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Abstract

The objective of this study was to evaluate the growth and morphological characteristics of Stylosanthes spp. under
water deficit conditions. The experiment was conducted under different levels of water availability (60%, 40% and
20%) and involved two genotypes: the accession BGF 11-001, from the Forage Germplasm Bank of the State University
of Feira de Santana (UEFS), and the cultivar BRS-Bela. A completely randomized design was used, arranged in a
3x2 factorial scheme. Vegetative growth was monitored, and morpho-functional and morphological traits were
measured at the end of the experiment. BGF 11-001 showed reduced leaf sprouting intensity even under ideal water
availability, with a more pronounced decrease at 20% availability. In contrast, the Bela genotype showed a reduction
only at 20%. Regarding mature leaves, BGF 11-001 maintained a constant intensity, while Bela showed a reduction
under all conditions, especially at 20%. The studied genotypes exhibited morpho-functional traits associated with
tolerance to water deficit, with the BGF 11-001 accession demonstrating superior productive performance under
all water availability levels. However, both genetic materials showed reduced biomass production under water
deficit conditions. These results indicate the potential of the BGF 11-001 accession for use in regions with varying
water availability, contributing to the selection of genotypes more resilient to water stress.

Keywords: BRS-Bela, forage legume, Stylosanthes viscosa, Stylosanthes guianensis, drought tolerance.

Resumo

O objetivo deste estudo foi avaliar o crescimento as caracteristicas morfolégicas de Stylosanthes spp. sob
condigdes de déficit hidrico. O experimento foi conduzido utilizando diferentes niveis de disponibilidade
hidrica (60%, 40% e 20%) e dois genétipos: o acesso BGF 11-001, proveniente do Banco de Germoplasma de
Forrageiras da Universidade Estadual de Feira de Santana, e a cultivar BRS-Bela. O delineamento experimental
foi inteiramente casualizado, em esquema fatorial 3x2. Houve monitora¢do do crescimento vegetativo e
caracteristicas morfofuncionais e morfol6gicas foram mensuradas ao final do experimento. O BGF 11-001
reduziu a intensidade da brotagdo foliar mesmo com dgua ideal, com queda mais acentuada a 20% de disponibilidade.
Ja o genétipo Bela teve redugdo apenas a 20%. Quanto a folha madura, o BGF 11-001 manteve intensidade
constante, enquanto a Bela apresentou redu¢do em todas as condigdes, especialmente a 20%. Os genétipos
estudados exibiram caracteristicas morfofuncionais associadas a tolerdancia ao déficit hidrico; o acesso BGF
11-001 que apresentou desempenho produtivo superior a Bela em todas as disponibilidades hidricas. Contudo,
ambos os materiais genéticos apresentaram redugdo na produgao de biomassa em condig¢des de déficit hidrico.
Esses resultados indicam o potencial do acesso BGF 11-001 para uso em regides com varia¢do na disponibilidade
hidrica, contribuindo para a sele¢do de genétipos mais resilientes ao estresse hidrico.

Palavras-chave: BRS-Bela, forrageira leguminosa, Stylosanthes viscosa, Stylosanthes guianensis, tolerancia a seca.
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1. Introduction

Water is a vital molecule for sustaining plant life, as it
participates in numerous physiological processes and serves
as a key regulator of plant metabolism (Oo et al., 2020;
Poddar et al., 2023). Water deficit, characterized by reduced
water availability, triggers a cascade of physiological and
morphological changes in plants, which can impact both
their structure and functional traits (Violle et al., 2007;
Neves et al., 2022; Santos et al., 2021). Such changes may
include accelerated senescence, leaf abscission, and reduced
vegetative growth (Wang et al., 2021; Cruz et al., 2023;
Alzoheiry, 2024), as well as reductions in wood or leaf
density - adaptations that enhance the plant’s capacity
to retain water (Freitas et al., 2024; Pereira et al., 2024).

Tropical forests and seasonally dry tropical forests
and woodlands (SDTFW), sensu Queiroz et al. (2017), are
common in arid or semi-arid regions of Africa and South
America (Fernandes et al., 2020), typically occurring on
fertile soils, with low annual precipitation, extended dry
seasons, and strong seasonality (Pennington et al., 2000).
One-third of the total area of SDTFW in South America is
found in the Brazilian Semi-arid region (SAB), known as
the Caatinga biome (Queiroz et al., 2017), which primarily
covers northeastern Brazil - occupying about 12% of the
country’s territory (IBGE, 2021). In this region, agriculture
and grazing are particularly challenging (Miles et al., 2006),
mainly due to negative water balances throughout the
year, caused by high temperatures and poorly distributed
rainfall (Nunes et al., 2022).

From this perspective, agricultural activity, which
depends on water for its sustainability, is directly affected
by the climatic conditions of the SAB, given that both crop
and livestock production are negatively impacted, especially
during the dry seasons of the year (Cirilo et al., 2017).
Moreover, this region is home to approximately 50% of the
country’s family farming establishments (Vilela et al., 2019),
and since these are exposed to the aforementioned climatic
constraints, they often face productivity limitations, which
in turn negatively influence the region’s socioeconomic
development.

Livestock production in the SAB plays a significant role
in the national economy, as the region holds 65% of the
country’s sheep herd and 90% of its goat herd, in addition to
supporting approximately 40 million head of cattle (IBGE,
2018). Most of this livestock is raised under extensive
systems, relying on pastures with low forage availability,
especially during periods of water scarcity (Souza et al.,
2020). Furthermore, there are few studies focused on the
development of forage cultivars adapted to the climate
of the SAB and, in this context, it is essential to identify
genotypes that are adapted to water deficit conditions and
capable of maintaining satisfactory productive performance
under such environmental constraints.

Stylosanthes Sw. is a genus belonging to the family
Fabaceae Lindl. and is widely distributed across the
America. Brazil is considered the main center of diversity
for this genus, with 38 species recorded in the Flora e
Funga do Brasil (JBR], 2025). Moreover, many of these
species are classified as Plant Genetic Resources, as they
are potential forage plants with high biomass yield and
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protein content ranging from 12% to 20%, in addition to
their adaptability to acidic soils, low fertility, and water
deficit conditions (Gonzalez et al., 2000; Liu et al., 2019;
Cook and Schultze-Kraft, 2020).

Among the species of the Stylosanthes genus, six are
predominantly used as forage legumes (Singh et al., 2018). Of
these, Stylosanthes guianensis (Aubl.) Sw. is the most widely
cultivated due to its high biomass production, favorable
nutritional profile, and broad edaphoclimatic adaptability
(Tropical Forages, 2020). Stylosanthes viscosa (L.) Sw.,
although less widespread, presents promising agronomic
traits, such as greater hardiness and potential drought
tolerance, making it relevant in the context of increasing
water scarcity (Singh et al., 2018). These attributes are
particularly important for cultivation in SAB, and part of
the genetic variability present in this region is conserved
in the Germplasm Bank of the State University of Feira de
Santana (BGF-UEFS) (Santos Jtnior et al., 2022); however, its
expression in morphological traits has been little explored.

Several studies have investigated the performance
of Stylosanthes species under water deficit conditions,
highlighting physiological and agronomic responses that
indicate their potential for cultivation in drought-prone
regions (Nagaich et al., 2013; Habermann et al., 2021;
Ferreira-Neto et al., 2022). However, further research is
still needed to deepen the understanding of tolerance
mechanisms and to support the development of more
drought-adapted genetic materials suitable for semi-arid
and water-limited environments.

Considering the importance of in-depth studies on
the expression of productive traits in Stylosanthes in the
SAB, especially under water deficit conditions, this study
focused specifically on drought tolerance - a critical
factor for future plant breeding programs targeting semi-
arid regions. In this context, we conducted growth and
morphological evaluations of Stylosanthes spp. genotypes
under water deficit conditions, aiming to contribute to the
development of forage materials adapted to the climatic
conditions of the SAB and capable of tolerating water-
limited environments.

2. Materials and Methods

2.1. Plant material and growth conditions

The experiment was conducted in a greenhouse at the
Horto Florestal Experimental Unit of the UEFS, located
at coordinates 12°16'7.99”S and 38°56'21.63"W, with an
altitude of 258 m. Climatic data were obtained using a
thermo-hygrometer installed inside the greenhouse, with
the information presented in Figure 1. Two genotypes were
evaluated in the experiment: accession BGF 11-001 (S.
viscosa), collected in the municipality of Concei¢do do
Coité, Bahia, at coordinates 11°36'20"S and 39°09'52.1"W,
and conserved at BGF-UEFS; and the cultivar BRS-Bela
(S. guianensis), developed by the Brazilian Agricultural
Research Corporation (EMBRAPA).

The substrate used was collected from the soil of the
Horto Florestal Experimental Unit, from the 0-20 cm
layer, and exhibited the following physico-chemical
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Figure 1. Microclimate formed inside the greenhouse.

properties: pH = 6.1 in water; P = 32.0 mg/dm?;
K = 140.0 mg/dm?; S = 11.0 mg/dm?; Fe = 57.0 mg/dm?;
Zn = 6.2 mg/dm?; Cu = 0.8 mg/dm?; Mn = 13.9 mg/dm?;
B =0.27 mg/dm?; Ca = 2.6 cmolc/dm?; Mg = 0.7 cmolc/dm?;
H+Al = 1.8 cmolc/dm?; organic matter (OM) = 2.95 dag/kg;
base saturation (V) = 66%. Regarding physical properties
(particle size fractions), the values were: sand = 660 g/kg;
silt = 85 g/kg; clay = 288 g/kg, characterizing a sandy clay
loam texture. According to the recommendations of the
Fertilization and Liming Manual for the State of Minas
Gerais (5th approximation), to meet the phosphorus
requirements, 0.7 g of single superphosphate was applied
to each experimental unit. Pot capacity was determined
following the method described by Bonfim-Silva et al.
(2011), using pots of the same volume as in the experiment
(8 L), filled with 8 kg of air-dried fine soil.

2.2. Experimental procedure

Seeds of accession BGF 11-001 were scarified with
sandpaper (no. 150) to overcome seed coat dormancy.
For BRS-Bela, this procedure was unnecessary because
mechanical harvesting and seed processing damaged the
seed coat, allowing seed imbibition. Subsequently, seeds
from both genotypes were disinfected with a 0.5% sodium
hypochlorite solution for 10 min, rinsed with distilled
water, and placed in Petri dishes containing germination
paper moistened with distilled water for germination. The
dishes were kept for 3 days in a B.0.D. growth chamber
at 30 °C with a 12-hour photoperiod. Seeds that showed
radicle emergence were then transferred to the respective
pots used for the experiment. Each pot received five seeds.

During the first 55 days of cultivation, the seedlings
were maintained at 60% pot capacity, with irrigation
performed as needed. After this period, thinning was
carried out, retaining only the most vigorous individual
in each pot, and a uniformity cut was then applied, with
plants trimmed to a height of 15 cm. Subsequently,
pot capacity was maintained at 60% for an additional
50 days to allow for proper plant establishment. After
this period, water availability treatments were applied
by adjusting pot capacity to 60%, 40%, and 20%. The
cultivation was concluded after 55 days of exposure to
these water regimes.
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2.3. Experimental measurements

Three days after the uniformity cut, vegetative growth
monitoring began on 12 individuals per treatment, carried
out from 07/20/2024 to 10/28/2024, with observations
taken at three-day intervals. The monitoring followed the
methodology proposed by Fournier (1974), which is based
on a semi-quantitative scale from 0 to 4, where: 0 = absence
of the phenophase; 1 = 1% to 25% presence; 2 = 26% to
50% presence; 3 = 51% to 75% presence; and 4 = 76% to
100% presence. Leaf buds was recorded by the presence
of newly emerged, underdeveloped leaves; Mature Leaf
were defined as those fully expanded; and Leaf Fall was
identified by chlorophyll degradation and leaf abscission.

The remaining experimental analyses were carried out
at the end of the experiment. The descriptors of Stem Dry
Mass (SDM, g) and Leaf Dry Mass (LDM, g) were obtained by
segmenting the plant parts, followed by drying in a forced-air
oven at 55 °C for 72 hours and subsequent weighing on an
analytical balance. Total Dry Mass (TDM, g) was calculated
as the sum of SDM and LDM. The Leaf/Stem ratio (L/S) was
determined by dividing LDM by SDM. Throughout the water
regime period, senescent leaf material was collected, and
at the end of the experiment, the Dry Mass of Fallen Leaves
(DMFL, g) was measured. Based on these data, the Percentage
of Dry Mass of Fallen Leaves (DMFL%) was calculated in
relation to the total leaf production.

The Collar Diameter (CD, mm) was measured using a
digital caliper positioned just above the soil surface. Primary
Branch Length (PBL, cm), Central Axis Length (CAL, cm), and
Plant Height (PH, cm) were measured with a millimeter
ruler; plant height was defined as the distance from the
base of the plant to the uppermost leaf. The Number of
Branches (NB, units) was determined by direct counting.
Central Leaflet Length (CLL, mm), Central Leaflet Width
(CLW, mm), Lateral Leaflet Length (LLL, mm), and Lateral
Leaflet Width (LLW, mm) were measured with a digital
caliper, using as a standard the tenth leaf on the primary
branch, counted from the point of intersection with the
central axis. Leaf Area (LA) was estimated based on the
collection of 10 leaves per individual, which were scanned
using a leaf area meter (LI-3100C), and then dried in a
forced-air oven at 55 °C for 72 hours. After drying, the leaf
dry mass (g) was determined using an analytical balance,
and LA was indirectly estimated based on its relationship
with leaf dry mass.

To measure leaf traits, 10 fully expanded leaves were
collected, and a disc was extracted from each using a
metal punch (DD = 0.1063 cm?) excluding the midrib.
The discs were submerged in distilled water for 24 hours,
then placed on paper towels to remove excess moisture.
After this period, the Saturated Weight of the sample
(SW, mg) was determined using an analytical balance,
and Leaf Thickness (LT, mm) was measured with a digital
caliper. The discs were then placed in paper bags and dried
in a forced-air oven at 55 °C for 72 hours, followed by a
second weighing to determine the Dry Weight (DW, mg).
Using these data, the following variables were calculated:
Leaf Mass Per Unit Area (LMA = SW |/ DD, mg-mm™3);
Succulence (SUC = (SW - DW) / DD, g-cm); and Leaf
Density (LD = LMA | LT, mg-mm™).

3/14



Santos, V.O. et al.

To determine Stem Density (SD, g-cm™), segments
approximately 5 cm in length were collected from the
middle third of the plants. The samples were submerged
in distilled water for 72 hours to allow full saturation.
After this period, sample volume was determined using
the Archimedes’ principle by immersing each section in
a beaker filled with distilled water placed on a precision
electronic balance (Trugilho et al., 1990). The weight of
the displaced water, corresponding to the stem volume,
was recorded. The samples were then dried in a forced-
air oven at 55 °C for 5 days, and dry mass was measured
(Barbosa and Ferreira, 2004). SD was calculated as the
ratio between dry mass and volume (Ilic et al., 2000), and
classified according to Borchert (1994).

2.4. Experimental design and data analysis

The experiment was conducted in a completely
randomized design, in a 3x2 factorial scheme, consisting
of three water regimes and two genotypes. Both factors
were considered qualitative, since the water availability
levels of 20%, 40%, and 60% correspond to severe drought,
moderate drought, and optimal water supply, respectively.
For the assessment of vegetative development, 12 plants
were monitored, while the measurement of morphological
traits was performed on 6 randomly selected individuals.

Prior to data analysis, tests were performed to
verify the assumptions required for analysis of variance
(ANOVA). The Shapiro-Wilk test was used to assess the
normality of residuals, while Bartlett’s test evaluated the
homoscedasticity of variances. As the assumptions were not
met for the variable DMFL%, data were transformed using
the arcsine square root function: arcsinv(x/100). Once the
assumptions were satisfied, ANOVA was performed at a
significance level of p < 0.05. When a significant interaction
between factors was detected, multiple comparisons were
conducted using Tukey’s test (p < 0.05). Additionally,
principal component analysis (PCA) was performed to
explore the relationships between treatments and the
variables analyzed. To evaluate the relationship between the

intensity of vegetative phenophases and water availability
levels, Spearman’s nonparametric correlation test was used,
due to the lack of residual normality in the phenophase
data. All analyses were performed using R statistical
software (version 2024.12.0+467) (R Core Team, 2024).

3. Results

Variation in leaf buds intensity was observed between
genotypes and water availability levels (Figure 2). The
BGF 11-001 accession (Figure 2A) showed a reduction
in budding across all treatments after the onset of water
restrictions, with the most pronounced decrease under
20% pot capacity (52.08%), and earlier than in the other
regimes. In contrast, the Bela cultivar showed little variation
under 40% and 60% water availability, but under 20% there
was a reduction, reaching 75% intensity.

In the mature leaf phenophase (Figure 3), the BGF 11-001
accession (Figure 3A) maintained consistent intensity across
all water regimes, remaining mostly at 100% intensity
throughout the treatment period. In contrast, the Bela
cultivar (Figure 3B) showed variations in the intensity
of this phenophase over the observation period. These
fluctuations occurred under all water availability levels,
with more pronounced reductions in plants grown under
the lowest water availability (20%).

Regarding leaf fall (Figure 4), both genotypes exhibited
low intensity of this phenophase under all water availability
levels. However, the Bela cultivar (Figure 4B) showed
difference compared to the BGF 11-001 accession (Figure 4A).
For both genotypes, no major differences were observed
among water regimes within each material, as the intensity
of leaf fall varied throughout the experimental period.

The correlation analysis (Figure 5) revealed distinct
association patterns between phenophases and water
availability in the evaluated genotypes. For the BGF 11-001
genotype (Figure 5A), leaf buds showed a weak positive
correlation with water availability (rs = 0.34, p < 0.01),
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Figure 2. Intensity of leaf buds in Stylosanthes spp. plants cultivated under different water availability levels. (A) accession BGF

11-001 (S. viscosa); (B) Cultivar BRS-Bela (S. guianensis).
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while the mature leaf and leaf abscission phenophases did
not show significant correlations with water availability
levels (p > 0.05). In the Bela cultivar (Figure 5B), leaf buds
exhibited a strong positive correlation (rs = 0.81, p <0.01)
with water availability, and the mature leaf phenophase
showed a moderate correlation (rs = 0.65, p < 0.01); as
observed in BGF 11-001, leaf fall showed no significant
correlation (p > 0.05) with water availability levels.

The ANOVA of the morpho-functional traits (Table 1)
revealed that the interaction between genotype and
water availability was significant for LT (p < 0.05), while

Leaf thickness (mm)

0.35

@;!

E3 20.BELA
E3 40.BELA
M 60.BELA
E3 20.BGF 11-001
M 40.BGF 11-001
M 60.BGF 11-001

0.25

020 @Eﬁ

" Ba Ba Ba Aa Aa Aa

Figure 6. Decomposition of the interaction for Leaf Thickness
of Stylosanthes spp. genotypes grown under different water
availabilities. Different letters (uppercase for genotype factor
and lowercase for water availability factor) indicate significant
differences according to Tukey’s test (p < 0.05).

it had no significant effect on SUC, LD and SD (p > 0.05).
In this context, the isolated effect of the genotype factor
was significant (p < 0.01) for SUC, LD, and SD. In turn,
the water availability factor significantly influenced
only SUC (p < 0.05), showing no significant effect on the
other variables where no interaction between factors
was observed.

The decomposition of the interaction for LT (Figure 6)
revealed that, within the genotype factor, the BGF 11-001
accession exhibited significantly greater LT across all
treatments compared to the Bela cultivar. On the other hand,
when analyzing the water availability factor, no significant
effect was observed in either genotype, indicating that
both genotypes did not respond to this variable under
different water supply conditions.

When comparing the genotypes independently
(Figure 7), it was observed that, for SUC (Figure 7A),
the BGF 11-001 accession showed a higher mean value
compared to the Bela cultivar. Regarding LD (Figure 7B),
the Bela cultivar exhibited higher values than BGF 11-001.
As for SD (Figure 7C), the BGF 11-001 genotype presented
higher mean values than the Bela cultivar.

Figure 8 presents the comparison of means for the
water availability factor on the variable SUC. It was
observed that the 20% water availability treatment had
the highest mean succulence, being significantly greater
than the 60% treatment. The 40% treatment showed an
intermediate value, not differing significantly from the
20% and 60% treatments.

The ANOVA for biomass production traits (Table 2)
showed that the interaction between factors was not

(A)  succulence g.cm?  (B) Leaf density mg.mm ™ (C) Wood density g.cm™
= — = |
0.025 - 0.0200 T E3 BGF 11-001
=
=
0015 b a 0.0150 a b 0.1 a b

Figure 7. Comparison of means for the individual effect of genotype on morphofunctional traits of Stylosanthes spp. grown under
different water availabilities. Different letters indicate significant differences according to Tukey’s test (p < 0.05).

Table 1. Summary of the analysis of variance for morphofunctional traits of Stylosanthes spp. genotypes grown under different water

availability levels.

Source of variation LT suc LD SD
Genotype 122.723** 18.013** 10.528** 498.16**
Water Availability 0.263m 3.729* 1.005" 1.56™
Interaction 4.106* 0.948 0.000" 0.99™
CV(%) 9.3 11.05 6.29 8.21

CV: Coefficient of Variation; *, **, ™: significant at p-value < 0.01, p-value < 0.05, and not significant by F-test, respectively; LT: Leaf Thickness;

SUC: Succulence; LD: Leaf Density; SD: Stem Density.
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significant (p > 0.05) LDM, TDM and L/S. However,
a significant interaction (p < 0.05) was observed for SDM
and DMFL¥%, indicating that the effect of water availability
depends on the genotype. Individually, the genotype factor
had a highly significant effect on LDM and L/S (p < 0.01),
revealing differences between genetic materials. For TDM,
the genotype effect was not significant, suggesting random
variation. Water availability significantly influenced TDM
(p £0.01) and LDM (p < 0.05), but had no effect on L/S.

Succulence g.cm?

—

===
a ab b

Figure 8. Comparison of means for the individual effect of water
availability on the leaf morphofunctional trait Succulence of
Stylosanthes spp. grown under different water availabilities.
Different letters indicate significant differences according to
Tukey’s test (p < 0.05).
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The decomposition of the interaction for SDM and
DMFL% is presented in Figure 9. At 60% water availability,
the Bela cultivar showed higher SDM (Figure 9A) than BGF
11-001, while no differences between genotypes were
observed at the other levels. Bela exhibited the highest
mean SDM at 60%, differing from the other levels, whereas
BGF 11-001 showed a similar but less pronounced trend.
For DMFL% (Figure 9B), BGF 11-001 was superior to Bela
at all water availability levels. Within each genotype,
BGF 11-001 showed no significant variation across water
regimes, while Bela exhibited an increase in DMFL% at 20%,
differing from the 60% level. No differences were observed
at 40% compared to the other water regimes

Additionally, Figure 10 presents the individual
comparison of the genotype factor LDM (Figure 10A) and
L/S (Figure 10B), in which the BGF 11-001 genotype showed
significantly higher values than the Bela cultivar for both
variables. The isolated comparison of means for the water
availability factor, shown in Figure 11 for LDM (Figure 11A)
and total dry mass (TDM) (Figure 11B), indicates that the
60% treatment yielded the highest mean values, being
significantly greater than the 20% and 40% treatments,
which did not differ from each other.

The ANOVA for morphological traits (Table 3) indicated
a significant interaction between genotype and water
availability only for PBL (p < 0.05), suggesting that this
variable depends on the combination of genotype and
water regime. Independently, the genotype factor was
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Figure 9. Decomposition of the interaction for biomass production of Stylosanthes spp. grown under different water availabilities.
Different letters indicate significant differences according to Tukey’s test (p < 0.05).

Table 2. Summary of the analysis of variance for biomass production variables of Stylosanthes spp. genotypes grown under different

water availability conditions.

Source of variation LDM SDM TDM L/S DMFL%

Genotype 9.54™* 14.66™* 1.01m 300.89** 84.37**
Water Availability 11.53** 21.69** 17.71** 2.01m 2.12m
Interaction 0.94n 3.49 1.33m 113 4.18*
CV(%) 33.37 31.07 32.06 12.64 26.35

CV: Coefficient of Variation; **, *, ™: significant (p-value < 0.01), (p-value < 0.05), and not significant by the F-test, respectively; LDM: Leaf Dry Mass;
SDM: Stem Dry Mass; TDM: Total Dry Mass; L/S: Leaf/Stem ratio; DMFL%: Percentage of Dry Mass of Fallen Leaves.
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Figure 10. Comparison of means for the individual effect of genotype on biomass production of Stylosanthes spp. grown under different
water availabilities. Different letters indicate significant differences according to Tukey’s test (p < 0.05).
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Figure 11. Comparison of means for the individual effect of water availability on biomass production variables of Stylosanthes spp. grown
under different water availabilities. Different letters indicate significant differences according to Tukey’s test (p < 0.05)

Table 3. Summary of the analysis of variance for the morphological traits of Stylosanthes spp. genotypes grown under different water

availability levels.
Source of variation cD CAL PBL PH NB
Genotype 30.69** 47.86** 40.95™* 40.52** 98.95**
Water Availability 11.24** 20.76** 2.82% 18.44** 7.21%*
Interaction 0.270 2.15™ 4.73° 0.47" 0.86"
CV(%) 14.93 10.48 2317 10.23 17.06
CLL CLW LLL LW LA
Genotype 105.45** 17.18** 113.96** 0.75™ 1.14
Water Availability 0.25™ 0.26™ 0.23m 0.42m 11.62**
Interaction 0.21 0.10™ 0.35" 0.11m 0.148ns
CV(%) 17.09 11.37 15.19 14.18 3727

CV: Coefficient of Variation; **, * -: significant (p-value < 0.01), (p-value < 0.05), and not significant by the F-test, respectively; CD: Collar
Diameter; CAL: Central Axis Length; PBL: Primary Branch Length; PH: Plant Height; NB: Number of Branches; CLL: Central Leaflet Length;
CLW: Central Leaflet Width; LLL: Lateral Leaflet Length; LLW: Lateral Leaflet Width; LA: Leaf Area.
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significant (p <0.01) for CD, CLL, PH, NB, CLL, CLW, and LLL,
indicating genetic differences between genotypes. Water
availability significantly influenced (p <0.01) DC, CLL, PH,
NB, and LA, highlighting the effect of water conditions on
these variables.

The decomposition of the CRP variable (Figure 12)
showed that the Bela cultivar had the highest mean at 60%
water availability, differing from the 40% and 20% levels,
which were statistically similar. In BGF 11-001, the 40%
and 60% levels did not differ, but both were superior to
the 20% level. When comparing genotypes, Bela exhibited
higher values than BGF 11-001 at 20% and 60% water
availability, with no significant difference between them
at the 40% level.

Figure 13 presents the mean comparison for the
genotype factor in the variables CD, CAL, PH, NB, CLL,

Primary branch length (cm)
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Figure 12. Decomposition of the interaction for Primary
Branch Length of Stylosanthes spp. grown under different water
availabilities. Different letters (uppercase for genotype factor
and lowercase for water availability factor) indicate significant
differences according to Tukey’s test (p < 0.05).

(A) Collar diameter (mm) (B) Central axis length (cm) (C)

Growth and morphology of Stylosanthes spp. under water deficit

CLW, and LLL. The Bela cultivar showed higher values
for CD (13A), CAL (13B), and PH (13C) compared to BGF
11-001. In contrast, NB was higher in BGF 11-001 (13D).
Regarding leaf traits, Bela exhibited greater CLL (13E) and
LLW (13G), while BGF 11-001 stood out for LLL (13F). The
independent evaluation of water availability showed that
CD was higher at 60% compared to 20% and 40%, which
did not differ (Figure 14A). For CAL and PH, the 40% and
60% levels had better results than the 20% level, with no
difference between them (Figures 14B and 14C). NB was
higher at 60% than at 20% and 40%, which were statistically
similar (Figure 14D). Finally, LA was highest at 60%, with
20% and 40% showing lower and statistically similar values
(Figure 14E).

The PCA biplot (Figure 15) shows the relationship
between treatments and the analyzed variables. The first
two principal components (PC1 and PC2, respectively)
explained 93.8% of the total variation (67% for PC1 and
26.8% for PC2). The BGF 11-001 genotype under 60% water
availability was positively associated with LDM and NR,
and negatively with DMFL%. The Bela cultivar at 60% was
strongly correlated with SDM, PH, CAL, CD, LA, and TDM,
and negatively correlated with WLL and SUC. BGF 11-001
under 40% showed a positive correlation with CLW, LT,
and SD, and a negative correlation with DFA, LLL, and CLL,
while Bela under the same condition showed the opposite
trend. Under 20%, BGF 11-001 was positively correlated
with LLW and SUC, and negatively with CLL, PH, and CD.

4. Discussion

Leaf exchange is strongly influenced by climatic factors,
especially in seasonal environments (Ragusa-Netto and Silva,
2007; Neves et al., 2022). In tropical seasonal ecosystems,
rainfall patterns and water availability determine plant
water-use traits and select species with varied strategies

Plant height (cm) (@)  Number of branches
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Figure 13. Comparison of means for the individual effect of genotype on morphological traits of Stylosanthes spp. grown under different
water availabilities. Different letters indicate significant differences according to Tukey’s test (p < 0.05).
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Figure 14. Comparison of means for the individual effect of water availability on caracteres morphological traits of Stylosanthes spp.
grown under different water availability levels. Different letters indicate significant differences according to Tukey’s test (p < 0.05).

to cope with seasonal drought (Butz et al., 2017). In this
context, investigating forage plants adapted to the SAB
region is essential, as local livestock production depends
largely on rainfall (Cirilo et al., 2017). Therefore, studying
the vegetative growth of genotypes under conditions of low
water availability is crucial for selecting genetic materials
better adapted to the region.

Our results indicated a reduction in leaf buds in the
BGF 11-001 accession even under ideal conditions, suggesting
that this genotype naturally limits the emission of new
leaves. Additionally, the lower sprouting intensity observed
at 20% confirms its sensitivity to water deficit, although
without a sharp decline as stress increased. In contrast,
the response of the Bela cultivar to water deficit reflected a
more pronounced limitation under extreme water scarcity,
indicating greater sensitivity to this stress. This behavior,
also supported by the correlation analysis, suggests an
adaptive strategy focused on restricting vegetative growth,
possibly as a means of conserving resources during severe
water shortages. This dynamic underscore the critical role
of water availability in plant performance, particularly in
biomass accumulation and maintenance of vegetative
growth, as discussed by Sallam et al. (2019).

The stability of the mature leaf phenophase in BGF 11-001
under severe water deficit suggests an inherent physiological
tolerance to water scarcity, possibly linked to mechanisms
that maintain leaf development despite the reduced water
availability. In contrast, the greater sensitivity observed
in the Bela cultivar may reflect a strategy that is less
focused on drought resilience, which could result in more
pronounced declines in leaf biomass during dry periods. In
the seasonal context of water deficit in semi-arid regions -
where reduced forage availability for grazing is common
(Aghajani et al.,2023) - leaf biomass reduction would likely
be more pronounced in the Bela cultivar than in BGF 11-001,
according to the results obtained in our study.
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Figure 15. Principal component analysis (PCA) of morphological
variables measured in Stylosanthes spp. grown under water
availability levels. LT: Leaf Thickness; SUC: Succulence; LD: Leaf
Density; SD: Stem Density; LDM: Leaf Dry Mass; SDM: Stem Dry
Mass; TDM: Total Dry Mass; L.S: Leaf/Stem ratio; DMFL%: Percentage
of Dry Mass of Fallen Leaves; CD: Collar Diameter; CAL: Central
Axis Length; PBL: Primary Branch Length; PH: Plant Height; NB:
Number of Branches; CLL: Central Leaflet Length; CLW: Central
Leaflet Width; LLL: Lateral Leaflet Length; LLW: Lateral Leaflet
Width; LA: Leaf Area.

In BGF 11-001, the apparent stability of DMFL% under
stress suggests mechanisms that limit leaf loss, possibly
contributing to a sustained photosynthetic capacity
during drought. In contrast, the increased leaf abscission
observed in the Bela cultivar is consistent with a common
drought-response strategy, in which shedding leaves
reduce the transpirational surface area and conserve water
(Silvaetal, 2019; Cruz etal., 2023). These distinct responses
highlight genotypic variability in the management of
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water stress and underscore the importance of selecting
drought-tolerant materials for cultivation in water-limited
environments.

Despite the genotypic variation in SD, the classification
of both materials as low-density wood types (<0.5 g/cm?)
suggests a common adaptive trait associated with water
storage capacity, which is beneficial under drought-prone
conditions typical of semi-arid regions (Borchert, 1994;
Liuet al., 2020). The relationship between low lignification
and increased water content reinforces the functional role
of these tissues in maintaining hydration during periods
of water scarcity. Although contrasting patterns emerged
between the mean comparison and PCA results regarding
SD, this may reflect the different structural or physiological
strategies adopted by each genotype. Considering that
lower SD values are linked to increased vulnerability to
cavitation (Liu et al., 2020), this trait is particularly relevant
in water-limited environments, where xylem dysfunction
caused by embolism can restrict solute transport and impair
plant development (Ren et al., 2023; Nunes et al., 2022).

The LD values indicated that the Bela cultivar exhibited
higher levels for this variable, which may represent a
disadvantage when compared to the BGF 11-001 accession.
This potential drawback is linked to the negative correlation
between LD and photosynthetic capacity, as higher LD can
limit CO, diffusion and consequently reduce the plant’s
photosynthetic efficiency (Witkowski and Lamont, 1991;
Terashima et al., 2011; Sugiura et al., 2020).

The higher values of LT and SUC observed in the BGF
11-001 compared to the Bela suggest a potential adaptive
advantage of this genotype to the SAB - characterized by
high solar radiation throughout the year (Nihad et al., 2019)
and seasonal water deficit (Nunes et al., 2022). Thicker
leaves provide greater protection against damage caused
by excessive light compared to thinner leaves (Liu et al.,
2019), and also allow for greater water storage (Guo et al.,
2023) - a key trait under water stress conditions. The
trend of increased SUC in both genotypes under low water
availability suggests phenotypic plasticity associated with
this trait, possibly mediated by mechanisms that promote
water accumulation, thus contributing directly to drought
tolerance (Chin and Sillett, 2016).

Recent studies indicate that water restriction can alter
plant morpho-functional traits, triggering the development
of adaptive strategies to stress (Santos et al., 2021;
Freitas et al., 2024; Pereira et al., 2024). However, in the
present study, most of the morpho-functional variables
analyzed (LD, SD, and LT) did not show significant variation
in either genotype as a function of water availability. This
lack of response may be related to the short duration
of exposure to drought treatments, which was possibly
insufficient to reveal phenotypic plasticity in these
morpho-functional traits.

The significant reduction in LDM production under
water restriction highlights the genotypes’ sensitivity to
deficit conditions, indicating that water limitation directly
impairs foliar development. This effect occurred uniformly
across the evaluated genotypes; however, the average
performance of BGF 11-001 compared to the Bela cultivar
suggests that, regardless of water availability, it maintains
a proportionally higher LDM production. Similar results
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were reported by Gomes et al. (2023) in Brachiaria spp.,
where reduced water availability led to a decrease in leaf
dry matter production.

Additionally, plants under water deficit conditions,
due to the need to reduce stomatal conductance, tend to
decrease LA and consequently the surface for solar energy
absorption (Cruz et al., 2023). This strategy reduces water
loss, allowing this resource to remain available for longer
to maintain metabolic activities (Medrano et al., 2007;
Cruzetal., 2023). However, despite this variable generally
being correlated with LDM, the PCA analysis did not indicate
a strong association between them, with LA being more
related to the Bela cultivar. This result may be linked to
the LT values, which were higher in BGF 11-001 compared
to Bela, resulting in greater dry mass accumulation per
LA in this genotype - a pattern also observed by Li et al.,
(2022) in herbaceous species.

The lack results for the morphological traits CLL, LLL,
CLW, and LLW suggests that the reduction in la observed
in the individuals is more likely associated with decreased
leaf emergence and increased leaf abscission, rather than
a reduction in the average leaf blade area of individuals
subjected to water deficit.

The similar patterns observed for SDM and TDM in
relation to the LDM variable under water deficit conditions
confirm that water availability influences both variables.
This agreement with Gomes et al. (2023) and Tavazoh et al.
(2024), who observed a decrease in dry matter production in
Brachiaria spp. and Sorghum bicolor (L.) Moench, respectively,
under water stress conditions. Moreover, the lack of
significant difference in TDM between genotypes indicated
that total dry matter production was statistically equivalent
between both, regardless of water availability. This absence of
difference may be related to the strong association between
the cultivar Bela and SDM, as evidenced by the PCA analysis,
suggesting that this variable substantially contributed to
biomass production in this genotype.

The L/S ratio is an important parameter in forage
legumes, as higher values indicate better forage quality,
given that this ratio significantly impacts grazing intake,
since animals tend to prefer more tender materials with
higher nutritional value, such as leaves (Almeida et al.,
2019). In this context, BGF 11-001 stood out compared to
the cultivar Bela for these variables, reflecting a potentially
higher forage quality. Additionally, digestibility is favored by
alower proportion of lignin-rich tissues, such as the stem,
since this polymer reduces fiber degradability in the rumen
by hindering the action of microorganisms and enzymes,
compromising feed utilization (Menezes et al., 2021).

The greater sensitivity of the cultivar Bela to water
deficit, reflected in the reduction of CRP under lower water
availability, contrasts with its overall higher CRP compared
to BGF 11-001 across conditions. Conversely, BGF 11-001
consistently exhibited higher NB values than Bela. Despite
these differences, both genotypes experienced decreased
lateral branching with reduced water availability, aligning
with observations reported by Hussain et al. (2022) in
Cicer arietinum L.

Water deficit significantly impacted CD, CAL, and
PH in both genotypes, indicating that water limitation
compromises both primary and secondary growth.
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Plant growth depends on processes like cell division,
expansion, and differentiation, which are regulated by
genetic, physiological, ecological, and morphological
factors (Hussain et al., 2022). Water deficiency can
restrict cell elongation by limiting water flow through
the xylem to expanding cells, thereby directly affecting
growth (Awari et al.,, 2017; Torres et al., 2023). These
physiological constraints align with previous findings of
significant reductions in plant height under water stress
across species, such as S. scabra (Nagaich et al., 2013) and
Ocimum basilicum L. (Hamidi et al., 2022). Additionally,
reductions in stem diameter under water limitation, as
observed in Fagopyrum esculentum Moench L. (Zaina and
Gai, 2020), further emphasize the sensitivity of growth
traits to water availability.

The BGF 11-001 genotype exhibits mechanisms related
to the maintenance of the mature leaf phenophase,
indicating stability in leaf retention even under water
deficit, which suggests reduced loss of photosynthetically
functional tissue. Additionally, the greater leaf thickness
observed in this genotype may be associated with an
enhanced capacity for water storage in these organs.
Moreover, the low wood density, a morpho-functional
characteristic present in both genotypes, contributes
to water storage, thereby promoting tolerance to water
deficit. These factors act in an integrated manner to limit
leaf loss and ensure the continuity of essential metabolic
processes during periods of low water availability.

Conversely, the Bela cultivar responds to water
deficit by adopting a strategy based on the premature
loss of functional vegetative organs, primarily leaves,
which reduces the exposed leaf area and transpiration,
contributing to water conservation. Although this cultivar
does not avoid the emission of new shoots, the accelerated
leaf abscission represents an adaptive mechanism to reduce
water consumption under stress conditions. The low wood
density is also present in this genotype, functioning as a
morpho-functional mechanism that enables water storage
during periods of scarcity.

Despite differences in response mechanisms, both
genotypes show sensitivity to water deficit, although
BGF 11-001 demonstrates superior performance in
the forage context, particularly regarding primary and
secondary growth traits such as stem diameter, height,
and lateral apex length, highlighting the direct impact of
water limitation on plant structural development.

5. Conclusion

The studied genotypes of Stylosanthes spp. exhibit
morphofunctional traits that contribute to tolerance to water
deficit. The accession BGF 11-001 stood out by maintaining a
higher leaf-to-stem ratio under both cultivation conditions,
associated with foliar stability. In contrast, the cultivar
BRS-Bela adopted a strategy of early leaf shedding to reduce
transpiration and conserve water, which leads to a reduction
in forage availability. Despite these distinct strategies, both
genotypes showed a decrease in biomass production under
lower water availability, highlighting the impact of water
stress on plant development.
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