
hydraulic risk. While relatively resistant to cavitation, these species often experience
significant reductions in specific conductivity due to limited stomatal regulation and
anisohydric behavior [26]. In branch wood, E. camaldulensis develops wider vessels than
E. grandis [27], a trait generally linked to lower cavitation resistance via increased pit
area, a pattern observed across several Eucalyptus species [28]. However, fast-growing
commercial genotypes may deviate from this expected safety—efficiency trade-off. For
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instance, although it possesses wider vessels, E. camaldulensis has been shown to be less
vulnerable to cavitation than E. grandis, suggesting that organ-specific deviations from the
expected trade-off may occur. Similarly, E. tereticornis combines wide vessels with high
cavitation resistance [28]. In contrast, E. urophylla, a species native to humid tropical regions,
exhibits steep conductivity losses under drought, triggering strong stomatal closure and
reduced gas exchange [29]. This response reflects xylem vulnerability, comparable to that
observed in the fast-growing E. grandis.

Interspecific hybrids can exhibit anatomical and physiological traits that are interme-
diate or even superior to those of their parental species [30]. In E. grandis and its hybrids,
hydraulic performance shows considerable genotypic variation, which influences their
capacity to tolerate drought. In South Africa, hybrid clones differed from E. grandis in
growth efficiency and canopy dieback under severe drought, despite displaying only mod-
erate differences in vulnerability to cavitation [31]. Similarly, a previous study conducted in
Uruguay reported high in situ levels of cavitation in Eucalyptus hybrids with red gum parent-
age, with percent loss of conductivity (PLC) reaching up to 85%, despite their presumed
lower vulnerability. This unexpected behavior was attributed to weak stomatal control,
combined with osmotic and elastic adjustments that allowed continued growth under both
well-watered and drought conditions [32]. Hybrids such as E. grandis x E. camaldulensis
and E. grandis x E. urophylla may thus adopt high-risk hydraulic strategies under water
deficit [33]. However, it has been shown that among hybrids sharing E. urophylla parentage,
drought vulnerability can vary considerably, despite similar wood anatomical features [34],
thus suggesting that hybridization can lead to rather unpredictable functional combina-
tions. Moreover, although drought-induced xylem downsizing and increased tissue density
have been observed in E. grandis, the functional significance of these responses in hybrid
genotypes remains unclear [35].

Most studies on xylem hydraulics have focused on a single organ—leaves, branches,
stems, or roots—despite substantial anatomical and functional variation along the plant
axis. In addition to vessel tapering that facilitates vertical water transport, some Eucalyptus
species, including E. grandis, exhibit hydraulic decoupling between stems and branches
as an adaptive response to drought. In E. grandis, stems typically contain large-diameter
vessels and exhibit high specific conductivity, supporting rapid water transport and growth.
In contrast, the vessel diameter in branches declines markedly along the vertical axis,
from approximately 250 um at the base to 20 um at the distant ends [36]. While narrower
vessels generally confer greater resistance to cavitation [37], E. grandis branches possess
anatomical features such as larger pits [27] and thinner pit membranes [36], which enhance
hydraulic conductivity but increase vulnerability to embolism. As a result, E. grandis often
sheds branches during severe drought, a response interpreted as a means of protecting the
stem from embolism propagation. This branch abscission strategy was not observed in
E. globulus or E. camaldulensis, which exhibited greater resistance to cavitation at the branch
level [27]. These organ-specific differences in vulnerability highlight the importance of
assessing the whole-plant hydraulic architecture when evaluating drought responses and
tolerance strategies in Eucalyptus [38].

Given its dual role in mechanical support and water transport, the wood-specific
density is another key trait linked to the hydraulic function and drought response. In
Eucalyptus species, wood density ranges from 400 to 1000 kg m~3 and varies across plant
organs [21,39], potentially influencing hydraulic efficiency and vulnerability. Although
differences in wood density between stems and branches are commonly reported, their
direction and magnitude remain inconsistent across studies [40-43], suggesting complex
underlying mechanisms that may depend on species-specific strategies, developmental
stage, or environmental condition. Overall, the relationships among clonal drought resis-
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tance, xylem anatomical traits, wood density, and the coordination of hydraulic properties
across different organs remain poorly understood [44—46].

The objective of this study was to investigate the anatomical and functional responses
of xylem to drought in commercial clones of Eucalyptus grandis and interspecific hybrids of
E. grandis x camaldulensis, E. grandis X tereticornis, and E. grandis X urophylla grown under
controlled greenhouse conditions. Despite the ecological and commercial importance of
these genotypes, there is a significant knowledge gap regarding how such anatomical and
physiological traits diverge between E. grandis and its hybrids, particularly in the context
of drought stress. In previous work, we characterized the different physiological strategies
employed by these genotypes to cope with water deficit [32]. Here, we advance on the
wood anatomical traits that may underlie or help explain the differential drought responses
previously observed.

We hypothesized that clone-specific differences in the size and arrangement of conduc-
tive (vessels) and supportive (fibers) cells under drought would contribute to variations in
hydraulic performance and wood density in stems and branches, thereby affecting water
supply to the foliage and plant growth under varying water availability regimes. These
anatomical differences may reflect distinct drought-response strategies among Eucalyptus
grandis and its interspecific hybrids, with direct implications for water transport efficiency
and growth under contrasting moisture regimes. Understanding hydraulic differentiation
and xylem plasticity among genotypes is essential for elucidating drought adaptation and
guiding the selection of resilient genotypes for water-limited environments.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

This study was conducted at the Department of Plant Biology, Centro Universitario
de Tacuarembé, Uruguay (31.73° S, 55.97° W), using Eucalyptus clones widely cultivated
in Uruguay, South America. The plant material consisted of rooted cuttings of Eucalyptus
grandis (GG), E. grandis x camaldulensis (GC), E. grandis x E. tereticornis (GT), and E. grandis
x E. urophylla (GU1 and GU?2), propagated in a clonal nursery operated by Lumin Forestry
Company. Cuttings were initially grown in a controlled environment (20-22 °C; 90%—95%
relative humidity) in 120 cm? tubes filled with inert substrate and periodically watered
with a Biorend® nutrient solution (10 cm® L~1) (Bioagro S.A., Tierra del Fuego, Chile). After
five months, plants were transplanted into 3 L pots containing Carolina Soils® substrate
(Carolina Soil do Brasil Ltda., Santa Cruz do Sul, RS, Brasil). At six months of age, the
plants were transferred into 18 L plastic pots and moved to the experimental greenhouse
for acclimation to its specific environmental conditions.

2.2. Experimental Design and Treatments

A split-plot experimental design was employed to evaluate drought responses across
two cycles. The main plots consisted of two watering treatments—water restriction
(drought) and well-watered control—both applied uniformly across the entire plot. Within
each main plot, subplots consisted of five Eucalyptus clones (GG, GC, GT, GU1, GU2). The
experiment comprised two drought cycles, each lasting 60 days and separated by a 15-day
recovery period, conducted between 29 October 2019 (austral spring) and 22 March 2020
(early autumn). The first drought cycle (29 October 2019-2 January 2020) was followed by
arecovery period, after which the second cycle was applied (18 January-22 March 2020).

Each treatment x clone combination included six individual plants, totaling 60 plants.
These were randomly assigned within four rows of 15 plants each to minimize spatial
variability. This design allows for the assessment of the main effect of watering treatment,
the effect of clones, and their interaction.
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Irrigation was supplied automatically via a drip system twice daily (6:30 and 19:30 h)
for 15 min per session. The system employed two opposing emitters positioned 5 cm below
the substrate surface, each with a flow rate of 8 mL min . Plants classified as well-watered
(WW) received enough irrigation to compensate for the losses caused by evapotranspiration
entirely. In contrast, water-restricted (WR) plants were supplied with 30% of that amount,
a previously validated level for applying drought stress in these genotypes.

Water loss was periodically measured for each pot using gravimetric assessments [32].
During the recovery period, all plants were irrigated at the WW rate. Substrate water
content (0, %, w/w) was measured biweekly during drought cycles using a time-domain
reflectometry sensor (Decagon®, Pullman, WA, USA). Air temperature (T, °C) and relative
humidity (RH, %) were measured at 15 min intervals throughout the experimental period
using an RHT10 sensor (Extech Instruments Corp., Nashua, NH, USA) positioned 1 m
above the ground. Data were used to calculate the air vapor pressure deficit (VPD, kPa)
following the method described by [47]. Within each drought cycle, plant water status and
physiological parameters were measured over a one-week period at the beginning and end
of each cycle. More details are provided in [32]. The air vapor pressure deficit (VPD, kPa)
during the experimental period presented mid-morning and midday averages ranging
from 4 to 5.5 kPa. Soil moisture levels were maintained below 10% in all water-restricted
plants and above 35% under well-watered conditions.

2.3. Sample Processing

For this study, anatomical analyses were conducted on stem and branch wood tissue
collected at the end of the second drought cycle. From each plant, one stem segment
(basal section) and one branch segment were sampled. The branch segment was taken
from the proximal portion of a subapical branch—i.e., the section closest to the stem. Both
segments measured 6-8 cm in length. In branches, all growth occurred during the water
stress treatment. In stems, growth started before the experiment; however, the wood
formed before and after treatment was not separated. Nevertheless, over two-thirds of
stem growth occurred during the treatment (Section S4). As these are diffuse-porous
species, distinguishing between pre- and post-treatment growth is technically challenging,
which may reduce the precision of radial growth estimates (more details are provided in
Section S4).

Cross-sections of each segment, 15-18 pum thick, were obtained using a manual mi-
crotome (Euromex® MT 5501, Euromex Microscopen BV, Duiven, The Netherlands) and
stained with a 0.5% (v /v) safranin solution, followed by rinsing in distilled water. Images
of the stained sections were captured to measure vessel dimensions, using an AmScope®
MUB853B digital camera (United Scope LLC, Irvine, CA, USA) mounted on an Olympus®
CX21-9 light microscope (Olympus Corporation, Tokyo, Japan) (see Appendix A for exam-
ples of cross-section images).

Macerates were prepared to evaluate the anatomical traits related to fibers. Three
wood samples (30 mg each) were taken longitudinally from stem and branch segments.
The samples were placed in glass test tubes containing a 1:1 (v/v) mixture of acetic acid and
hydrogen peroxide and incubated at 60 °C for 24 h to ensure complete fiber dissociation.
After incubation, samples were rinsed three times with distilled water. A 1 mL aliquot
was then taken from each tube and stained with a 0.5% (v/v) safranin solution. A drop
of the stained suspension was mounted on a glass slide for light microscopy. Images of
each sample were captured using the previously described digital camera mounted on the
microscope (see Appendix A for examples of cross-section images).
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2.4. Wood Basic Density

Basic density (D, g cm™>) of each stem or branch segment was calculated as the
ratio of oven-dry mass (m) to saturated volume, i.e, D = m/V, assuming a water
density of 0.9983 g cm™> at 20 °C. Samples were first carefully debarked and immersed
in distilled water for 72 h to ensure saturation. Saturated volume was determined by
water displacement, with samples blotted before submersion. Subsequently, samples were
oven-dried at 105 =+ 2 °C until a constant mass was reached and then weighed to determine
their dry mass. Data were used to calculate the branch-to-stem density ratio (Difys, %) as
[(Dbranch — Dstem) /Dstem] x 100.

2.5. Xylem Anatomical Variables

Images captured from stained cross-sections were analyzed using ImagePro® Plus
software, version 6.3 (Media Cybernetics, Rockville, MD, USA). Three images, each covering
an area of 0.723 mm?, were taken from each sample to quantify the mean vessel diameter
(Vd, um), maximum vessel diameter (Vdmayx, 1tm), minimum vessel diameter (Vdpn,
um), average vessel range (Vdif = Vdmax — Vdmin, pm), and mean vessel area (Va,
um?). The number of vessels per image was recorded to calculate the vessel density (N,
n° mm~2). Using these measurements, the vessel lumen fraction (F = Va x N, unitless),
which reflects the relative area available for water transport, and the vessel composition
(S = Va/N, mm?* ), representing the average vessel size within that area, were calculated
following the approach described in [21].

Theoretical hydraulic conductivity (ksy,e,) was determined based on the Hagen—
Poiseuille law as Ksypeo = (and“‘)/(;/ 128N) (kg m~! MPa~! s71), where Vd is the
vessel diameter (m), 1 is the dynamic viscosity of water at 20 °C (1.002 x 10~ MPa~! x s71),
pis the density of water at 20 °C (998.3 kg m—3), and N is the vessel density.

Images obtained from macerates were analyzed to assess fiber length (Fl, um; n = 60
per sample), fiber total diameter (Ftd, um; n = 60 per sample), and fiber lumen diameter
(Fld, um; n = 60 per sample) using AmScope ToupView 3.7 version (2022) Data were used
to calculate the fiber lumen fraction(Ff = Fld/Ftd, unitless), and fiber wall thickness
(Fwt, um), calculated as the difference between Ftd and Fld, divided by two (i.e., single
wall thickness).

2.6. Hydraulic Conductivity

Stem hydraulic conductivity (kp,, kg s~! m MPa~!) was measured in 60 plants at the
end of the second drought cycle. To minimize sampling-induced cavitation, plants were
irrigated the evening before harvest. Subapical shoot segments were collected the following
day, defoliated underwater, and trimmed 30 cm from the apex. Hydraulic conductivity
(k) was determined using the pipette method [48], followed by maximum conductivity
(khmax) after embolism removal via pressurized perfusion. Percent loss of conductivity
(PLC) was calculated as PLC = [(1 — ki /Knmax)] X 100. Specific conductivity (ks, kSmax,
kgs~! m~! MPa~!) was normalized by cross-sectional area. Further methodological details
are available in [32].

2.7. Plant Growth

Plant height (Ht, cm) and stem diameter at ground level (®, mm) were measured
for all 60 plants. Relative growth (RG, %) was calculated as the percentage change in Ht
and @ from the beginning of the experiment and the end of the second drought cycle as
RG = [(Gn —Gp-1)/(Gp-1)] X 100, where G represents the plant height (Ht) or diameter
(®). For more details on the methodology, see [32].
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2.8. Statistical Analyses

To test the hypothesis of differential clonal responses to drought, two-way ANOVA
was performed for each variable, considering the effects of the clone, water regime, and
their interaction. Assumptions of normality and homogeneity of variances were assessed
using the Shapiro-Wilk and Levene’s tests, respectively. When significant main effects
or interactions were detected, post hoc comparisons were conducted using Tukey’s test
(p <0.05). For variables violating ANOVA assumptions, the non-parametric Kruskal-Wallis
test was applied, followed by Dunn’s test for pairwise comparisons. Proportional data
was arcsine square-root transformed prior to ANOVA. All analyses were conducted using
InfoStat® software version 2020 (InfoStat Group, Cérdoba, Argentina) [49]. Relationships
between anatomical variables and wood density were examined by multiple linear regres-
sion. The influence of the lumen fraction (F) and vessel spatial composition (S) on the
theoretical specific conductivity (ksgheo) of branches and stems across clones and treatments
was explored via linear or non-linear regression analyses.

To assess the relationship between multiple xylem traits and overall plant performance
under well-watered and drought conditions, multivariate analyses were conducted. Due to
missing data in some variables, only individuals with complete records across all measured
traits (29 variables) were selected, retaining three to four individuals per clone and treat-
ment. A small number of remaining missing values (29 out of 957) were imputed using the
mean of the other individuals from the same clone and treatment. A correlation matrix was
first computed to exclude variables with high correlations (Pearson’s r > 0.7), resulting
in a final set of 22 variables. These were used to perform an exploratory cluster analysis
based on standardized data, using the Euclidean distance and the Ward.D linkage method
in Navure Professional Version 2.6.1 software [50], which was also used for the correlation
analysis. Subsequently, a principal component analysis (PCA) was performed in RStudio
version 2025.05.1+513 [51] using the FactoMineR package v2.11 [52], along with Factoextra
v1.0.7, Factoinvestigate v1.9, and additional packages (ggplot2, v3.5., dplyr v1.14, tibble
v3.2.1) for data handling and graphical representation.

3. Results
3.1. Wood Density

Wood density varied among genotypes and between plant organs. Red gum hybrids
(GC and GT) exhibited a stem wood density approximately 20% higher than Eucalyptus
grandis clones (GG) (p < 0.0001), with mean values of 0.500 and 0.401 g cm™~3, respectively.
The GC clone exhibited the highest wood density in both stem and branches. GU hybrids
presented intermediate values, approximately 10%-12% lower than those of GC and GT. On
average, branch wood was 25% denser than stem wood across genotypes. The largest pro-
portional difference between stem and branch density was observed in the E. grandis clone
(34%), calculated between stem wood density, which was not affected by the treatment,
and branch wood density under drought conditions. In contrast, the smallest difference
occurred in GC under the same treatment (13%) (Table 1).

Drought increased wood density—considering stems and branches combined—across
all genotypes, with the greatest relative increase (30%) observed in the GG clone. When
analyzing organs separately, branches showed a stronger response to water deficit, exhibit-
ing an average wood density increase of 11% across the clones, compared to a 5% increase
in stems. Only the red gum hybrids showed a significant stem wood density increase of
approximately 10% under drought conditions. In contrast, branch wood density increased
in all clones except for GC (Table 1).
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Table 1. Mean stem and branch basic wood density (D, g cm™3) in E. grandis (GG), E. grandis x camal-
dulensis (GC), E. grandis x tereticornis (GT), and E. grandis x urophylla (GU1 and GU?2) clones under
well-watered (WW) and water-restricted (WR) conditions. The proportional difference between or-
gans (Difys, %) was calculated for each clone and treatment as [(Dbranch — Dstem) /Dstem] x 100.
Data are presented as mean + standard error (SE). Different lowercase letters indicate statistically
significant differences within each clone for a given treatment (ANOVA, p < 0.05).

Clone Water Regime St]e)n:n\;\ikt);d Bra];lzlt:s‘i!\tl;)od Dify,g (%)
WwW 0391+0013a 0499 +0.044b 27.62
GG WR 0412+0013a  0.603+0.040a 4636
ww 0.465+0028b  0.620+0025a 3333
Ge WR 0516+0.032a  0.624+0043a 2132
ww 0481 +0020b 0543 +0.029b 1289
1 WR 0525+0017a  0.627+0.024a 1943
ww 0443+0009a 0519 +0035b 1716
Gl WR 0459+0010a  0.600 +0.036 a 3072
ww 0416+0014a  0524+002%a 2596
Gu2 WR 0.440 +0.013 a 0.528 +0.027 a 2000

3.2. Xylem Anatomical Traits
3.2.1. Variation in Vessel Characteristics

At the stem level, vessel density (N) increased under drought conditions (p < 0.0001)
by an average of 60%, ranging from 50 to 64 vessels mm ™2 in water-stressed plants. The
greatest increase was observed in the red gum hybrids (reaching up to 75%), followed by
the E. grandis clone (Table 2). Vessel diameter (Vd) was reduced (p = 0.0007) under water
restriction in red gum hybrids (17%) and GG clones (12%), while the GU hybrids showed no
response. As observed in Vd, vessel lumen area (Va) significantly decreased (p = 0.0222) in
drought-stressed plants of GG and GC, with the most pronounced decrease (35%) found in
GC. Additionally, the difference between maximum and minimum vessel diameter (Vdif),
an indicator of lumen size uniformity, was reduced by 21% on average (p = 0.0134). The
vessel composition within the sapwood (S) declined under drought (H = 25.86, p = 0.0021),
except in the GU1 clone, where no change was observed. Notably, the drought-induced
reduction in S was twice as large in red gum hybrids and GU1 compared to the E. grandis
clone. The vessel lumen fraction (F) also declined under drought, particularly in GG
(p =0.0088) and GU clones (p = 0.0248), with an average decrease of 25%. F remained
unchanged in the red gum hybrids (Table 2).

Drought affected branches differently than stems. Vessel density (N) increased under
water restriction, but this response was limited to the GG clone (p = 0.010). Conversely,
vessel diameter (Vd) was significantly reduced in the GG (p = 0.0114) and GU2 (p = 0.0027)
clones. Unlike stems, Vd in the GT clone’s branches remained unaffected by drought, and
no significant changes in the vessel lumen area (Va) were detected in any clone. Vessel
diameter variation (Vdif) also exhibited organ-specific patterns, decreasing in branches of
GC (34%) and GT (30%) hybrids, whereas in stems, this reduction was restricted to GC only.
Vessel composition (S) followed a similar organ-specific trend, showing an average 36%
reduction in branches of both GU hybrids under drought (p = 0.0409; Table 3). In contrast,
the reduction was only observed in stems for GU2 (Table 2).
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Table 2. Mean stem vessel density (N, n® mm~2), vessel diameter (Vd, um), difference between
maximum and minimum vessel diameter (Vdif, um), vessel lumen area (Va, pm?), lumen fraction (F),
vessel size distribution (S, mm?), fiber length (um), fiber diameter (Ftd, pum), fiber lumen diameter
(FId, um), fiber lumen fraction (Ff), and fiber wall thickness (Fwt, um) in E. grandis (GG), E. grandis
x camaldulensis (GC), E. grandis x tereticornis (GT), and E. grandis x urophylla (GU1 and GU2)
clones under well-watered (WW) and water-restricted (WR) conditions. Data are presented as mean
+ standard error (SE) or median with interquartile range (IQR), according to data distribution.
Lowercase letters denote significant differences between treatments within each clone (p < 0.05),
determined by Tukey’s HSD test for parametric variables (N, Vd, Vdif, F, Ftd, Fld, Ff) and Dunn’s
post hoc test for non-parametric variables (Va, S, Fl, Fwt).

Conductive Elements Biomechanical Support

Clone  Water O vd Vdif Va F s Fl Ftd Fld Ff Fwt
Regime i) (um) (um) (um?)  (Unitless) (mm?) (um) (um) (um)  (Unitless)  (um)
G Ww 35.03b 141.40a 133.82a 19,099a 019a 45x107*a 72827a 22.14a 1405a 0.63 a 4.05b
WR 61.37a 11636b 123.37a 14498b 0.15b 19x10*b 64739b 1632b 5.80b 036b 526a
GC Ww 36.17b 140.32a 154.24a 1828la 0.18a 38x10%*a 7973la 1943a 928a 048 a 5.08 a
WR 63.75a 11547b 12724b 12,361 b 015a 15x107*b 804.62a 1488b 4.64b 0.32b 512a
ar WwW 3425b 137.18a 136.29a 21,635a 021a 48x10%a 79697a 1583 a 743 a 047 a 423a
WR 53.60a 11756b 135.75a 17,650a 018a 29x107*b 75449a 1238b 5.53b 045a 429a
aul WwW 4581 b 113.99a 162.30a 16297a 023a 29x107*a 72165a 17.16a 1098a 0.64a 3.14a
WR 62.73a 115.98a 151.81a 16,181a 0.16 b 21x107*a 669.08b 1470b  6.99b 0.58 a 3.86a
cu2 WwW 3497b 130.94a 152.82a 17,705a 022a 42x107*a 70504a 1748a 1035a 0.60 a 347 a
WR 55.60 a 113.39a 147.44a 15602a 0.18b 23x107*b 593.60b 1424Db 6.98b 049a 3.63a
SE 4.28 4.70 13.29 1409 0.015 0.50 x 10~* 25.12 0.43 0.67 0.03 040
Table 3. Mean branch vessel density (N, n® mm2), vessel diameter (Vd, um), difference between
maximum and minimum vessel diameter (Vdif, um), vessel lumen area (Va, um?), lumen fraction (F),
vessel size distribution (S, mm®), fiber length (um), fiber diameter (Ftd, um), fiber lumen diameter
(Fld, pm), fiber lumen fraction (Ff), and fiber wall thickness (Fwt, um) in E. grandis (GG), E. grandis x
camaldulensis, E. grandis x tereticornis, and E. grandis x urophylla clones under well-watered (WW)
and water-restricted (WR) conditions. Data are presented as mean values + standard error (SE)
or median with interquartile range (IQR), according to data distribution. Lowercase letters denote
significant differences between treatments within each clone (p < 0.05), determined by Tukey’s HSD
test for parametric variables (N, Vd, Vdif, E Ftd, Fld, Ff) and Dunn’s post hoc test for non-parametric
variables (Va, S, Fl, Fwt).
Conductive Elements Biomechanical Support
Clone  waer (I:D vd Vdif Va F S F1 Ftd Fld Ff Fwt
Regime Ra (um) (um) (um?)  (Unitless) (mm?) (um) (um) (um)  (Unitless)  (um)
G Ww 80.36 b 101.36a  92.03a 9661 a 025a 92x107%a 59307a 12.04a 633 a 046 a 374a
WR 109.56a 77.06b 97.85a 9335a 015a 96x10"°a 477.07b 1252a 550 a 046a 325a
Ge WwW 89.93a 8740a 83.78a 7080 a 015a 62x105a 636.08a 1327a 622 a 047 a 352b
WR 82.17a 86.14a 5516 b 7526 a 015a 65x10%a 590.76a 1328a 536a 041b 3.96a
aT Ww 83.17a 9821a 99.99a 9362 a 013a 98x10%a 64894a 1499a 59%a 040a 4.04b
WR 82.13a 8444a 7047 b 6698 b 017 a 63x109a 61659a 1266b 459b 036b 452a
aut WwW 7470 a 9747a  105.62a 8876 a 017 a 93x10°a 59767a 1204a 478a 040a 3.63a
WR 85.93a 90.15a 96.21a 8240 b 0.14b 71x105b 47276b 1252a 5.07 a 040a 373a
G2 Ww 81.17a 9770 a 80.12a 9109 a 017 a 87x10%a 563742 1238a 422a 0.30a 371a
WR 87.33a 7743 b 63.23a 5843 b 0.12b 57x1075b 43404b 1345a 450a 034a 4.04a
SE 9.30 3.90 11.11 637 0.02 4.76 x 107¢ 16.79 0.99 0.70 0.03 0.39
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3.2.2. Anatomical Characteristics of Xylem Fibers

In stems, fiber length (Fl) varied significantly among clones (p < 0.0001) and between
water regimes (p = 0.024). However, red gum hybrids, which exhibited the highest Fl,
were not affected by the drought treatment in this variable (Table 2). Fiber diameter (Ftd)
decreased markedly under drought conditions (p < 0.0001), with the most significant
reductions observed in E. grandis (28%) and the GC clone (25%). The GC clone also had the
highest Ftd (19.23 4 0.82 um), whereas the lowest was recorded in GT (14.11 & 0.82 um).
A similar but more pronounced pattern was observed for fiber lumen diameter (Fld),
with the GG clone showing a 50% reduction from 14.05 um in well-watered plants to
5.80 & 0.70 um under drought. The clones exhibited a reduction in the fiber lumen fraction
(Ff) of varying degrees, with significant differences in GC and the most pronounced in the
GG clone (Table 2). Additionally, GG was the only clone to show an increase in fiber cell
wall thickness (Fwt) under drought, with a 30% rise (Table 2).

In branches, fiber length (Fl) was also highest in the red gum hybrids, averaging 15%
greater length than in the other clones, and—as observed in stems—remained unaffected by
water drought. In contrast, the remaining clones exhibited a 21% reduction in Fl (p < 0.0001).
The GT hybrid was the only clone to exhibit significant reductions in fiber diameter (Ftd),
fiber lumen diameter (Fld), and fiber lumen fraction (Ff), accompanied by a 12% increase
in fiber wall thickness (Fwt) in response to drought. A similar increase in Fwt was also
observed in the GC clone (Table 3).

Overall, drought caused greater anatomical variation in stems than in branches, par-
ticularly in terms of fiber traits. In stems, drought led to reductions in fiber diameter and
fiber lumen size across clones, while an increase in cell wall thickness was exclusive to
GG. In branches, fiber length remained stable in red gum hybrids, which also exhibited an
increase in Fwt. In contrast, reductions in Ftd and Fld under drought were detected only in
the GT hybrid.

3.3. Relationship Between Anatomical Traits and Wood Density

The models developed to predict wood basic density using stem and branch data
identified stem fiber length (Fl) and total fiber diameter (Ftd) as significant predictors
of stem wood density in the studied clones. These variables had the highest associated
t-values, indicating a stronger contribution to the model. Both showed a positive linear
relationship with wood density (Table 4). In contrast, the model for branch wood density
did not yield statistically significant coefficients (p > 0.05).

Table 4. Coefficients and associated statistics from multiple linear regression models predicting stem
wood density based on anatomical variables in stems of E. grandis (GG), E. grandis x camaldulensis,
E. grandis x tereticornis, and E. grandis x urophylla clones under well-watered (WW) and water-
restricted (WR) conditions.

Predictor

Variable Coef SE LI (95%) LS (95%) t p-Value R2
const 422.11 6.55 287.60 556.61 6.44 <0.0001
Fwt 9.53 5.61 -198 21.05 1.70 0.1009

Fl 0.17 0.07 0.02 0.32 237 0.0254 0.58
Ftd -11.15 221 —15.67 —6.62 -5.06 <0.0001
vd 0.37 0.33 -031 1.05 112 0.2733

3.4. Theoretical Hydraulic Conductivity

Under drought conditions, the theoretical specific hydraulic conductivity (ksyeo)
decreased significantly in both stems (H = 29.45, p = 0.00054) and branches (H = 24.89,
p=0.0031). However, the magnitude and significance of this reduction varied between
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plant organs and among clones. In stems, significant decreases were observed in the
clones GG, GC, and GU2, with GU2 showing the most pronounced decline (up to 64%). In
branches, significant reductions in ksg,e, occurred in water-stressed plants of the GG, GU1,
and GU2 clones. It is worth noting that the E. grandis clone (GG) exhibited the most severe
decline overall, with a 67% reduction in branches (Table 5).

Table 5. Mean theoretical hydraulic specific conductivity (KSgheo, kg s~ m~1 MPa~1) in stems
and branches of E. grandis (GG), E. grandis x camaldulensis (GC), E. grandis x tereticornis (GT), and
E. grandis x urophylla (GU1 and GU2) clones under well-watered (WW) and water-restricted (WR)
conditions. Values are presented as mean =+ standard error (SE). Different lowercase letters indicate
significant differences between treatments within each clone (ANOVA, p < 0.05).

Stem 5
Clone RWa.ter Theoretical ks lilr(ancill'lhf(;r:;;)c al:()s
egime (kgs—1 m-1 MPa-1) gs 1m a
wWw 742 +084a 214+ 039a
GG WR 346 +092b 071+0.16b
wWw 7.20 + 1.03a 107+ 011a
GG WR 332+ 051b 110+ 0.11a
wWw 654+ 093a 1.06 + 048 a
GI WR 459 £058a 180+ 021 a
wWw 600 +1.13a 168+ 0.26a
G WR 3.60 + 0.82a 133+ 0.07b
ww 8.66 +1.28a 166+ 0.11a
G2 WR 313+ 064b 075+ 015b

In the same plants, the maximum specific hydraulic conductivity (ksmax) was mea-
sured in apical stem segments after embolism removal, as previously reported by [32]. A
significant correlation (Pearson’s r) was found between measured stem ksmax and theoreti-
cal ks across all clones and treatments (r = 0.60; p = 6.8 x 10~°). Clone-specific analyses
revealed the strongest correlation in GU1 (r = 0.86; p = 0.010) and GU2 (r = 0.76; p = 0.015).
In contrast, the GC clone showed the weakest but still highly significant correlation (r = 0.51;
p =0.024), suggesting a weaker relationship between hydraulic conductivity and the stud-
ied vessel traits. Intermediate correlation values were observed in clones GG (r = 0.63;
p=0.009) and GT (r = 0.67; p = 0.007). Similar correlations were observed between ks«
and ks, within each water regime, with r = 0.70 (p < 0.0001) under drought conditions
and r =0.65 (p < 0.0001) in well-watered plants.

Additionally, the regression slopes of these parameters versus the vessel-related pa-
rameter F, which quantifies the lumen fraction at the tissue level, were consistently lower
in branches than in stems across all clones (Figure 1A). Although F values were similar be-
tween organs within each clone (x-axis of Figure 1; mean values in Tables 2 and 3), the ksiheo
was higher in stems than in branches for a given F (Figure 1) across WW and WR plants.
However, in clones GG and GU2, the relationship between ksy,e, and F differed between
stems developed under drought and control conditions. For a given lumen fraction and
comparable variability, drought-stressed stems exhibited lower kgy,eo Values, as indicated
by reduced regression slopes (red lines in Figure 1). Despite F remaining relatively stable
or even increasing under drought, kgiheo decreased substantially, leading to functional
convergence between stressed stems and branches in these clones (Figure 1).
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Figure 1. Relationship between theoretical specific conductivity (ksgeo, kg s ' m~! MPa~!) and
vessel lumen fraction (E, unitless), and vessel composition (S, mm?*) in stems (dark blue) and branches
(orange) of five Eucalyptus clones: E. grandis (GG), E. grandis x 528 camaldulensis (GC), E. grandis x
tereticornis (GT), and E. grandis x urophylla (GU1 and GU2). Each row corresponds to a different clone;
panels A and B within each row show the respective relationships for that genotype. Regressions
lines include both well-watered and water-restricted treatments, due to consistent patterns, except
for stems of GG and GU2, which are shown separately. In these cases, light blue symbols represent
stems from well-watered plants and red symbols represent stems from water-restricted plants. Note
that Sis plotted on a log10 scale to account for magnitude differences between stems and branches.
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In contrast to F, which presents similar ranges in stem and branches, S, which quantifies
the size distribution or composition of vessels, was consistently lower in branches than
stems within each clone. Theoretical ks increased with the logarithm of S across both organs
and irrigation treatments in all clones (Figure 1B). As a whole, these results indicate that
the total amount of lumen space is not the most important determinant of conductivity but
rather how that space is distributed across different vessel sizes and numbers.

3.5. Multivariate Analyses

Exploratory cluster analysis distinguished two main groups, consisting of WW and
WR individuals of all clones. Within each group, the GC clone appeared as the most
differentiated, while the remaining clones clustered differently depending on the irrigation
treatment (Section S1). The PCA explained a relatively low percentage of variability, with
the first three principal components (PC1, PC2, and PC3) accounting for 48.1% of the total
variance (Figure 2). When irrigation treatments were not considered, the GC clone was
separated from the GG clone, being more closely associated with a higher kgmay, height
growth, stem and branch wood density, and fiber wall thickness. The confidence intervals
of both GU clones overlapped with those of the GG clone, and GT was not differentiated
from the GC clone (Section S2). When irrigation treatments were taken into account, as
in the cluster analysis, two distinct groups were separated along the x-axis: all the clones
grown under well-watered conditions clustered on the center-right, while those subjected
to water-restricted conditions were grouped on the left (Figure 2). PC1 (Dim1 in right panel
of Figure 2 and Section S2), which explained the highest percentage of the variance and
most effectively separated the two groups, was primarily associated with vessel number
(VN), vessel diameter (Vd), vessel composition (S), and fiber diameter (Ftd) in one or both
organs (stems and/or branches). Vessel number was higher in drought-stressed plants,
whereas fiber diameter was greater in well-watered individuals.

Within these general groupings, however, some clones were further differentiated,
mainly along the y-axis of the first biplot (PC1 and PC2). Among WR plants, the GC
clone (upper left) was clearly separated from the others (lower left). In addition, within
this group of four clones, the GG clone (orange in Figure 2) was distinguished from GT
(green). The WR-GC clone was associated with a higher maximum hydraulic conductivity
(ksmax), stem wood density (WD_st), and fiber wall thickness (Fwt_st), traits that reflect a
combination of high hydraulic efficiency and safety. In contrast, the WR-GG and WR-GU
clones were associated with a higher vessel number (VN) and lumen fraction (VF) in stem
tissues. Notably, in these WR clones, higher lumen fractions did not correspond to higher
theoretical ks values (Figure 1, red dots and lines).

On the other hand, among WW plants, the red gum clones (GC and GT) occupied a
similar region in the biplot and were associated with a greater diameter growth (RGd) and
longer fiber length (Fl) in both stems and branches. In contrast, the GG and both GU clones
grouped together and were associated with a broader range of vessel diameter (Vdrange)
(Figure 2). The second biplot (Dim1 and Dim3) did not distinguish clones within each
irrigation treatment; however, the two main groups remain separated along the x-axis.
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Figure 2. Principal component analysis. Left panels show biplots of PC1 (Dim1) vs. PC2 (Dim2), and
PC1 (Dim1) vs. PC3 (Dim3). Right panels display the relative contribution (larger circles and darker
color indicate larger contribution) of each trait to the first three principal components (percentages of
each contribution are provided in Sections S1-53). Points represent clone means, with confidence
intervals, under well-watered (WW) and water-restricted (WR) conditions. Colors indicate clones:
E. grandis (GG), E. grandis x camaldulensis (GC), E. grandis x tereticornis (GT), and E. grandis x urophylla
(GU1, GU2). Black diamonds represent the average of each clone irrespective of the irrigation
treatment. Vd_st: stem vessel diameter, Vd_br: branch vessel diameter, Vdrange_st: stem vessel
diameter range, Vdrange_br: branch vessel diameter range, VF_st: stem vessel lumen fraction, VF_br:
branch vessel lumen fraction, VN_st: stem vessel frequency, VS_st: stem hydraulic space index,
VS_br: branch hydraulic space index, ksmax: stem specific hydraulic conductivity after embolism
removal, Fl_st: stem fiber length, FI_br: branch fiber length, FId_br: branch fiber lumen diameter,
Ftd_br: branch fiber diameter, Ftd_st: stem fiber diameter, FF_st: stem Fld /Fdt ratio, Fwt_br: branch
fiber cell wall thickness, Fwt_st: stem fiber cell wall thickness, WD: branch wood basic density, WD_st:
stem wood basic density, RGh: plant height relative growth, RGd: stem diameter relative growth.
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4. Discussion

In this study, we investigated the effects of drought on anatomical and functional
variation in xylem traits across commercial E. grandis (GG) clones and their hybrids

E. grandis x camaldulensis (GC), E. grandis x tereticornis (GT), and E. grandis x urophylla (GU).

We assessed changes in conductive and supportive xylem elements of stems and branches
to gain a better picture of whole-plant hydraulic responses to drought. By quantifying
vessel and fiber traits, theoretical hydraulic conductivity, and wood density, we identified
structural adjustments with potential hydraulic consequences, highlighting xylem plasticity
under drought stress. These results were then analyzed in light of other functional and
performance traits of the exact clones previously reported by [32].

In that earlier work, red gum hybrids (GC and GT) exhibited higher transpiration rates,
osmotic or elastic adjustments in foliar tissues, and a greater percentage loss of conductivity
(PLC), likely due to their water-spending strategy. Despite their common physiological
patterns, superior stem growth under drought conditions was only observed in the GC
clone. In contrast, the GG clone exhibited a more drought-avoidant strategy, characterized
by tighter stomatal regulation, resulting in low in situ cavitation, as indicated by the lowest
PLC, and lower growth. GU hybrids displayed conservative water-use traits similar to those
of the GG clone. However, they achieved greater stem growth under drought, specially
GU1, suggesting a more favorable trade-off between hydraulic safety and growth [32]. In
the present study, we observed that, although all the clones showed relatively common
general responses to drought at the xylem level, differing in the magnitude rather than the
direction of the changes, xylem traits of the GC clone were the most differentiated, with
values suggesting both high efficiency (high theoretical ks) and safety (high wood density
and fiber wall reinforcement). In the following sections, we discuss the observed trends of
the studied traits in the different clones and their potential implications to explain their
performance under well-watered and drought conditions.

4.1. Response of Xylem Traits to Drought

As revealed by the individual traits integrated through the multivariate analyses, the
main variation observed in the xylem traits across clones and water availability treatments
was primarily associated with the latter: all clones clustered according to the irrigation
treatment. However, we identified some differences within them, which are discussed in
Section 4.1.1. Overall, well-watered conditions were associated with larger vessels, longer
and wider fibers, a broader range of vessel sizes (Vdif), and a higher vessel composition
(S). In contrast, drought conditions resulted in a higher wood density, thickness of fiber
walls, vessel frequency, and vessel lumen fraction (F). This general pattern was expected,
as traits associated with hydraulic efficiency were primarily expressed in clones under
well-watered conditions.

Conversely, traits associated with xylem safety were linked to clones grown under
drought conditions. This suggests that plasticity at the xylem level (both the size and
distribution of vessels and fibers and wood density) tends to maximize safety under
drought, probably resulting in a general trade-off between efficiency and safety when
considering all clones together. The significant drought-induced plasticity observed in
several traits, at least within some clones, contrasts with the lack of wood anatomical
variation between sites with contrasting aridity reported by [22], who compared seven
eucalypt species growing both in wet and dry native forest sites. However, our findings are
consistent with studies on Eucalyptus commercial genotypes, which have revealed relatively
high xylem sensitivity to water availability, particularly in vessel traits, fiber characteristics,
and wood density [53,54].

62



Forests 2025, 16,1267

16 of 25

4.1.1. Differential Responses at Clone Level

Anatomical differences among clones help explain their divergent hydraulic strategies.
In GC and GT hybrids, stem wood density was the highest, approximately 25% greater
than that of the GG clone, which exhibited the lowest values. Moreover, stem wood density
increased in response to drought in these two clones, whereas it remained unchanged in the
other three (Table 1). This increase in density was likely associated with thicker cell walls
and smaller lumen areas in conductive and/ or supportive xylem elements. Such anatomical
changes likely improved mechanical strength and enhanced resistance to cavitation under
low water potential [8,10]. Red gum hybrids, differentiated from other clones, also maintain
a relatively constant vessel lumen fraction (F) under drought, even when presenting a
reduced vessel diameter (Vd), as seen in the GG clone (Table 2). Besides the mean vessel
diameter, in GT, this adjustment occurred without changing the vessel diameter range
(Vdif), which, in turn, was reduced in the GC clone, as well as in all the other clones. In
eucalypts, it has been shown that a larger amplitude in vessel sizes is correlated with both
higher ks and resistance to cavitation [27,55]. The implications of the observed maintenance
in stem lumen fraction on theoretical ks are discussed below.

In contrast, the GG clone exhibited substantial changes in fiber traits in response to
drought, including a 65% reduction in fiber lumen diameter (Fld) and a 30% increase in
fiber wall thickness (Fwt), as well as adjustments in vessel lumen mean size and distribu-
tion. Besides the functional implications of those changes, the marked sensitivity of fiber
characteristics—although not reflected in whole-stem wood density—may have important
implications for the wood industrial properties of E. grandis, as suggested for E. globulus [54].

GU hybrids exhibited an intermediate behavior between red gum hybrids and the
GG clone (Tables 1 and 2), with no changes in stem wood density and a decrease in vessel
lumen fraction—similar to the GG clone—; an increase in vessel frequency, as observed in
all the clones; and a uniquely stable mean and range of vessel sizes (diameter and area)
and composition (S). In terms of stem fiber plasticity, some traits varied similarly to the
GG clone (i.e., reduced fiber length) and others similar to the red gums (no change in fiber
fraction and wall thickness). It is important to note, however, that although the GU clones
behaved somewhat similarly (i.e., they were grouped in the PCA), their xylem (this study)
and growth [32] responses to drought were not identical (i.e., in addition to some differences
at the univariate level, the cluster analyses grouped them in the control conditions but not
under drought). This finding is in agreement with previous studies on hybrids of E. grandis
with E. urophylla in South Africa, which showed a large variation in drought responses
among hybrids related in a variable way to the xylem anatomy of the clones [34].

In summary, some clones exhibited significant variation in wood density in response
to drought (red gums), while others varied in their fiber sizes, lumen diameter, or wall
thickness. Overall, these shifts resulted in a greater proportion of cell wall material per
unit volume, probably increasing the mechanical strength of the wood but also allowing
higher internal tensions due to drought in all the clones. It is probable that these changes
are accompanied by other compensatory anatomical strategies focused on vessel size
modulation and pit architecture to minimize the cavitation risk, as has been described for
other taxa [56,57]. However, the implications of the observed changes in functional terms
(xylem safety) require measurements of vulnerability to cavitation that are still lacking in
the studied clones.

4.1.2. Differential Responses at Organ Level

Most of the previous analysis was focused on the observed changes at the stem level.
However, our results reveal organ-specific adjustments in xylem anatomy under drought
conditions, adding an extra layer of complexity to understanding the plastic changes that
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a plant can display in response to water availability. These changes varied among clones,
reflecting genotype-specific strategies that influenced wood anatomy and basic density in
both stems and branches, ultimately leading to differences in hydraulic function.

Wood density was, on average, 25% higher in branches than in stems. This higher
density in distal organs likely reflects an adaptive strategy to enhance hydraulic safety
where the risk is greater due to higher tension during water flux [58]. However, the
degree of differentiation between organs varied among the clones and the water availability
treatments, with the highest differentiation between stem and branch in the GC clone
under well-water conditions and in the GG clone under drought stress. A large difference
in wood density between the stem and branches has been described for adult trees in
E. grandis, larger than in E. viminalis and E. globulus, suggesting a high degree of hydraulic
segmentation in this species [12].

As discussed in the previous section, the observed changes in xylem traits indicate a
greater investment in mechanical reinforcement under drought [59]. However, they may
also imply a reduced capacity for hydraulic compensation [60]. Although we did not
directly compare xylem traits between organs, our findings suggest potential functional
differentiation: stems appear to prioritize hydraulic conductivity, while branches may
emphasize hydraulic safety. In this regard, under drought, wood density increased in
both organs, but with a more pronounced rise in branches (11%), doubling the response
observed in stems across clones. To validate this hypothesis, further studies focusing on
detailed anatomical traits, especially vessel pit structure and distribution, are needed. These
traits are crucial in mediating the trade-off between hydraulic efficiency and safety under
drought conditions [27,61].

One limitation of this study is the exclusion of root development parameters. This
decision was based on the inherent constraints of pot cultivation under greenhouse condi-
tions, which often induce atypical root architectures, such as root circling and limited lateral
expansion, which do not accurately reflect the conditions experienced by field-grown trees.
These artificial constraints may mask genuine genotypic differences in root traits between
Eucalyptus hybrids and E. grandis [62,63]. Furthermore, pot size can significantly influence
water and nutrient availability, introducing additional variability that complicates the
interpretation of belowground responses [64]. Since the main objective of this study was to
evaluate aboveground growth and physiological performance, root traits were intentionally
excluded to avoid confounding effects associated with artificial root restriction. Future
studies conducted under field conditions or using root observation systems may help
clarify potential genotype-specific differences in root development.

4.2. Vessel Architecture and Hydraulic Efficiency of the Studied Clones

The response of theoretical specific conductivity (kgyeo) to vessel composition (S) was
consistent across clones and organs, indicating a stable functional relationship. However, S
values were ten times higher in stems than in branches, reflecting significant anatomical
differences despite this conserved pattern. As noted by [21], the size distribution of vessels
influences the trade-off between hydraulic efficiency and safety by affecting both redun-
dancy and the risk of embolism spread. Higher S values typically indicate fewer, wider, and
more interconnected vessels, which enhances conductivity but increases vulnerability to
cavitation. In contrast, lower S values reflect narrower, more numerous, and less connected
vessels, which favor safety by limiting the propagation of embolism.

Under drought, S declined by an average of 35% in GU hybrid branches and in stems
of all clones except GU1, with a notable 60% reduction in GC. These changes suggest a shift
toward greater safety at the cost of efficiency. While these patterns are broadly applicable
to angiosperms, interpretation in eucalypts must consider their predominance of solitary
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vessels. Eucalyptus xylem anatomy is complex [65], with cell types such as vasicentric
tracheids and fiber-tracheids playing functional roles [27,55]. Further research is needed on
these components.

Regarding the relationship between kgyneo and the lumen fraction (F), in contrast to
common patterns across stems and branches about S, kseo Was consistently higher in
stems than in branches for a given F value in all clones. This suggests that the distribution
of vessel sizes (quantified in S) rather than the total amount of lumen space may be crucial
to understanding the variation in xylem efficiency across clones and organs. Therefore,
a plastic change in S could imply an important change in hydraulic conductivity, even if
a similar lumen fraction is maintained. In this regard, in a study of stems of adult trees
of three Eucalypus species, Barotto et al. [12] found a higher relative impact of F than S
on their ksy,eo. However, the degree of variation among and within species was much
larger in S than in F, suggesting that the last is a more conservative feature within eucalypts
xylem. In this study, GG and GU2 clones modified both F and S under drought. Red gum
hybrids changed only S, while GU1 adjusted only F. These contrasting patterns highlight
the diversity of anatomical responses among clones.

On the other hand, clones GG and GU2 exhibited an additional behavior in response
to drought compared to the other three clones. In these clones, for a given stem F value,
Kstheo Was significantly lower in drought-stressed than in well-irrigated plants, as shown
by reduced regression slopes. This suggests high plasticity in stem hydraulic function, with
greater efficiency loss than in other clones. Notably, the lumen fraction remained stable or
increased under drought, yet ksyheo declined, indicating a decoupling between anatomical
investment and hydraulic performance. This response suggests that stems of these two
clones under drought adopt xylem traits more similar to those of branches, indicating an
adaptive vascular reconfiguration. Comparable patterns of organ-specific plasticity have
been reported in Cunninghamia sp., where xylem shifts mediated hydraulic variation across
organs under water stress [16].

In stems, kgyneo showed a moderate-to-strong correlation (r = 0.58) with measured
ksmax from our previous study. In xylem research, this magnitude is considered a strong
correlation [66], with vessel lumen size alone explaining ~60% of the ksmax variation. The
remaining ~40% may be attributed to traits such as pit type and density, perforation plates,
and the presence of non-functional vessels, which affect overall conductivity beyond vessel
dimensions. In addition to these vessel characteristics, it is important to consider that
other cell types participate in water (and air) movement in eucalypts. As previously noted,
vasicentric tracheids may enhance both hydraulic efficiency and safety in eucalypts, acting
as conductive bridges for water and barriers to the spread of embolism [55].

4.3. Relationship Between Xylem Traits and Clones’ Performance

Clone performance, measured by height and basal diameter growth, varied among
genotypes under both control and drought conditions [32]. All hybrids outperformed
the GG clone in height growth across both irrigation treatments. Under well-watered
conditions, stem diameter growth was relatively uniform among clones; however, under
drought, the GC clone outperformed the others. GUI1 also performed relatively well
under drought, though still below GC. Several morpho-physiological traits related to this
performance were discussed in [32]. In the present complementary study, we explored
associations with functional wood anatomy and density, demonstrating that xylem traits
also play a critical role in explaining clone responses to drought.

Multivariate analyses identified the GC clone as the most differentiated, consistent
with its superior growth under both water regimes. This strong performance challenges
the commonly reported trade-off between high growth potential and stress resistance [64].
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In this study, GC exhibited xylem characteristics and plasticity indicative of both high
hydraulic efficiency and safety, likely supporting sustained water flux to leaves under
tension, despite high conductivity losses, as previously shown for this clone and its parental
species E. camaldulensis [61]. Notably, PCA grouped both red gum hybrids under well-
watered conditions but not under drought conditions, aligning with the poor drought
performance of the GT clone despite its physiological similarities with GC [32]

The shared anisohydric behavior of red gums hybrids supports a fast-growth strategy
under water-limited conditions [4]. However, GT’s stem diameter growth under drought
did not match that of GC, likely reflecting differences in biomass allocation patterns. In
terms of xylem traits, GT exhibited lower vessel plasticity compared to GC, as indicated by a
narrower range of vessel diameters and areas, which allowed it to maintain theoretical stem-
level hydraulic conductivity (ksiheo) under drought. Although elevated ksy,eo may favor
efficient water transport, it may not offset the risk-prone stomatal behavior characteristic
of red gum hybrids. Further investigation into the plasticity of vulnerability to cavitation
is needed to determine whether GT’s limited vessel adjustment also reflects constrained
plasticity in hydraulic safety. While restricted cavitation plasticity has been documented
in Eucalyptus branches [31] and E. obliqua leaves [6], few studies have addressed this trait
across a range of pure and hybrid Eucalyptus clones. Additional evidence is needed to clarify
whether vulnerability to cavitation represents a conservative trait across these genotypes.

The GG clone exhibited several anatomical adjustments indicative of marked plasticity
in response to drought. Previous studies have reported high anatomical variability in
adult plants of other E. grandis clones, suggesting considerable xylem plasticity under
environmental stress [12]. However, in GG, these adjustments, while likely enhance
xylem safety, did not prevent the strong stomatal control observed, in contrast to the
looser regulation in red gum hybrids [32]. Water-restricted GG plants exhibited the lowest
percent loss of conductivity (PLC) among all clones, even lower than their well-irrigated
counterparts [32], suggesting that xylem modifications facilitated efficient dehydration
avoidance. Nonetheless, this conservative strategy came at the cost of the lowest growth.

Although GU1 and GU2 shared several xylem traits and clustered together in the PCA,
the clone exhibiting superior diameter growth under drought (GU1) showed a distinct pattern
of stem-level vessel plasticity, as evidenced by the relationship between the theoretical ks
and vessel lumen fraction (Figure 1). Moreover, GU1 increased branch wood density in
response to drought, whereas GU2 did not exhibit any change. While these traits alone may
not fully account for GU1’s enhanced performance under water-limited conditions, they
clearly distinguish it from GU2. Comparable variation among GU hybrids has previously
been reported [34], highlighting the importance of evaluating each new commercial clone
independently to assess its adaptive potential under contrasting water availability.

In conclusion, this study reveals a range of xylem strategies exhibited by the studied
clones that partially resemble their growth responses to drought. Inherent values and
differential plasticity of xylem traits in branches and stems contribute to understanding the
complex mechanisms involved in the drought performance of pure vs. hybrid clones.

5. Conclusions

This study demonstrates that drought elicits anatomically and functionally distinct
responses among five commercially relevant Eucalyptus clones, reflecting divergent hy-
draulic strategies under water-limited conditions. In particular, red gum hybrids (E. grandis
x camaldulensis and E. grandis X tereticornis) sustained the theoretical specific hydraulic
conductivity during drought by maintaining the vessel lumen fraction while reducing
the vessel diameter, especially in branch xylem. This combination, along with increased
wood density, indicates a conservative hydraulic strategy that balances conductivity and
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safety. Among the tested genotypes, the E. grandis x camaldulensis clone exhibited the most
distinct xylem profile, characterized by a high theoretical conductivity co-occurring with
an elevated wood density, suggesting a potential for both efficient water transport and
resistance to hydraulic failure. These characteristics are in agreement with its better growth
performance under different water availabilities, as previously reported.

In contrast, the pure species (E. grandis) and certain hybrids (e.g., E. grandis x urophylla)
exhibited signs of vascular adjustment under drought, marked by reductions in both vessel
lumen fraction (F) and composition (S), despite a stable or even increased individual vessel
area. These anatomical shifts were associated with significant declines in theoretical hydraulic
conductivity. Such patterns underscore the role of hybridization with drought-adapted
species in enhancing xylem resilience and maintaining the water transport capacity under
stress. By integrating organ-level anatomical and functional analyses, this study advances
the understanding of wood formation dynamics in response to drought and offers valuable
criteria for the selection of drought-adaptive genotypes suited to future climate scenarios.

Future research should further explore the contrasting patterns of hydraulic regulation
between stems and branches to determine inherent differences in hydraulic architecture
among Eucalyptus clones. A deeper understanding of this axial variation, together with the
genotype-specific plasticity observed in xylem traits, will be essential for elucidating the
mechanisms underlying drought adaptation and for refining selection criteria in breeding
programs targeting water-limited environments.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /16081267 /s1, Figure S1: Cluster analysis of clones based on
Eudidean distance and dissimilarity; Figure S2: Principal component analysis results; Figure S3: Relative
contributions of measured variables to the first three principal components (PC1, PC2, and PC3) based
on PCA; Table S1: Mean stem basal area (BA) increment, calculated from the difference in the diameter
between the start of the treatment and the end of the study. Standard deviation (SD) is also shown.
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Appendix A

Figure A1. Cross-sectional images illustrating conduits, fibers, and rays in (a,b) stems of E. grandis
(GG), (c,d) E. grandis x urophylla (GU2), and branches of (e,f) E. grandis x tereticornis (GT) and
(g,h) E. grandis (GG) clones. (Left) panels show well-watered conditions, and (Right) panels depict
drought conditions.
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Figure A2. Images of macerates illustrating fibers and vessels in (a,b) stems of E. grandis x urophylla
(GU2) and (¢, d) E. grandis (GG), and in branches of (e,f) E. grandis x E. camaldulensis (GC) and
(g/h) E. grandis x urophylla (GU1). (Left) panels show well-watered conditions, and (Right) panels

depict drought conditions.
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4. Diferencias en el estado hidrico. eficiencia del uso del agua v crecimiento en
hibridos clonales de Eucalyptus grandis, durante temporadas de crecimiento con
distinto régimen de precipitaciones

4.1. Resumen

Objetivo del estudio: Analizar el estado hidrico foliar y la eficiencia en el uso
del agua en clones comerciales de E. grandis e hibridos interespecificos durante dos
temporadas de crecimiento consecutivas con diferente régimen de precipitaciones.

Area de estudio: El trabajo se llevé a cabo en el norte de Uruguay.

Meétodos: Se instald un ensayo de bloques al azar con clones de E. grandis, E.
grandis x camaldulensis, E. grandis % tereticornis (hibridos con eucaliptos colorados),
y E. grandis x urophylla. Se midid el potencial hidrico foliar en prealba (Wpq) y al
mediodia (Wma) cada seis semanas, desde los dieciséis meses de edad de los arboles y
durante dos temporadas de crecimiento (2013-2014 y 2014-2015) con un régimen de
precipitaciones contrastante. Se midieron la conductancia estomatica (gs), la tasa de
fotosintesis neta (4) y la transpiracion en hojas (£) una vez en cada estacion de
crecimiento, junto con la discriminacion isotopica de carbono (A'*C) y el crecimiento
de los arboles. También se analizaron la densidad y distribucion estomaticas.

Resultados: Los clones de E. grandis y E. grandis x urophylla presentaron la
menor fluctuacion diaria del potencial hidrico foliar (AY = Wpqa — ¥md) y una mayor
regulacion estomatica. Ademads, fueron hipostomaticos, con estomas inmaduros
exclusivamente en cara abaxial de las hojas. Los hibridos con eucaliptos colorados
transpiraron de manera mas intensa, segin lo indicado por el AY, y fueron
anfiestomaticos. Ademas, estos clones fueron menos eficientes en el uso del agua,
tanto instantdnea (EUA) como a integrada en el tiempo (EUAIi), y mostraron un
crecimiento mas rapido durante la temporada de mayor precipitacion (2014-2015).

Aspectos destacados de la investigacion: Los hibridos con eucaliptos colorados
mostraron menor regulacion estomdtica y un patron de distribucion estomatica
diferente al resto de los clones. Estas caracteristicas reforzaron el crecimiento
diamétrico, especialmente durante la temporada de crecimiento més humeda.

Palabras clave: hibridos de eucaliptos, conductancia estomadtica, eficiencia en

el uso del agua, transpiracion
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Abstract

Aim of study: To analyze the course of leaf water status, water-use efficiency and growth in Eucalyptus grandis and hybrids throughout
seasons with different rainfall.

Area of study: The study was conducted in northern Uruguay.

Material and methods: Arandomized block trial was established containing E. grandis (ABH17), E. grandis * Eucalyptus camaldulensis
(GC172),E. grandis * Eucalyptus tereticornis (GT529),and E. grandis * Eucalyptus urophylla (GU08). Predawn leaf water potential (1) and
midday leaf water potential (¥xa) Were measured every six weeks from the age of 16 months, throughout two growing seasons. Stomatal
cond (g:), net phof hetic rate (4), and leaf-level transpiration (E£) were measured once in each growing season, along with leaf
carbon isotope discrimination (A C) and tree growth. Stomatal density and distribution were studied.

Main results: ABH17 and GUO8 had the lowest daily fluctuation of leaf water potential and showed stronger stomatal regulation; they
were hypostomatic, and stomata on the adaxial leaf surfaces remained immature. GC172 and GT529 (Red-Gum hybrids) were amphistoma-
tic and transpired more intensively; they were less efficient in instantaneous and intrinsic water use and grew faster under high soil moisture
(inferred from rainfall). Under such conditions, GC172 reached the highest gas-exchange rate due to an increase in tree hydraulic conduc-
tance. ABH17 and GUO8 were hypostomatic and used water more efficiently b of 1 lati

Research highlights: Red-Gum hybrids evidenced less water use efficiency due to lower stomatal regulation, different stomatal features,
and distinct growth patterns as a function of soil moisture (inferred from rainfall).

Keywords: Eucalypt hybrids; stomatal conductance; water-use efficiency; transpiration.

Abbreviations used: ¥,.: predawn leaf water potential; W..s: midday leaf water potential; AW: daily fluctuation of leaf water potential
(A¥=W¥_ - W.); 4: net photosynthetic rate, E: leaf transpiration rate, g.: | conductance, WUE: i water-use efficiency;
WUEI: integrated water-use efficiency; .4/E: leaf photosynthesis-to-leaf transpiration ratio; A“C: leaf carbon isotope discrimination; X: tree
hydraulic conductance; E/AW: ratio between leaf transpiration and daily fluctuation of leaf water potential; $"*C: natural abundance of 1*C.
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Introduction popular woody crops in the world (Dharhi ez al., 2018).
In Uruguay, eucalypt plantations for hardwood timber

Eucalyptus afforestation occupies 22 million hec-  or pulpwood supply cover 70% of the Uruguayan affo-
tares in more than 90 countries, being one of the most  rested area (one million hectares) (Martin, 2018), and
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2 José Gandara, Silvia Ross, Gaston Quero ef al.

in the last few years, the increase of climate variability
(Linderman et al., 2013) led to the selection of promising
clones by crossing Eucalyptus grandis with Eucalyptus
urophylla and Red-Gum species (Eucalyptus camaldu-
lensis and Eucalyptus tereticornis). Since there is a po-
sitive correlation between carbon fixation and water loss,
breeders face the challenge of selecting genotypes for
high plant growth and high water-use efficiency (WUE)
(Morris et al., 1998; Dye, 2000; Mokotedi, 2013). Howe-
ver, information regarding several commercial genotypes
is still lacking.

To avoid further embolism and xylem dysfunction
(Tyree & Ewers, 1991; Brodribb et al., 2003; McDowell
et al., 2008; Sperry et al., 2016), many woody species can
keep leaf water potential (W) relatively constant through a
complex relationship between stomatal conductance (g,),
tree hydraulic conductivity and ¥ (Sperry et al., 1998;
Martinez-Vilalta ef al., 2004; Lambers et al., 2008). Un-
like Red-Gum species (such as E. camaldulensis and E.
tereticornis),E. grandis displays stronger stomata con-
trol (Kallarackal & Somen, 2008), which means a higher
water potential threshold for stomatal closure (~ -2.0
MPa). On the other hand, Red-Gum species are thought
to grow faster and transpire more intensively than other
related species (Pohjonen & Pukkala, 1990; Kallarackal
& Somen, 1997; Drake et al., 2012) E. grandis x E. uro-
phylla genotypes show stronger stomata regulation than
Red-Gum hybrids and seem to be more sensitive to water
stress (Eksteen et al., 2013).

Generally, eucalypts exhibit high transpiration rates
to enhance carbon fixation and growth, even under se-
vere drought conditions (Lewis et al., 2011). Such be-
havior is commonly known as anisohydric and reflects
the occurrence of high transpiration rates all year round
(Meinzer et al., 2014). On the other hand, isohydric plants
close stomata to reduce gas exchange and maintain high
¥ (Mc Dowell et al., 2008). These patterns represent
the two ends of the stomatal regulation sensitivity spec-
trum (Sade & Moshelion, 2014). Gas exchange can be
inferred from leaf water potential fluctuation (A¥), that
is, the difference between predawn and midday bulk leaf
water potential (¥ and W, respectively) (Choné et al.,
2001; Franks et al., 2007), which varied as a function
of soil water content and atmospheric demand (vapor
pressure deficit, VPD).

Leaf-level water-use efficiency is frequently estimated
by instantaneous and integrated methodologies (WUE
and WUE,, respectively). The former is the ratio of leaf
photosynthesis to leaf-transpiration rate, while the latter
is related to leaf carbon isotope discrimination (A*C) du-
ring gas diffusion and Rubisco-dependent reactions. In C;
species, such as eucalypts, AC is negatively correlated
with the ratio of transpiration efficiency and whole-plant
dry-mass accumulation (Farquhar ez al., 1989), and a sig-
nificant correlation was observed between foliar A*C and
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WUE, in E. grandis (Olbrich et al., 1993), E. globulus
(Osorio and Pereira, 1994), E. camaldulensis (Akhter et
al., 2005) and E. grandis * E. camaldulensis (Le Roux et
al., 1996). However, A®C may change when scaling up
to stems, shoots, and whole trees (Olbrich ef al., 1993),
and so may WUE. Moreover, WUE; can be inferred from
different plant organs, and it can be estimated as the who-
le-plant WUE (Seib ez al., 2008). Although A®C may not
be an indicator of WUE, it may be useful as a screening
tool (Le Roux er al., 1996). A significant relationship be-
tween foliar *C signature (3 ¥C) and instantaneous WUE
in E. grandis was found, which could be used as a proxy
for WUE (Casparus et al., 2018). Water-use efficiency
can also be studied from wood rings (from the trunk or
branch cores), although in many species ring growth may
be caused by carbon synthesized in previous growing
seasons (Mc Farlane & Adams, 1998; Skomarkova
etal., 2006).

Stem biomass can increase without modifying WUE,
as previously found by Battie-Laclau ef al. (2016) in E.
grandis plantations. Leaf transpiration also depends upon
stomatal traits such as density and distribution, both of
them varying not only among eucalypt species (David
et al., 1997; Morris et al., 1998: Héroult et al., 2013)
but also between related hybrids (Eksteen er al., 2013).
However, little research has been done in commercial
genotypes so far.

The present study was designed to analyze the cour-
se of leaf water status and leaf-level WUE in E. gran-
dis, E. grandis * E. camaldulensis, E. grandis * E. te-
reticornis, and E. grandis * E. urophylla clones, during
two consecutive growing seasons with different rainfall.
We hypothesized the following: (a) these genotypes
differ in stem growth capacity, transpiration activity
(AW), stomatal traits and leaf-level water use efficiency
(WUE), as inferred either from their instantaneous WUE
or leaf carbon isotope discrimination (A"C); b) that this
behavior is related to different regulation of stomatal
opening (g.) and carbon fixation (4): c) this regulation
modifies stem growth and varies between growing sea-
sons as a function of soil water moisture (inferred from
effective rainfall).

Materials and methods
Plant material and experiment design

Cuttings from three months old sprouts of each clo-
ne were collected in April 2012 and rooted in the clonal
nursery of Lumin (formerly Weyerhaeuser Uruguay) with
controlled humidity (90 to 95%). They were irrigated
from May to August with a Biorend® solution (10 cm?
L") and then transplanted into 3 L plastic pots contai-
ning Carolina Soils® substrate, a mix of sphagnum peat
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Differential gas-exchange regulation and growth among E. grandis hybrids 3

(58%), vermiculite (40%), and trace minerals (2%). They
were fertilized three times a week with 18-18-18 (NPK)
for two months.

At the age of four months (September 2012), the
plants were planted in a field trial in Tacuarembo (Uru-
guay; 31° 38'15” S, 55° 54’ 17" W), where the regional
climate is humid subtropical (Cfa, Képpen classification
system) with a mean annual rainfall of 1484 mm and
an average temperature of 10.3 °C in July and 22.3 °C
in January. Soils are sandy to loamy (Typic Hapludult,
USDA classification system) with a poorly drained B
horizon (0.35 to 0.60 m) and Fe-Mn concretions down
to 1.50 m deep.

Arandomized complete block design with three blocks
was used. Within each of the three blocks, ten trees per
clone of E. grandis (ABH17), E. grandis x camaldulensis
(GCL172), E grandis * tereticornis (GT529), and E. gran-
dis % urophylla (GU08) were planted in rows, at a spa-
cing of 4.75 m x 5 m. Each row was a plot. Two trees per
plot were randomly selected to assess ecophysiological
variables. From the age of 16 months (December 2013),
¥ was measured every six weeks throughout two conse-
cutive growing seasons (2013-14 and 2014-15). Diame-
ter at breast height and tree height were measured for all
trees of the trial (n=72) at the beginning and end of each
growing season. Leaf gas-exchange measurements were
performed once a season, as well as foliar sampling for
carbon isotope analyses.

Bulk leaf water potential (¥;4, ¥,.q)

Leaf water potential (predawn and midday) was mea-
sured with a Scholander pressure chamber (Soil Moisture
Equipment®, Santa Barbara, CA) on three current-year
branchlets of each selected tree. Predawn leaf water po-
tential (MPa) was recorded before sunrise (4:30 to 06:00
a.m.) on the lower branches. Midday leaf water potential
(MPa) was measured from 12:00 to 03:00 p.m. (one hour
per block) on the sunlit foliage of the upper tree crown.
Average clone W was calculated from three measurements
of each selected tree, and the daily fluctuation of ¥ was
calculated a AY = W, - ¥,,. We checked for block effect
when analyzing the data. Atmospheric demand was used
as a covariate (Faustino et al., 2013) when analyzing the
date effect.

Gas exchange (4, E)

Net photosynthetic rate 4 (umol m? s), stomatal con-
ductance g, (mmol m? s*), and leaf transpiration rate £
(mmol m~ s*) were measured on three current-year leaves
at the top of the crown, between 11:00 a.m. and 03:00
p.m., using a portable gas-exchange device (LiCor 6400,
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LiCor®, Lincoln, NE) at a photon flux density of 900.78
= 1.20 pmol m s and an airflow rate of 500.16 = 0.64
mL min". For E. grandis, this irradiance is saturating
(Whitehead and Beadle 2004). Measurements within each
block lasted a maximum of one hour and 15 minutes, and
we checked for block effect when analyzing the data. Air
temperature, CO, level, and VPD inside the chamber mat-
ched the outside air condition. The purpose was to study
gas exchange under water deficits. However, soil mois-
ture (inferred from Wy value) began to decrease in au-
tumn of the second growing season. Measurements were
taken on 02/26/2014 (summer) and 05/08/2015 (autumn).
The maximum air temperature during measurements was
29.25 = 1.84 °C in the first growing season and 23.90 =
0.95 °C in the second. Data were used to calculate instan-
taneous water-use efficiency (WUE) as the A/E ratio, and
K as E/AY ratio.

13C abundance and carbon isotope discrimination

Nine leaves per tree were collected to obtain the
13C signature (8 *C), from the same branchlets selec-
ted for gas-exchange measurements, and located on the
northern (sunny) side of the trees’ upper crown. Total
carbon concentration and relative abundance of *>C and
3C were measured by mass spectrometry using a Del-
ta Plus® spectrometer (Finnigan MAT, Bremen, Ger-
many). Each sample was analyzed with an elemental
Flash EA 112. The standard deviation of total carbon
and "*C were calculated from leucine as a reference. The
natural abundance of ¥C (6"C, %o) was expressed in re-
lation to international standard PDB as [(R..mpre/ Roun
sara) - 1] (Craig, 1957), where R is the *C/2C ratio. Data
were used to calculate A®C (%o) as (6" Cgy - 6% Cror ) /
(1 + 8% Cye /1000) , being 3"C,; the atmospheric §2C
abundance and 8'*Cy.+ the sample “*C content (Farquar
etal., 1989).

Stomatal density and distribution

The observation of these traits was not part of the
original work and was considered only for the second
growing season. Three one-year-old leaves per tree of
similar leaf age were collected to study stomatal den-
sity (No. mm) and distribution. Three epidermal im-
pressions of adaxial and abaxial leaf surfaces were
prepared with nail varnish; dried layers were pee-
led off with tweezers (modified from D’Ambrogio,
1986). Stomatal density was calculated from ima-
ges taken with a Dino Eye 2.0 digital camera added
to a Nikon E100 light microscope (10X). Five fields
(0.15 mm?) on each leaf surface were analyzed using
DinoCapture® software.
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Tree growth

Tree height (Ht, m) and diameter at breast height (Dbh,
m) of all the trees in a plot were measured at the beginning
of each growing season. Data were used to calculate dia-
meter and height relative growth as RG = (G, - G,.1)/ Gn,;,
being G the tree Dbh or Ht, and standing tree volume (V,
m’) as V = Dbh? x m/4 x Ht x FF , being FF the form
factor An average form factor of 0.5 was used (Da Silva
et al., 1999).

Statistical analysis

The effect of the differences and interactions be-
tween clone and date on the variances was tested using
a two-way analysis of variance (ANOVA). Data were
analyzed for homoscedasticity and normality (Shapiro
Wilks, p>0.05), and when these conditions were met,
the ANOVA was performed using InfoStat® softwa-
re (UNC, Coérdoba, Argentina). Mean comparison was
performed by Tukey’s post hoc test (p<0.05). Clone-da-
te interaction was studied for ¥ within each growing
season using VPD as a covariate. The proposed model
was the following:

Yik =W+ o + B + Tt (a1)x + Y1 ek

where y;; is the response variable, p is the overall
mean, «, is the effect of the i* clone, B, the effect of
the j* block, 1, is the effect of the k* date, (at), is the
effect of the i® clone and k® date, v, is the effect of the
covariate, and &, is the residual error with &ij ~ N
(0, 02¢).

Results

Bulk leaf water potential and rainfall

Effective rainfall was higher during the second growing
season (2014-15) (Fig. 1), and W, reflected such variation
(Tables 1 and 2). In that season, W attained the highest
average (-0.21= 0.01 MPa) and no clonal effect was ob-
served. However, differences between clones appeared
in the first growing season (the driest one), as E. grandis
(ABH17) averaged the lowest value (¥,s =-0.66 = 0.03
MPa) (p<0.0149).

Unlike W, ¥,,s did show the clone effect (p<0.0001) in
both seasons, and Red-Gum hybrids had the lowest avera-
ge. GT529 showed this behavior throughout both growing
seasons (W, = -1.96 = 0.08 in the first season, and -2.45
+0.05 MPa in the second), whereas GC172 showed it du-
ring the wettest one (¥, = -2.34 = 0.05 MPa). ABH17
and GUO8 behaved similarly, except at the beginning of
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Figure 1. Environmental parameters of water supply and atmos-
pheric demand in the experimental assay; potential evapotrans-
piration (PET, mm) and monthly average temperature (°C) (li-
nes), effective rainfall (mm) recorded in the first growing season
(2013-14) (white bars) and second growing season (2014-15)
(gray bars) at INIA Tacuarembé Station (W 55° 58° 43"; S 31°
44'18").

the wettest season (2013-14), when GUOS averaged the
minimum value.

Clone-date interaction was significant for ¥, in
both growing seasons (p<0.0001), although for W,
this interaction appeared during the driest season
(p<0.0001) (Tables 1 and 2). The daily fluctuation of
leaf water potential varied among genotypes (»<0.0001)
and was lowest in the Red-Gum hybrids (Fig. 2). Du-
ring summertime, it was 30 to 50% higher than that of
the other clones.

Gas exchange and instantaneous water-use
efficiency

Net photosynthetic rate (4) differed among hybrids in
both growing seasons (p<0.0068 and p<0.0001), with the
GUO08 clone showing the lowest 4 in both study periods
(12.80 and 11.91pmol m? s*, first and second season
respectively). Despite being variable, carbon fixation was
similar among the other genotypes (Table 3). Stomatal
conductance (g.) also varied among clones across both
growing seasons (»<0.0001), when Red-Gum hybrids
displayed the highest average and, therefore transpired
more intensively (higher E) (Table 3). These results re-
vealed a stronger relationship between 4 and g, for the
ABHI17 clone during both growing seasons (° = 0.76 in
the first growing season and 0.8 in the second), and for
GUOS during the first growing season (+* = 0.83) (Fig. 3).
Unlike Red-Gum hybrids, these genotypes attained higher
carbon fixation under low stomatal conductance (Fig. 3),
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Differential gas-exchange regulation and growth among E. grandis hybrids 5

Table 1. Mean leaf predawn (W) and midday water potential (¥s) (MPa) of Eucalyptus grandis (ABH17),
E. grandis * E. camaldulensis (GC172), E. grandis * E. tereticornis (GT529) and E. grandis x E. urophylla
(GUO08) clones throughout the first growing season (2013-2014), considering clones as main factor and
mid-morming air vapor pressure deficit (VPD) as covariate Means within columns followed by different letters
are significantly different (Tukey, p < 0.05), pvep and rvep for VPD covariance also shown

Second growing season (2014-15)

Clone ¥pa (MPa) Fua (MPa)

Dec Feb Mar May Dec Feb Mar May
ABH17 -0.53a  -064b  -0.58a  -0.82a -2.01a -1.66 a -1.81a -0.92a
GC172 -0.67 a -0.38a  -049a  -0.69a -230b -1.59a -2.31b -0.75a
GT529 -0.69 a -0.36a -046a  -0.69a 2.29b -230b -2.60b -0.66 a
GU08 -0.68 a -0.36a -048a  -0.70a -1.92a -1.48a -1.74a -0.92b
p-value 0.1316  <0.0001  0.2098 0.0093 0.0004 <0.0001  <0.0001 0.0005
SE 0.05 0.04 0.04 0.05 0.07 0.09 0.11 0.04
PVED 0.052 <0.0001
Tvep 0.06 -0.93

Means within columns followed by different letters are significantly different (Tukey, p < 0.05), pvep and 1vep
for VPD covariance also shown

Table 2. Mean leaf predawn water potential (W,q) and midday water potential (W) (MPa) of E. grandis
(ABHL7), E. grandis x E. camaldulensis (GC172), E. grandis x E. tereticornis (GT529) and E. grandis x E.
urophylla (GUO08) clones throughout the second growing season (2014-2015), considering clones as main
factor and mid-moming air vapor pressure deficit (VPD) as covariate

Second growing season (2014-15)

Clone ¥pa (MPa) Pna (MP2)

Dec Feb Mar May Dec Feb Mar May
ABH17 -0.22a -0.19a -0.19a -0.15a -2.33ab -2.05ab  -2.16ab -1.94a
GC172 -0.22a -0.20 a -0.19 a -0.17a 242a -2.09 ab -2.17 ab -2.20a
GT529 -0.21a -0.19 a -0.22 a -0.16 a -2.50a -2.36b -245b -2.52a
GU08 -0.23a -0.21a -0.21a -0.18a -295b -1.72a -2.09a -2.24a
p-value 0.8534 0.3835 0.3811 0.5641 <0.0001 0.0009 0.0147 0.1829
SE 0.02 0.01 0.01 0.01 0.06 0.10 0.08 0.10
pvep 0.04 <0.0001
rvep 0.07 0.50

Means within columns followed by different letters are significantly different (Tukey, p < 0.05), pvep and 7vep
for VPD covariance also shown

therefore showing higher instantaneous WUE (4/E ratio).
In addition, there was no relationship between overall ins-
tantaneous WUE and W, so WUE remained relatively
constant for a wide range of ¥

Tree hydraulic conductance (K) (p<0.0001) varied
among clones only during the wettest season. In that
period, GC172 had the highest average (2.02 = 0.14
mmol m? s* MPa') (Table 4). When comparing K be-
tween seasons, we found a higher X in the less rainy first
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season (2.8 = 0.11 vs. 1.49 = 0.10 mmol m= s-! MPa')
(»<0.0001).

Carbon isotope discrimination and water-use
efficiency

Red-Gum hybrids showed higher A¥C (p<0.0001),

suggesting less efficiency in leaf-level intrinsic water
use (4/E integrated over time). In contrast, ABH17 and

August 2020 * Volume 29 ¢ Issue 2 * e006
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Figure 2. Mean leaf water potential gradient (AWw, MPa) of E. grandis (ABH17), E. grandis x E. camaldulensis (GC172), E. gran-
dis % E. tetericornis (GT529) and E. grandis x E. wrophylla (GUO08) clones during the first (a) and second (b) growing season; bars
topped with different letters differ statistically within the same date (Tukey, p< 0.05).

GUO8 showed the opposite behavior, as inferred either
from their higher instantaneous WUE or their lower
foliar ABC (Table 3).

Stomatal density and distribution

Stomatal density showed no clonal difference and ran-
ged between 428 = 82 and 340 + 56 stomata mm* (Fig. 4).
The stomatal distribution pattern did vary among clones,
since Red-Gum hybrids were amphistomatous, whereas
ABHI17 and GUO8 were hypostomatic and stomata on
their upper epidermis remained entirely immature (Fig. 5).

Tree growth

Clonal difference (p<0.0001) in diametric relative
growth was observed in the second year of the study

(i.e., during the wettest growing season). By then, the E.
grandis x camaldulensis (GC172) clone had the highest
diametric relative increment (0.23 + 0.01), whereas E.
grandis x urophylla (GU08) showed the lowest one (0.07
= 0.01). On the other hand, differences in height grow-
th appeared during the driest year of the study (the first
growing season), but they did not affect volumetric tree
growth (all clones averaged 0.065 = 5.8 x10* m’ data
not shown). However, differences in stem volume were
observed at the end of the study, when GUO0S averaged the
lowest value (Tables 5 and 6).

Discussion

Leaf water potential and transpiration

Leaf bulk water potential and transpiration reflected
the differences in soil moisture (inferred from the effective

Table 3. Mean net photosynthetic rate (4, pmolCO, m™ s!), stomatal conductance (g;, molH,O m s™), transpiration rate (£, molH:0
m? s?), instantaneous water-use efficiency (umolCO; m™ s / molH>O m™ s7) and foliar carbon isotope discrimination (A »C, %)
of E. grandis (ABH17), E. grandis x E. camaldulensis (GC172), E. grandis * E. tereticornis (GT529) and E. grandis * E. urophylla

(GUO08) clones
First growing season (2013-14) Second growing season (2014-15)
Clone n A 2 E WUE ABC A 2 E WUE ABC
ABHI17 10 1749a 0.13b  3.51bc 498a 21.77b 13.89ab 0.llc 220¢ 63la 2093b
GCl172 17 17.18ab 0.18a 4.13ab 4.14ab 2342a 1594a 030a 4.85a 3.28¢ 2225a
GT529 17 1828a 0.17a 4.67a 391b 2330a 1527a 0.18b  340b 449b 21.88a
GU08 14 1280b 009b 284c 45lab 2032c¢ 1191b 0.10c  2.05c 58la 2047b
p-value 0.0068 <0.0001 <0.0001 0.02 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SE 1.07 0.01 0.24 022 0.16 0.60 0.01 0.13 0.22 0.16

Means within columns followed by different letters are significantly different (Tukey, p < 0.05), standard error of the mean (SE) also

shown
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Figure 3. Relationship between net photosynthetic rate (4) and stomatal
conductance (g:) of (a) E. grandis (ABH17), (b) E. grandis % E. camaldu-
lensis (GC172), (c) E. grandis x E. tetereticornis (GT529) and (d) E. gran-
dis % E. urophylla (GUO08) clones in the first and second growing season
(circles and squares, respectively); regression equations for both growing
seasons also shown (y; and y», first and second respectively)

rainfall). During the wettest growing season, ¥,s showed
a three-fold increase in comparison to the first seasons,
and all genotypes averaged a similar value. In addition,
AW was 1.88 times larger, which suggests a higher leaf-le-
vel water loss. Red-Gum hybrids (GC172 and GT529)
transpired more intensively in both growing seasons,
with an increase of 67% in their AY under well-watered
conditions (2014-15).

Stomatal opening can be quite sensitive to atmosphe-
ric demand in some eucalypt species (White et al., 2000).
However, soil moisture modifies the relationship between

Forest Systems

g. and VPD (Leuning et al., 1991). Under well-wate-
red conditions, as in the second growing season, the
magnitude of the increase in water loss (E) depends on
the sensitivity of decreasing g, with increased VPD. We
observed an increase of E in Red-Gum hybrids during
the summer (high A¥), and higher g. when measuring
instantaneous gas exchange (measured once a season).
Therefore, midday leaf water potential decreased more
steeply because of transpiration (Tables 1 and 2), which
reveals a lower stomatal sensitivity in these clones. E.
camaldulensis and E. tereticornis seem to display higher
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Table 4. Mean (= SE) tree hydraulic conductance (X, mmol m=
st MPa?) of E. grandis (ABH17), E. grandis x E. camaldulensis
(GC172), E. grandis * E. tereticorms (GT529) and E. grandis x E.

urophylla (GUOS) clones

Tree hydraulic conductance (K)

First growing season

Second growing season

(February 2104) (May 2015)
ABH17 3.10+032a 1.19+0.16 b
GC172 3.24+024a 2.02+0.14a
GT529 247+0.22a 1.53+£0.16 ab
GUO08 2.66+0.24a 1.14£0.15b
p-value 0.094 0.0002

Means within columns followed
different (Tukey, p<0.05)

Table 5. Mean (+ SE) tree height (m) and height relative

by different letters are significantly

growth (RG, unitless) of E. grandis (ABHL17), E. grandis x

E. camaldulensis (GC172), E. grandis * E. tereticornis (GT529) and E. grandis * E. urophylla (GU08) clones

Tree height (H, m) Height relative growth
Clone Dec 2013 Dec 2014 Dec 2015 Dec 2013- Dec2014-
Dec 2014 Dec 2015
ABH17 6.33+0.182a 10.52+0.6a 13.54+053a 0.40+0.02b 0.29+0.53a
GC172 5.80 +ab 9.49 £0.22 ab 12.73+£0.33 ab 0.39+0.01b 0.35+£0.003 a
GT529 559+b 9.86 +0.30 ab 13.6+047a 0.43+0.01 ab 0.38+0.004 a
GU08 4.73£0.13¢ 8.84+0.26b 11.47+£0.47b 0.46+0.01 a 0.31+0.04a
p-value <0.0001 0.0033 0.0168 0.0004 0.4197

Means within columns followed by different letters are significantly different (Tukey, p<0.05)

Table 6. Mean (= SE) diameter at breast height (Dbh, m), diametric relative growth (RG, unitless) and stem volume
(V, m’) of E. grandis (ABH17), E. grandis x E. camaldulensis (GC172), E. grandis * E. tereticornis (GT529) and E.

grandis * E. urophylla (GUO0S) clones

Diameter at breast height Diametric relative growth Stem volume
Dec 2013 Dec 2014 Dec 2015 2013-14 2014-15 Dec 2105

ABHI17 007%3.1*a  0.13£4.2*a 0.16£4.7*b  048+0.0la  0.17+0.02b  0.13+0.0la
GC172  0.07+2.0*a 0.14£2.6*a 0.17+3.0%a 0.49+0.01a 0.23=0.0la 0.14+£0.01a
GT529 0.06+2.0*b  0.12+£3.5*b 0.14=42*b  0.50+£0.0la  020+0.0lab 0.11=0.01ab
GU08 007+3.1*a  0.14+3.1*%a 0.14+£42*b  049+0.0la 0.07=00lc 0.09+001b
p-value 0.0130 0.0012 <0.0001 0.7397 <0.0001 0.0013
*Dbh x 107

Means within columns followed by different letters are significantly different (Tukey, p< 0.05)

g. at saturating irradiance (Whitehead & Beadle, 2004),
similarly to GC172 and GT529 in the present work.
Although Red-Gum hybrids had the highest E (and
AWY) during the summer, GC172 was more sensitive to
soil water content and displayed stronger regulation of
stomata opening (Table 3). In addition, gas exchange

Forest Systems

results for this clone revealed a 40% reduction in g, du-
ring that period. Stomatal conductance in E. camaldu-
lensis decreases steeply as a function of soil water sta-
tus (White, 2000), the same behaviour recorded for the
GC hybrid. However, transpiration also depends on X
(Tyree & Ewers, 1991; Bond & Kavanagh, 1999). Our
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Figure 4. Stomatal density on adaxial and abaxial leaf surfaces
(dark and gray bars, respectively) of E. grandis (ABH17), E.
grandis % E. camaldulensis (GC172), E. grandis x E. tetereti-
cornis (GT529) and E. grandis x E. urophylla (GUO08) clones:

error bars indicate the standard deviation of the mean.

results suggest that all genotypes increased their K under
low soil moisture (first growing season) to sustain gas
exchange and, consequently, carbon gain. In well-wa-
tered conditions, GC172 had the highest K, which
confirms the findings of White (2000) in E. camaldu-
lensis. In addition, GC172 displayed a lower control
of stomatal opening under high soil moisture (second
growing season) (Table 3), mainly due fo an increase
in K (Table 4) to deal with rising xylem tension (lower
W¥..e). Under such conditions, this species is known to
produce extensive adventitious roots, to display stem
hypertrophy (increased stem diameter), and to increase
root porosity to sustain higher g, and K, which modify
tree growth (Argus et al., 2015). Some of these featu-
res could explain the behavior of the GC clone in the
wettest season, mainly if stem growth is considered
(Tables 5 and 6).

In recent work, we studied the clonal variation of hy-
draulic traits and wood anatomy of one-and-a-half-year
specimens of GC172, GT529, and ABH17, grown wi-
thout water limitations under greenhouse conditions. We
found that GC172 had the highest leaf-specific hydrau-
lic conductivity without embolism (k; max = 7.53 +0.53
kg m* MPa' s') and wider xylem vessels (0.04 = 0,001
mm). This clone showed the highest AW and was also the
most vulnerable to cavitation (higher percentage loss of
hydraulic conductivity; unpublished data). These results
are consistent with the high transpiration of Red-Gum hy-
brids in the present study, and the higher hydraulic con-
ductance of GC172 under well-watered conditions.

Forest Systems

Water-use efficiency and growth

The analysis of instantaneous WUE (4/E) and A®C led
to similar conclusions. Red-Gum hybrids were the least
efficient in intrinsic leaf-level water use, most likely due to
lower stomatal regulation over time (long term A/ ratio)
(Table 3, Fig. 3). This outcome confirms the information
provided by leaf water potential and suggests that Red-
Gum hybrids adjust A to sustain carbon gain (Le Roux
et al., 1996). Conversely, ABH17 and GUOS seemed to be
more VPD sensitive and would therefore be more suitable
for withstanding drought conditions by reducing leaf gas
exchange. These clones were highly efficient in carbon fixa-
tion (high 4), although GU08 was more water-use efficient
in during the driest period (as inferred by A'*C data) (Table
3). This behavior could have led to higher WUE by decou-
pling stomatal conductance and carbon gain (4), as pre-
viously reported for humid-zone eucalypt species (Héroult
etal.,2013).

To our knowledge, hybrids with E. urophylla appear
to be highly sensitive to VPD, which implies a reduction
of carbon gain under high VPD. However, WUE is not
a constant characteristic of a given genotype, and it va-
ries according to a combination of site conditions, wea-
ther and tree age. The frequency and duration of soil
water deficits are crucial in determining WUE, which
is sensitive to annual variations in rainfall amount as
well as to rainfall distribution throughout the year (Dye,
2000). Under soil water deficits, E. urophylla is known
to show higher WUE (lower A®C) due to stable stomatal
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Figure 5. Photomicrographs of adaxial and abaxial leaf epidermis
(columns) of E. grandis (ABH17), E. grandis x E. camaldulensis
(GC172), E. grandis x E. tereticomis (GT529) and E. grandis x E.
urophylla (GUO8) clones (files); images (10X) were obtained on

0.15-mm? fields.

conductance as leaf water potential decreases (Zhang et
al., 2016). In our work, this mechanism was displayed
by GUO8 throughout the less rainy season (2013-14),
as inferred from WUE, (Table 3).

All genotypes had similar diametric relative growth
and volumetric stem growth during the first year of the
study (the less rainy one). During the wettest year, the
GC clone attained the highest diametric relative growth
(0.23 = 0.01), whereas GU averaged the lowest (0.07
+ 0.01). The latter also showed the lowest stem volu-
me at the end of the study (Table 6) and was the most
efficient in water use (lower A®*C) during the driest
growing season. This behavior is consistent with the
so-called “hare strategy,” which means that growth in-
creases rapidly with soil water availability, as observed
for diameter growth in 2014-15 (Table 6). Drew et al.
(2009) reported this pattern for some GU clones in South

Forest Systems

Africa. These authors found E. grandis x camaldulen-
sis hybrids to keep growing even under severe drought
conditions, referred to as the “tortoise™ growing pattern.
In our study, this hybrid grew faster than other clones in
the driest season (Table 6), mainly due to a higher gas
exchange (as inferred by AY, WUE, and WUE,), which
promoted carbon fixation.

Stomatal traits and water status

Transpiration was influenced by stomatal density and
distribution. ABH17 and GUO8 had hipostomatous leaves
and showed stronger stomatal control that reduced gas ex-
change. In GU clones, Eksteen er al. (2013) reported that
stomatal sensitivity to drought could be a consequence
of both stomatal closure and the absence of stomata on
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adaxial leaf surfaces. These traits are highly variable
among closely related clones, and we did not study sto-
mata development or their functionality. Leaves were
sampled at the end of the second growing season on the
same branchlets used for gas-exchange measurements,
therefore reflecting the effect of environmental conditions
on stomatal anatomy during this time (the preceding days
or even weeks).

On the other hand, Red-Gum hybrids transpired more
intensively and were amphistomatic. E. grandis x camal-
dulensis hybrid seems to have higher X under well-wa-
tered conditions to sustain carbon gain, which is consis-
tent with gas-exchange results. Conversely, ABH17 and
GUO8 enhanced their net carbon fixation. Eksteen et al.
(2013) observed that GC hybrids had higher growth than
GU clones after 12 months of chronic water stress. This
behavior was related to a higher gas exchange and diffe-
rent stomata density and distribution.

A noteworthy observation was that stomata on adaxial
surfaces of ABH17 and GUOS remained entirely immatu-
re, similarly to some tropical herbs (Kagan & Sachs,
1991). England & Attiwill (2011) studied stomata deve-
lopment in Eucahyptus regnans and reported that they
evolved progressively from margin to midrib in juvenile
leaves. However, in the current study, stomata remained
immature on the whole adaxial surface of adult leaves.
This pattern could have reduced leaf gas exchange and
it probably prevented leaf water potential from falling
(i.e., from being more negative). Hydraulic isolation in
amphistomatic leaves can induce surface-specific sto-
matal closure in E. globulus (Richardson et al., 2017),
and this could explain why Red-Gum hybrids attained
the highest gas exchange in our work, even in the driest
growing season. Nevertheless, further research is nee-
ded to study leaf hydraulics and the functionality of such
immature stomata.

Conclusions

We found differences in gas-exchange regulation, wa-
ter status, and growth among genotypes as a function of
soil water moisture (inferred from rainfall) in two growing
seasons. Red-Gum hybrids (E. grandis x E. camaldulen-
sis, GC172, and E. grandis x E. tereticornis, GT529)
transpired more intensively (higher daily A¥), and were
therefore less water-use efficient as confirmed either by
instantaneous (4/E) or intrinsic (A*C) WUE. These clones
were amphistomatic and displayed lower stomatal con-
trol over time (higher A**C). The E. grandis * E. camal-
dulensis hybrid showed the highest gas exchange under
well-watered conditions (wettest growing season), main-
ly due to an increase in tree hydraulic conductance (X).
This behavior granted this hybrid constant g, therefore
promoting carbon gain and stem growth. Conversely, E.

Forest Systems

grandis (ABH17) and E. grandis * E. urophylla (GU0S)
genotypes were more water-use efficient over time becau-
se of stronger stomatal regulation that increased the A/E
ratio. Therefore, they were more VPD sensitive across
both growing seasons (and therefore in different soil wa-
ter moisture conditions). These clones were hypostoma-
tic, and stomata on their adaxial leaf epidermis remained
entirely immature.
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5. Resultados v discusion

En el presente trabajo se estudidé la respuesta al déficit hidrico en clones
comerciales de E. grandis (clon GG) y en hibridos con eucaliptos colorados, E. grandis
x camaldulensis (clon GC)y E. grandis % tereticornis (clon GT), asi como también en
hibridos con el eucalipto de Timor, E. grandis *x urophylla (clones GU1 y GU2). Se
realizaron ensayos en condiciones de crecimiento controladas (invernaculo), con riego
restringido y en arboles a campo durante dos temporadas con diferente disponibilidad
hidrica en el suelo. Se identificaron diferentes mecanismos de respuesta a la sequia
que involucraron ajustes en variables fisiologicas —estado hidrico, intercambio
gaseoso y regulacion de la turgencia—, atributos anatomicos de la madera y variables
asociadas a la funcidn hidréulica. A partir del andlisis de dichas respuestas, se logro
identificar distintas estrategias de regulacion del estado hidrico que implicaron
diferencias en la eficiencia en el uso del agua, seguridad hidraulica y fijacion de
carbono de los distintos genotipos. Estas se relacionaron con diferentes patrones de
crecimiento ante distintas disponibilidades hidricas, tanto en los plantines creciendo
en condiciones controladas (invernaculo) como en arboles juveniles creciendo a
campo.

La presente discusion se organiza de la siguiente manera: en un primer apartado
se retoman los objetivos especificos y se indica en qué articulos publicados, expuestos
en capitulos anteriores, se encuentran los resultados correspondientes. A continuacion,
se incluye un apartado de integracion de todos los resultados, los cuales se discuten a
la luz del objetivo general e hipodtesis de la tesis. Finalmente, se presentan las

conclusiones generales del trabajo.

5.1. Contribuciones a los objetivos especificos

En el articulo titulado «Similar but unique: physiological response to drought
and growth of pure species and interspecific hybrid clones of Eucalyptus» (Gandara et
al., 2025a) se brindan resultados que responden a los objetivos a) caracterizar y
comparar variables asociadas a las relaciones hidricas y al intercambio gaseoso en los

diferentes clones durante la estacion de crecimiento, en el estado de plantin y c¢)
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cuantificar el grado de plasticidad fenotipica en caracteres funcionales (anatémicos,
fisioldgicos, morfologicos, de asignacion de biomasa) en funcion de la disponibilidad
hidrica del sustrato.

El articulo titulado «Xylem functional anatomy of pure-species and interspecific
hybrid clones of Eucalyptus differing in drought resistance» (Géndara et al., 2025b)
retne los principales resultados relacionados con el objetivo b) cuantificar variables
anatomico-funcionales del xilema y de la planta entera, relacionados con la
arquitectura hidraulica de los diferentes genotipos, y contribuyen al objetivo ¢) en la
dimension de caracteres anatomicos del xilema.

En conjunto, ambos articulos y la discusion integral del préximo apartado,
contribuyen al cumplimiento del objetivo especifico d) identificar relaciones entre
mecanismos fisioldgicos y caracteristicas anatdmico-funcionales (objetivos a y b), asi
como grado de plasticidad fenotipica (objetivo c), con diferentes desempeiios de clones
puros e hibridos ante condiciones variables de disponibilidad hidrica (condiciones de
alta disponibilidad o afios humedos vs. condiciones de baja disponibilidad o afios
secos).

Finalmente, el articulo «Differential water-use efficiency and growth among
Eucalyptus grandis hybrids under two different rainfall conditions» (Géandara et al.,
2020) presenta los resultados correspondientes al objetivo e) estudiar las relaciones
hidricas y la fijacion de carbono en individuos juveniles (2-4,5 afios) de los diferentes
taxones, creciendo a campo con distinta disponibilidad hidrica del suelo (condiciones
medias del sitio o la disponibilidad hidrica estacional), e interpretar los patrones de
crecimiento, comparandolos con los observados en el estado de plantin (objetivos
anteriores), completandose la Gltima parte del objetivo en la discusion integral de la

presente tesis.

5.2. Integracion de resultados a la luz del objetivo general

El objetivo general de esta tesis fue identificar mecanismos morfofisiologicos
involucrados en la respuesta al déficit hidrico en clones comerciales de Eucalyptus
grandis e hibridos con eucaliptos colorados (E. camaldulensis y E. tereticornis) y con

E. urophylla, para contribuir al desarrollo de criterios de seleccion de genotipos mas
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tolerantes. Se planted como hipotesis que los genotipos hibridos tendrian un mejor
desempefio frente a la sequia que el clon de E. grandis, aunque no bajo condiciones de
alta disponibilidad hidrica. Sin embargo, se esperaba una variacion de respuestas entre
genotipos, con alguna combinacidon que presentara un desempefio aceptable en todas
las condiciones de disponibilidad hidrica, es decir, que minimizara el compromiso
entre productividad y resistencia a estrés. Asimismo, se esperaba que esto se debiera
tanto a variaciones en las estrategias y valores de los distintos rasgos como a una mayor
plasticidad fenotipica de los clones hibridos (i. e., mayor diferencia de la expresion de
los caracteres entre tratamientos).

El analisis de las respuestas fisiologicas (Géandara et al., 2025a) reveld dos
patrones generales de respuesta al déficit hidrico. Los hibridos con eucaliptos
colorados (GC y GT) mostraron un comportamiento de tipo anisohidrico en
comparacion con el resto de los clones, lo que sugiere una estrategia mas derrochadora
de agua, asociada con un menor control estomatico durante el estrés (relativamente
alta gs) que condujo a una elevada actividad transpiratoria y a un mayor AY¥ entre suelo
y hoja. Esta estrategia hizo posible sostener la fijacion de carbono y la capacidad de
crecimiento de las plantas, aunque con altos porcentajes de pérdida de conductividad
hidraulica. En consecuencia, estos genotipos presentaron menor eficiencia en el uso
del agua —menor EUA—, consistente con observaciones reportadas en eucaliptos
colorados en su zona de origen (Whitehead y Beadle, 2004). Nion et al. (2024)
encontraron un patron similar en un hibrido GT bajo estrés severo en invernaculo. En
los arboles creciendo a campo (Gandara et al., 2020), esta tendencia se observd tanto
a partir de mediciones instantaneas (i. e., EUA instantanea, EUA = A / E) como del
analisis de is6topos estables de carbono (i. e., EUA integrada, EUA; = A;/ gs). El curso
estacional del AY en los arboles siguid un patrén similar al isohidrodindmico definido
por Franks et al. (2007) en Eucalyptus gomphocephala, con valores relativamente
estables durante ciclos estacionales de contenido de humedad del suelo. Los hibridos
GC y GT presentaron mayor actividad transpiratoria durante ambas temporadas de
crecimiento, lo que sugiere que los patrones de uso del agua son similares entre

genotipos, tanto en plantas creciendo en condiciones controladas como en los arboles
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a campo. Esto sugiere que es posible realizar selecciones tempranas con base en el
comportamiento de las plantas en etapas iniciales del desarrollo.

La evolucion del potencial hidrico foliar se relacion6 con diferencias en la
anatomia y distribucion de los estomas. En los arboles juveniles de los hibridos GC y
GT, las hojas adultas fueron anfiestomaticas, lo que es consistente con su mayor
actividad transpiratoria. Por el contrario, en los demads clones ensayados a campo (GG
y GU1) se observd un patrén hipoestomatico y la presencia de estomas inmaduros
(protoestomas) en la cara adaxial de las laminas foliares, similar a lo reportado por
England y Atwill (2011) en herbaceas tropicales. Pero, a diferencia de estos autores,
en el presente estudio todos los estomas del haz permanecieron inmaduros, lo cual
podria explicar, en alguna medida, las menores tasas de intercambio gaseoso de estos
clones (Géandara et al., 2020). En este sentido, Eksteen et al. (2013) sefialaron que la
sensibilidad estomatica puede deberse al control estomatico y a la ausencia de estomas
en el haz de las hojas. En cuanto a la actividad fotosintética, los hibridos con eucaliptos
colorado mantuvieron un elevado contenido de clorofila durante el estrés, lo que
indicaria una aclimatacion del proceso fotosintético al déficit hidrico, sumado al
mantenimiento relativamente constante del area foliar especifica (Gandara et al.,
2025a). Este comportamiento no se observo en los otros clones y concuerda con lo que
distintos autores definen como respuesta hormética, es decir, una activacion del
proceso fotosintético luego de un estrés moderado que desencadena respuestas
adaptativas ante exposiciones futuras a la condicion de estrés (Agathokleous et al.,
2020; Mattson, 2008). Este patrén se ha reportado en hibridos GT bajo estrés hidrico
severo en inverndculo (Nion et al., 2024).

Aunque los hibridos GC y GT presentaron una mayor pérdida de conductividad
hidraulica (PLC), cercana a valores que generan dafio irreversible, lograron activar
mecanismos compensatorios que permitieron sostener la turgencia (CRA elevado) y el
crecimiento (Géndara et al., 2025a). Entre los mecanismos mas importantes se
identificaron el ajuste elastico —reduccion del modulo de elasticidad de pared, e—y
el ajuste osmotico. En el caso de GC, este ultimo mecanismo se observo sobre el final
del tratamiento de estrés, es decir, mas tardiamente en la estacion de crecimiento, con

diferencias entre WrLpy Wsat que triplicaron a lo reportado por Lemcoff et al. (2002) en
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E. camaldulensis. La reduccion de € conlleva la generacion de células con paredes mas
delgadas y mayor espacio intercelular, lo que produce cambios en las microfibrillas de
celulosa y en los polisacaridos estructurales (Niinemets, 2001). En el caso de GC, se
generd follaje con estas caracteristicas durante la primavera, al comienzo del
tratamiento de estrés hidrico, lo que sugiere que el ajuste eldstico es una respuesta
plastica que se desencadena antes en el tiempo que el ajuste osmotico en este clon.
Probablemente, estos mecanismos de respuesta contribuyeron a mantener el balance
hidrico y la apertura estomatica y, quizas, también presentaron una mayor capacidad
de almacenamiento de agua (capacitancia) en hojas y drganos lefiosos. De esta manera,
fue posible generar el gradiente de potencial hidrico necesario entre la planta y el suelo
para sostener la absorcion de agua (Lenz et al., 2006), a pesar del riesgo de cavitacion.
Por otro lado, estos clones presentaron una mayor eficiencia del sistema conductivo
(kn) en tallos, a pesar de una mayor reduccion de la conductividad hidraulica.

En contraste con lo observado en plantines y arboles juveniles de los clones
hibridos GC y GT, el clon de E. grandis (GG) adoptd una estrategia mas conservadora
del uso del agua, asociada con un patréon mads isohidrico, tanto en los ensayos con
plantines en invernaculo (Gandara et al., 2025a) como en los arboles a campo (Gandara
et al., 2020). El comportamiento se debid principalmente a un estricto control
estomatico en condiciones de estrés —baja gs— que minimizo la pérdida de agua y
evitd una caida abrupta de la conductividad hidraulica. Como resultado, el PLC fue
menor que en los clones con comportamiento anisohidrico. Esta estrategia prioriza la
integridad del sistema hidraulico por encima de la eficiencia para evitar el embolismo
y asegurar la funcionalidad del xilema (Li et al., 2024; Martinez-Vilalta et al., 2002;
Zimmermann et al., 2021). En el clon GG también se observo ajuste osmotico, que —
a diferencia de lo observado en GC y GT— se activo desde el inicio del periodo de
estrés en primavera. Sin embargo, esta pronta respuesta de aclimataciéon no seria
suficiente para permitir la apertura estomatica de manera sostenida durante el periodo
con déficit hidrico. Los resultados sugieren que E. grandis fue el clon mas vulnerable
a la cavitacion, en concordancia con otros autores en estudios comparativos con E.
camaldulensis (Barotto et al., 2016; Fernandez et al., 2019), lo que obligd a un cierre

estomatico temprano Yy, paradojicamente, resultdé en menores pérdidas de
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conductividad debido a su comportamiento altamente conservativo. Estos dos
elementos —el ajuste osmoético y la baja pérdida de cavitacion asociada a un cierre
estomatico temprano— que act@ian en hojas y tallos, contribuyeron a la retencion de
agua en los tejidos y a la resiliencia tras la sequia. Ambas caracteristicas son propias
de una estrategia evitadora y se tradujeron en mayores pérdidas relativas de
crecimiento en el clon de E. grandis respecto de los genotipos hibridos (Gandara et al.,
2025a).

Los hibridos GU1 y GU2 mostraron un comportamiento intermedio entre los
hibridos con eucaliptos colorados y el clon de E. grandis, caracterizado por una
regulacion estomatica y una tolerancia al estrés mas moderadas, particularmente en los
ensayos con plantas en invernaculo (Gandara et al., 2025a). La informacion obtenida
a partir de las variables hidraulicas indica una relacion mas balanceada entre seguridad
y eficiencia del sistema conductivo respecto al resto de los clones. Estas caracteristicas
favorecieron, en parte, el crecimiento de las plantas durante el periodo de estrés, y uno
de los dos clones (GU1) presento cierta superioridad de desempeio con respecto a E.
grandis. Sin embargo, en arboles a campo, el clon GUI presentd un patron de
crecimiento y de estado hidrico similar a GG, con el que compartié el mismo patrén
de distribucion y frecuencia estomaticas. En este sentido, el desempefio de los
plantines no fue idéntico al observado en arboles juveniles a campo y planted
interrogantes acerca del comportamiento de los clones GU. Por un lado, respecto a las
razones de sus diferentes desempefios ante el estrés —aun cuando su comportamiento
fisiologico fue similar entre ambos— y, por otro, en relacion con la variacion de
respuestas en distintos estadios ontogenéticos.

El estrés hidrico provoco ajustes en caracteres anatomicos del xilema, ya sea en
ramas, tallos o en ambos o6rganos (Géandara et al., 2025b). En términos generales, todos
los clones respondieron al déficit hidrico mediante la reduccion del didmetro de vasos
y el incremento de su frecuencia, junto con un aumento del espesor de la pared de las
fibras y una disminucién en su longitud. El déficit hidrico también promovié un
descenso de la fraccion ocupada por limenes de vasos (F) y una disminucion de su
composicion (distribucion de tamafios) en la albura (S). Estos cambios, en su conjunto,

resultaron en un aumento en la densidad de la madera y reflejan la plasticidad que
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presentan los rasgos del xilema en respuesta a la sequia. En condiciones de estrés, se
favoreci6 la seguridad hidraulica en detrimento de la eficiencia, aunque existieron
diferencias significativas entre clones.

GC y GT fueron los Unicos clones que incrementaron la densidad de la madera
de tallo bajo la sequia. Este aumento se debio, principalmente, a paredes celulares con
mayor grosor y menor area individual de limenes en los elementos de conduccion
(vasos) y de sostén (fibras). Resulta interesante que estos hibridos mantuvieran
constante la fraccion de lumenes (F), a pesar de reducir el didmetro medio de los vasos,
hecho fundamental para explicar los altos de valores de conductividad hidraulica
teorica (kswmeo), particularmente en las ramas del clon GT. Los ajustes anatdmicos
probablemente aumentaron la resistencia a la cavitacion y permitieron desplazar el
umbral hacia valores mas bajos de potencial hidrico. Es probable que estas
modificaciones estén acompafiadas por otras respuestas anatomicas compensatorias
que apuntan a la regulacion del tamafio de los vasos y a la estructura y dimensién de
las puntuaciones intervasculares. Estas Gltimas reducen el riesgo de cavitacion, tal
como se ha descrito en otros taxones del género (Ferndndez et al., 2019). Por esta
razon, es importante estudiar la vulnerabilidad a la cavitacion con el objetivo de
conocer las implicancias funcionales de los ajustes observados.

E. grandis mostr6 los ajustes mas notables en las fibras —reduccion de largo,
aumento en el espesor de paredes y reducciéon de S—, aunque sin cambios
significativos en la densidad de la madera. Los hibridos GU1 y GU2 exhibieron un
comportamiento intermedio entre los hibridos con eucaliptos colorados y el clon de E.
grandis. En términos de plasticidad, algunos rasgos de las fibras en estos hibridos
variaron de manera similar a GG —reduccion de longitud—, mientras que otros se
comportaron como en GC y GT —fraccion de lumenes (Ff) y espesor de pared— y
permanecieron relativamente constantes bajo el estrés.

Al comparar distintos 6rganos dentro de las plantas, se observaron diferencias
en las respuestas entre tallo y rama, lo que sugiere una regulacion diferencial del estado
hidrico entre 6rganos (Gandara et al., 2025b). Por ejemplo, la densidad de la madera
fue 25 % mayor en ramas que en tallos de las mismas plantas, lo que evidencia el

compromiso entre seguridad y eficiencia en o6rganos distales, ya que estan sometidos
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a mayor tension y riesgo de cavitacion. Si bien en este trabajo no se compararon
estadisticamente los atributos del xilema entre 6rganos, los resultados sugieren que en
los tallos se prioriza la eficiencia hidraulica (mayor conductividad), y en las ramas, la
seguridad del sistema conductivo. En este sentido, hubo diferencias entre clones y
condiciéon hidrica. El clon GG fue el que mostré mayores cambios en los rasgos
anatomicos de rama debido al estrés, resultado consistente con la mayor sensibilidad
al estrés de este clon que reportaron diversos autores, incluyendo los resultados de esta
tesis.

El estudio de la eficiencia hidraulica, inferida por los rasgos anatomicos del
xilema, revel6 diferencias entre clones y 6rganos en respuesta al estrés. Esta se analizo
a través de la ksineo, calculada a partir de la cantidad y distribucion de tamaio de los
vasos. Todos los clones redujeron el valor de S (composicién de vasos) en tallos
durante el déficit hidrico y, al mismo tiempo, generaron vasos mas pequefios y mas
homogéneamente distribuidos en términos de los extremos de tamafio, lo cual
posiblemente aument6 la seguridad hidraulica. La excepcion fue el clon GU1, que no
modificd este parametro. Al comparar como varia la eficiencia del transporte en
funcién de la fraccion de lumenes (F) entre distintos drganos, se observo que la Ksineo
es mayor en los tallos para un mismo valor de F. Esto sugiere que la distribucion del
tamafio de vasos (S) tiene un rol mas importante que F en la eficiencia del transporte,
a diferencia de lo reportado en varias especies de Eucalyptus por Barotto et al. (2017).
Los clones GG y GU2 redujeron S y F en los tallos, mientras que GC y GT ajustaron
solamente S, y GU1 modifico unicamente F. Estos patrones muestran la diversidad de
respuestas entre genotipos, lo que indica diferencias notables en el balance entre
seguridad y eficiencia aun dentro de especies emparentadas. Cabe destacar que en GG
y GU2, la relacion Kksemeo vs. F en tallos varid con el estrés, mostrando una disociacion
entre plantas control y plantas estresadas. Probablemente, esto se deba al refuerzo
mecanico y a la reduccion del tamafio de vasos en estos genotipos.

Los patrones de crecimiento fueron similares dentro de cada grupo de clones. En
cuatro de los cinco genotipos, la caida del crecimiento en altura durante la sequia
duplico a la caida del crecimiento en didmetro. Sin embargo, GC fue el tnico clon que

mantuvo valores de crecimiento similares entre las plantas control y las plantas
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estresadas. Esto podria deberse, entre otros factores, a la activacion de los mecanismos
de respuesta morfofisioldgicos e hidraulicos anteriormente mencionados, los cuales
permitieron mantener la turgencia y el intercambio gaseoso durante el periodo de
estrés. Los resultados evidencian la capacidad de GC para activar multiples
mecanismos de respuesta a la sequia. Al igual que el clon GT, los resultados sugieren
que se trata de especies tolerantes, a diferencia de GG y GU2, que fueron
particularmente sensibles y presentaron estrategias de respuesta similares a las
especies evitadoras (Lambers et al., 2008; Levitt, 1980). La tendencia al mejor
desempefio de los hibridos con eucaliptos colorados se observéd también en arboles a
campo, donde los clones GC y GT crecieron mas que los otros, especialmente en
condiciones de alta disponibilidad hidrica en el suelo, destacandose el clon GC por su
crecimiento diamétrico superior (Gandara et al., 2020). En Sudafrica, Drew et al.
(2009) reportaron un comportamiento similar en clones GC creciendo a campo y lo
compararon con el crecimiento de clones GU, que fue mayor durante periodos con
buena disponibilidad hidrica y se redujo drasticamente en la estacion seca.

Cabe destacar que los resultados de nuestros ensayos muestran una alta
complejidad de respuestas, no siempre coincidente con los reportes de otros clones
hibridos de Eucalyptus mencionados en los parrafos anteriores. Asi, si bien se esperaba
que los clones GC y GT tuvieran un mejor desempefio que el GG ante sequia, esto solo
se verifico en el caso del GC en los ensayos controlados. Si bien ambos clones hibridos
mostraron comportamientos anatomo-fisiologicos similares, el desempeiio en
crecimiento ante sequia fue mejor en GC que en GT. Asimismo, se esperaba que estos
hibridos tuvieran un desempefio mas pobre que el clon GG ante buenas condiciones
hidricas, resultado que no se verifico en los ensayos de condiciones controladas ni en
arboles a campo. En este sentido, el clon GC mostr6 siempre el mejor desempefio,
tanto en el tratamiento control como bajo estrés. Por otro lado, los dos clones GU
también tuvieron cierta similitud de comportamiento anatomo-fisioldgico entre si,
pero el desempeiio ante estrés —medido por el crecimiento en altura y diametro—
difirié entre clones, siendo GU2 mas sensible que GU1. Estos resultados sugieren la
necesidad de mediciones adicionales —como la asignacion de carbono a raices— para

explicar la variabilidad de las respuestas observadas.
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Por otro lado, contrariamente a lo postulado en nuestra segunda hipotesis, no se
encontr6 evidencia concluyente de que el mejor desempefio ante la sequia estuviera
asociado a una mayor plasticidad fenotipica en los hibridos. El clon GG, altamente
sensible a la sequia, mostrd diversas respuestas plasticas en términos fisiologicos
(ejemplo, ajuste osmoético) y en la anatomia del xilema (ejemplo, marcada reduccion
de F y S de vasos, asi como de las propiedades de las fibras). Si bien el clon de mejor
desempefio, GC, se caracterizd por una alta plasticidad en varios caracteres, estos
resultados sugieren que la plasticidad per se no es condicion suficiente para alcanzar
alta resistencia a la sequia en los eucaliptos estudiados, sino que el tipo de estrategia
general —baja sensibilidad estomatica, alta densidad de madera y posiblemente baja
vulnerabilidad a la cavitacion, alta capacidad de ajuste osmdtico y elastico de los
tejidos— es mas importante para la adaptabilidad a condiciones variables de agua
en suelo.

La finalidad central de esta tesis fue contribuir al conocimiento de caracteres que
permitan la seleccion genética con foco en la adaptabilidad a la sequia. Para ello, mas
alla del analisis cualitativo precedente, se exploraron relaciones cuantitativas entre tasa
media de crecimiento de los plantines bajo condiciones controladas y distintos
caracteres de facil medicion explorados en la tesis. En este sentido, se planteé como
tercera hipotesis de trabajo que existirian caracteres sencillos de medir que —por su
asociacion directa o indirecta con el desempeiio de los distintos genotipos— podrian
servir para la seleccion genética en programas de fenotipado de alto caudal. Los
resultados del trabajo revelaron algunas relaciones significativas (figuras 4 y 5). Se
trabajo con valores medios de los caracteres por clon y tratamiento, presentados en
tablas por Gandara et al. (2025 ay b). Se analizo el desempeiio del crecimiento relativo
en altura y didmetro en ambos tratamientos de disponibilidad hidrica, asi como la
relacion entre estas variables en el tratamiento de sequia respecto al control —como
medida de la sensibilidad a la sequia—, considerando los siguientes caracteres de
relativamente facil medicion: drea foliar especifica de las hojas (AFE), densidad de
madera de ramas y tallos, ksmax medida en tallos, ksmeo de ramas y tallos, fraccion de
limenes de vasos (F) de ramas y tallos y composicion de vasos (S) de ramas y tallos.

Se presentan Uinicamente las relaciones con un coeficiente de determinacion (R?)
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mayor a 0,5, que es equivalente a un coeficiente de correlacion mayor a 0,7, indicativo
de una asociacion fuerte.

El crecimiento relativo en didmetro de los plantines present6 una baja asociacion
con todos los caracteres explorados (R>< 0,3 en todos los casos; datos no mostrados).
Por el contrario, el crecimiento relativo en altura de los plantines present6 una alta
asociacion con varios caracteres funcionales, aunque se destaca que estas asociaciones
solo fueron marcadas en los plantines creciendo en el tratamiento control, de alta
disponibilidad hidrica (figura 4, simbolos naranjas). En los plantines creciendo bajo
estrés hidrico, las relaciones se desacoplan (figura 4, simbolos azules), lo que sugiere
que los cambios plasticos ocurridos en ellos no se trasladan de manera directa y lineal
—andlisis univariado— al desempeio de los plantines bajo esta condicion. De acuerdo
con estos resultados exploratorios, las tasas maximas de crecimiento en altura de los
plantines estarian negativamente relacionadas con la ksieo y 1a fraccion de lumenes (F)
de ramas; ambas variables se correlacionan entre si (Gandara et al., 2025b). Este
resultado puede parecer contraintuitivo debido a la relacion generalmente postulada
entre la eficiencia del transporte de agua y la fijacion de C en las especies lefiosas
(e. g., Hubbard et al., 2001; Sperry et al., 2008). Sin embargo, podria entenderse a la
luz de la compleja arquitectura hidraulica de los eucaliptos, en los que especies como
E. grandis se caracterizan por tener una alta eficiencia hidraulica en tallos, pero una
baja eficiencia (baja ks) en las ramas terminales. Este patron se asocia con una alta
vulnerabilidad a la cavitacion (Fernandez et al., 2019), donde las ramas, posiblemente,
actuen como fusibles hidraulicos en el contexto de una estrategia evitadora de la
deshidratacion. Asimismo, se verificd una asociacion negativa con el AFE, lo que
indica que los genotipos que maximizan la superficie foliar por unidad de biomasa son
aquellos con menor crecimiento en altura: nuevamente un resultado contraintuitivo.
Sin embargo, este estaria a favor de la idea de estructuras terminales (ramas y hojas)
conservativas del agua como asociadas a un mejor desempeio aun en condiciones de
alta disponibilidad hidrica.

Por otro lado, el crecimiento relativo en altura de los plantines en condiciones
de alta disponibilidad hidrica se relaciond positivamente con la conductividad

hidraulica especifica maxima (ksmax) medida en los tallos y con la densidad de la
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madera de tallos y ramas (figura 4). Estos resultados también contradicen el esperado
compromiso en las especies lefiosas entre eficiencia hidraulica y seguridad del sistema
conductivo, reflejado en una alta densidad de la madera. Sin embargo, estan a favor de
la ausencia de estos compromisos postulada para genotipos de Eucalyptus de alto
crecimiento por Fernandez et al. (2019). Estos resultados respaldan la idea de que, en
los eucaliptos, las altas tasas de crecimiento (al menos en altura) se logran combinando
una alta eficiencia hidraulica en tallos con una alta densidad de madera, posiblemente
como refuerzo para el sostenimiento de la funcion hidraulica en condiciones de alta

demanda evaporativa.
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Figura 4

Regresiones lineales entre el crecimiento relativo en altura (extraido de Gandara et al.,

2025a) y distintos caracteres funcionales de ramas o tallos (extraidos de Gandara et

al., 2025 a y b) en 5 clones de Eucalyptus (GG, GC, GT, GU1 y GU2) creciendo en

condiciones controladas.
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Nota. Cada punto es el promedio del genotipo. Los simbolos en naranja representan a

las plantas creciendo bajo alta disponibilidad hidrica (control), y los simbolos azules,

plantas en el tratamiento de estrés hidrico. Las relaciones mostradas poseen un

coeficiente de determinacion (R?) de al menos 0,5 (p < 0,05) y corresponden en todos

los casos a las plantas control.
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Finalmente, se relaciono la sensibilidad a la sequia de los genotipos (cociente
entre el crecimiento en sequia y el crecimiento en control, multiplicado por cien) con
los distintos caracteres medidos en las plantas control, es decir, con aquellos caracteres
que el genotipo expresa cuando tiene alta disponibilidad hidrica. Se exploraron estas
relaciones considerando su posible aplicacion en screening de plantines bajo riego
frecuente, tratamiento que es mas sencillo de aplicar que el de estrés controlado. Se
encontraron solo tres relaciones significativas y altas (figura 5).

Dos de estas relaciones (primer y segundo panel de la figura 5) estuvieron muy
traccionadas por el valor mas disimil del genotipo GC. Este presenté la menor
sensibilidad a la sequia (en realidad, un crecimiento medio incluso mayor que en el
control, como se expresa en el porcentaje mayor a 100 %) con una alta densidad de
madera y baja composicion de vasos (S) de las ramas. Valores bajos de S, que es el
cociente entre el tamafio medio y el nimero de vasos del xilema, se asocia en la
bibliografia a una mayor seguridad hidraulica, ya que implica un nimero mayor de
vasos con menor didmetro (Zanne et al., 2010). Por otro lado, se observo una relacion
muy significativa entre la sensibilidad del crecimiento en altura con la composicioén de
vasos del tallo (tercer panel de figura 5). En este sentido, la mayor resistencia (o menor
sensibilidad) ante la sequia se explicd por distintos caracteres del xilema de ramas o
tallos, asociados en la literatura con una mayor seguridad del sistema de conduccion

de agua.
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Figura 5

Regresion lineal entre la sensibilidad del crecimiento relativo en didmetro basal del
tallo (paneles superiores) y el crecimiento en altura (panel inferior) frente a la sequia,
en funcion de distintos caracteres funcionales de ramas o tallos (Géndara et al., 2025

a 'y b) en cinco clones de Eucalyptus (GG, GC, GT, GU1 y GU2) creciendo en

condiciones controladas.
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Nota. Se muestran solo las relaciones con un coeficiente de determinacion (R?) de al

menos 0,5 (p <0,05).

Estas exploraciones en relacion con los caracteres que podrian usarse en
fenotipado deben tomarse con cautela debido a que se trabajo con solo cinco genotipos.
Sin embargo, permiten abrir promisorias lineas de trabajo a futuro con otros genotipos,
de manera de verificar si se refuerzan o refutan estos patrones. De verificarse, estos
resultados podrian tener importantes implicancias para el mejoramiento genético de
Eucalyptus orientado a la optimizacion conjunta del crecimiento y la resistencia a la
sequia.

Si bien los resultados de esta tesis aportan evidencias valiosas sobre rasgos

potencialmente Utiles para la seleccion genética orientada a la tolerancia a la sequia,
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es necesario interpretar estas asociaciones con precaucion. En particular, las relaciones
que vinculan la densidad de la madera con un mayor desempefio bajo estrés estuvieron
fuertemente influenciadas por el valor del clon GC, lo que evidencia el riesgo de
extrapolar patrones basados en un nimero reducido de genotipos. Esto sugiere que la
densidad de madera, aunque promisoria, no puede considerarse por si sola un criterio
general y robusto de screening. Su uso deberia evaluarse en un conjunto mas amplio
de materiales genéticos y siempre en combinacion con otros rasgos fisiologicos e
hidraulicos para evitar sesgos genotipicos y fortalecer la prediccion del desempefio en

ambientes con disponibilidad hidrica variable.
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6. Conclusiones

En este trabajo se evalud la respuesta al déficit hidrico en plantines (en
invernaculo) y arboles juveniles (a campo) de clones comerciales de Eucalyptus
grandis (GQG), E. grandis x camaldulensis (GC), E. grandis x tereticornis (GT) y E.
grandis x urophylla (GU1 y GU2). Se analizaron variables fisioldgicas, hidraulicas y
anatodmicas y su relacién con el crecimiento. Los resultados revelaron diferentes
estrategias de respuesta a la sequia entre los clones, consistentes en general dentro de
los genotipos entre estadios ontogenéticos (plantin, arbol juvenil) y condiciones de
crecimiento (invernaculo, campo).

Los hibridos con eucaliptos colorados, GC y GT, presentaron un menor control
estomatico durante la sequia, lo que favoreci6é una mayor transpiracion y asimilacion
de carbono, y permitié mantener su capacidad de crecimiento, particularmente en el
clon GC. Asi, fueron menos eficientes en el uso del agua y mostraron una estrategia
de tipo derrochadora, reforzada por su caracter anfiestomatico. Como consecuencia
del menor cierre estomatico y de su comportamiento anisohidrico, estos hibridos
registraron una caida sustancial de la conductividad hidraulica en tallos durante la
sequia, a pesar de que, probablemente, tuvieron una menor vulnerabilidad a la
cavitacion inferida por este parametro en sus parentales (E. camaldulensis y E.
tereticornis), su alta densidad de madera y parametros anatomicos que asi lo sugieren
(ejemplo, baja composicion de vasos, S). Durante el estrés, todos los clones
incrementaron la densidad de la madera de tallo y, al mismo tiempo, redujeron el
diametro de los vasos y aumentaron su frecuencia. Sin embargo, a diferencia de los
otros clones, en GC y GT no se modifico la fraccion de lumenes de vasos (F) ni la
longitud de las fibras, lo cual favorecio la eficiencia y la seguridad hidraulica.
Curiosamente, GC presentd una alta conductividad hidraulica teodrica y elevada
densidad de la madera, lo que sugiere una adaptacion simultanea para un transporte
eficiente y resistencia. Estos caracteres del xilema, junto a su alta capacidad de ajuste
osmotico y elastico en las hojas, resultaron en que haya sido el tinico clon que mantuvo
el crecimiento en altura y diametro durante la sequia respecto al tratamiento control.

Esta alta resistencia (o baja sensibilidad) al estrés no se vio comprometida con el

103



crecimiento en condiciones de alta disponibilidad hidrica, tanto en plantines creciendo
en condiciones controladas como en arboles jovenes en el campo. Es decir, el clon GC
optimizo el crecimiento en ambos tipos de condicion.

E. grandis (GG) y, en menor medida GU1 y GU2, siguieron una estrategia mas
conservadora del uso de agua durante la sequia, caracterizada por un fuerte control
estomatico y una menor actividad transpiratoria —asociada a su cardcter
hipoestomatico—, lo que indica que priorizaron la seguridad del sistema conductivo,
principalmente el clon GG. Este clon presentd los ajustes mas notables en rasgos de
las fibras, con una reduccion en su longitud, un aumento del espesor de sus paredes,
asi como también un temprano ajuste osmotico durante la sequia. A pesar de estas
respuestas plasticas, este clon no fue capaz de mantener la apertura estomatica durante
la desecacion del suelo y, por lo tanto, fue mas sensible al estrés hidrico (i. e., alta
caida del crecimiento en altura y didmetro).

Ambos hibridos GU1 y GU2 exhibieron un comportamiento intermedio entre los
hibridos con eucaliptos colorados y el clon de E. grandis. En términos de plasticidad,
algunos rasgos de las fibras en estos hibridos variaron de manera similar a GG,
mientras que otros se comportaron como en GC y GT no mostraron cambios durante
la sequia. Si bien presentaron un perfil similar de respuestas morfofisiologicas, su
sensibilidad a la sequia fue diferente, con una mayor sensibilidad —similar a GG— en
el caso de GU2. Esto sugiere que, mas alla de comportamientos fisiologicos similares
(entre GC y GT o entre GU1 y GU2), el desempeiio ante la sequia es variable inclusive
dentro de combinaciones altamente emparentadas, lo que hace necesaria la evaluacion
de cada nuevo genotipo de manera particular.

La similitud de comportamiento entre estadios ontogenéticos en la mayoria de
los clones sugiere que seria posible realizar selecciones tempranas basadas en
caracteres morfofisiologicos durante las etapas iniciales del desarrollo de las plantas.
Sin embargo, el clon GU1 difirié en parte en su comportamiento en invernaculo y
campo, con mayor sensibilidad a sequia en el estadio juvenil que lo demostrado en el
estadio de plantin, lo que sugiere la necesidad de mas estudios.

Si bien se recomienda precaucion debido a la necesidad de evaluar otros

genotipos, se identificaron caracteres que podrian servir para el fenotipado de alto
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rendimiento, tendiente a optimizar crecimiento y la tolerancia al estrés hidrico. En este
sentido, la (alta) densidad de madera de tallos y ramas y la (baja) composicion de vasos

del xilema (S) aparecen como proxies de una baja sensibilidad a la sequia.
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