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ABSTRACT

By having stomata on both leaf surfaces, amphistomatic species increase stomatal

conductance to CO2 to achieve higher photosynthetic rates; however, the potential

for greater water loss from the leaves also increases. In Eucalyptus, this is

particularly interesting because amphistomatic Eucalyptus are common in more arid

environments. Therefore, in this study, we investigated whether amphistomatic

Eucalyptus species exhibit greater water supply and/or greater leaf resistance to

drought than hypostomatic species to compensate for their "leaky" leaves. The only

leaf-level drought resistance mechanisms observed in amphistomatous species were

a higher modulus of elasticity, greater capacitance, and almost erect leaves. The

higher rates of residual water loss, not accompanied by an increase in water

distribution efficiency or leaf desiccation protection mechanisms, associated with the

drier environments where amphistomatic eucalypts are common, suggest that these

species may be more vulnerable to drought compared to hypostomatic species. In

addition, we used the database generated during the characterization of seven of the

eight species used in the previous study, applying the REML (Restricted Maximum

Likelihood) / BLUP (Best Linear Unbiased Prediction), which makes it possible to

estimate the variance components and predict the genetic values of individuals, as

well as estimating genetic parameters such as heritability, accuracy and coefficient of

genotypic variation. We carried out this analysis on anatomical variables, gas

exchange, water relations, allometry, and growth, as well as the content of

compounds from the metabolism. This information, which is scarce in the literature,

indicates interesting characteristics for inclusion in breeding programs, speeding up

the development of genotypes adapted to different environmental conditions from the

juvenile stage. Reducing the time needed to develop new genotypes and increasing

the efficiency of breeding programs.

Keywords: amphistomatic; hypostomatic; eucalyptus; leaf residual water loss;

heritability; accuracy; plant breeding.
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RESUMO

Devido à presença de estômatos em ambas as superfícies foliares, as espécies

anfistomáticas possuem maior condutância estomática (gs) ao CO2 para atingir

taxas fotossintéticas mais elevadas; no entanto, o potencial para uma maior perda

de água nas folhas também aumenta. Em Eucalyptus, isto é particularmente

interessante porque os Eucalyptus anfistomáticos são comuns em ambientes mais

áridos. Assim, neste estudo, investigámos se as espécies anfistomáticas de

Eucalyptus apresentam um maior fornecimento de água e/ou uma maior resistência

das folhas à seca do que as espécies hipostomáticas para compensar as suas folhas

"com vazamentos". E os únicos mecanismos de resistência à seca ao nível da folha

observados nas espécies anfistomáticas foram um maior módulo de elasticidade,

uma maior capacitância e folhas quase erectas. As maiores taxas de perdas

residuais de água, não acompanhadas por aumento da eficiência na distribuição de

água nem por mecanismos de proteção contra a dessecação das folhas, associadas

aos ambientes mais secos onde os eucaliptos anfistomáticos são comuns, sugerem

que essas espécies podem ser mais vulneráveis à seca em comparação com as

espécies hipostomáticas. Além disso, usamos o banco de dados gerado durante a

caracterização de sete das oito espécies utilizadas no estudo anterior, aplicando a

metodologia REML (Máxima Verosimilhança Restrita) / BLUP (Melhor Previsão

Linear Não Enviesada), que permite estimar os componentes de variância e prever

os valores genéticos dos indivíduos, além de estimar de parâmetros genéticos como

herdabilidade, acurácia e coeficiente de variação genotípica. Fizemos esta análise

em variáveis anatômicas, de trocas gasosa, de relações hídricas, de alometria e

crescimento, além de teores de compostos do metabolismo primário foliar. Essas

informações, escassas na literatura, indicam características interessantes para

inclusão em programas de melhoramento genético, acelerando o desenvolvimento

de genótipos adaptados a diferentes condições ambientais desde a fase juvenil.

Reduzindo o tempo necessário para desenvolver novos genótipos e aumentando a

eficiência dos programas de melhoramento.

Palavras-chave: anfiestomatia; hipoestomatia; eucalipto; perda residual de
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GENERAL INTRODUCTION 

 

Eucalyptus is the most widely planted species worldwide, especially in tropical 

and subtropical regions (Myburg et al. 2014, Messier et al. 2022), probably covering 

more than 20 million hectares worldwide (Rejmánek and Richardson 2011). However, 

climate change has led to rising temperatures and changing rainfall patterns, which 

are two of the conditions that most affect plant growth (Trenberth et al. 2014). This can 

even lead to the mortality of these forests, which was evident in 2015 in the state of 

Minas Gerais, in southeastern Brazil, where drought events caused the mortality of 

approximately 2,000 km2 of eucalyptus plantations (Gonçalves et al. 2017), 

highlighting the vulnerability of these systems to environmental changes. In addition, 

Barros Filho (2014) reported that, after the drought event, it was possible to observe 

the differential mortality of eucalyptus clones. This highlights the imminent threat of 

mortality in the face of drought and the existence of genetic variability in drought 

tolerance in eucalyptus. Therefore, identifying the traits that lead to differential 

responses to water deficit conditions among eucalyptus is paramount. This knowledge 

is crucial not only for properly allocating species according to their suitability but also 

for aiding in the development of more productive and tolerant plants through genetic 

improvement (Marcatti et al. 2017, Binkley et al. 2018). This has led to the emergence 

of new approaches to selecting promising materials for regions where the risk of 

periods of drought may increase in the future. 

Stomatal distribution plays a crucial role in regulating CO2 balance and water 

loss in plant leaves, influencing their photosynthetic efficiency and response to drought 

(Hetherington and Woodward 2003). In the context of eucalyptus species, anatomical, 

physiological, and hydraulic characteristics are intrinsically related to their ability to 

adapt to variable environmental conditions, including drought tolerance (Oliveira et al. 

2022), as well as directly influencing their productivity in conditions of both drought and 

optimal water availability. Although amphistomaty (the presence of stomata on both 

leaf faces) is found in around 130 eudicot families (Metcalfe et al. 1951), it is relatively 

rare, being more common in fast-growing herbaceous species (Metcalfe et al. 1951, 

Parkhurst 1978), plants from desert environments in western North America (Mott et 

al. 1982, Gibson 1996) and in eucalyptus trees in arid zones (Wood 1934, de Boer et 

al. 2016). According to de Boer et al. (2016), of the 73 species and subspecies of 

eucalyptus studied in an aridity gradient in southwestern Australia, 67 are 
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amphistomatic. This finding raises questions about what characteristics enable these 

plants to better adapt to such environments compared to hypoestomatic ones, as well 

as the costs and benefits associated with amphistomaty.  

Amphistomaty increases the number of stomata per epidermal area and can 

result in increases of up to 20% in photosynthetic rates (A) (Parkhurst and Mott 1990, 

Beerling and Kelly 1996, Franks et al. 2009); however, increasing the stomatal 

conductance (gs) comes at the cost of increased water loss through transpiration as 

well. If this water loss is not promptly compensated for by the plant's internal water 

supply system, the stomata will close to decrease gs (Andrade et al. 2022). Although 

the higher number of stomata increases the maximum theoretical stomatal 

conductance to water vapor (gwmax), actual gs is ultimately limited by the hydraulic 

efficiency and/or water storage capacity of the plant (Brodribb and Holbrook 2006, 

Brodribb et al. 2007, Caringella et al. 2015, Scoffoni et al. 2016, Machado et al. 2021). 

When soil water supply decreases, stomata gradually close to regulate water loss and 

prevent leaf dehydration (Drake et al. 2013, Martin-StPaul et al. 2017a, Buckley 2019, 

Márquez et al. 2022, Blackman et al. 2023). However, even with the transpiration 

process minimized, leaves still lose water through leakage at two main sites: cuticle 

and stomata (Kerstiens, 1996b, Richardson et al. 2007, Bueno et al. 2019). This 

inevitable water leakage has a major impact on water use and conservation strategies 

among species (Kerstiens, 1996a, Martin-StPaul et al. 2017, Duursma et al. 2019, 

Machado et al. 2021). It can lead plant tissues to hydraulic failure and, consequently, 

to their death (Martin-StPaul et al. 2017, Machado et al. 2021). As amphistomatic 

leaves exhibit greater stomatal densities, they also tend to have higher gleaf-res (Muchow 

& Sinclair, 1989, Machado et al. 2021). Therefore, it is expected that these leaves 

possess compensatory mechanisms to mitigate the increased potential water loss. 

However, studies addressing this issue are still scarce. 

Understanding the different physiological processes and the interrelationship 

among the structures and functions of plant tissues is of paramount importance to 

identify which characteristics can confer greater tolerance to adverse conditions. This 

information can be used through genetic improvement to develop ideotypes for multiple 

purposes (Scolforo et al. 2017, Marcatti et al. 2017, Binkley et al. 2018), often during 

their juvenile stages. This can contribute to reducing the time needed to develop new 

genotypes, given that the forest genetic improvement process is known to be time-

consuming, and characterized by long reproductive cycles (Castro et al. 2021).  
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In addition to identifying the traits of interest, it is crucial to determine whether 

these traits are heritable and whether there is genotypic variability among the studied 

genotypes for that specific trait. The information available is scarce, and the limited 

data available comes from plants grown in different locations, at different ages, and 

using a variety of measurement methods for the same trait (Pita-Barbosa et al. 2023). 

To get around this limitation, we used the REML (Restricted Maximum Likelihood) / 

BLUP (Best Linear Unbiased Prediction) methodology, which makes it possible to 

estimate variance components and predict genetic values for individuals (Resende 

2009, 2015). Using this approach, we estimated genetic parameters for traits such as 

leaf anatomy, gas exchange, water relations, growth, and basic metabolism in seven 

eucalyptus species, including six of the nine most cultivated species in the world (E. 

camaldulensis, E. tereticornis, E. pellita, E. grandis, E. urophylla and E. dunnii) 

(Stanturf et al. 2013, Seng Hua et al. 2022). We aimed to select the most relevant traits 

to be used in phenotyping promising genotypes, to facilitate decision-making and 

enhance the efficiency of eucalyptus breeding programs. 
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CHAPTER 1: Amphistomaty in Eucalyptus is decoupled from greater water 

supply and leaf resistance to drought 

 

Leonardo A. Oliveira, Talitha S. Pereira, Eduardo J. Haverroth, Moab T. Andrade, 

Pablo H. N. Carvalho, Genaina A. Souza, Amanda A. Cardoso, Samuel C. V. Martins 
 

ABSTRACT 

 

By having stomata on both leaf surfaces, amphistomatic species increase the stomatal 

conductance (gs) to CO2 to achieve higher photosynthetic rates; however, the potential 

for higher leaf water loss is also increased. In Eucalyptus this is particularly interesting 

because amphistomatic Eucalyptus are common in more arid environments. 

Therefore, in this study, we investigated whether amphistomatic eucalyptus species 

have a greater water supply and/or higher leaf resistance to drought compared to 

hypostomatic species. We aimed to determine if these traits compensate for the higher 

stomatal density and consequent increased water loss. Amphistomatic species 

displayed both higher gs and leaf residual conductance than hypostomatic ones; 

however, the higher gs were not sustained by a greater water supply at the leaf or 

branch level when compared with hypostomatic leaves. Amphistomatic leaves also did 

not exhibit higher embolism resistance, nor were they able to sustain rehydration 

capacity at lower water potentials. The only drought resistance mechanisms at the leaf 

level in amphistomatic species were higher modulus of elasticity, higher capacitance, 

and nearly erect leaves. These findings are surprising, especially considering the 

prevalence of amphistomatic Eucalyptus in drier environments. They suggest that 

these leaves may be more vulnerable to drought compared to hypostomatic species. 

Amphistomatous species may possess tolerance or avoidance mechanisms at the 

stem or root level, such as a deeper root system, which could mitigate the xylem 

vulnerability observed in their leaves.  
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INTRODUCTION 

 

Stomata are tiny pores on the leaf epidermis that regulate CO2 uptake and water 

loss (Hetherington & Woodward 2003). Depending on where stomata can be found 

(lower, upper, or both leaf surfaces) species are classified into hypostomatic, 

epistomatic, or amphistomatic (Parkhurst 1978). Although amphistomaty is found in 

130 Eudicot families (Metcalfe et al. 1951), species with amphistomatic leaves are 

relatively rare compared to those with hypostomatic leaves. Overall, amphistomaty is 

mainly associated with fast-growing annual herbs, a small number of shrubs, and 

evergreen trees (Salisbury 1927, Wood 1934, Metcalfe et al. 1951, Parkhurst 1978, de 

Boer et al. 2016). Interestingly, amphistomaty is also found in some water-limited 

environments such as desert plants in western North America (Mott, Gibson & O’Leary 

1982; Gibson 1996) and eucalyptus trees in arid zones (Wood 1934; de Boer et al. 

2016). According to de Boer et al. (2016), of the 73 species and subspecies of 

eucalyptus studied in an aridity gradient in southwestern Australia, 67 are 

amphistomatic. 

The distribution of stomata in both leaf surfaces makes it possible to increase 

the number of stomata per area of the epidermis. It is believed that amphistomaty may 

be responsible for increasing maximum photosynthetic rates by up to 20% (Parkhurst 

& Mott 1990; Beerling & Kelly 1996; Franks, Drake & Beerling 2009). In addition, it has 

been suggested that amphistomaty may reduce the resistance of the leaf boundary 

layer (Foster & Smith 1986; Baresch et al. 2019; Xiong & Flexas 2020) and increase 

mesophyll conductance, an important factor limiting photosynthesis (Parkhurst 1978, 

Flexas et al. 2008, de Boer et al. 2012, Drake et al. 2019). The greater presence of 

stomata and increased conductance to CO2 would be an advantageous evolutionary 

adaptation in open environments with excess light, where CO2 concentration can be a 

limiting factor for photosynthetic rates (A) (Parkhurst 1978, Mott et al. 1982, Carpenter 

1994, Brodribb et al. 2013, Jordan et al. 2014, Muir 2018). 

Increasing the stomatal conductance (gs) might allow higher A, however, it 

comes at the cost of increasing water loss through transpiration as well. If this water 

loss is not promptly compensated for by the plant's internal water supply system, the 

stomata will close to decrease gs (Andrade et al. 2022). Therefore, maximum gs is 

limited by the availability of water in leaf tissues, which is influenced primarily by leaf 

hydraulic conductance (Kleaf) (Brodribb and Holbrook 2006, Brodribb et al. 2007, 
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Caringella et al. 2015, Scoffoni et al. 2016). It has been shown that higher Kleaf sustains 

higher rates of gs and, therefore, A (Brodribb et al. 2007, Scoffoni et al. 2016, McAdam 

et al. 2017). Even when not limited by Kleaf, if the soil water supply decreases, stomata 

will gradually close to regulate water loss and prevent leaf dehydration (Drake et al. 

2013, Martin-StPaul et al. 2017, Buckley 2019, Márquez et al. 2022, Blackman et al. 

2023). However, even with the transpiration process minimized, leaves still lose water 

through leakage at two main sites: cuticle and stomata (Kerstiens, 1996b, Richardson 

et al. 2007, Bueno et al. 2019).  

The residual water loss is called leaf residual conductance (gleaf-res) and is 

particularly important for water use and conservation strategies among species 

(Kerstiens, 1996, Martin-StPaul et al. 2017, Duursma et al. 2019, Machado et al. 2021). 

Once gleaf-res is responsible for the water losses and slowly depletes internal water 

stores (thus decreasing water potentials), it dictates the time it takes to reach hydraulic 

failure (Muchow and Sinclair 1989, Martin-StPaul et al. 2017, Mantova et al. 2022). 

Hydraulic failure occurs when the plant's water transport system suffers an extensive 

embolism, measured in leaves and stems as the water potential associated with a 50% 

loss of hydraulic function (P50), and has been extensively used as a proxy for drought 

tolerance (Brodribb et al. 2014, Blackman et al. 2016, Griffin-Nolan et al. 2019, 

Ocheltree et al. 2020, Oliveira et al. 2022, Huang et al. 2024). As amphistomatic leaves 

exhibit greater stomatal densities, they also tend to have higher gleaf-res (Muchow & 

Sinclair, 1989, Machado et al. 2021), since the stomata are the main entry and exit 

points through which gas exchange occurs, although they represent a small 

percentage of the leaf area (Lange et al. 1971). Therefore, it is expected that these 

leaves possess compensatory mechanisms to mitigate the increased potential water 

loss. However, studies addressing this issue are still scarce. 

 Comprehending the impact of stomatal distribution on other functional traits is 

crucial for understanding the advantages and limitations of amphistomatic leaves. The 

main objectives of this study were (i) to investigate whether amphistomatic leaves 

possess a more efficient hydraulic system, enabling them to maintain an adequate 

water supply to sustain higher gs, and (ii) to determine if amphistomatic leaves exhibit 

tolerance mechanisms at the leaf level to compensate for their greater water loss. To 

achieve these goals, we conducted experiments using Eucalyptus species with 

hypostomatic and amphistomatic leaves grown in a common garden. This approach 

allowed us to account for genetic variation between amphistomatic and hypostomatic 
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groups while minimizing the phenotypic variation across species (de Villemereuil et al. 

2016, Li et al. 2018). Four amphistomatic and four hypostomatic species were selected 

(Table 1) and six of them rank globally among the nine most widely planted Eucalyptus 

(Seng Hua et al. 2022). 

 

MATERIAL AND METHODS 

 

Plant material and growing conditions 

In this study, Eucalyptus species with amphistomatic and hypostomatic leaves 

were compared (Table 1). Species with amphistomatic leaves included E. 

camaldulensis, E. tereticornis, E. pellita, E. cinerea. Species with hypostomatic leaves 

were E. grandis, E. urophylla, E. dunnii and E. pilularis. Noteworthy, six of these 

species - E. camaldulensis, E. tereticornis, E. pellita, E. grandis, E. urophylla, and E. 

dunnii) - are among the most widely planted Eucalyptus species worldwide (Seng Hua 

et al. 2022). 

Saplings with 120-day-old were obtained from the Sociedade de Investigações 

Florestais/Universidade Federal de Viçosa (UFV) nursery and grown in the gardens of 

the UFV, located in Viçosa (20°45’S, 42°54’W, 650 m altitude), southeast Brazil 

between June and December of 2021. The saplings were transplanted into 20 L pots 

(one plant per pot) containing soil, washed sand, and commercial substrate Tropstrato 

HT® (3:2:1, v:v:v). Plants were irrigated daily to field capacity and fertilized according 

to the recommendations for the crop. They were maintained under natural light 

conditions with a photosynthetic photon flux density (PPFD) ranging from 1,000 to 

1,500 μmol m−2 s−1), temperatures ranging from 22 to 26°C maximum and 13 to 19°C 

minimum, and air humidity ranging from 90 to 98% maximum and 40 to 55% minimum. 

Light intensity was measured between 11:00 and 13:00 h (solar time) using a quantum 

sensor (LI-191R; LI-COR, Lincoln, NE, USA). Temperature and relative humidity data 

were obtained from the automatic meteorological station in Viçosa. Data are available 

on the National Meteorological Institute of Brazil website 

(https://portal.inmet.gov.br/dadoshistoricos). Measurements and samplings were 

performed when plants were at the age of seven months. Six individual plants (n = 6) 

per species were utilized. Fully expanded leaves were sampled from lateral branches 

located in the middle third of the canopy, and branches were sampled from the same 

region.  
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Characterization of the climate of origin 

To characterize the climatic conditions of the species center of diversity, 

geographic points were extracted throughout the distribution area of each species from 

records available in the Atlas of Living Australia (https://www.ala.org.au/). To avoid 

oversampling effects, latitude and longitude were rounded to the nearest 0.25 degrees, 

and duplicate species-location combinations were removed. Subsequently, average 

annual precipitation was extracted from WorldClim (https://www.worldclim.org/), which 

represents average annual and seasonal trends and extremes between the years 1970 

and 2000 (Fick and Hijmans 2017), using QGIS 3.0 (QGIS Development Team, 2018) 

for each coordinate. The aridity index was calculated as the annual potential 

evapotranspiration divided by the average annual precipitation. Annual potential 

evapotranspiration was taken from the CGIAR Consortium for Spatial Information 

(Zomer et al. 2008) and was the 1950-2000 annual average modeled from WorldClim 

for a 30″ grid containing genotype provenance locations 

(https://cgiarcsi.community/data/global-aridity-and-pet-database). 

 

Anatomy of leaves and petioles 

Completely expanded leaves were fixed in FAA50 (Johansen 1940) for 48 h and 

stored in 70% ethanol (v:v). Subsamples of leaves and petioles (or leaf midrib close to 

the branch insertion for E. cinerea) were embedded in methacrylate according to the 

manufacturer's recommendations (Leica Microsystems Nussloch, Heidelberg, 

Germany), cross-sectioned into 5 µm thick sections using an automatic advance rotary 

microtome (Leica RM2155, Leica Microsystems Inc., Derfild, USA), stained with 

toluidine blue (O’brien et al. 1964), and mounted in synthetic resin (Permount®). In 

addition, leaf samples of approximately 200 mm2 were collected from the middle 

portion of each leaf, avoiding the central vein, clarified by the method of de Strittmatter 

(1973), and mounted in glycerinated gelatin to obtain images for quantifying vein 

density and stomatal characteristics. 

The images were taken using a light microscope (AX70 TRF, Olympus Optical, 

Tokyo, Japan) coupled with a digital camera (Zeiss AxioCam HRc, Göttingen, 

Germany). Five fields of view (FOV) were obtained from each diaphanization sample 

at 4x magnification to measure vein density. Vein density was calculated as the total 

length of second, third, fourth, fifth, and sixth-order veins divided by the FOV area. 

Additionally, five FOV at 20x magnification were captured to measure stomatal size 
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(on both surfaces), and stomatal densities, including abaxial stomatal density 

(SDAbaxial), adaxial stomatal density (SDAdaxial), and total stomatal density (SDTotal), 

which is the sum of SDAbaxial and SDAdaxial. The length of the guard cells was measured 

to calculate the maximum theoretical stomatal conductance to water vapor (gwmax) 

according to Franks et al. (2009):  

 

gwmax = SDTotal dw a / [v(l+π/2√(𝑎/𝜋)] 

 

where dW if the diffusivity of water vapor in air, a is the maximum area of the 

open stomatal pore, v is the molar volume of air, and l is the stomatal pore depth for 

fully open stomata. The standard constants dW and v were determined for 25°C and 

are 24.9×10−6 m2 s−1 and 24.4×10−3 m3 mol−1, respectively. The maximum area of the 

open stomatal pore (a) was calculated as π(p/2)2, where p is the stomatal pore length, 

approximated as guard cell length (L)/2 based on Franks and Farquhar (2001) method. 

The value of l for fully open stomata was assumed to be L/4, assuming guard cells 

inflate to a circular cross-section, as suggested by Franks et al. (2009). 

From the leaf cross-section, three FOVs with 10x magnification were captured. 

The thickness of the abaxial and adaxial epidermis, the leaf blade thickness, and the 

thickness of the palisade and spongy parenchyma were measured in five parts of the 

lamina in each FOV. The percentage of intercellular space was determined by 

calculating the proportion of intercellular spaces to the entire internal area of the leaf 

blade.  

From the cross-sections of the petiole, one FOV was obtained with a 10x 

magnification. The number of xylem vessels and long and short internal vessel 

diameters were measured. Based on the diameters of the vessel elements, Sperry 

hydraulic diameter (DhSperry) was calculated using the following equations (Lewis and 

Boose 1995): 

Dh=√2𝑎2𝑏2𝑎2+𝑏2  
 

where a and b represent the long and short internal vessel diameters, respectively, 

and n is the viscosity of water at 25°C. DhSperry was calculated using the following 

equation (Sperry and Ikeda 1997): 
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DhSperry= 1𝑛 𝛴1𝑛 (𝐷ℎ5𝐷ℎ4)𝑖̇ 
 

where n represents the number of xylem vessels in the sample, 1 represents the first 

xylem vessel of the sample, and i represents all xylem vessels of the sample. 

The total xylem area (XA) of the petiole was measured in one FOV was obtained 

with a 4x magnification. Each leaf used for anatomical analysis was scanned with a 

desk scanner and the leaf area was measured using Image J. And the xylem area to 

leaf area ratio (XLA) was estimated for each leaf as the total XA in cross-section dived 

by projected leaf area (Blackman et al. 2023).  

For an estimation of cell wall thickness to lumen breadth ratio (t/b)2 two FOVs 

were obtained with a 20x magnification. The wall thickness (t) and corresponding 

vessel lumen diameter (b) were determined in 20 vessels for each petiole. The cell wall 

thickness was the medium of four meditations for each xylem vessel and the lumen 

diameter (b) was a medium from two measurements for each vessel.  

 

Leaf gas exchange 

Leaf gas exchange was assessed using a gas exchange system (LI-6400XT, 

Li-COR, Nebraska, US). The net assimilation rate (A), the stomatal conductance to 

water vapor (gs), the transpiration rate (E), and the intercellular CO2 concentration (Ci) 

were measured under artificial PPFD of 1000 μmol m-2 s-1 at the leaf level. All 

measurements were performed under ambient conditions of relative VPD and CO2. 

Intrinsic water use efficiency (WUEi) was calculated as A over gs. Dark respiration (Rd) 

was measured at 08:00 PM using the same gas exchange system, with the chamber 

temperature set to 25°C. 

 

Leaf residual conductance 

The leaf residual conductance (gleaf-res) was measured for intact leaves using 

the weight loss method for detached leaves (Slavic., 1974, Machado et al., 2021. 

Sack et al., 2003). Leaves were collected in the late afternoon, placed in ziplock bags, 

transported to the laboratory, and had their petioles maintained under water for at least 

12 h. After this, the petioles were sealed with parafilm tape, and the leaves were 

weighed on an analytical balance every 15 min for 3 h. Temperature and humidity were 

monitored for later calculation of the vapor pressure deficit (VPD). Initial and final leaf 
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areas were obtained by scanning and measuring them using Image-Pro Plus 4.5. The 

gleaf-res was calculated from the slope of the linear relationship of leaf mass versus time 

and normalized by leaf area (sum of the adaxial and abaxial projected areas), 

atmospheric pressure, and VPD. For the slope estimation, only the linear part of the 

regression was used (R2 > 0.99), suggesting maximal stomatal closure (Billon et al., 

2020).  

 

Leaf hydraulic conductance  

Leaf hydraulic conductance (Kleaf) was measured using the evaporative flow 

method (Sack et al. 2002, Brodribb and Holbrook 2006). Leaf petioles were cut 

underwater, connected to a flow meter system (equipped with a 30 PSI pressure 

transducer, Honeywell International Inc, North Carolina, US), and placed under a light 

source of c. 1,000 µmol m-2 s-1 PPFD and fan-induced turbulent air to increase leaf 

transpiration. Pressure variation, water temperature, and leaf temperature were 

recorded with a datalogger (Campbell Scientific, Shepshed, LE129GX, UK). E was 

derived from the tension created within the leaf-driven system through a known and 

recorded resistance following maximum stability (after c. 30 min). The leaves were then 

removed from the system, bagged for 10 min (to allow them to equilibrate), and their 

leaf water potential (Ѱw) was measured with a pressure chamber (model 1000, PMS 

Instruments, New York, US). After that, the leaves were scanned, and their area was 

measured using Image-Pro Plus 4.5. Finally, E was normalized by leaf area, and Kleaf 

was calculated as KLeaf = -E / Ψw. Due to the lack of petiole in E. cinerea, we could not 

measure the Kleaf of this species. 

 

Pressure-volume curves 

Leaves were collected, packed in zip-lock bags containing damp paper towels, 

and transported to the laboratory. They were cut under water and the petiole remained 

immersed for approximately 12 h to allow complete rehydration (Ψw < 0.1 MPa). Leaf 

mass and Ψw measurements were repeated during slow bench dehydration at c. 25°C 

and c. 60% relative humidity. In the end, leaves were then scanned, and their area was 

obtained using Image-Pro Plus 4.5. Next, leaves were placed in an oven at c. 70ºC 

until constant weight (equal to dry weight). Leaf dry weight was used to calculate RWC, 

and PV curves were constructed by plotting the inverse of Ψw against RWC (Tyree & 

Hammel 1972). The following parameters were estimated from each curve: osmotic 
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potential at full turgor (Ψ100), water potential at turgor loss point (ΨTLP), relative water 

content at the point of turgor loss (RWCTLP), leaf capacitance at full turgor (CFT) and 

after turgor loss point (CTLP) and bulk modulus of elasticity (ε). Additionally, leaf mass 

per area (LMA) was estimated. Due to the lack of petiole in E. cinerea, we couldn’t 

perform pressure-volume curves for this species. 

 

Branch hydraulic conductivity 

The native branch hydraulic conductivity (Kbranch) was measured following the 

method described by (Sperry et al. 1988). Briefly, branches were cut using pruning 

shears underwater in a bucket, where they were kept for c. 12 h, covered with black 

plastic bags. Next, branches were recut underwater on both sides so that a segment 

of straight and unbranched branches of c. 15 cm was obtained. The segment was 

connected on one end with a silicone hose coupled to a Milli-Q water reservoir at the 

height of 1.2 m, providing a hydraulic charge of 0.0118 MPa, and on the other end, 

connected to a 0.2 mL glass volumetric pipette. After releasing the pressure on the 

branch, the water flowed through the branch segment, and the flow rate (mL s-1) was 

calculated from the time required for the water column to advance in the pipette 

graduation, generating a linear relationship between volume and time, as a function of 

branch conductivity. For Kbranch estimation, flow rates were normalized by branch length 

and sapwood area. The branch base was perfused with 1% Safranin after the 

measurement. A cross-section was obtained using a razor blade and photographed 

with a camera (Omax A3550S) attached to a stereomicroscope (LabMotic-EM250, San 

Antonio, TX, USA). The sapwood cross-sectional area (Asapwood) was later determined 

using the ImageJ software, and Kbranch was calculated as: 

 

Kbranch = (F/(dP/dx))/Asapwood 

 

where F is the flow rate (mol s-1), dP/dx is the pressure gradient, and the Asapwood (m2) 

is the average sapwood cross-sectional area at the base of the branch (Tyree and 

Ewers 1991). The Kbranch values were corrected for a temperature of c. 25ºC due to 

changes in the viscosity of the water that occur according to temperature variations of 

the water, which was measured with a type K temperature sensor. 
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Huber value 

The same branches used to measure Kbranch were used to determine the Huber 

value. A small sample from the branch's base was stained with 1% Safranin and 

photographed using a camera attached to a stereomicroscope, and the images were 

used to measure the sapwood area using Image Pro Plus 4.5. The total leaf area per 

branch was measured by scanning the leaves and the Huber value was calculated as 

the ratio between the sapwood area and the total leaf area of the branch (Huber 1928). 

 

Leaf vulnerability to embolism and hydraulic safety margin 

Leaf vulnerability to embolism was determined by the optical vulnerability 

method (Brodribb et al. 2016). Plants were harvested early in the morning, and their 

roots were washed until the soil was entirely removed. They were then placed in a 

bucket filled with water and transferred to the laboratory. The abaxial face of an intact 

mature leaf still attached to the plant was placed on a scanner (Epson Perfection V800; 

Epson, California, USA) using clear glass and adhesive tape. Plants were next 

removed from the bucket and allowed to slowly dehydrate under laboratory conditions 

(c. 25°C and 60% relative humidity). Images were taken every 3 min, and leaf Ψw was 

measured using a pressure chamber every c. 4 h. Images were obtained up to 5 h after 

the last embolic event was observed. The image area captured included the midrib and 

at least eight major (second-order) veins. The stack of images was analyzed using 

ImageJ, following instructions from http://www.opensourceov.org and Brodribb et al. 

(2016). The degree of embolism was calculated as the cumulative area of the 

embolized xylem normalized by the total area of embolism. A linear regression was 

fitted between drying time and Ψw to determine the Ψw at the time that each image was 

captured. Finally, the declines in Ψw were plotted against the percentage of the 

cumulative embolized area (%) for each leaf. For each vulnerability curve, were 

obtained the Ψw at 50% cumulative xylem embolized area (P50). The stomatal safety 

margin (SSM50) was calculated for each genotype as the difference between ΨTLP and 

P50. Given the difficulties in measuring Ψw in E. cinerea, we didn’t construct optical 

vulnerability curves for this species. 

We then estimated the rate at which the stomatal safety margin was crossed, 

by considering the rate of water loss after stomatal closure (gleaf-res), denominated 

stomatal margin retention index (SMRI50) was calculated as follows as described in 

(Petek-Petrik et al. 2023). 
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Critical time for leaf death index 

Using only leaf traits, we modified the index of desiccation time to tree mortality 

under drought developed by Blackman et al. (2016) to estimate an index representing 

the critical time for leaf death (tleaf_crit) after plants reached the turgor loss point, 

expressed by VPD multiplied by one hour.  

 

tleaf_crit = 
𝐶𝑇𝐿𝑃 𝑥 (𝑃88−𝛹𝑇𝐿𝑃)𝑔𝑚𝑖𝑛 𝑥 𝑉𝑃𝐷  

 

where CTLP is the capacitance after the turgor loss point (mol m2 MPa-1), P88 is the 

water potential at 88% cumulative xylem embolized (MPa), ΨTLP is the water potential 

at turgor loss point (ΨTLP), gleaf-res is the leaf residual conductance (mol m2 s-1), and 

VPD is the vapor pressure deficit of the atmosphere (mol mol−1). 

 

Loss of leaf rehydration capacity 

Ten fully expanded leaves were collected from each plant, stored in zip lock 

bags, transported to the laboratory, and placed inside desiccators with their petioles 

immersed in water for at least 12 h. Leaves were then placed on a bench and allowed 

to slowly dehydrate under ambient conditions while being regularly weighed. At every 

10% variation in their initial weight, and then placed again in the desiccator with their 

petioles immersed in water for another 12 h. After this, we assessed leaf turgid and dry 

weights (after being completely dried for 72 h at 70 °C). The percentage loss of leaf 

rehydration capacity (PLRC) and RWC (%) was calculated as described (Trueba et al. 

2019). For each plant, a linear equation between Ψw and RWC was obtained through 

the RWC, and Ψw measured on leaves from OV curves and was adjusted, allowing the 

RWC values of the PLRC curve to be converted into Ψw as described by (Oliveira et 

al. 2022). From these curves, the Ψw at 50% decline in PLRC (PLRC50) wewasre 

obtained. 

 

Statistical analysis 

All analyses were performed using R statistical software version 4.2.2. The data 

were submitted to an analysis of variance and the significant differences between the 

means of the amphistomatic and hypostomatic plants were performed using an 

unpaired Student’s t-test (α<0.05). 
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RESULTS 

 

Stomatal structure and function on leaf gas exchange 

Despite having 26% less SDAbaxial, amphistomatic species exhibited, on 

average, 32% greater SDTotal than hypostomatic species (Figure 1). For simplicity, all 

comparisons presented in the Results refer to amphistomatic species being compared 

with hypostomatic species.  Amphistomatic species also exhibited, on average, 128% 

higher gleaf-res and 126% higher gwmax. Although the amphistomatic species exhibited 

55% higher gs, this increase did not result in higher A or transpiration for the 

environmental conditions evaluated in this study (Figure 2). The higher gs, decoupled 

from increases in A, resulted in 28% less WUEi in amphistomatic species. Additionally, 

a 43% higher Rd was found in amphistomatic species.  

 

Leaf and stem hydraulics 

Amphistomatic and hypostomatic species exhibited similar leaf vein densities 

(Figure 3). Amphistomatic species, however, exhibited 28% fewer xylem vessels per 

petiole as well as less XLA. Similar petiole vessel diameter (DhSperry) was observed 

independently from stomatal distribution, but the leaf xylem from amphistomatic 

species exhibited 15% lower cell wall reinforcement (t/b)2. Despite having fewer xylem 

vessels per petiole and lower XLA, amphistomatic species had on average similar Kleaf, 

Kbranch, and Huber values compared to hypostomatic ones (Figure 4).  

Among the plant water relations variables, Ψ100, RWCTLP, and ΨTLP were similar 

among the species (Figure 5). Amphistomatic species, however, exhibited 40% higher 

ε, 29% higher CFT, and 68% higher CTLP. 

 

Leaf resistance to embolism and desiccation 

Among the amphistomatic species, the average P50 ranged from -3.12 to -3.8 

MPa, while for the hypostomatic species, P50 varied between -3.15 to -4.02 MPa 

(Figure 6). Given the similar ΨTLP and P50 among the species, they also exhibited a 

similar SSM50. The PLRC50 was also significantly less negative for amphistomatic 

species. The SMRI50 and tleaf_crit values were around 55% of those observed in 

hypostomatic plants (Figure 6 and Table 2). 
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DISCUSSION 

 

Amphistomatic species have a higher potential for water loss and lower water-

use efficiency 

Maximum theoretical stomatal conductance (gwmax) depends mainly on stomatal 

density (SD) and aperture. Here, as stomata length was used to estimate the stomatal 

pore area, and the eucalyptus species used in this study did not differ in stomata length 

(Figure S3), the gwmax values were defined mainly by the contribution of SD. Notably, 

gwmax and gs were 130% and 150% higher, respectively, in amphistomatic species 

compared to hypostomatic species (Figure 1). The greater observed differences in gs 

compared to those predicted by gwmax suggest that variations in stomatal apertures 

also significantly contributed to these results. As the increases in gs were not 

accompanied by proportional increases in photosynthesis, this resulted in lower WUEi. 

This reduction in WUEi could represent a potential disadvantage for amphistomatic 

species (Figure 2). In addition, this disadvantage can be even amplified when 

considering the higher gleaf-res presented by the amphistomatic species because of their 

higher stomatal density (Muchow and Sinclair 1989, Machado et al. 2021), which aligns 

with our findings (Figure 1).  

Amphistomatic leaves are often associated with greater photosynthetic potential 

under high light due to their gs and shorter pathways between the stomata and the 

chloroplasts (Mott et al. 1982); however, our study did not reveal any differences in 

photosynthesis between amphistomatic and hypostomatic species (Figure 2). 

Noteworthy, our gas exchange measurements were carried out by illuminating only the 

adaxial leaf surface, similar to what occurs in situ for horizontally oriented leaves. Given 

that the amphistomatic Eucalyptus species assessed in this study had leaves nearly 

vertically oriented (Figure S4), we speculate that if these leaves had received light at 

both surfaces, they might have demonstrated higher photosynthetic rates for a given 

gs (Richardson et al. 2017). 

 

Higher water loss decoupled from greater embolism resistance might result in 

higher drought sensitivity in amphistomatic species 

Given the higher potential for water loss during well-watered (higher gs) or 

drought conditions (higher gleaf-res), we would expect amphistomatic species to exhibit 

higher drought resistance (e.g. higher embolism resistance and/or maintenance of 
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rehydration capacity at lower water levels). However, amphistomatic species exhibited 

similar P50 and higher PLRC50 than hypostomatic species (Figure 6). The P50 for all 

Eucalyptus species ranged from -3.12 to -4.02 MPa, which aligns with recent reports 

for this species (Li et al. 2018; Creek et al. 2018; Oliveira et al. 2022).  

Exhibiting more negative P50 represents an advantage for drought resistance, 

however, having stomatal closure at higher water potentials is also critical for plants to 

prevent drought-induced damage (Choat et al. 2012b; Petek-Petrik et al. 2023). 

Nevertheless, as inferred by their similar ΨTLP, the eucalyptus species here studied 

closed stomata at similar water potentials. A higher gleaf-res means that plants will lose 

water faster during drought (Blackman et al. 2016; Oliveira et al. 2022; Petek-Petrik et 

al. 2023; Haverroth et al. 2023; Pereira et al. 2024), potentially reaching severe 

dehydration levels in shorter periods. A few indexes have been proposed to predict the 

onset of hydraulic dysfunction in plants (Blackman et al. 2016, 2019; Petek-Petrik et 

al. 2023). These indexes, which utilize both leaf and whole-plant parameters, have 

shown strong predictive power for Eucalyptus species (Blackman et al. 2016, 2019). 

However, some of the whole-plant traits used in these indexes can be difficult to 

measure. Here, to demonstrate how gleaf-res would impact the drought susceptibility of 

amphistomatic species, we developed an adapted index (tleaf_crit) to identify the critical 

period for leaf mortality, using exclusively leaf characteristics. On average, the tleaf_crit 

of amphistomatic was considerably lower than that of hypostomatic species (Student’s 

t-test, P = 0.1) (Table 2). This result suggests that amphistomatic leaves would likely 

reach embolism and damage sooner compared to the hypostomatic ones (Figure 6). 

 

Higher modulus of elasticity, leaf capacitance, and nearly vertical foliage might 

slow down dehydration in amphistomatic species 

Critical traits potentially improving the drought resistance of amphistomatic 

leaves include high ε, high capacitance before and after the ΨTLP (CFT and CTLP) (Figure 

5), and nearly vertically oriented leaves (Figure S4). High leaf capacitance indicates a 

greater buffering in water potential variations for similar changes in water content 

(Bartlett et al. 2012, Bartlett et al. 2016, Pereira et al. 2024). The high capacitance of 

amphistomatic species probably resulted from their greater leaf thickness and lower 

quantity of intercellular spaces in the leaf mesophyll (Figure S2). Having a high 

capacitance, especially after turgor loss, might represent an interesting mechanism of 

amphistomatic leaves to slower declines in Ψw during drought by their leaky leaves, 
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and increase the time required to lead to hydraulic failure (Table 2). Indeed, we showed 

in Table 2 that tleaf_crit changes from 19 to 15 hours if the index is calculated using the 

average capacitance from both groups. 

The surface angle of a leaf directly determines the flux of solar radiation per unit 

leaf area  (Ehleringer et al. 1991; Ezcurra et al. 1991). High leaf angle increases light 

capture when the sun is at low angles (morning/afternoon and winter) and decreases 

light interception when the sun is at higher angles (noon and summer) (Falster & 

Westoby 2003). This trait is often observed in species adapted to arid conditions (King 

1997; Drake et al. 2019) as it reduces the light interception at midday, minimizing 

adverse environmental effects (Mediavilla and Escudero 2023), thus reducing the risk 

of overheating (King 1997) and decreasing susceptibility to photoinhibition (Ryel et al. 

1993; Valladares & Pugnaire 1999; Werner et al. 2001). In amphistomatic Eucalyptus, 

having high leaf angles might also lower the stomatal aperture at midday, thus reducing 

water loss when VPD is at its highest. In this case, the actual gs of amphistomatic 

species at midday might be lower in situ than the values assessed in our study using 

the Li-COR, in which leaves were directly hit with an artificial PPFD of 1000 μmol m-2 

s-1, since the inclination of the leaf may affect the distribution of light between the 

adaxial and abaxial surface (Mediavilla and Escudero 2023). 

Together, the high ε, high capacitance, and high leaf angle likely delay the time 

for amphistomatic Eucalyptus to reach critical dehydration levels and irreversible 

damage. A dry-down experiment, however, is necessary to confirm whether these 

traits are sufficient to counteract the high potential for water loss observed in these 

species.  

 

Deeper roots and resprout capacity might result in drought resistance in 

amphistomatic species 

The physiological connection between water uptake and the preservation of 

water content is of utmost importance for the proper functioning of plants in dry 

environments. Therefore, given that amphistomatic Eucalyptus inhabit drier 

environments than their hypostomatic counterparts, amphistomatic species may 

possess drought resistance mechanisms beyond their leaves. One potential 

mechanism is exhibiting deep roots to maximize water uptake (Schenk & Jackson 

2005; Pivovaroff et al. 2016; Fan et al. 2017). Deep rooting can afford species to have 

lower embolism resistance due to their access to deeper water sources (McCulloh et 
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al. 2019). The depth of water absorption by the root determines how quickly different 

species approach hydraulic vulnerability thresholds during a drought event and can 

explain the differential vulnerability of adult species at the field level (Kahmen et al. 

2022). 

Studies with hypostomatic Eucalyptus (E. grandis and E. urophylla) revealed 

the presence of fine roots at depths of 17 and 16 m, respectively, in young plants (6- 

and 7-year-old) (Germon et al. 2019; Silva et al. 2020). Amphistomatic species may 

have even deeper roots, similar to other tree species from arid environments, which 

access groundwater at depths of nearly 30 m (Zencichis et al. 2002). Three 

amphistomatic species of Eucalyptus (E. camaldulensis, E. tereticornis, and E. victrix) 

have already been demonstrated to rely on water tables (Pfautsch et al. 2015; Franklin 

et al. 2020), which might support amphistomatic species having deeper roots than 

hypostomatic ones. Studies using hydrogen isotopic discrimination or trenching to 

measure the depth of the root system of a wide range of amphistomatic and 

hypostomatic species of Eucalyptus would represent a large step towards a better 

understanding of the drought resistance within these groups.  

Additionally, three out of four amphistomatic species of Eucalyptus selected for 

this study exhibit lignotuber (Table 1). This structure allows plants to resprout after 

disturbances such as fire (Enright et al. 2014; Clarke et al. 2015) and drought (Matusick 

et al. 2016). Resprout from lignotuber buds constitutes a predominant resilience 

mechanism in Eucalyptus species and might benefit amphistomatic species threatened 

by drought.  

 

CONCLUSION 

 

Amphistomatic species exhibit higher stomatal density and thus higher stomatal 

conductance than hypostomatic ones. The “leaky” leaves of amphistomatic species, 

however, were decoupled from a greater water supply from leaves and branches, 

earlier stomatal closure, or higher leaf resistance to embolism and loss in the 

rehydration capacity when compared to hypostomatic species. Potential drought 

resistance mechanisms observed in amphistomatic species at the leaf level were the 

presence of a high modulus of elasticity, high capacitance pre- and post-turgor, and 

high leaf angle. Based on our findings, amphistomatic leaves of Eucalyptus are likely 

more susceptible to drought than hypostomatic ones. One might consider 
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amphistomatic Eucalyptus especially endangered by drought events when accounting 

for their broad occurrence in dry biomes. 

Studies including dry-down experiments as well as assessments of minimum 

soil water potentials experienced by plants in situ during natural droughts are needed 

to confirm whether amphistomatic species are indeed susceptible to drought risks. 

Additional studies assessing the presence of additional drought resistance 

mechanisms at the root or stem levels in amphistomatic Eucalyptus are also critical.  
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TABLES 

 

Table 1. Summary table of the eight Eucalyptus species used in this study. Data include stomatal distribution (amphistomatic – amph 
or hypostomatic – hypo), presence or absence of lignotuber, mean annual precipitation, mean annual potential evapotranspiration, 
and aridity index (mean native ratio of precipitation to potential evapotranspiration). The presence of lignotuber for these species is 
described according to EUCLID Eucalypts of Australia Edition (https://apps.lucidcentral.org/euclid/text/intro/index.html). Annual 
precipitation, evapotranspiration, and aridity index represent averages of their native distributions. 

 

Species 
Stomatal 

distribution 
Lignotuber 

Precipitation 

(mm/year) 

Evapotranspiration 

(mm/year) 

Aridity in-

dex (P/Ep) 

E. camaldulensis Amph Absent 524 ± 174 1781 ±274 0.31 ± 0.1 

E. tereticornis Amph Present 1102 ± 355 1805 ± 187 0.62 ± 0.2 

E. pellita Amph Present 2315 ± 842 1835 ± 116 1.26 ± 0.5 

E. cinerea Amph Present 787 ± 134 1490 ± 100 0.53 ± 0.1 

E. grandis Hypo Absent 1479 ± 238 1622 ± 78 0.91 ± 0.2 

E. urophylla Hypo Absent 1646 ± 440 1663 ± 139 1.01 ± 0.3 

E. dunnii Hypo Present 1471 ± 259 1497 ± 62 0.99 ± 0.2 

E. pilularis Hypo Absent 1310 ± 223 1564 ± 83 0.84 ± 0.1 
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Table 2. Critical time for leaf death index in seven Eucalyptus spp. Data include sto-
matal distribution (amphistomatic – amph or hypostomatic – hypo), tleaf_crit (VPD-h), the 
critical time for leaf dieback; tleaf_crit  gleaf-res (VPD-h), the critical time for leaf dieback 
using the average of gleaf-res from both groups of leaves; tleaf_crit CTLP (VPD-h) the critical 
time for leaf dieback using average of CTLP from both groups of leaves. 

Species 
Stomatal 

distribution 
tleaf_crit tleaf_crit  gleaf-res tleaf_crit CTLP 

E. camaldulensis Amph 27.8 ± 6.0 31.1 ± 5.7 28.7 ± 3.7 

E. tereticornis Amph 13.8 ± 2.0 20.8 ± 3.5 12.0 ± 1.7 

E. pellita Amph 14.4 ± 2.3 29.8 ± 5.8 11.5 ± 1.0 

Average Amph 19.2 ± 2.9 b 27.4 ± 3.1 a 15 ± 1.8 b 

E. grandis Hypo 26.7 ± 4.8 16.3 ± 2.9 34.5 ± 6.7 

E. urophylla Hypo 42.0 ± 4.7 36.0 ± 4.2 40.1 ± 4.6 

E. dunnii Hypo 43.4 ± 6.6 18.5 ± 3.1 60.2 ± 11.0 

E. pilularis Hypo 15.3 ± 2.0 10.5 ± 1.2 40.1 ± 4.6 

Average Hypo 31.8 ± 3.3 a 20.3 ± 2.4 a 42.2 ± 4.0 a 

Data are means ± standard error (n = 6). Letters denote differences between amphis-
tomatic and hypostomatic species according to Student’s t-test (P < 0.05). 

 

 

 

 

 

 

 

 

 



47 

 

FIGURES 

 

Figure 1. Stomatal dimensions (A, B, C), minimum leaf conductance (D), and 
maximum theoretical stomatal conductance to water vapor (E) of amphistomatic 
(Amph) and hypostomatic (Hypo) species of Eucalyptus. Species are represented by 
different colors as per the legend. For the box plot, the lower and upper hinges 
correspond to the first and third quartiles (interquartile range, IQR), the horizontal lines 
inside the boxes are the medians, the upper/lower whisker extends from the hinge to 
the largest/smallest value no further than 1.5 × IQR from the hinges, and data beyond 
the end of the whiskers are plotted individually (small grey circles). SDTotal, total 
stomatal density; SDAbaxial, stomatal density on the abaxial epidermis; SDAdaxial, 
stomatal density on the adaxial epidermis; gleaf-res, leaf residual conductance; gwmax, 
maximum theoretical stomatal conductance to water vapor. Asterisks indicate 
significant differences between amphistomatic and hypostomatic groups according to 
Student’s t-test: **P < 0.01. 
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Figure 2. Leaf gas exchange of amphistomatic (Amph) and hypostomatic (Hypo) 
species of Eucalyptus. Species are represented by different colors as per legend 
included in Figure 1. For the box plot, the lower and upper hinges correspond to the 
first and third quartiles (interquartile range, IQR), the horizontal lines inside the boxes 
are the medians, the upper/lower whisker extends from the hinge to the 
largest/smallest value no further than 1.5 × IQR from the hinges, and data beyond the 
end of the whiskers are plotted individually (small grey circles). A, net assimilation rate; 
gs, stomatal conductance to water vapor; E, transpiration rate; Ci, intercellular CO2 
concentration; WUEi, intrinsic water use efficiency; Rd, dark respiration. Asterisks 
indicate significant differences between amphistomatic and hypostomatic groups 
according to Student’s t-test: **P < 0.01; ns, not significant. 
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Figure 3. Leaf xylem dimensions and hydraulic traits of amphistomatic (Amph) and 
hypostomatic (Hypo) species of Eucalyptus. Species are represented by different 
colors as per the legend included in Figure 1. For the box plot, the lower and upper 
hinges correspond to the first and third quartiles (interquartile range, IQR), the 
horizontal lines inside the boxes are the medians, the upper/lower whisker extends 
from the hinge to the largest/smallest value no further than 1.5 × IQR from the hinges, 
and data beyond the end of the whiskers are plotted individually (small grey circles). 
DhSperry, Sperry hydraulic diameter of the xylem conduits of the petiole; (t/b)2, ratio 
between xylem wall thickness (t) and xylem lumen diameter (b) of the petiole; Kleaf, leaf 
hydraulic conductance; XLA, xylem area to leaf area ratio. Asterisks indicate significant 
differences between amphistomatic and hypostomatic groups according to Student’s 
t-test: *P < 0.05, ** P < 0.01; ns, not significant. 
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Figure 4. Branch hydraulic traits of amphistomatic (Amph) and hypostomatic (Hypo) 
species of Eucalyptus. Species are represented by different colors as per the legend 
included in Figure 1. For the box plot, the lower and upper hinges correspond to the 
first and third quartiles (interquartile range, IQR), the horizontal lines inside the boxes 
are the medians, the upper/lower whisker extends from the hinge to the 
largest/smallest value no further than 1.5 × IQR from the hinges, and data beyond the 
end of the whiskers are plotted individually (small grey circles). Kbranch, branch hydraulic 
conductivity. Asterisks indicate significant differences between amphistomatic and 
hypostomatic groups according to Student’s t-test: *P < 0.05, **P < 0.01; ns, not 
significant. 
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Figure 5. Plant-water relations traits obtained from pressure–volume curves of 
amphistomatic (Amph) and hypostomatic (Hypo) species of Eucalyptus. Species are 
represented by different colors as per the legend included in Figure 1. For the box plot, 
the lower and upper hinges correspond to the first and third quartiles (interquartile 
range, IQR), the horizontal lines inside the boxes are the medians, the upper/lower 
whisker extends from the hinge to the largest/smallest value no further than 1.5 × IQR 
from the hinges, and data beyond the end of the whiskers are plotted individually (small 
grey circles). Ψ100, mean osmotic potential at full turgor; ΨTLP, water potential at the 
turgor loss point; ɛ, bulk elastic modulus; RWCTLP, relative water content at the turgor 
loss point; CFT, capacitance at full turgor; CTLP, capacitance at the turgor loss point. 
Asterisks indicate significant differences between amphistomatic and hypostomatic 
groups according to Student’s t-test: *P <0 .05, **P < 0.01; ns, not significant. 
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Figure 6. Plant-water relations traits obtained from optical vulnerability curves and 
curves of loss of leaf rehydration capacity of amphistomatic (Amph) and hypostomatic 
(Hypo) species of Eucalyptus. Species are represented by different colors as per the 
legend included in Figure 1. For the box plot, the lower and upper hinges correspond 
to the first and third quartiles (interquartile range, IQR), the horizontal lines inside the 
boxes are the medians, the upper/lower whisker extends from the hinge to the 
largest/smallest value no further than 1.5 × IQR from the hinges, and data beyond the 
end of the whiskers are plotted individually (small grey circles). P50, water potential at 
50% cumulative xylem embolized area; SSM50, stomatal safety margin; PLRC50, water 
potentials at 50% loss in the percentage of rehydration capacity: SMRI50, stomatal 
margin retention index. Asterisks indicate significant differences between 
amphistomatic and hypostomatic groups according to Student’s t-test: *P < 0.05, ns, 
not significant. 
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SUPPLEMENTARY DATA 

 

 

Supplementary Figure S1. Leaf cross-sections of the Eucalyptus species were 
assessed in this study. Bars = 250 µm. 
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Supplementary Figure S2. Internal leaf structure of amphistomatic (Amph) and 
hypostomatic (Hypo) species of Eucalyptus. Species are represented by different 
colors as per legend included in Figure 1. For the box plot, the lower and upper hinges 
correspond to the first and third quartiles (interquartile range, IQR), the horizontal lines 
inside the boxes are the medians, the upper/lower whisker extends from the hinge to 
the largest/smallest value no further than 1.5 × IQR from the hinges, and data beyond 
the end of the whiskers are plotted individually (small grey circles). Asterisks indicate 
significant differences between amphistomatic and hypostomatic groups according to 
Student’s t-test: *P < 0.05, **P < 0.01; ns, not significant. 
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Supplementary Figure S3. Stomatal size of amphistomatic (Amph) and hypostomatic 
(Hypo) species of Eucalyptus. Species are represented by different colors as per 
legend included in Figure 1. For the box plot, the lower and upper hinges correspond 
to the first and third quartiles (interquartile range, IQR), the horizontal lines inside the 
boxes are the medians, the upper/lower whisker extends from the hinge to the 
largest/smallest value no further than 1.5 × IQR from the hinges, and data beyond the 
end of the whiskers are plotted individually (small grey circles). Asterisks indicate 
significant differences between amphistomatic and hypostomatic groups according to 
Student’s t-test: ns, not significant. 
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Supplementary Figure S4. Representative images of the Eucalyptus species were 
assessed in this study. Plants were seven months old when images were taken. Bars 
= 30 cm.  
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CHAPTER 2: Selection for drought tolerance in eucalyptus: genetic control and 

the importance of physiological biomarkers 

Leonardo A. Oliveira, Talitha S. Pereira, Moab T. Andrade, Marcos D.V. Resende, 

Ulisses Figueiredo, Amanda A. Cardoso, Genaina A. Souza, Samuel C. V. Martins 

 

ABSTRACT 

 

The cultivation of eucalyptus is rapidly expanding due to its many features of 

interest. However, due to global climate change, many regions where it is grown will 

become unsuitable in the future. To accelerate genetic improvement and develop 

eucalyptus genotypes more adapted to future edaphoclimatic conditions, an 

ecophysiological approach is of utmost importance. Thus, in this study, genetic 

parameters such as heritability and accuracy for growth traits, hydraulic parameters, 

water relations, gas exchange, basic metabolism, and leaf anatomy were estimated in 

seven eucalyptus species (six of them among the nine most cultivated in the world). 

The methodology used mixed model methodology, REML (Restricted Maximum 

Likelihood)/BLUP (Best Linear Unbiased Prediction) procedure. Based on criteria such 

as the variability of these traits within the studied species, high heritability, and 

precision in evaluation, thirty-two variables were identified as potential biomarkers for 

genotyping in eucalyptus genetic improvement programs for various purposes. 
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INTRODUCTION 

 

Planted forest area is growing significantly worldwide (FAO, 2020), with 

Eucalyptus L'Hér (Myrtaceae) plantations playing a significant role in this expansion. 

Currently, species of Eucalyptus are the most widely planted globally, especially in 

tropical and subtropical regions (Myburg et al. 2014, Messier et al. 2022), covering 

more than 20 million hectares around the world (Rejmánek and Richardson 2011). 

According to the 2021 Annual Report of the Brazilian Tree Industry (IBÁ 2021), the 

total area of planted forests in Brazil reached 9.55 million hectares, of which 7.47 

million (78%) consisted of eucalyptus forests. The cultivation of eucalyptus has been 

rapidly expanding due to its accelerated growth, high yield, trunk ideal for wood 

production, high genetic variability, resistance to pests and diseases, and high 

tolerance to acidic soils with low fertility and high aluminum content (Eldridge et al. 

1994, Chen 2005, Estopa et al. 2023). Additionally, eucalyptus is adaptable to a wide 

climatic range (Maydel Von, et al. 2018, Zhou et al. 2018, Ramantswana et al. 2020, 

Zhang and Wang 2021).  

Due to the remarkable adaptability of eucalyptus species, their cultivation has 

expanded into more marginal areas, where they are exposed to edaphoclimatic 

conditions that would be prohibitive for the development of many other crops. However, 

with the ongoing global climate changes, these regions are increasingly experiencing 

rises in temperature and vapor pressure deficit (VPD), along with changes in 

precipitation patterns (IPCC 2019). These changes may be responsible for a drastic 

reduction in the productivity of these forests and could even lead to their demise. This 

was evident in 2015 in the state of Minas Gerais, in the southeastern region of Brazil, 

where drought events caused the mortality of approximately 2,000 km2 of eucalyptus 

plantations (Gonçalves et al. 2017), highlighting the vulnerability of these systems to 

environmental alterations. 

To sustain its rapid expansion and high productivity in the face of climate change 

scenarios, it becomes increasingly necessary to develop eucalyptus genotypes that 

are better adapted to edaphoclimatic conditions that may limit their optimal growth. 

Studies related to genetic improvement for drought tolerance are of great importance 

in the global context. The genetic improvement with an ecophysiological focus aims to 

identify characteristics that are related to the growth and survival of a large and diverse 

group of genotypes (which can be pure species or hybrids resulting from the 
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crossbreeding of different species) to develop ideotypes for various purposes (Scolforo 

et al. 2017, Marcatti et al. 2017, Binkley et al. 2018). This approach can assist breeders 

in identifying traits that can be used to select plants at early stages, as forest genetic 

improvement is still a time-consuming process with long reproductive cycles, making 

the development of new genotypes challenging (Castro et al. 2021). Early selection is 

based on the use of stable key attributes that correlate with the necessary 

characteristics for plants to be highly productive in their selected locations and exhibit 

high heritability. In this process, traits of younger plants are employed as predictors of 

characteristics that manifest in the productive stage, thus anticipating genetic gains 

(Moraes et al. 2014, Corrêa et al. 2017). 

The anatomical, physiological, and hydraulic parameters operate in an 

integrated manner, playing a crucial role in the growth, development, and drought 

tolerance of eucalyptus plants (Oliveira et al. 2022, Pita-Barbosa et al. 2023). 

Understanding how plant functional traits can affect fitness is a key focus of studies 

aimed at unraveling the role of natural selection in the evolution of population and 

species differences (Geber and Griffen, 2003, Kingsolver and Huey, 2003), as well as 

making it possible for plant breeders to use these traits. A notable example is the 

distribution of stomatal and their density, which is responsible for the trade-off between 

CO2 absorption and water loss through the leaves (Hetherington and Woodward 2003). 

As drought progresses, most stomata close to minimize water loss rates, thereby 

protecting the hydraulic transport system and preventing collapses, ensuring the 

continuity of this transport (Martin-StPaul et al. 2017). However, a portion of the 

stomata remains partially open, or some structures associated with the stomata are 

leaky, contributing, along with water loss through leaf cuticles, to a considerable water 

loss (Duursma et al. 2019, Machado et al. 2021). Over time, this loss can deplete water 

stocks, leading to the collapse of the plant's hydraulic system and death (Martin-StPaul 

et al. 2017). This example illustrates how a seemingly simple and isolated 

characteristic, when contextualized, can have a significant impact. The importance of 

an eco-physiological approach is highlighted, assisting breeders in identifying 

promising markers for the selection of genotypes more adapted to low water 

availability. Nevertheless, attaining this objective necessitates crucial information on 

the heritability of eco-physiological characteristics. Presently, such information is in 

short supply, and the limited data we possess are derived from plants situated in 
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diverse locations, spanning various ages, and employing different measurement 

methods for the same characteristic (Pita-Barbosa et al. 2023). 

The recommended methodology for estimating genetic parameters such as 

heritability for forest species like eucalyptus is REML (Restricted Maximum Likelihood) 

/ BLUP (Best Linear Unbiased Prediction). This method allows for the estimation of 

variance components and the prediction of genetic values for individuals (Resende 

2009, 2015). In addition, to enable the ranking of genotypes based on their estimated 

genotypic values, it maximizes the precision of selection, reduces the gap between 

predicted and true genetic values, and enhances the probability of selecting the most 

promising individuals (Resende 2009, Corrêa et al. 2017). 

The objective of this study was to estimate genetic parameters such as 

heritability and accuracy for growth traits, hydraulic parameters, water relations, gas 

exchange, basic metabolism, and leaf anatomy in seven eucalyptus species (six of 

them among the nine most cultivated globally - E. camaldulensis, E. tereticornis, E. 

pellita, E. grandis, E. urophylla, and E. dunnii) (Stanturf et al. 2013, Seng Hua et al. 

2022). The aim was to identify desirable traits in genotypes adapted to water-restricted 

conditions, with coefficients of genetic variation indicating their maintenance in 

subsequent generations. This assists in selecting attributes of greater interest for use 

in phenotyping promising genotypes, facilitates decision-making, enhances the 

efficiency of eucalyptus breeding programs, and enables an increase in genetic gain 

over time. 

 

MATERIAL AND METHODS 

 

Plant material and growing conditions 

Saplings with 120-day-old of seven Eucalyptus species (E. camaldulensis, E. 

tereticornis, E. pellita, E. grandis, E. urophylla, E. dunnii and E. pilularis) were obtained 

from the Sociedade de Investigações Florestais/Universidade Federal de Viçosa 

(UFV) nursery and cultivated in the gardens of the UFV, both in Viçosa (20°45’S, 

42°54’W, 650 m altitude), southeast Brazil between June and December of 2021. The 

seedlings were transplanted into 20 L pots (one plant per pot) containing soil, washed 

sand, and commercial substrate Tropstrato HT® (3:2:1, v:v:v). Plants were irrigated 

daily to field capacity and fertilized according to the recommendations for the crop. 

They were maintained under natural conditions of light [photosynthetic photon flux 
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density (PPFD) ranging from 1,000 to 1,500 μmol m−2 s−1), temperature (max 

temperature ranging from 22 to 26°C and min temperature ranging from 13 to 19°C) 

and air humidity (max relative humidity ranging from 90 to 98% and min relative 

humidity ranging from 40 to 55%). Light intensity was measured between 11:00 and 

13:00 h (solar time) using a quantum sensor (LI-191R; LI-COR, Lincoln, NE, USA). 

Temperature and relative humidity data were obtained from the automatic 

meteorological station in Viçosa. Data are available on the National Meteorological 

Institute of Brazil website (https://portal.inmet.gov.br/dadoshistoricos). Measurements 

and samplings were performed when plants were at the age of seven months. The 

experiment was set up in a completely randomized design with seven treatments 

(species) and six replications, where an experimental unit consisted of a 20 L pot 

containing one plant. Fully expanded leaves were sampled from lateral branches 

located in the middle third, and branches were sampled from this same region. 

 

Leaf residual conductance 

The leaf residual conductance (gleaf-res) was measured for intact leaves using 

the weight loss method for detached leaves (Slavic, 1974, Sack et al., 2003, Machado 

et al., 2021). Leaves were collected in the late afternoon, placed in ziplock bags, 

transported to the laboratory, and had their petioles maintained under water for at least 

12 h. After this, the petioles were sealed with parafilm tape, and the leaves were 

weighed on an analytical balance every 15 min for 3 h. Temperature and humidity were 

monitored for later calculation of the vapor pressure deficit (VPD). Initial and final leaf 

areas were obtained by scanning and measuring them using Image-Pro Plus 4.5. The 

gleaf-res was calculated from the slope of the linear relationship of leaf mass versus time 

and normalized by leaf area (sum of the adaxial and abaxial projected areas), 

atmospheric pressure, and VPD. For the slope estimation, only the linear part of the 

regression was used (R2 > 0.99), suggesting maximal stomatal closure (Billon et al., 

2020).  

 

Leaf hydraulic conductance  

Leaf hydraulic conductance (Kleaf) was measured using the evaporative flow 

method (Sack et al. 2002, Brodribb and Holbrook 2006). Leaf petioles were cut 

underwater, connected to a flow meter system (equipped with a 30 PSI pressure 

transducer, Honeywell International Inc, North Carolina, US), and placed under a light 

https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.16941#nph16941-bib-0047
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source of c. 1,000 µmol m-2 s-1 PPFD and fan-induced turbulent air to increase leaf 

transpiration. Pressure variation, water temperature, and leaf temperature were 

recorded with a datalogger (CampberRL Scientific, Shepshed, LE129GX, UK). E was 

derived from the tension created within the leaf-driven system through a known and 

recorded resistance following maximum stability (after c. 30 min). The leaves were then 

removed from the system, bagged for 10 min (to allow them to equilibrate), and their 

leaf water potential (Ѱw) was measured with a pressure chamber (model 1000, PMS 

Instruments, New York, US). After that, the leaves were scanned, and their area was 

measured using Image-Pro Plus 4.5. Finally, E was normalized by leaf area, and Kleaf 

was calculated as KLeaf = -E / Ψw. Due to the lack of petiole in E. cinerea, we could not 

measure the Kleaf of this species. 

 

Pressure-volume curves 

Leaves were collected, packed in zip-lock bags containing damp paper towels, 

and transported to the laboratory. They were cut under water and the petiole remained 

immersed for approximately 12 h to allow complete rehydration (Ψw < 0.1 MPa). Leaf 

mass and Ψw measurements were repeated during slow bench dehydration at c. 25°C 

and c. 60% relative humidity. In the end, leaves were then scanned, and their area was 

obtained using Image-Pro Plus 4.5. Next, leaves were placed in an oven at c. 70ºC 

until constant weight (equal to dry weight). Leaf dry weight was used to calculate RWC, 

and PV curves were constructed by plotting the inverse of Ψw against RWC (Tyree and 

Hammel 1972). The following parameters were estimated from each curve: osmotic 

potential at full turgor (Ψ100), water potential at turgor loss point (ΨTLP), relative water 

content at the point of turgor loss (RWCTLP), leaf capacitance at full turgor (CFT) and 

after turgor loss point (CTLP) and bulk modulus of elasticity (ε). Additionally, specific leaf 

area (SLA) was estimated as the ratio of leaf area to leaf dry mass and saturated water 

content (SWC) as the ratio of leaf water content to leaf fresh weight. 

 

 

Anatomy of leaves and petioles 

Completely expanded leaves were fixed in FAA50 (Johansen 1940) for 48 h and 

stored in 70% ethanol (v:v). Subsamples of leaves and petioles (or leaf midrib close to 

the branch insertion for E. cinerea) were embedded in methacrylate according to the 

manufacturer's recommendations (Leica Microsystems Nussloch, Heidelberg, 
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Germany), cross-sectioned into 5 µm thick sections using an automatic advance rotary 

microtome (Leica RM2155, Leica Microsystems Inc., Derfild, USA), stained with 

toluidine blue (O’brien et al. 1964), and mounted in synthetic resin (Permount®). In 

addition, leaf samples of approximately 200 mm2 were collected from the middle 

portion of each leaf, avoiding the central vein, clarified by the method of de Strittmatter 

(1973), and mounted in glycerinated gelatin to obtain images for quantifying vein 

density and stomatal characteristics. 

The images were taken using a light microscope (AX70 TRF, Olympus Optical, 

Tokyo, Japan) coupled with a digital camera (Zeiss AxioCam HRc, Göttingen, 

Germany). Five fields of view (FOV) were obtained from each diaphanization sample 

at 4x magnification to measure vein density (VD). VD was calculated as the total length 

of second, third, fourth, fifth, and sixth-order veins divided by the FOV area. 

Additionally, five FOV at 20x magnification were captured to measure stomatal 

densities, including abaxial stomatal density (SDAba), adaxial stomatal density (SDAda), 

and total stomatal density (SDTotal), which is the sum of SDAba and SDAdal.  

From the leaf cross-section, three FOVs with 10x magnification were captured. 

The thickness of the abaxial and adaxial epidermis, the leaf blade thickness, and the 

thickness of the palisade and spongy parenchyma were measured in five parts of the 

lamina in each FOV. The percentage of intercellular space was determined by 

calculating the proportion of intercellular spaces to the entire internal area of the leaf 

blade.  

From the cross-sections of the petiole, one FOV was obtained with a 10x 

magnification. The number of xylem vessels and long and short internal vessel 

diameters were measured. Based on the diameters of the vessel elements, Sperry 

hydraulic diameter (DhSperry) was calculated using the following equations (Lewis and 

Boose 1995): 

Dh=√2𝑎2𝑏2𝑎2+𝑏2 
 

where a and b represent the long and short internal vessel diameters, respectively, 

and n is the viscosity of water at 25°C. DhSperry was calculated using the following 

equation (Sperry and Ikeda 1997): 
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DhSperry= 1𝑛 𝛴1𝑛 (𝐷ℎ5𝐷ℎ4)𝑖̇ 
 

where n represents the number of xylem vessels in the sample, 1 represents the first 

xylem vessel of the sample, and i represents all xylem vessels of the sample. 

For an estimation of cell wall thickness to lumen breadth ratio (t/b)3 two FOVs 

were obtained with a 20x magnification. The wall thickness (t) and corresponding 

vessel lumen diameter (b) were determined in 20 vessels for each petiole. The cell wall 

thickness was the medium of four meditations for each xylem vessel and the lumen 

diameter (b) was a medium from two measurements for each vessel.  

 

Huber value 

Branches were cut using pruning shears underwater in a bucket, where they 

were kept for c. 12 h, covered with black plastic bags. A small sample from the branch's 

base was stained with 1% Safranin and photographed using a camera attached to a 

stereomicroscope, and the images were used to measure the sapwood area using 

Image Pro Plus 4.5. The total leaf area per branch was measured by scanning the 

leaves and the Huber value was calculated as the ratio between the sapwood area and 

the total leaf area of the branch (Huber 1928). 

 

Gas exchange, chlorophyll fluorescence, and light curves 

Gas exchange parameters and chlorophyll fluorescence were determined under 

ambient temperature and vapor pressure conditions using a gas exchange system (LI-

6400XT) equipped with an integrated fluorescence chamber (LI-6400-40, LI-COR Inc.). 

Net CO2 assimilation rate (A), transpiration rate (E), and stomatal conductance to water 

vapor (gs) were measured on attached leaves under artificial photosynthetically active 

radiation (RFA), i.e. 1000 μmol photons m-2 s-1 at the leaf level, and 400 μmol CO2 mol-

1 air.  

In light-adapted leaves, the actual quantum yield of photosystem II (ΦPSII) was 

determined according to the procedure described by Genty et al. (1989), and the 

electron transport rate (ETR) was then calculated as: 

 

ETR = α β ×PPFD× ΦPSII 
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where PPFD is the photosynthetically active photon flux density, α is the leaf 

absorptance and β is the optical cross-section of photosystem II. Intrinsic water use 

efficiency (WUEi) was estimated as A/gs. 

 

Quantification of metabolites  

One fully expanded leaf per plant was collected between 12 and 13h on a sunny 

day and immediately frozen in liquid nitrogen and stored at -80ºC. The samples were 

then freeze-dried at -48ºC and macerated in a cell disruptor (mini-Bead beater-96, Bio 

Spec Products, Bartlesville, OK, USA) using 3.2 mm metal spheres. To quantify the 

metabolites, 10 mg of dry mass (DM) of leaf samples were used, which were subjected 

to hot methanolic extraction (Lisec et al. 2006). Chlorophyll levels were determined as 

previously described by Wellburn (1994). Starch, sucrose, fructose, and glucose were 

measured according to the methodology described by (Fernie et al. 2001) and proline 

was quantified according to Carillo and Gibon (2011). Total amino acids (Yemm et al. 

1955), starch (Fernie et al. 2001), and total protein (Bradford 1976) were quantified in 

the methanolic insoluble fraction. The content of all compounds was normalized to dry 

mass. 

 

Plant hydraulic conductance  

On the evening preceding the initiation of the plant hydraulic conductance (Kplant) 

analysis, thorough irrigation was administered to ensure complete rehydration of the 

plants. Subsequently, the pots were shielded with plastic film. To assess Ψw and pot 

weight, measurements were taken at both predawn and midday utilizing a Scholander 

pressure chamber and a precision balance with a sensitivity of 0.1 g, respectively. 

Whole-plant transpiration per unit leaf area was determined by calculating the 

difference in pot weight between predawn and midday. Total leaf area (TLA) was 

estimated by multiplying the LMA average of all the leaves on one branch per plant by 

the total dry mass of the leaves. This leaf area estimation was then employed to 

normalize transpiration. The calculation of Kplant was calculated using the following 

equation (Kramer and Boyer 1995): 

 

Kplant = whole-plant transpiration / [(ΨPredawn – ΨMidday). 
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Leaf vulnerability to embolism and hydraulic safety margin 

Leaf vulnerability to embolism was determined by the optical vulnerability 

method (Brodribb et al. 2016). Plants were harvested early in the morning, and their 

roots were washed until the soil was entirely removed. They were then placed in a 

bucket filled with water and transferred to the laboratory. The abaxial face of an intact 

mature leaf still attached to the plant was placed on a scanner (Epson Perfection V800; 

Epson, California, USA) using clear glass and adhesive tape. Plants were next 

removed from the bucket and allowed to slowly dehydrate under laboratory conditions 

(c. 25°C and 60% relative humidity). Images were taken every 3 min, and leaf Ψw was 

measured using a pressure chamber every c. 4 h. Images were obtained up to 5 h after 

the last embolic event was observed. The image area captured included the midrib and 

at least eight majors (second-order) veins. The stack of images was analyzed using 

ImageJ, following instructions from http://www.opensourceov.org and Brodribb et al. 

(2016). The degree of embolism was calculated as the cumulative area of the 

embolized xylem normalized by the total area of embolism. A linear regression was 

fitted between drying time and Ψw to determine the Ψw at the time that each image was 

captured. Finally, the declines in Ψw were plotted against the percentage of the 

cumulative embolized area (%) for each leaf. For each vulnerability curve, were 

obtained the Ψw at 50% cumulative xylem embolized area (P50). The stomatal safety 

margin (sSM50) was calculated for each genotype as the difference between ΨTLP and 

P50.  

 

Growth parameters and stem density 

Plant height (H) was measured using a millimeter ruler (from ground level to the 

highest pair of leaves) and the average stem diameter (D) was measured using a digital 

caliper (calculated from two perpendicular diameter measurements 2 cm above the 

soil surface), and the stem volume (Svol) was estimated according to the following 

equation:  Stem volume = 𝜋 𝑎 𝑏 ℎ3 

 

where 'a' and 'b' are the perpendicular radii of the stem and h is the height. 

After the optical vulnerability curves, destructive analyses were carried out. 

Three-centimeter-long samples near the base of the stem were collected, their bark 
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removed, and their volume measured using the water displacement method with the 

aid of a beaker. The samples were then dried in an oven at 70°C for 72 hours to 

determine their dry mass and the specific density of the stem was calculated as the 

dry mass of the stem section divided by the volume of the same section when still 

fresh. 

The leaves, stem and roots were cut and kept in an oven at 70 °C for 72 hours 

and then weighed to determine the dry mass, and the total dry mass (TDM) was 

determined as the sum of the biomass of leaves, stem, and roots. 

 

Statistical analysis  

The analyses were carried out for all the traits, estimating the variance 

components and predicting the genotypic effects (random) using the mixed model 

approach, using the restricted maximum likelihood/best linear unbiased prediction 

(REML/BLUP) method (Resende, 2007a). To do this, the following statistical model 

was used:  𝑦 = Xu + Zg + e 

 

where y is the vector of data, u is the scalar referring to the general average (fixed 

effect), g is the vector of genotypic effects of species (assumed to be random) and e 

is the vector of errors or residues (random). X and Z represent the incidence matrices 

for u and g, respectively.  

Equations of the mixed model: 

 

 

Heritability at the mean of cultivars (h2) and accuracy were estimated, and the 

significant effects such as the genotypic variance between species (Vg) was tested 

using the Likelihood Ratio Tests (LRT) where deviance analyses were obtained for 

each character evaluated (Resende, 2007a). 

The predicted genotypic values for twelve traits of interest were used to 

calculate the selection index, based on the average of the ranks (Mulamba and Mock 
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1978). The genetic analyses were carried out using the SELEGENREML/BLUP 

software (Resende 2007, 2015, 2016). 

 

Selection index 

The predicted genotypic values were used to calculate the selection index, 

based on the average of the ranks (Mulamba and Mock 1978), and the correlations of 

the characteristics (possible selected phenotypic markers) with the tolerant and 

susceptible phenotypes. The lowest rank value indicates plants that are more tolerant 

of water deficit.  

The traits selected to make up the proposed ideotype aim to identify plants with 

greater resistance to embolism (P50), greater control of their water status (<gleaf-res, 

>CFT and CTLP), greater water distribution capacity within the leaves (VD), greater 

intrinsic water use efficiency (WUEi), greater capacity of the stems to supply the water 

demand of the leaves (Hv), greater photosynthetic rates (A) (Oliveira et al. 2022, Pita-

Barbosa et al. 2023). He used the characteristics referring to higher net yields (TDM, 

H, D, and SVol), which have been commonly used as fitness indicators in selection 

studies where it is not possible to obtain fitness assessments of genotypes at the field 

level (Franklin and Morrissey, 2017). 

  

RESULTS 

 

The fifty-four parameters analyzed were categorized into two main groups 

based on their genotypic differences. The first group, made up of thirty-eight variables 

(Tables 1 to 6), showed statistically significant differences (P<0.01 or P<0.05) in the 

means of the characteristics between the species studied, as indicated by the 

likelihood ratio test. In contrast, the second group, made up of sixteen traits (Tables 

S1 and S2), showed no significant variability in the means between the species, 

despite many of them exhibiting high heritability and accuracy, leading to the 

suppression of these results (Tables S1 and S2). 

The genotypic coefficient of variation (CVg) values for 59% of the parameters 

are considered high (Tables 1 to 6). The CVg for the leaf anatomical characteristics 

ranged from 5.26 for TLL to 124.7 for SDAda (Tables 1 and 2). Within the gas exchange 

parameters, the range of CVg was smaller, varying from 5.12 for WUE to 27.24 for gs 

(Table 3). As for the water relations parameters, they ranged from 2.04 for RWCTLP to 
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45.13 for gleaf-res (Table 4). Allometric and growth parameters ranged from 9.82 for D 

to 28.73 for LAuni (Table 5). For the content of primary metabolism compounds, CVg 

variations ranged from 2.49 to 31.55 for Suc and Chlo a, respectively (Table 6). 

The accuracy (Acc) of the estimation of the characteristics ranged from 0.87 for 

TUE to 0.99 for SDAda for the leaf anatomical characteristics (Tables 1 and 2). For the 

gas exchange characteristics, the Acc ranged from 0.85 for WUEi  and E to 0.92 for 

gs (Table 3).  For the water relations characteristics, Acc ranged from 0.65 for P50 to 

0.98 for SWC (Table 4). About allometric and growth characteristics, Acc ranged from 

0.86 for HV to 0.98 for H (Table 5). The contents of the basic metabolism compounds 

in the leaves (Table 6) ranged from 0.89 for Gluc to 0.99 for Suc. This shows that most 

of the variables are highly accurate. 

The evaluation of leaf anatomical characteristics (Table 1, 2) revealed different 

heritability (h2), ranging from 0.75 for the TUE to 0.99 for SDAda. In terms of gas 

exchange parameters (Table 3), h2 ranged from 0.72 for E to 0.85 for gs. For the water 

relations parameters (Table 4), the h2 ranged from 0.42 for the P50 to 0.96 for the SWC, 

highlighting a significant range in h2 within this group. In the context of allometric and 

growth parameters (Table 5), the h2 of the characteristics ranged from 0.74 for the HV 

to 0.96 for H. As for the contents of the basic metabolism compounds in the leaves 

(Table 6), the h2 ranged from 0.79 for the Gluc content to 0.96 for the Suc content. 

These results indicate consistently high h2 values for most of the attributes studied.  

By analyzing the results of h2, Acc, CVg, and the LRT test together, it was 

possible to select 32 variables that could potentially be used in breeding programs for 

a wide variety of purposes: VD, SDAba, SDAda, SDTotal, gwmax, DhSperry, Kt,  Nxv, IS, TPP, 

A, gs, E, WUEi, Ψ100, ΨTLP, CFT, CTLP, SWC, gleaf-res, LAuni, SLA, H, D, Hv, SVol, TDM, 

Chlo a, Carot, Starch, Gluc, and Fruc. These variables showed good heritability and 

variability within the species studied, and the genetic parameters were estimated with 

good precision. And although P50 has only average heritability and accuracy and a low 

CVg, we used it in the index because of its importance for drought tolerance in plants 

(Choat et al. 2012, Martin-StPaul et al. 2017). 

Based on the Mulamba and Mock index, we were able to classify the seven 

species studied based on characteristics that can give them advantages under 

conditions of water deficit, as well as another group of variables related to their 

productivity. According to these criteria, the species were classified in the following 

order: E. urophylla, E. dunnii, E. camaldulensis, E. pilularis, E. pellita, E. tereticornis, 
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E. grandis (Table 7). The species in the top positions are the ones that most closely 

match the characteristics of good productivity and potentially greater drought 

tolerance. 

 

DISCUSSION 

 

The integrated analysis of structural and functional characteristics is emerging 

as an essential approach in studies dedicated to plant adaptation responses and 

strategies, covering a variety of purposes. This approach makes it possible to gain an 

in-depth understanding of the mechanisms underlying these adaptive processes, 

which can be delineated by various collaborative strategies, contributing synergistically 

to confer greater resilience to adverse conditions and promoting significant productivity 

increases. Once the key traits responsible for this improved resilience have been 

identified, the presence of intra genotypic variability, high heritability, and accuracy 

make these traits suitable for application in the early phenotyping of superior 

genotypes, highlighting their potential contribution to genetic improvement programs. 

The availability of genetic parameters such as heritability and accuracy for 

numerous structural and physiological characteristics can be very useful when 

planning breeding programs (Moraes et al. 2014). According to the classification 

proposed by Resende (2009), heritability values between 0.15 and 0.50 are considered 

moderate and those above this are considered high for perennial species (Resende 

and Alves 2020, 2022). High heritability values show that traits have adequate genetic 

control and are easily transferable to future generations, and the higher the heritability 

value, the greater the gains obtained from selection for that particular trait (Majidi et al. 

2009, Coser et al. 2022). Meanwhile, high accuracy values (above 70%) show that the 

traits studied have a significant correlation between true and predicted genetic values, 

leading to great confidence in the evaluation of individuals (Resende and Duarte 2007, 

Resende and Alves 2020, 2022). As for the coefficient of genotypic variation, values 

above 10-15% are considered moderate to high, indicating that genotypic variability is 

significant to the mean of the trait under study, suggesting that there is potential for 

selecting superior genotypes (Kushwah et al. 2021). Therefore, considering the 

association of estimated heritability values, accuracy, and coefficient of genotypic 

variation found in this study, 50% of the variables analyzed are candidates to be 

inserted as biomarkers in eucalyptus breeding programs for the most diverse 
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purposes, revealing excellent possibilities for selecting eucalyptus genotypes based 

on the characteristics identified here. 

To optimize the effectiveness of breeding programs, it is imperative to consider 

the simultaneous selection of several traits of interest, to consolidate them in a single 

genotype (Mendes et al. 2009). Once we have available genetic data for many 

variables of interest, it is the responsibility of breeders to identify which of them are 

most relevant to their breeding programs. This process must be carried out considering 

the specific objectives of the programs, as well as the human resources available and 

the capacity of the equipment to measure the plants. The characteristics presented in 

this study vary in terms of measurement difficulty, need for specialized equipment, 

processing, and cost. With variables such as plant height and diameter being cheap 

and easily measurable, biochemical and gas exchange assessments, involve the use 

of relatively expensive equipment and highly specialized labor. 

Although often interrelated, the variables investigated in this study fall into 

distinct groups, each performing crucial functions for eucalyptus plants. A 

comprehensive understanding of these sets of parameters is imperative to unravel the 

mechanisms underlying the growth, development, productivity, and drought tolerance 

of these plants. This knowledge is of singular importance for breeding programs, 

requiring close collaboration between breeders and ecophysiologists. The 

synchronization of these disciplines is essential to identify the most relevant 

characteristics, culminating in the development of genotypes that are increasingly 

adapted to the specific environments in which they will be grown. 

Leaf anatomical characteristics, including stomatal density, cuticle thickness, 

and leaf tissue structure, are fundamental to photosynthetic efficiency and water 

balance regulation (Silva et al. 2014, Guo et al. 2023). These characteristics influence 

both gas exchange parameters and water relations, contributing to the maintenance of 

photosynthetic rates and the control of water loss (Wu et al. 2008, Haworth et al. 2018). 

In addition, they affect the relationship between variations in water content and leaf 

water potential, playing a direct role in regulating water balance and water use 

efficiency (Horike et al. 2023, Petrík et al. 2023). This, in turn, influences the 

productivity and drought tolerance of eucalyptus plants (Oliveira et al. 2022, Pita-

Barbosa et al. 2023). 

Understanding the primary metabolism of the leaf, such as the levels of 

carbohydrates, amino acids, and proline, is essential for revealing the plant’s efficiency 
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in using photoassimilates to produce metabolites that are important for maintaining 

metabolism, growth, and, ultimately, for responding to water scarcity (Smith et al. 2018, 

Salam et al. 2023). The production and maintenance of levels of photosynthetic 

pigments, such as chlorophylls, and photoprotective pigments, such as carotenoids, 

are crucial for protecting the photosynthetic apparatus and maintaining gas exchange 

(Simkin et al. 2022, Sun et al. 2022). All these integrated factors optimize plant 

production and are responsible for plant responses under stress conditions (Kumar et 

al. 2018, Shakespear et al. 2024). 

In addition to estimating the genetic parameters of important characteristics, 

criteria must be established for selecting genotypes. The selection criterion is the 

character or set of characters on which the selection is based, to evaluate and rank 

the candidates for selection according to the character targeted for improvement 

(Resende et al. 2014, 2015). The next step would be to assess the feasibility of 

obtaining such an ideotype through genetic improvement, especially considering the 

heritabilities and accuracies of the chosen characters. As plant responses involve 

many genes and different responses (Pita-Barbosa et al. 2023), we selected twelve 

main traits, intending to identify which of the seven species studied combine greater 

productivity and potentially greater drought tolerance.  

The traits selected to establish an optimum combination between the various 

characters using the selection index can be grouped into two main groups. The first is 

made up of traits aimed at greater drought tolerance and better control of the plant's 

water content (P50 - greater resistance to embolism; < gleaf-res, >CFT and CTLP - greater 

control of water status; VD - greater ability to distribute water within the leaves; A/gs - 

greater efficiency of water use; HV - greater ability of the stems to withstand the water 

demand of the leaves). The second group is made up of characteristics associated 

with productivity (A - higher photosynthetic rates; TDM, H, D, and SVol - higher 

productivity). Since Stuepp et al. (2020) demonstrated that in E. benthamii the plants 

that show the greatest initial growth are also those that show the greatest growth at 24 

months of cultivation. Based on this selection index, two species ranked first together, 

namely E. urophylla and E. dunnii. The good performance of E. urophylla is no surprise, 

since this species is characterized by its good resistance to stress (Shen et al. 2023). 

Furthermore, its hybridization with E. grandis, generating the 'urograndis' hybrids, is 

considered a milestone in the success of tropical eucalyptus cultivation (Rezende et 

al. 2014). 
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The main characteristics that conferred greater tolerance to these two species 

over the others were P50 and gleaf-res, the first of which is used as a proxy for drought 

tolerance in various species (Choat et al. 2012, Sperry and Love 2015, Rowland et al. 

2015). Therefore, the higher its modulus values, the greater the reductions in water 

availability capable of compromising the hydraulic system and the inability of these 

plants to transport water. The gleaf-res is related to the amount of water that plants lose 

after their stomata close and is one of the main characteristics related to the lower loss 

of tissue water content during drought events (Duursma et al. 2019), protecting the 

hydraulic system of these plants and making them less susceptible during drought 

events (Martin-StPaul et al. 2017). Growth parameters such as total biomass, height, 

diameter, and stem volume were used to assess the productivity of these genotypes. 

This study represents a pioneering initiative in the estimation of genetic 

parameters related to various characteristics, covering physiological aspects, growth, 

hydraulics, water relations, gas exchange, basic metabolism, and leaf anatomy. This 

approach allows breeders, before deciding which variables to incorporate into breeding 

programs, to verify the presence of variability between species, as well as the 

existence of heritability and accuracy. However, it is important to note that the 

evaluations were carried out on very young plants, with a small number of individuals 

(n=6), since the study is preliminary in nature and aims to identify promising variables. 

It is therefore recommended that future studies be carried out to assess the temporal 

stability of these characteristics, which could allow these variables to be used 

effectively in early selection. In addition, further efforts are needed with a greater 

number of repetitions and greater genetic variability, to identify whether these same 

characteristics can be used to discriminate between different genotypes within the 

same species. 

 

CONCLUSION 

 

The estimates of genetic parameters studied revealed thirty-two variables that 

can be used as biomarkers for phenotyping genotypes in eucalyptus breeding 

programs for a wide variety of purposes. These traits were selected based on the 

existence of variability for these traits within the species studied, as well as high 

heritability and accuracy.  These selected traits are as follows: VD, SDAba, SDAda, 
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SDTotal, gwmax, DhSperry, Kt,  Nxv, IS, TPP, A, gs, E, WUEi, Ψ100, ΨTLP, CFT, CTLP, SWC, 

gleaf-res, LAuni, SLA, H, D, Hv, SVol, TDM, Chlo a, Carot, Starch, Gluc, and Fruc. 

Using 12 of them and the Mulan and Mock index, we identified that of the seven 

species used in this study, E. urophylla and E. dunnii have the best balance between 

productivity and potential drought tolerance. 
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TABLES 

 

Table 1: Variance components (REML Individual) for the anatomical characters in leaves of seven eucalyptus species. VD 
(vein density; mm mm-2); SDAba, SDAda, SDTotal (abaxial, adaxial, and total stomatal density; n° mm-2); gwmax (maximum 
stomatal conductance to water vapor; mol m-2 s-1); DhSperry (Sperry hydraulic diameter; μm); Kt (theoretical hydraulic 
conductance; mmol m-1 s-1 MPa-1); NXV (number of xylem vessels; n°).  
 

 VD SDAba SDAda SDTotal gwmax DhSperry Kt NXV 

Vg 1.95 3894.21 23577.27 8724.75 0.25 9.88 9.21 4712.66 
Ve 1.12 6734.96 1829.25 10686.52 0.23 7.05 5.89 7257.66 
Vp 3.07 10629.17 25406.52 19411.27 0.49 16.93 15.11 11970.33 

CVg% 11.59 14.46 124.69 16.84 13.93 15.92 15.63 15.02 

h2 0.91 0.78 0.99 0.83 0.86 0.89 0.90 0.80 

Acc 0.96 0.88 0.99 0.91 0.93 0.95 0.95 0.89 

Overall average 12.06 431.69 123.14 554.78 3.59 19.75 8.93 457.14 
LRT 21.65** 7.44** 68.56** 10.84** 14.13** 18.08** 19.84** 8.48** 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: average heritability of genotypes; Acc: 
accuracy; CVg% = coefficient of genotypic variation; Overall average: average of the values measured for each 
characteristic. Tabulated chi-squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks indicate a significant 
difference between genotypes according to the likelihood ratio test (LRT): ** P <0.01, * P <0.05. Values of heritability, 
accuracy, and coefficient of genotypic variation in bold are considered high following (Resende and Duarte 2007, Kushwah 
et al. 2021, Resende and Alves 2020, 2022).  
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Table 2: Components of variance (Individual REML) for the anatomical characters in 
the leaves of seven eucalyptus species. IS (intercellular space; %); TUE (thickness of 
the upper epidermis; μm), TPP (thickness of palisade parenchyma; μm), and LBT (leaf 
blade thickness; μm). 
 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: 
average heritability of genotypes; Ac: accuracy; CVg% = coefficient of genotypic 
variation; Overall average: average of the values measured for each characteristic. 
Tabulated chi-squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks 
indicate a significant difference between genotypes according to the likelihood ratio 
test (LRT): ** P <0.01, * P <0.05. Values of heritability, accuracy, and coefficient of 
genotypic variation in italics are considered high following (Resende and Duarte 2007, 
Kushwah et al. 2021, Resende and Alves 2020, 2022). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                      IS TUE TPP LBT 

Vg 62.31 1.84 99.21 270.97 

Ve 14.45 3.71 118.25 463.32 

Vp 76.76 5.56 217.47 734.29 

CVg% 38.38 8.65 11.94 5.26 

h2 0.96 0.75 0.83 0.78 

Acc 0.98 0.87 0.91 0.88 

Overall average 20.57 15.69 83.40 236.98 

LRT 40.38** 6.22* 11.15** 7.54** 
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Table 3: Variance components (Individual REML) for gas exchange parameters in 
leaves of seven eucalyptus species. A (net photosynthetic rate; μmol CO2 m-2 s-1); gs 
(stomatal conductance; mol H2O m-2 s-1); WUEi (intrinsic water use efficiency); E 
(transpiration rate; mol H2O m-2 s-1).  
 

 A E gs WUEi  

Vg 5.36 0.94 0.011 103.90 

Ve 7.53 2.21 0.012 231.26 

Vp 12.89 3.15 0.023 335.17 

CVgi% 11.08 20.90 27.24 16.41 

h2 0.81 0.72 0.85 0.73 

Acc 0.90 0.85 0.92 0.85 

Overall average 20.90 4.63 0.38 62.13 

LRT 9.39** 5.11* 12.14** 5.51* 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: 
average heritability of genotypes; Acc: accuracy; CVg% = coefficient of genotypic 
variation; Overall average: average of the values measured for each characteristic. 
Tabulated chi-squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks 
indicate a significant difference between genotypes according to the likelihood ratio 
test (LRT): ** P <0.01, * P <0.05. Values of heritability, accuracy, and coefficient of 
genotypic variation in italics are considered high following (Resende and Duarte 2007, 
Kushwah et al. 2021, Resende and Alves 2020, 2022). 
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Table 4: Variance components (Individual REML) for water relations parameters in leaves of seven eucalyptus species. P50 (water 
potential responsible for 50% of the cumulative embolism area; -MPa); 100 (osmotic potential at full turgor; MPa); TLP (water potential 
at the point of turgor loss; MPa); RWCTLP (relative water content at the point of turgor loss; %);  (elasticity bulk; MPa); CFT and 
CTLP (leaf capacitance pre-turgor loss and post-turgor loss; mol m-2 MPa-1); SWC (saturated water content; g H2O g-1 DM); gleaf-res (leaf 
residual conductance; mmol m-2 s-1).  
 

 
P50 100 TLP RWCTLP  CFT CTLP SWC gleaf-res 

Vg 0.048 0.044 0.057 3.21 1.50 0.0041 0.17 0.050 1.24 

Ve 0.39 0.029 0.033 3.041 3.39 0.0039 0.11 0.012 0.45 

Vp 0.44 0.073 0.090 6.25 4.89 0.0079 0.28 0.062 1.69 

CVgi% 6.21 13.93 12.15 2.04 8.38 13.78 30.06 13.64 45.13 

h2 0.42 0.90 0.91 0.86 0.73 0.86 0.91 0.96 0.94 

Acc 0.65 0.95 0.96 0.93 0.85 0.93 0.95 0.98 0.97 

Overall average 3.52 1.50 1.96 87.78 14.60 0.46 1.38 1.64 2.46 

LRT 16.72** 19.42** 21.70** 13.96** 5.39* 13.99** 20.14** 40** 30.26** 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: average heritability of genotypes; Acc: accuracy; 
CVg% = coefficient of genotypic variation; Overall average: average of the values measured for each characteristic. Tabulated chi-
squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks indicate a significant difference between genotypes according 
to the likelihood ratio test (LRT): ** P <0.01, * P <0.05. Values of heritability, accuracy, and coefficient of genotypic variation in italics 
are considered high following (Resende and Duarte 2007, Kushwah et al. 2021, Resende and Alves 2020, 2022). 
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Table 5: Variance components (Individual REML) for allometric and growth parameters of seven eucalyptus species. LAun (unit leaf 
area; cm2); SLA (specific leaf area; cm2 g-1); H (plant height; m); D (stem diameter; mm); Hv (Huber value; x104); SVol (stem volume; 
cm3); TDM (total dry mass; g).  
 

  LAun SLA H D Hv sVol TDM 

 Vg 101.19 241.35 0.12 6.58 0.01 4581.27 7843.25 
 Ve 53.03 132.56 0.03 5.13 0.03 6814.27 8103.75 
 Vp 154.22 373.92 0.15 11.71 0.04 11395.54 15947.00 
 CVg% 28.73 18.23 15.31 10.00 12.75 12.75 13.66 

 h2 0.92 0.92 0.96 0.89 0.74 0.80 0.85 

 Acc 0.96 0.96 0.98 0.94 0.86 0.90 0.92 

 Overall average 35.01 114.30 2.25 26.12 0.91 401.32 648.50 
 LRT 23.31** 22.46** 37.61** 16.75** 6.08* 8.81** 12.86** 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: average heritability of genotypes; Acc: accuracy; 
CVg% = coefficient of genotypic variation; Overall average: average of the values measured for each characteristic. Tabulated chi-
squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks indicate a significant difference between genotypes according 
to the likelihood ratio test (LRT): ** P <0.01, * P <0.05. Values of heritability, accuracy, and coefficient of genotypic variation in italics 
are considered high following (Resende and Duarte 2007, Kushwah et al. 2021, Resende and Alves 2020, 2022). 
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Table 6: Components of variance (Individual REML) for the characters content of compounds of basic metabolism in leaves of seven 
eucalyptus species. Chlor a (chlorophyll a content; mg g-1 DM); Carot (carotenoid content; mg g-1 DM); Starch (starch content; mmol 
g-1 DM); Gluc (glucose content; mmol g-1 DM); Suc (sucrose content; mmol g-1 DM); Fruct (fructose content; mmol g-1 DM).  
 

 Chlor a Carot Starch Gluc Suc Fruct 

Vg 0.29 0.036 0.042 0.00010 0.0005 0.0005 

Ve 0.28 0.033 0.034 0.00002 0.0006 0.0006 

Vp 0.56 0.070 0.076 0.00012 0.00012 0.0012 

CVg% 31.55 15.51 32.44 15.45 2.49 25.50 

h2 0.86 0.87 0.88 0.79 0.96 0.84 

Acc 0.93 0.93 0.94 0.89 0.99 0.92 

Overall average 1.70 0.59 0.99 0.04 0.023 0.051 

LRT 13.71* 14.34* 16.07* 8.01* 50.44* 0.0005* 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: average heritability of genotypes; Acc: accuracy; 
CVg% = coefficient of genotypic variation; Overall average: average of the values measured for each characteristic. Tabulated chi-
squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks indicate a significant difference between genotypes according 
to the likelihood ratio test (LRT): ** P <0.01, * P <0.05. Values of heritability, accuracy, and coefficient of genotypic variation in italics 
are considered high following (Resende and Duarte 2007, Kushwah et al. 2021, Resende and Alves 2020, 2022). 
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Table 7: Rank of the variables related to the composition of a more productive and drought-tolerant eucalyptus ideotype. P50 (water 
potential responsible for 50% of the cumulative embolism area; -MPa); gleaf-res (leaf residual conductance; mmol m-2 s-1); CFT and CTLP 
(leaf capacitance pre-loss of turgor and post-loss of turgor; mol m-2 MPa-1); VD (vein density; mm mm-2); HV (Huber value; x104); A 
(net photosynthetic rate; μmol CO2 m-2 s-1); WUEi (intrinsic water use efficiency); TDM (total dry mass; g); H (height; m); D (diameter; 
mm); SVol (stem volume; cm3). Lower average values for the combination indicate a more favorable mix of established characters and 
higher values indicate an unfavorable combination. 
  

P50 gleaf-res CFT CTLP VD HV A WUEi TDM H D SVol Average  

E. urophylla 1 4 4 4 6 4 6 1 3 6 2 3 3.67  
E. dunnii 3 1 6 6 7 6 7 2 1 1 3 1 3.67  
E. pilularis 6 3 5 7 3 1 3 5 4 5   1 2 3.75  
E.  camaldulensis 4 5 2 2 4 3 2 6 5 2 6 5 3.83  
E. pellita 2 7 1 1 1 5 4 4 6 3 7 6 3.92  
E. tereticornis 7 6 3 3 2 2 1 7 7 4 5 4 4.25  
E. grandis 5 2 7 5 5 7 5 3 2 7 4 7 4.92  
h2 0.42 0.94 0.86 0.91 0.91 0.74 0.81 0.73 0.85 0.96 0.80 0.89 0.82  
Acc 0.65 0.97 0.93 0.95 0.96 0.86 0.90 0.85 0.92 0.98 0.90 0.94 0.90  
CVg 6.21 45.13 13.78 30.06 11.59 12.75 11.08 16.41 13.66 15.31 16.87 9.82 16.89  
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SUPPLEMENTARY MATERIAL  

 

Table S1: Variance components (Individual REML) for the anatomical characters in leaves of seven eucalyptus species. P12 and P88 
(water potential responsible for 12 and 88 % of the cumulative embolism area; - MPa); SSM50 and SSM88 (stomatal safety margin; -
MPa); Kleaf (leaf hydraulic conductance; mmol m2 s-1 MPa-1); Kplant (whole plant hydraulic conductance; mmol m2 s-1 MPa-1); ETR 
(electron transport rate; μmol eletrons m-2 s-1). 
 

 P12 P88 SSM88 SSM50 Kleaf Kplant ETR 

Vg 0.076 0.113 0.058 0.024 0.28 0.01 2.27 

Ve 0.26 0.73 0.77 0.41 2.34 4.97 725.07 

Vp 0.33 0.85 0.83 0.44 2.62 4.98 727.33 

CVg% 8.71 6.21 8.21 11.19 9.85 4.24 12.74 

h2 0.64 0.48 0.31 0.26 0.42 0.01 0.02 

Acc 0.80 0.69 0.56 0.51 0.65 0.10 0.14 
Overall aver-

age 
3.16 4.09 2.15 1.58 6.47 2.24 195.59 

LRT 3.21 1.23 0.37 0.25 0.85 0.00 0.00 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: average heritability of genotypes; Acc: accuracy; 
CVg% = coefficient of genotypic variation; Overall average: average of the values measured for each characteristic. Tabulated chi-
squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks indicate a significant difference between genotypes according 
to the likelihood ratio test (LRT): ** P <0.01, * P <0.05. Values of heritability, accuracy, and coefficient of genotypic variation in italics 
are considered high following (Resende and Duarte 2007, Kushwah et al. 2021, Resende and Alves 2020, 2022). 
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Table S2: Variance components (Individual REML) for anatomical and biochemical characters in leaves of seven eucalyptus species. 
Chlor b (chlorophyll b content; mg g-1 DM); Prot (protein content; mg g-1 DM); Amin (amino acid content; μmol g-1 DM); Prol (proline 
content; μmol g-1 DM); TLA (total leaf area; m2); SDen (specific density of the stem; g cm-3); TLP (thickness of lacunose parenchyma; 
μm) and TLE (thickness of lacunose parenchyma and lower epidermis; μm); (t/b)3 (cell wall thickness to lumen breadth ratio; x10-3). 
 

 Chlor b Prot Amin Prol TLA SDen TLP TLE (t/b)3 

Vg 0.01 2012.74 0.00 0.00 0.64 0.000 48.64 0.19 0.42 

Ve 0.03 4948.34 1.63 0.00 1.93 0.034 206.56 1.62 1.92 

Vp 0.03 6961.08 1.63 0.00 2.57 0.034 255.20 1.81 2.34 

CVg% 15.51 32.44 15.45 2.49 31.49 1.54 5.26 3.34 15.63 

h2 0.64 0.71 0.01 0.51 0.66 0.010 0.59 0.41 0.57 

Acc 0.80 0.84 0.11 0.71 0.82 0.10 0.77 0.64 0.75 

Overall average 0.57 290.37 2.26 0.03 2.54 0.49 132.71 13.08 4.16 

LRT 3.28 4.88 0.00 1.42 3.73 0.00 2.33 0.80 2.11 

 
Vg = genetic variance; Ve = environmental variance; Vp = phenotypic variance; h2: average heritability of genotypes; Acc: accuracy; 
CVg% = coefficient of genotypic variation; Overall average: average of the values measured for each characteristic. Tabulated chi-
squared: 3.84 and 6.63 for the 5% and 1% significance levels. Asterisks indicate a significant difference between genotypes according 
to the likelihood ratio test (LRT): ** P <0.01, * P <0.05. Values of heritability, accuracy, and coefficient of genotypic variation in italics 
are considered high following (Resende and Duarte 2007, Kushwah et al. 2021, Resende and Alves 2020, 2022). 
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GENERAL CONCLUSION 

 

We have investigated the stomatal behavior and genetic parameters of 

Eucalyptus species, aiming to better understand their responses to drought stress. 

Through the analysis of stomatal density and conductance, we found that 

amphistomatic species exhibit higher stomatal density and conductance compared to 

hypostomatic species. However, despite these seemingly advantageous traits, 

amphistomatic species demonstrate a vulnerability to drought due to factors such as 

higher water loss, and decreased rehydration capacity, partiality compensated by the 

highest capacitances before and after turgor loss point. Future research efforts are 

needed to validate these results through drying experiments and in situ assessments 

of soil water potentials during natural droughts. In addition, further exploration of 

drought resistance mechanisms at the root and stem level is warranted. 

Our study also identified a set of thirty-two genetic biomarkers that could be 

used for phenotyping genotypes in Eucalyptus breeding programs. These biomarkers 

cover a wide range of traits related to stomatal conductance, leaf morphology, 

physiological characteristics, and biochemical composition. By focusing on a subset of 

these variables, together with the Mulan and Mock index, we determined that E. 

urophylla and E. dunnii have the most favorable balance between productivity and 

potential drought tolerance among the species studied. By integrating physiological 

and genetic perspectives, it is possible to gain a more complete understanding of 

drought susceptibility and resilience in Eucalyptus species, as well as identify possible 

biomarkers for the early selection of genotypes of interest. This will reduce the time 

needed to develop new genotypes and increase the efficiency of breeding programs. 

 

 

 


