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Morphological and physiological responses to water stress and potassium
nutrition in Eucalyptus grandis Hill Ex Maiden seedlings
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Introduction

The establishment phase of forest planta-
tions is critical for trees, as newly trans-
planted trees are very vulnerable to envi-
ronmental stressors. These stress condi-
tions are worse on coarse-textured soils,
which are now a target for forest produc-
tion (Reichert et al. 2021). Such soils have
low water retention, little organic matter,
and fewer nutrients (Reichert et al. 2021).
In these conditions, effective nursery hard-
ening and good soil management are es-
sential for successful plantation establish-
ment and productivity. Traditional harden-
ing techniques usually involve regulating ir-
rigation and adjusting nutrient supply.

Eucalyptus species require a substantial
amount of water, which can lead to water
shortages, particularly in areas with irregu-
lar rainfall (Caldato & Schumacher 2013).

In this study, the response of Eucalyptus grandis seedlings to varied water
availability and potassium fertilization in coarse-textured soil was investi-
gated. The experiment took place in a greenhouse in Buenos Aires, Argentina,
over 56 days, with 15 replicates for each treatment. We maintained pots in
the non-water-limited group at field capacity (FC), while those in the water-
restricted group were maintained at 40% FC. Each water regime received one
of three potassium levels (K1, K2, and K3). We measured plant height and
root-collar diameter periodically. At the end of the experiment, biomass allo-
cation among plant parts was quantified. We also evaluated physiological traits
by measuring stomatal conductance and relative water content (RWC). The re-
sults show that potassium fertilization did not improve seedling performance
under water stress or enhance growth in well-watered seedlings. Water re-
striction was the main limiting factor. Keeping soil moisture at 40% of FC re-
duced height growth, root-collar diameter, biomass, and leaf area. It also neg-
atively affected physiological traits such as stomatal conductance and RWC,

but did not cause seedling mortality.
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Water is the main factor limiting plant
growth and development (Dale & Frank
2022). Under water stress, plants may
change structurally and functionally. In se-
vere cases, these changes can lead to
death (Bacha et al. 2024). To cope with wa-
ter stress, plants develop deeper roots,
regulate stomatal conductance, adjust os-
motic levels, and modify leaf size or shed
leaves (Yang et al. 2021, Wu et al. 2022). Se-
vere water deficits reduce total biomass
and leaf area (Luna-Flores et al. 2015, Her-
nandez et al. 2024), directly affecting pho-
tosynthesis. Studies on Eucalyptus grandis
show that limited water causes loss of tur-
gor, reduced cell expansion, stomatal clo-
sure, and lower internal CO, concentration,
thereby reducing growth and productivity
(Graciano 2005, Yang et al. 2023).

In sandy-textured soils, low cation ex-
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change capacity leads to poor nutrient re-
tention and frequent deficiencies in essen-
tial macronutrients such as potassium. Fer-
tilization efficiency depends on plant water
status (Graciano 2005, Delbaz et al. 2023).
Adequate nutrient supply can improve
plant tolerance to water stress (Battie-La-
clau et al. 2014). However, more nutrients
can increase water uptake and transpira-
tion, raising questions about whether po-
tassium fertilization can help with stress
hardening during drought.

Several studies on Eucalyptus microtheca,
E. occidentalis, E. torquata, and E. camaldu-
lensis show these species have many adap-
tive strategies for drought and water
scarcity (Chemlali et al. 2022). Plants with
sufficient potassium levels are more resis-
tant to drought and low temperatures.
Potassium is crucial for osmotic regulation
and maintaining cellular water balance (Le-
goas et al. 2023).

Climate change leads to prolonged
droughts, wildfires, and more pest out-
breaks, which increase forest mortality
risk. These factors significantly impact for-
est structure, productivity, and biodiversity
(Liu et al. 2021, Zhang et al. 2024). These
effects have become more obvious in re-
cent years. Fernandez et al. (2023) docu-
mented severe drought impacts on forest
plantations in Argentine Mesopotamia,
where widespread tree mortality occurred.
These findings highlight the long-term con-
sequences of increased drought on planta-
tions (Battie-Laclau et al. 2014), especially
since forest expansion often occurs on lim-
ited soils.

Globally, Eucalyptus plantations are a ma-
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jor source of raw materials for timber and
non-timber products. This has led to a sig-
nificant increase in planted areas over re-
cent decades (Legoas et al. 2023). In Ar-
gentina, Eucalyptus grandis has the highest
commercial value and occupies the largest
planted area (DNDFI 2025). It adapts well
to the environmental conditions of the Me-
sopotamian region. This species grows on
various soil types, including sandy (Enti-
sols), mixed (Mollisols), and clayey (Ulti-
sols). Sandy soils, mainly along the Uru-
guay River basin, support forestry, agricul-
ture, and mixed crop-livestock systems
(Tasi 2009). These soils have very sandy
surface horizons (1-2% organic matter),
with denser layers of loam-sandy clay at
about 60 cm depth (Tasi 2009). Given
these soil conditions, any factor that im-
proves plant water status during establish-
ment is crucial for survival and early
growth.

Considering the plasticity of Eucalyptus
species under stress, this study aimed to
evaluate the responses of Eucalyptus gran-
dis seedlings to water restriction and vary-
ing potassium levels under controlled con-
ditions. We hypothesized that potassium
fertilization in sandy soils could reduce the
effects of drought stress, making water-re-
stricted and non-restricted treatments
more similar.

Materials and methods

We conducted a controlled experiment in
a greenhouse at the Faculty of Agronomy,
University of Buenos Aires, over 56 days.
The study used three-month-old Eucalyptus
grandis seedlings from the Concordia Ex-
perimental Agricultural Station (INTA, Ar-
gentina), sourced from a clonal seed or-
chard (Basic Material No. 41E3066JE). Ini-
tially, seedlings were grown in 98 cm3 con-
tainers, then transplanted into 4-L pots for
the experiment.

The pots contained soil classified as Udi-
fluvents (Tasi 2009), collected from the top
20 cm of an E. grandis plantation in Gual-
eguaychd Department, Entre Rios Prov-
ince, Argentina. Laboratory tests showed
the soil was sandy: 88.72% sand, 3.28% silt,
and 8.00% clay (Bouyoucos 1936). Soil pH

(1: 2.5 soil: water ratio) was 4.6, indicating
strongly acidic conditions. Organic carbon
content was 0.96% (Walkley & Black 1934).
Exchangeable base-cation concentrations
were 4.24, 0.35, and 0.13 cmol(c) kg for
Ca, Mg, and Na, respectively.

Treatments

The experiment tested two factors: (i)
potassium (K) fertilization and (ii) soil wa-
ter content. We used three potassium
doses, namely o (zero) g (K1), 0.5 g (K2),
and 1.0 g (K3) of K, applied as potassium ni-
trate (KNO,). All pots also received nitro-
gen (N) and phosphorus (P) fertilization.
We applied phosphorus as triple super-
phosphate (0-20-0) at 2.4 g per pot (Gra-
ciano 2005). Nitrogen was supplied as urea
(46-0-0), with rates based on the potas-
sium treatment: 1.0 g urea (0.46 g N) for
K1, 0.63 g urea (0.29 g N) for K2, and 0.22 g
urea (0.10 g N) for K3, accounting for nitro-
gen from potassium nitrate.

Two soil water content levels were set: (i)
field capacity (FC) for non-stress conditions
and (i) 40% of field capacity (FC40) for wa-
ter-restricted conditions. We weighed pots
every two days to maintain moisture levels.
Non-stressed plants (FC) were watered ev-
ery other day, while water-restricted plants
were kept at a reduced weight to maintain
a consistent soil moisture deficit. The de-
sign included 15 replicates per treatment,
for a total of 90 plants.

We measured plant height with a tape
measure from the stem base to the upper-
most fully expanded leaf. Root collar diam-
eter was measured with a digital caliper.
We took measurements on days 7, 14, 21,
28, 35, 42, 48, and 56 of the experiment.

At the start of the experiment, 15 seed-
lings were randomly selected and har-
vested for initial biomass. We divided the
plants into leaves, branches, stems, and
roots. We repeated this process at the end
of the experiment for the remaining seed-
lings. Samples were oven-dried at 70 °C un-
til constant weight. Aboveground biomass
(AGB) was estimated as the total dry mass
of leaves, branches, and stems, and root
biomass (RB) was assessed from dried root
material. We then calculated the AGB: RB

Tab. 1 - Significance values for growth variables, aboveground biomass (AGB), root
biomass (RB), AGB/RB ratio, leaf area, relative water content, and stomatal conduc-
tance for potassium fertilization and soil water content. (ns): not significant (p>0.05).

Characteristics POt.a .SSiu.m Soil water
Fertilization content
Height at the end of the experiment ns <0.001
Collar diameter at the end of the experiment ns <0.001
Aboveground Biomass (AGB) ns <0.001
Root biomass (RB) ns <0.001
AGB/RB ratio 0.0182 <0.001
Leaf area 0.0013 <0.001
Relative water content ns <0.001
Stomatal conductance ns <0.001
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ratio.

We measured leaf area (LA) at the end of
the experiment on seven randomly chosen
plants per treatment. We measured all
leaves from each selected plant with a LI-
COR LI-3100 leaf area meter. Total leaf area
per plant was the sum of all individual leaf
areas.

Relative water content was assessed at
the end (day 56) using seven randomly
chosen plants per treatment. Fully ex-
panded leaves were collected, and leaf
discs were excised and weighed for fresh
mass (FM). The discs were then saturated
in deionized water, blotted dry, and re-
weighed for turgid mass (TM). Finally, sam-
ples were oven-dried at 70 °C for 72 hours
to find dry mass (DM).

Relative water content was calculated us-
ing the following equation (eqn. 1):
(Pf—Ps)

(Psat—Ps)llOO ©

CRA (%)=
where CRA is the relative water content, Pf
is the fresh weight, Ps is the dry weight,
and Psat is the saturated weight.

Stomatal conductance (g;) was measured
in the greenhouse with a steady-state
porometer (LI-1600, LI-COR Inc., Lincoln,
NB, USA). We selected seven plants from
each treatment for these readings. We
took measurements around midday on a
clear, sunny day. We used the uppermost
fully expanded leaf of each plant, 56 days
after the experiment began.

Statistical analysis

We performed an analysis of variance
(ANOVA) to study how potassium (K) fertil-
ization levels and soil water content affect
the measured variables. Before the analy-
sis, we checked the assumptions of nor-
mality and homogeneity of variance. When
significant differences were found, the
least significant difference (LSD) test at a
set significance level was used to compare
treatment means. We also conducted Pear-
son’s correlation analyses to explore rela-
tionships among morphological and physi-
ological parameters. All statistical analyses
were performed in Infostat/P ver. 1.1 (Di
Rienzo et al. 2020).

Results

Tab. 1 shows the significance levels for
each variable analyzed. We found no inter-
action effects between potassium fertiliza-
tion and soil water content for any growth
variables. However, each factor showed
significant differences. Potassium fertiliza-
tion significantly influenced the above-
ground biomass-to-root biomass ratio
(AGB: RB) and leaf area. In contrast, soil
water content affected all measured vari-
ables.

Neither water restriction during the ex-
periment nor potassium levels significantly
impacted seedling mortality. By the end of
the experiment, only one seedling died,
and it was subjected to the K2 treatment at
field capacity (K2FC).

iForest 19: 396-402



Responses to water stress and K nutrition in Eucalyptus grandis seedlings

Fig. 1- Plant height (a) and 50 - KAFC : 07
collar diameter (b) of E. --O- K1FC40 * *
) . 45 r * * 1
grandis under different lev- KaFC L 08
els of potassium fertiliza- 0T e korcso * . . o5
tion: K1: 0 g K, K2: 0.5 g K, % r K3FC * “ '

K3: 1 g K; and soil water
content levels: FC: mainte-
nance at field capacity;
FC40: maintenance at 40%

Plant height
(cm)

—A— K3FC40

Collar diameter
(cm)
o
=

o
w

*

* *
o~ * *
~ *
* * T

* %
i

02
of field capacity. Asterisks i
indicate differences 10: 1 01
between treatments with 5r i
different water contents 0 \,@\« \1@« \Q\« \@\« \%\« \1@« \®0 m@«
. within each date after \Q\'LQ(\ )&\'LQ(\ \Q\'LB(\ \.\\‘LQ(\ \\\’LQ\’\ \\09'(\ \»\\'LQ\’\ \'],\q'“(\ (\\\“ q,b)'& "5\\\% ,\\\’\ \“\\\ q:\\\'\ @x\\ &@
Fisher’s LSD test (p < 0.01). SO SN AN N

At the start of the experiment, seedlings
averaged 20.21 + 1.88 cm in height and 0.26
£ 0.02 cm in root-collar diameter. Fig. 1 il-
lustrates the changes in plant height and
root-collar diameter over time. We de-
tected no significant interaction between
potassium dose and soil water content, nor
differences among potassium treatments
for these variables.

A clear separation between water re-
gimes appeared from day 28 (14 November
2017). Seedlings at field capacity (FC)
showed greater height and root-collar di-
ameter than those at 40% of field capacity
(FC40). Treatments without water limita-
tion (K1FC: 0.57 ¢cm, K2FC: 0.56 ¢cm, and
K3FC: 0.54 cm) had larger final root-collar
diameters compared to the waterre-
stricted treatments (K1FC40: 0.32 c<m,
K2FC40: 0.28 cm, and K3FC40: 0.31 cm).

These findings suggest that soil water
availability, not potassium levels, was the
main factor affecting early growth in Euca-
lyptus grandis seedlings.

Water restriction significantly reduced
both aboveground biomass (AGB) and root
biomass (RB). As shown in Fig. 2, seedlings
under non-limiting water conditions (FC)
had the highest biomass values, with AGB
averaging 7.57 + 0.32 g, compared to 1.66 *

0.04 g under water-restricted conditions
(FC40). Similarly, RB averaged 2.71 £ 0.13 g
versus 0.93 * 0.11 g under FC40.

Water-limited treatments (40% of field ca-
pacity) showed a clear reduction in bio-
mass accumulation. This highlights soil wa-
ter availability as the key factor controlling
biomass production in Eucalyptus grandis
seedlings during the study.

The AGB: RB ratio differed significantly
across potassium levels. The highest ratio
occurred in the K3 treatment (2.59), while
the lowest was in the intermediate level,
K2 (2.14). The unfertilized treatment (K1)
had an intermediate ratio (2.41), not signifi-
cantly different from K3 or K2 (Fig. 3).

Soil water availability also influenced the
AGB: RB ratio. Seedlings at non-limiting wa-
ter conditions (FC) had the highest values
(2.88), while those under water restriction
(FC40) had a lower ratio (1.90), indicating
increased root allocation under drought
conditions.

Potassium levels significantly affected
leaf area (LA). The unfertilized treatment
(K1) had a higher mean leaf area (602.53
cm?) than the intermediate potassium level
(K2: 410.54 cm?). The highest level (K3:
523.46 cm?) did not differ significantly from
either K1 or K2 (Fig. 4).

Soil water availability also significantly af-
fected leaf area. Seedlings at field capacity
(FC) had a mean leaf area about four times
greater (843 cm?) than those under water
restriction (FC40), which only reached
193.76 cm>.

Significant differences in relative water
content (RWC) and stomatal conductance
(g;) were found only between the two soil
water content levels. Seedlings at field ca-
pacity (FC) showed higher RWC and stom-
atal conductance than those at 40% of field
capacity (FC40 - Fig. 5).

These findings suggest that soil moisture
availability strongly affected plant water
status and gas exchange. In contrast,
potassium levels did not significantly affect
these physiological parameters in this
study.

RWC was not significantly linked to any
biomass components (Tab. 2). However,
stomatal conductance (g;) showed a
strong positive linear relationship with sev-
eral biomass variables and leaf area. This
indicates a close link between gas ex-
change capacity and seedling growth per-
formance.

Water restriction was the main factor
driving the physiological responses of the
plants, which strongly influenced their
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Fig. 2 - Aboveground biomass (g) and root biomass (g) at the
end of the experiment in E. grandis seedlings under different
soil water contents: FC (maintenance at field capacity) and
FC40 (maintenance at 40% of field capacity). Different letters
indicate significant differences among treatments after

Fisher’s LSD test (p < 0.05)
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Fig. 3 - Aboveground biomass (AGB) to root biomass (RB) ratio
in E. grandis seedlings under different levels of potassium fer-
tilization: K1: 0 g K, K2: 0.5 g K, K3: 1 g K; and soil water content
levels: FC: maintenance at field capacity; FC40: maintenance at
40% of field capacity. Different letters indicate significant dif-

ferences among treatments after Fisher’s LSD test (p < 0.05).
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Fig. 4 - Average leaf area (cm?) of E. grandis seedlings under
different levels of potassium fertilization: K1: 0 g K, K2: 0.5 g K,
K3: 1 g K; and soil water content levels: FC: maintenance at
field capacity; FC40: maintenance at 40% of field capacity. Dif-
ferent letters indicate significant differences for each treat-
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Fig. 5 - Relative water content and stomatal conductance in E.
grandis seedlings, evaluated at 51 and 57 days after the start of
the experiment, respectively, under field capacity mainte-
nance (FC) and maintenance at 40% of field capacity (FC40).
Different letters indicate significant differences for each treat-

ment after Fisher’s LSD test (p < 0.05). ment after Fisher’s LSD test (p < 0.05).

Discussion

Growing Eucalyptus in sandy soils needs
careful planning. These soils retain little
water and have few nutrients, especially in
the months after planting. As expected,
the sandy substrate showed low organic
matter and nutrient levels. This directly re-
duced water-holding ability. Under these
conditions, seedlings rely heavily on avail-
able soil moisture for early growth.

Tab. 2 - Correlation matrix between different morphological and physiological vari-
ables. (Bram): branch biomass; (SB): stem biomass; (LB): leaf biomass; (RB): root
biomass; (Btot): total biomass; (AGB): aboveground biomass; (LA): leaf area; (SLA):
Specific leaf area; (LMA): leaf mass per area; (CRA): relative water content; (sc): stom-
atal conductance. (*): p<0.05; (*¥*): p<0.01; (¥**): p<0.001.

- Bram SB LB RB Btot AGB LA SLA LMA CRA
SB 0.97* 1 -

LB 0.98* 0.98* 1 / )
RB 0.95** 0.93* 0.95** 1 Plants use many adaptive strategies to

handle water stress. These responses can
Btot  0.99** 0.98* 0.99 0.98" 1 differ by species and environment. In this
AGB 0.99** 0.99** 1** 0.95** 0.99* 1 study, restricting water caused clear
LA 0.77* 0.83* 0.83* 0.71** 0.8 0.82** 1 changes in Eucalyptus grandis seedlings.

We observed growth inhibition, smaller
leaf areas, and stomatal closure. These
adaptations help reduce thermal stress and
limit water loss through transpiration. Our
results align with previous studies that re-
port similar responses under drought (Ah-
rens et al. 2020, Mateus et al. 2021).

SLA 0.09 0.24 0.2 0.02 0.14 0.19 0.68* 1

LMA -0.12 -0.25 -0.23 -0.09 -0.18 -0.22 -0.58* -0.85** 1

CRA 0.24 0.26 032 0.27 029 0.3 0.2 0.1 -0.27 1

sc 0.87** 0.83** 0.82** 0.74* 0.81* 0.83** 0.82** 0.29 -0.27 0.02

morphological development. As shown in found between leaf, branch, stem, and Effect of potassium fertilization

Fig. 6, reductions in leaf area and leaf
biomass under water-restricted conditions
occurred proportionally, leading to a linear
decrease in stomatal conductance. Correla-
tion analyses of the evaluated parameters
further supported this pattern (Tab. 2).
Strong positive linear relationships were

root biomass and total plant biomass (Tab.
2). Leaf biomass was also significantly asso-
ciated with leaf area (Fig. 6). Root biomass
showed a similar trend, but the correlation
strength was lower than for aboveground
biomass components (Tab. 2), indicating a
weaker, though still positive, relationship.

Potassium (K) fertilization is common at
the nursery stage or during transplanting.
It aims to boost plant tolerance to water
deficits (De Souza Mateus et al. 2022).
However, in this study, K addition did not
significantly affect height growth, root-col-
lar diameter, or biomass in coarse-textured

b Fig. 6 - Relationship
between leaf biomass
and leaf area (a) and leaf
biomass and stomatal
conductance (b) in E.

y=37501x- 17,599 grgndis seedlings, evalu-

ated at 51 days after the
start of the experiment,
under field capacity
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soil (Tab. 1). In water-restricted treatments,
low soil water availability was the main
limit on biomass production (Tab. 1, Fig. 1).
Similarly, Susiluoto & Berninger (2007)
found no increase in root biomass under
drought conditions.

Many studies reported that increased
root biomass helps plants extract water
from the soil when moisture is low (Gra-
ciano 2005, Li et al. 2024). However, Sa et
al. (2014) found that fertilization did not
promote growth in water-stressed seed-
lings. Also, Maseda & Fernandez (2016)
noted that root biomass in different Euca-
lyptus provenances decreased with in-
creasing drought intensity. Graciano (2005)
found that applying nitrogen (N) and phos-
phorus (P) to sandy soils resulted in limited
nutrient uptake when water was scarce.

Plant nutrient uptake depends on plant
demand, soil nutrient availability, and soil
physicochemical properties (Holz et al.
2024). In sandy soils, nutrient availability
can be low because hydraulic conductivity
drops sharply when soil moisture is low.
This limits nutrient movement to the roots
(Wankmidiller et al. 2024). Additionally, lim-
ited nitrogen and phosphorus can further
reduce the effectiveness of potassium fer-
tilization (Graciano 2005, S& et al. 2014).

In contrast to our findings (Tab. 1), other
studies reported positive effects of potas-
sium fertilization under drought. Gazola et
al. (2019) found that K fertilization partially
reduced water-deficiency effects on Euca-
lyptus grandis seedlings. Teixeira et al.
(2006, 2008) studied E. grandis, E. urophyl-
la, E. camaldulensis, and a hybrid (E. uro-
phylla x E. grandis). They found that adding
potassium significantly boosted height
growth and dry matter production across
different K doses and soil water potentials.

Furthermore, Teixeira et al. (2008) noted
that K application improved photosynthe-
sis by reducing stomatal conductance, lim-
iting water loss through transpiration. They
found K-deficient plants had lower photo-
synthetic rates and higher stomatal con-
ductance, reducing water-use efficiency.
Santos et al. (2021) showed that responses
to potassium fertilization varied by Euca-
lyptus genotype. Under severe drought,
the E. urophylla x E. camaldulensis clone
maintained biomass through K regulation,
while the E. urophylla clone showed re-
duced K content and biomass.

Similarly, De Souza Mateus et al. (2022)
found that potassium improved osmotic
adjustment and drought avoidance in Euca-
lyptus seedlings experiencing short-term
water stress. This improved leaf develop-
ment, gas exchange, mesophyll conduc-
tance to CO,, and water use efficiency. K-
supplied plants acclimated better to os-
motic stress than K-deficient plants, which
had lower CO, assimilation and dry matter
accumulation.

In this study, potassium dose affected
both the AGB: RB ratio and leaf area,
though no clear trend emerged (Tab. 1, Fig.
3). Graciano (2005) reported a reduction in

iForest 19: 396-402
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the AGB: RB ratio in E. grandis grown in
sandy soils with N and P under water
stress. In contrast, Teixeira et al. (2008) ob-
served leaf area increased with K doses up
to 100 mg dm3, with increases over 200%.

Because Eucalyptus is the most widely
planted tree genus and often grows in nu-
trient-poor, low-water soils, researchers
have explored alternative nutritional strat-
egies. Sodium (Na) can substitute for po-
tassium in some physiological functions,
affecting plant water relations. Recent
studies (Mateus et al. 2021) showed that
Na can partially replace K in Eucalyptus
seedlings, with optimal rates increasing
with species drought tolerance, including
Eucalyptus saligna, E. urophylla, and E.
camaldulensis.

Effect of soil water content

Eucalyptus productivity is very sensitive
to water availability (Cavalli et al. 2022,
Legoas et al. 2023). Drought conditions sig-
nificantly reduce growth, biomass produc-
tion, and harvestable yield. These declines
mainly result from reduced transpiration,
which limits carbon assimilation by reduc-
ing photosynthesis (Whitehead & Beadle
2004, Yang et al. 2023). Water stress also
negatively affects dry matter production by
restricting water flow through the plant-at-
mosphere continuum, which constrains
photosynthesis (Whitehead & Beadle
2004).

In this study, reductions in height and
root-collar diameter were noticeable by
day 21 in water-stressed plants (FC40 - Fig.
1a, Fig. 1b). Limited soil water has been
shown to reduce stem growth (Hussain et
al. 2020, Ishimwe & Delig6z 2024). Drought
reduced root-collar diameter and seedling
height by over 20% in various tree species
(Ravanbakhsh et al. 2023, Yang et al. 2023).
This is linked to reduced cell expansion and
limited cell division under water-deficit
conditions (Yang et al. 2021). Herndndez et
al. (2024) found that water scarcity signifi-
cantly affected height growth and leaf area
in Eucalyptus globulus seedlings. However,
our results differ from Maseda & Fernan-
dez (2016), who found no significant effect
of irrigation on leaf area in E. globulus and
E. camaldulensis seedlings in greenhouses.

Lozano et al. (2020) and Ishimwe & Deli-
g6z (2024) showed that water stress main-
ly affects leaves and roots, the organs most
involved in water uptake and loss. In
coarse soils with low water retention, root
growth is crucial for water acquisition. Un-
der drought, plants can improve water ab-
sorption by changing root length, struc-
ture, and internal features (Hussain et al.
2020, Wu et al. 2022). In our study, plants
under FC40 showed marked reductions in
various traits, including root biomass
(down 65.79%) and aboveground biomass
(down 78.12%), compared to FC treat-
ments, leading to a lower stem-to-root ra-
tio in water-stressed plants (1.90) than in
well-watered ones (2.88 - Tab. 1, Fig. 2, Fig.

3).

Da Silva et al. (2004) noted that potas-
sium has limited effects on transpiration
under severe water stress but is more influ-
ential under milder stress. This suggests
that while potassium helps regulate stom-
atal behavior, seedlings’ acclimation to wa-
ter stress is critical for this mechanism to
work in the field.

Consistent with earlier findings (Oliveira
et al. 2022), seedlings in this study re-
sponded to water stress with changes in
both their structure and processes. Total
biomass (AGB + RB) under FC40 was about
four times lower than under the FC treat-
ment (Fig. 2). The drop was more signifi-
cant in aboveground biomass (4.5-fold de-
crease) than in root biomass (2.9-fold de-
crease - Fig. 2). This aligns with Ishimwe &
Deligdéz (2024), who reported large de-
creases in both biomass types in Laurus no-
bilis under water restrictions in green-
houses.

Teixeira et al. (2006) studied seedlings of
E. grandis, E. urophylla, E. camaldulensis,
and a hybrid (E. urophylla x E. grandis) un-
der various potassium doses and soil mois-
ture levels. They found that while water
stress did not significantly affect height
growth, it clearly reduced aboveground
dry matter for all species evaluated. Al-
though the differences were not signifi-
cant, plants under non-water-limited condi-
tions had the highest stomatal conduc-
tance. As shown in Fig. 5, plants signifi-
cantly reduced stomatal conductance un-
der FC4o0, indicating that E. grandis con-
trolled water loss by closing stomata dur-
ing moderate water stress. Similar trends
in E. camaldulensis (Ezzine et al. 2023) sug-
gest that Eucalyptus improves water-use
efficiency by regulating stomatal conduc-
tance and using water conservatively dur-
ing drought (Yang et al. 2023).

Leaf biomass and leaf area are closely
linked (r = 0.83, p = 0.01), reflecting canopy
size and function. Leaf area in water-defi-
cient plants was 4.6 times lower than in
non-water-limited plants (FC - Fig. 6). Gra-
ciano (2005) and Oliveira et al. (2022)
noted that reduced leaf area reduces tran-
spiration. This helps the plant absorb water
from low-moisture soils, maintaining the
turgor needed for physiological activity
(Lambers et al. 2008).

Binks et al. (2016) noted drought-related
adaptive responses, such as changes in leaf
thickness. Leaf mass is vital for plant
growth and indicates ecological strategies
(Westoby et al. 2002). In this study, leaf
mass per area did not differ significantly
between water regimes, with values of
6.39 * 2.26 mg cm? for FC40 and 5.80 *
2.49 mg cm for FC (data not shown). How-
ever, a significant inverse relationship
emerged between leaf mass and leaf area
(R =-0.58; p = 0.0496 - Tab. 2), suggesting
that as leaf area decreased under water
stress, leaf mass per unit area increased.

Poorter et al. (2009) found that leaves
under low water availability expand less,
leading to smaller, denser cells and thicker
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walls. This reduces the overall surface area
for transpiration, lowering water demand
during drought and acting as an effective
acclimation strategy.

Plants also develop physiological de-
fenses to protect their photosynthesis
from drought damage (Sharma et al. 2020,
Yang et al. 2020). Oliveira et al. 2022, Wu et
al. 2022, and Ishimwe & Deligdz 2024 noted
that under mild stress, plants can usually
regulate stomatal opening and transpira-
tion, adjust leaf water potential, and re-
cover when water improves. Sometimes,
photosynthesis may even rise temporarily.
However, moderate to severe drought
stress typically leads to notable drops in
net photosynthetic rate, stomatal conduc-
tance, and transpiration.

Soil water content was crucial for stom-
atal regulation in this study, consistent
with Hernandez et al. (2024). Plants under
the FC40 treatment showed a significant
drop in both relative water content (RWC)
and stomatal conductance (g;) by the end
of the experiment (Fig. 5, Tab. 1). These re-
sults indicate that Eucalyptus grandis re-
sponded to moderate water stress by clos-
ing stomata, thus reducing transpiration.
However, this did not prevent a decline in
leaf RWC (from 71.2% to 62%), though it was
sufficient to avoid plant mortality.

As noted by Herndndez et al. 2024, seed-
lings in low soil water showed a marked
decrease in stomatal conductance. Their
reported values were lower than those in
this study, likely due to more severe water
restrictions. These findings highlight the
sensitivity of stomatal regulation in Euca-
lyptus species and emphasize the impor-
tance of soil water availability as a key fac-
tor in physiological performance during
early seedling development.

Conclusion

Under sandy soil conditions with low nat-
ural fertility, potassium fertilization did not
help Eucalyptus grandis seedlings under
water stress. Similarly, adding nitrogen and
phosphorus with increasing potassium lev-
els did not improve growth or physiological
performance in seedlings with enough wa-
ter.

In contrast, soil water availability was the
main factor for seedling growth. Reducing
water to 40% of field capacity significantly
decreased height, root-collar diameter, to-
tal biomass, and leaf area. It also reduced
key physiological metrics such as stomatal
conductance and relative water content
but did not cause seedling deaths.

These findings emphasize the need for
adequate soil moisture during early Euca-
lyptus grandis growth, especially in coarse-
textured soils. Water availability is more
crucial than potassium fertilization for
early seedling performance in these condi-
tions.
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