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Highlights

What are the main findings?

e  Favorable plant performance across most evaluated traits was observed at 80% of pot
water capacity.

e  Excessive soil water availability, particularly at 120% of pot water capacity, adversely af-
fected morphoagronomic and physiological performance in most evaluated genotypes.

e Urochloa humidicola showed greater stability under high soil water availability than the
other evaluated genotypes.

What are the implications of the main findings?

e Approximately 80% of pot water capacity is proposed as a suitable reference condition
for control treatments in controlled-environment waterlogging experiments.

e  The defined soil water conditions provide a methodological basis for screening tropical
forage grasses for waterlogging tolerance.

Abstract

The efficiency of screening tropical forage grass genotypes for waterlogging tolerance under
controlled conditions depends on experimental protocols capable of accurately discrimi-
nating contrasting genotypes. This study evaluated morphoagronomic and physiological
traits of Megathyrsus maximus and Urochloa spp. genotypes subjected to different soil water
availabilities to define suitable experimental conditions for waterlogging screening. Two
independent experiments were conducted in a randomized complete block design using a
5 x 4 factorial arrangement (five genotypes x four soil water regimes) with four replications,
in which morphoagronomic and physiological traits were evaluated. The present study
combines previously published data from the 80% and 120% pot water capacity treatments
with data from the additional 60% and 100% treatments. Overall, favorable genotype per-
formance was observed around the directly tested 80% of pot water capacity, with greater
biomass production, higher numbers of green leaves, higher SPAD index values, and im-
proved photosynthetic performance across several traits and genotypes. In contrast, 120%
of pot water capacity caused the greatest reductions in plant growth and physiological
activity, allowing clear discrimination between tolerant and susceptible genotypes, whereas
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60% and 100% of pot water capacity produced less pronounced effects. The results indicate
that approximately 80% of pot water capacity is the most suitable condition for the control
treatment, whereas 120% efficiently induces waterlogging stress. This methodological ap-
proach provides an experimental basis for standardizing controlled-environment screening
assays, improving the reliability of early-stage selection of tropical forage grass genotypes
for waterlogging tolerance.

Keywords: Megathyrsus maximus; Soil water availability; Tropical forage grasses; Urochloa
spp.; Waterlogging tolerance

1. Introduction

Brazilian livestock production is supported by approximately 161 million hectares of
pastureland, accounting for about 19% of the country’s territory [1]. Grasses of the genus
Urochloa spp. (syn. Brachiaria spp.) comprise approximately 85% of Brazil’s cultivated
pastures and are widely distributed throughout tropical regions [2]. Cultivars of Megath-
yrsus maximus (syn. Panicum maximum) are also economically important because of their
high forage productivity, broad genetic diversity, and adaptation to diverse edaphoclimatic
conditions [3]. In addition to their importance as livestock feed, species of both genera
support the Brazilian tropical forage seed industry, with Brazil being the world’s leading
exporter of tropical forage seeds to Latin American countries [4].

Throughout their life cycle, perennial tropical forage grasses may experience contrast-
ing soil moisture conditions, ranging from water limitation to prolonged excess water [5,6].
These conditions can disrupt plant morphological, physiological, and biochemical pro-
cesses, reducing growth and biomass accumulation and, under severe stress, compromising
survival [7]. In tropical pasture systems, excessive soil moisture is also associated with
Marandu Death Syndrome (MDS), a condition involving plant mortality in areas subject to
temporary soil saturation or flooding [8,9].

The development of Marandu Death Syndrome (MDS) involves the combined effects
of waterlogging-induced physiological stress and infection by soil-borne phytopathogens,
particularly species belonging to the genera Pythium, Rhizoctonia, and Fusarium [8]. Oc-
currences have been documented across several Brazilian Amazonian states [10] and in
other tropical areas of the Americas, such as the Llanos of Colombia and Venezuela and the
savannas of Guyana [11]. Given the multifactorial nature of MDS, experiments conducted
under controlled conditions can focus specifically on plant responses to excess soil water,
allowing waterlogging tolerance to be investigated separately from pathogen-related effects.

The importance of this problem has led the Brazilian Agricultural Research Corporation
(Embrapa) and the International Center for Tropical Agriculture (CIAT) to conduct studies
aimed at identifying waterlogging-tolerant genotypes by evaluating the effects of excess
soil water while excluding the influence of pathogens [12-18]. These studies demonstrated
that morphological, physiological, and anatomical adjustments are important adaptive
mechanisms associated with waterlogging tolerance and provided the scientific basis for
recommending cultivars for cultivation in poorly drained soils. However, despite these
advances, considerable variation remains in the experimental protocols used to evaluate this
trait. Previous studies have employed permanent water layers ranging from approximately
2 to 5 cm to simulate waterlogging, whereas the control treatment has generally been
described as soil maintained at or near pot water capacity, often without a quantitative
definition of soil water availability [12-18]. This lack of methodological standardization
hinders comparisons among studies and may compromise the ability of screening assays
to discriminate between waterlogging-tolerant and susceptible genotypes. Standardized

https://doi.org/10.3390/grasses5040043


https://doi.org/10.3390/grasses5040043

Grasses 2026, 5,43

30f25

experimental conditions are essential because they increase the repeatability of screening
assays and improve the comparability of results among breeding programs. Although
field capacity—or pot water capacity in container experiments—is traditionally regarded as
the condition that maximizes water availability for plant uptake [19], studies have shown
that tropical forage grasses may achieve maximum growth and biomass production at
soil water availabilities below the maximum water-holding capacity of the soil [20,21].
Likewise, excessively severe waterlogging conditions may not accurately represent those
commonly encountered under field conditions, where natural drainage limits the persistence
of standing water on the soil surface [22]. Consequently, the soil water availability most
suitable for the control treatment, as well as the level of waterlogging required to maximize
the discrimination between tolerant and susceptible genotypes in controlled-environment
screening assays, has yet to be established.

In plant breeding programs, the efficiency of genotype selection depends on the abil-
ity of experimental protocols to reveal true differences among the evaluated genotypes.
Therefore, inappropriate conditions for either control or stress treatment may reduce the
contrast between tolerant and susceptible genotypes, compromising selection accuracy and
limiting comparisons among studies conducted by different research groups. Recently, a set
of morphoagronomic and physiological traits was proposed for discriminating M. maximus
and Urochloa spp. genotypes under controlled conditions [23]. However, the soil water
conditions that maximize the discriminatory capacity of these selection criteria have not
yet been established, limiting the methodological standardization of screening assays for
the early stages of breeding programs. We hypothesized that distinct soil water availability
levels could be identified to establish a suitable control condition for plant growth and
a waterlogging stress condition capable of inducing contrasting morphoagronomic and
physiological responses among tropical forage grass genotypes.

Based on this, the objective of this study was to evaluate the morphoagronomic and
physiological responses of M. maximus and Urochloa spp. genotypes subjected to different
soil water availabilities in order to establish the most appropriate soil water conditions for
controlled-environment screening assays for waterlogging tolerance.

2. Materials and Methods
2.1. Experimental Site

The experiments were carried out at Embrapa Acre’s experimental station in Rio
Branco, Acre, Brazil, situated at 9°58'22" S, 67°48’40” W, at an elevation of 159 m above sea
level. Climatic records reported by de Sousa [24] indicate annual averages of 2022 mm for
precipitation, 25.46 °C for air temperature, and 85.2% for relative humidity.

2.2. Plant Material and Growing Conditions

Between 2020 and 2021, two independent experiments were carried out in a greenhouse
with a transparent glass roof and white mesh side enclosures. The experiments involved
genotypes of M. maximus and Urochloa spp., as detailed in Table 1. These genotypes were
selected to represent a range of previously reported MDS tolerance levels, providing contrast-
ing plant materials for evaluating soil water conditions suitable for controlled-environment
screening assays in the early stages of forage breeding programs.

The experimental units and corresponding observations from the 80% and 120% pot
water capacity treatments were previously included in Experiment 2 (M. maximus) and
Experiment 4 (Urochloa spp.), respectively, of Souza et al. [23]. In that study, these data
were used as part of a two-condition comparison aimed at identifying traits associated
with waterlogging tolerance and evaluating contrasting genotypes. In the present study,
these experimental units and observations were analyzed together with those from the
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60% and 100% pot water capacity treatments, which were not included in the previous
publication, to evaluate plant responses across a four-level soil water availability gradient
and address the distinct methodological objective of defining suitable soil water conditions
for controlled-environment screening.

Table 1. Species and genotypes of tropical forages used in the experiments, with previously reported

tolerance levels to Marandu Death Syndrome.

Experiment Species Genotype Tolerance Level Reference
cv. Mombaga Medium; tolerant [25,26]
cv. BRS Tamani Low [25]
1 M. maximus cv. BRS Zuri Medium; tolerant [25,26]
PM18 Tolerant [26]
PM21 Highly susceptible [26]
Urochloa humidicola cv. Tully High; Highly tolerant [25,26]
U. brizantha cv. Marandu Very Low; Highly susceptible [25,26]
2 U. brizantha cv. Xaraés Medium; tolerant [25,26]
Urochloa hybrid cv. Mulato II Low; intermediate [25,20]
U. brizantha Ub001 Low /Medium Unpublished data
Note: Partially adapted from Souza et al. [23].
Plants were grown in 5 kg of a growth medium prepared with soil and sand at a 1:1
(v/v) ratio, without the addition of mineral fertilizers. The soil and sand were subjected
to separate chemical analyses, and their properties are reported in Table 2. To prepare the
substrate, washed and oven-dried sand was combined with a Rhodic Hapludox obtained
from the upper 0-20 cm soil layer of an agricultural area at the Embrapa Acre experimental
station. The soil was air-dried and passed through a sieve before being mixed with the sand.
Plant nutrient status, including nitrogen status, was not directly assessed.
Table 2. Chemical composition of the soil and sand.
pH P K Ca Mg H + Al Al OM BS CEC
Substrate
H,0 mgdm cmol, dm~3 gkg! % pH7
Soil 6.91 27.64 075 625 1.25 0.71 0.01 2244 92.11 9.01
Sand 5.90 28.66 016  1.72 1.02 0.19 0.01 0.36 94.05 3.11

Abbreviations: pH—hydrogen potential; P—phosphorus; K—potassium; Ca—calcium; Mg—
magnesium; H + Al—potential acidity; Al—aluminum; OM—organic matter; BS—base saturation;
CEC—cation exchange capacity. Source: Reproduced from Souza et al. [23].

For each genotype, 100 seeds were germinated using a commercial growing medium
containing decomposed Pinus bark and ash. Unlike the other genotypes, Ub001 was estab-
lished vegetatively from 10-cm-long tillers with an equal number of leaves, obtained at the
Embrapa Acre experimental station. Ten days after sowing, three uniform and vigorous
seedlings of each genotype were transplanted into 5.5-L plastic pots (24.5 cm upper diame-
ter, 15.2 cm lower diameter, and 21.0 cm height) containing 5 kg of the growth medium.
Three tillers of Ub001 were placed directly into each pot on the same day. After another
10 days, thinning was performed to leave only the most vigorous and uniform plant in each
pot. All pots were subsequently maintained at 90% of pot water capacity for an additional
10 days. Thus, the establishment period lasted 20 days after transplanting. The four soil
water availability treatments (60%, 80%, 100%, and 120% of pot water capacity) were then
imposed for 21 days, resulting in a total experimental period of 41 days from transplanting
to harvest. The reference value for 100% pot water capacity was determined previously
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from the average of four pots, following the method reported by Souza et al. [23]. Briefly,
four pots containing 5 kg of dry substrate over 500 g of gravel (19-25 mm) were saturated
with water and allowed to drain freely. The pots were weighed before saturation and sub-
sequently at 1-h intervals during drainage until a constant mass was reached. Pot water
capacity was then calculated as the difference between the constant mass recorded after
drainage and the initial mass measured before saturation.

Both experiments were conducted using a randomized complete block design with four
replications arranged in a 5 x 4 factorial design (five genotypes x four soil water availability
levels: 60%, 80%, 100%, and 120% of pot water capacity). In the 120% treatment, soil water
availability was maintained gravimetrically by daily weighing and water replacement to
the predetermined pot mass corresponding to 120% of pot water capacity. Under these
conditions, an approximately 1-cm water layer formed above the soil surface; this water
layer was a consequence of maintaining the predetermined 120% pot water capacity and
was not used as the criterion for water replacement. To prevent drainage and water loss,
these pots were placed inside sealed outer containers lined with plastic bags. In the 60%,
80%, and 100% treatments, drainage occurred freely through holes in the bottom of the pots.

Air temperature and relative humidity were monitored inside the screenhouse during
each experiment, and the recorded values were used to estimate vapor pressure deficit
(VPD) using the Tetens equation [27]. Although the experiments were performed in
different years and seasons, the semi-controlled growing environment reduced exposure
to external climatic influences, particularly precipitation. Figure 1 illustrates the daily
fluctuations in temperature, relative humidity, and VPD throughout the experimental
periods. Because the experiments were conducted at different times, each dataset was
analyzed separately, without statistical comparisons between experiments.

Treatment onset Harvest Treatment onset Harvest
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Figure 1. Daily variation in temperature, relative humidity, and vapor pressure deficit (VPD) in a
screenhouse (Embrapa Acre) for experiments with: (a) M. maximus and (b) Urochloa spp.

2.3. Plant Measurements

Morphoagronomic traits, SPAD index, and physiological variables related to leaf
gas exchange were evaluated at the end of the 21 days of exposure to the different soil
water availability levels, corresponding to 41 days after transplanting. The duration of
the stress period followed the screening protocol proposed by the International Center
for Tropical Agriculture (CIAT) [28]. This protocol consists of growing Urochloa plants
under controlled conditions followed by 21 days of continuous waterlogging, allowing the
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evaluation of key morphophysiological traits, including green leaf biomass, SPAD index,
and photosynthetic performance.

For each experimental unit, fully expanded leaves were counted separately according
to their condition (green, yellow, or senescent), and the counts were combined to obtain
the total leaf number. Tillers were also counted individually in each pot.

Leaf elongation rate was determined according to the methodology described by Dias-
Filho and Carvalho [12]. A young expanding leaf, with the ligule not yet exposed, was
selected and marked on each evaluated plant. Leaf length was measured daily, at approx-
imately the same time, until ligule emergence. When the ligule became visible, another
young expanding leaf was selected for subsequent measurements. Leaf elongation rate was
calculated as the difference between leaf lengths recorded on consecutive days divided by
the measurement interval (one day) and expressed in cm day~!. The SPAD index was de-
termined using a chlorophyll meter (SPAD-502, Minolta Radiometric Instruments Division,
Osaka, Japan) [29]. For each experimental unit, three fully expanded leaves were selected,
and three successive readings were obtained from the middle third of each leaf, totaling
nine measurements. The mean of these measurements was used for statistical analysis.

At the end of the 21-day soil water treatment period (41 days after transplanting),
stem, root, and total dry mass were determined. The aboveground portion of each plant
was cut at soil level, after which leaf blades were separated from stems and their associated
sheaths at the ligule junction. The root system was washed with running water to remove
the remaining growth medium. Subsequently, the collected plant fractions were maintained
in a forced-air oven at 65 °C for 72 h before their dry mass was measured. Total dry mass
was obtained by adding the dry mass values of leaf blades, stems, and roots.

Leaf gas exchange was assessed between 09:00 and 11:00 h using a portable infrared
gas analyzer (IRGA; LI-6400XT, LI-COR Biosciences Inc., Lincoln, NE, USA). Measurements
were obtained from the middle third of a young leaf blade that had reached full expan-
sion. During the evaluations, the leaf chamber was operated with photosynthetically active
radiation (PAR) of 1200 pmol photons m~2 s71, a CO, concentration of 400 pmol mol~!,
and an air temperature of 30 °C. The air flow rate was approximately 300 pmol s~!, and the
enclosed leaf area was 2 cm?. Chamber relative humidity and leaf-to-air vapor pressure
deficit (VPD) were recorded during measurements. In the available IRGA records, cham-
ber sample relative humidity ranged from 41.4% to 57.4%, while leaf-to-air VPD ranged
from 2.08 to 3.63 kPa. Measurements were conducted sequentially by soil water availabil-
ity treatment, following the order 60%, 80%, 100%, and 120% of pot water capacity. All
genotypes and replicates within each treatment were evaluated before proceeding to the
next treatment. The physiological variables recorded were net photosynthetic rate (P,),
stomatal conductance (g,), transpiration rate (E), and intercellular CO, concentration (C;).
Carboxylation efficiency (CE) and water use efficiency (WUE) were subsequently obtained
from the P,/C; and P, /E ratios, respectively.

2.4. Statistical Analysis

Statistical analyses were performed using R software version 4.1.3 [30]. The assump-
tions of normality of residuals and homogeneity of variances were assessed using the ExpDes
package version 1.2.2 [31]. Data were then subjected to analysis of variance (ANOVA), and
treatment effects were evaluated by the F-test at the 5% significance level. When the geno-
type x soil water availability interaction was significant, the interaction was decomposed to
evaluate the effect of soil water availability within each genotype. For genotypes showing a
significant effect of soil water availability, linear and quadratic polynomial regression mod-
els were fitted. Model selection was based primarily on the significance of the polynomial
components and the lack-of-fit test. A quadratic model was selected when the quadratic
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component was significant and the model showed no significant lack of fit. Otherwise,
a linear model was retained when the linear component was significant and showed no
significant lack of fit. When both models provided an adequate fit, the lower-order model
was preferred according to the principle of parsimony. The coefficient of determination (R?)
was used as a complementary measure of goodness of fit. When neither the linear nor the
quadratic model provided an adequate fit, no regression equation was retained. Because
only four soil water availability levels were evaluated, cubic regression models were not
considered for model selection, as a third-degree polynomial would be saturated, leaving
no degrees of freedom for assessing lack of fit. All statistical tests were performed at the 5%
significance level.

3. Results
3.1. Morphoagronomic Traits and the SPAD Index

On average, soil water availability corresponding to 81% of pot water capacity resulted
in the highest numbers of green and total leaves in most M. maximus (Figure 2a,c) and
Urochloa spp. genotypes (Figure 3a,d). The exceptions were PM18 and Ub001, in which
both traits decreased linearly with increasing soil water availability.

60 2.0
®  Mombaga ®  Soil water availability
O Tamani
v Z
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| PM21
3 D
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Figure 2. Green leaf number (a), yellow leaf number (b), total leaf number (c), and tiller number
(d) of five M. maximus genotypes grown under different soil water availability levels (% of pot water
capacity). Note: Regression equations and coefficients of determination (R?) are presented only
for significant models (p < 0.05). The symbols used in panels (c,d) correspond to the genotypes
identified in panel (a).

Green leaf number: Mombaga: y = —13.4625 + 0.6881x — 0.0042x> (R? = 0.74;
p = 0.00026); BRS Tamani: y = —0.1875 + 0.9469x — 0.0058x*> (R? = 0.99; p < 0.00001);
BRS Zuri: y = —25.1375 + 1.1331x — 0.0073x2 (R? = 0.99; p < 0.00001); PM18: y = 19.0250
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— 0.0787x (R? = 0.92; p = 0.00015); PM21: y = —61.3625 + 2.3356x — 0.0142x2 (R2 = 0.98;
p < 0.00001).
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Figure 3. Green leaf number (a), yellow leaf number (b), senescent leaf number (c), and total leaf
number (d) of five Urochloa spp. genotypes grown under different soil water availability levels (% of
pot water capacity). Note: Regression equations and coefficients of determination (R?) are presented
only for significant models (p < 0.05). The symbols used in panels (c,d) correspond to the genotypes
identified in panel (a).

Yellow leaf number: Soil water availability: y = 0.4800 + 0.0118x (R®> = 0.65;
p =0.01241).

Total leaf number: Mombaga: y = —15.1250 + 0.7687x — 0.0047x> (R?> = 0.76;
p = 0.00038); BRS Tamani: y = —23.2625 + 1.0894x — 0.0070x* (R? = 0.99; p < 0.00001); BRS
Zuri: y = 7.5000 + 0.8250x — 0.0050x* (R? = 0.99; p = 0.00017); PM18: y = 19.9250 — 0.0762x
(R* =0.90; p = 0.00111); PM21: y = —61.8250 + 2.3363x — 0.0141x? (R* = 0.92; p < 0.00001).

Tiller number: BRS Zuri: y = —11.6625 + 0.4244x — 0.0027x2 (R2 =0.99; p < 0.00001);
PM21: y = —16.0500 + 0.6637x — 0.0041x* (R* = 0.99; p < 0.00001).

Each point represents the mean of four independent replicates (n = 4) per genotype
and soil water availability level. ANOVA results are provided in Tables S1 and S3, while the
corresponding means * SE are presented in Tables 52 and S4. Data from the 80% and 120%
treatments, previously published by Souza et al. [23], were combined with data from the
60% and 100% treatments.

Green leaf number: U. humidicola: y = —15.6500 + 1.6350x — 0.0094x*> (R* = 0.91;
p < 0.00001); Marandu: y = —52.5000 + 1.9625x — 0.0119x (R? = 0.97; p < 0.00001); Xaraés:
y = —38.5250 + 1.7975x — 0.0112x* (R? = 0.95; p < 0.00001); Mulato II: y = —14.9125 +
0.9556x — 0.0061x* (R? = 0.99; p < 0.00001); Ub001: y = 36.2000 — 0.2175x (R? = 0.81;
p < 0.00001).
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Yellow leaf number: Soil water availability: y = 1.2775 — 0.0341x + 0.0002x* (R* = 0.93;
p < 0.00122).

Senescent leaf number: Marandu: y = 10.9500 — 0.2925x + 0.0019x> (R? = 0.93;
p < 0.00001); Xaraés: y = 4.5625 — 0.1219x + 0.0008x? (R? = 0.93; p < 0.00001); Mulato II:
y = 8.2125 — 0.2194x + 0.0014x* (R? = 0.93; p < 0.00001); Ub001: y = 7.3000 — 0.1950x +
0.0013x* (R? = 0.93; p < 0.00001).

Total leaf number: U. humidicola: y = —15.6500 + 1.6350x — 0.0094x?> (R? = 0.91;
p < 0.00001); Marandu: y = —43.3750 + 1.7188x — 0.0103x? (R? = 0.91; p < 0.00001);
Xaraés: y = —29.4000 + 1.5537x — 0.0097x? (R* = 0.96; p < 0.00001); Mulato II: y = —3.9625
+ 0.6631x —0.0042x? (R? = 0.99; p < 0.00001); Ub001: y = 33.4500 — 0.1800x (R? = 0.82;
p < 0.00001).

Each point represents the mean of four independent replicates (1 = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S5, while the corre-
sponding means * SE are presented in Table S6. Data from the 80% and 120% treatments,
previously published by Souza et al. [23], were combined with data from the 60% and
100% treatments.

The 60% and 120% soil water availability treatments reduced the number of green
leaves in all M. maximus and Urochloa spp. genotypes that exhibited quadratic responses,
with the greatest reductions occurring at 120% of pot water capacity (Figures 2a and 3a).
In M. maximus, no senescent leaves were recorded under any soil water availability level;
however, yellow leaves were observed across the different soil water availability levels, with
variation among genotypes and treatments (Figure 2b). In Urochloa spp., leaf yellowing
also occurred exclusively at 120% of pot water capacity, whereas senescent leaves were
recorded only under this condition, except in U. humidicola, in which no senescent leaves
were observed at any soil water availability level (Figure 3b,c).

Regarding tillering, only ‘BRS Zuri” and PM21 of M. maximus exhibited quadratic
responses, with the highest tiller number occurring at approximately 80% of pot water
capacity and decreasing toward both extremes of soil water availability, particularly at 120%,
whereas ‘Mombaga’, ‘BRS Tamani’, and PM18 showed no response to soil water availability
(Figure 2d). In Urochloa spp., ‘Marandu’ also exhibited a quadratic response, with the
highest tiller number occurring at approximately 80% of pot water capacity and decreasing
toward both extremes, particularly at 120%, whereas “Xaraés’, ‘Mulato I, and Ub001 showed
a linear decrease in tiller number with increasing soil water availability (Figure 4).

Tiller number: Marandu: y = —18.1250 + 0.6250x — 0.0037x> (R? = 0.98; p < 0.00001);
Xaraés: y = 15.2000 — 0.0862x (R? = 0.71; p < 0.00001); Mulato II: y = 8.7250 — 0.0400x
(R% = 0.66; p = 0.00281); Ub001: y = 6.9500 — 0.0300x (R? = 0.53; p = 0.02268).

Each point represents the mean of four independent replicates (1 = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S7, while the corre-
sponding means * SE are presented in Table S8. Data from the 80% and 120% treatments,
previously published by Souza et al. [23], were combined with data from the 60% and
100% treatments.

In M. maximus, leaf blade dry mass showed a response pattern like that observed for
total dry mass (Figure 5a,d). In Tamani and PM18, both traits decreased linearly with
increasing soil water availability. In contrast, ‘Mombaca’, ‘BRS Zuri’, and PM21 exhibited
quadratic responses, with maximum values estimated at approximately 78% of pot water
capacity. This soil water availability also corresponded closely to that associated with
the highest leaf elongation rate and the greatest green leaf number (Figure 2a), whose
maximum values occurred, on average, at 81% of pot water capacity.
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Figure 4. Tiller number of five Urochloa spp. genotypes grown under different soil water availability
levels (% of pot water capacity). Note: Regression equations and coefficients of determination (R?)
are presented only for significant models (p < 0.05).

10 10
A
— | A 7]
L 8 I
9 3
Q a
) o g
w 61 © . __° 6 <
» — — 3
© o — TV —— __ M
€ v e — o
> 47 - = 4 2
5 ~ Q
® Mombaca v v o
3 2+ O Taman \I \ r2 '-1
v Zur ] ~
A pPM18
| PM21
0 . . . : . ; ; T 0
60 80 100 120 60 80 100 120
Soil water availability (%) Soil water availability (%)
(a) (b)
10 30
- 25 4
w 8 A =3
2 5
2 r20 o
2 ° 3
©
g 15 %
> 4 »
> —_
T 10 «
3 3
2 ~
4 lg <=
0 . : ; : 0
60 80 100 120 60 80 100 120
Soil water availability (%) Soil water availability (%)
() (d)

Figure 5. Leaf blade dry mass (a), stem dry mass (b), root dry mass (c), and total dry mass (d) of five
M. maximus genotypes grown under different soil water availability levels (% of pot water capacity).
Note: Regression equations and coefficients of determination (R?) are presented only for significant
models (p < 0.05). The symbols used in panels (b-d) correspond to the genotypes identified in
panel (a).

Leaf dry mass: Mombaga: y = 2.1713 + 0.1684x — 0.0012x* (R? = 0.90; p < 0.00001);
BRS Tamani: y = 7.7650 — 0.0174x (R? = 0.83; p < 0.00001); BRS Zuri: y = —9.1137 + 0.4089x
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—0.0026x? (R? = 0.92; p < 0.00001); PM18: y 9.1487 — 0.0292x (R = 0.94; p < 0.00001);
PM21: y = —9.8090 + 0.3398x — 0.0020x> (R? = 0.99; p < 0.00001).

Stem dry mass: Mombaca: y = 6.7415 — 0.0149x (R? = 0.48); BRS Tamani: y = 3.5600
+ 0.0188x (R? = 0.79; p < 0.00001); BRS Zuri: y = —4.8265 + 0.2448x — 0.0015x> (R* = 0.99;
p < 0.00001); PM18: y = 12.3875 — 0.0515x (R? = 0.95; p < 0.00001); PM21: y = —11.8596 +
0.3871x — 0.0023x? (R? = 0.99; p < 0.00001).

Root dry mass: Mombaca: y = —3.0874 + 0.2322x — 0.0015x* (R? = 0.90; p < 0.00001);
BRS Tamani: y = —1.3859 + 0.2158x — 0.0015x> (R*> = 0.93; p < 0.00001); BRS Zuri:
y = 1.0885 + 0.0872x — 0.0007x* (R* = 0.85; p < 0.00016); PM18: y = —1.8445 + 0.2280x —
0.0016 x x2 (R? = 0.94; p < 0.00001); PM21: y = —5.8257 + 0.2072x — 0.0013x? (R? = 0.90;
p < 0.00001).

Total dry mass: Mombaga: y = 7.8085 + 0.3388x — 0.0024x* (R? = 0.84; p < 0.00001);
BRS Tamani: y = 21.3035 — 0.0519x (R? = 0.75; p < 0.00001); BRS Zuri: y = —12.8517
+ 0.7408x — 0.0048x> (R? = 0.93; p < 0.00001); PM18: y = 31.5905 — 0.1346x (R* = 0.97;
p < 0.00001); PM21: y = —27.4944 + 0.9341x — 0.0056x> (R? = 0.99; p < 0.00001).

Each point represents the mean of four independent replicates (1 = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S9, while the corre-
sponding means + SE are presented in Table S10. Data from the 80% and 120% treatments,
previously published by Souza et al. [23], were combined with data from the 60% and
100% treatments.

Stem dry mass exhibited quadratic responses in ‘BRS Zuri” and PM21, with maximum
values estimated at approximately 83% of pot water capacity. The remaining genotypes
showed linear responses, although only ‘BRS Tamani” exhibited a positive linear trend
(Figure 5b). Notably, tiller number remained unchanged across the different soil water
availability levels in this genotype (Figure 2d).

Root dry mass of the M. maximus genotypes reached maximum values, on average,
at approximately 72% of pot water capacity and was markedly reduced under the 120%
treatment in all genotypes (Figure 5c). A similar response was observed in ‘Xaraés’ and
‘Mulato II, cultivars of Urochloa spp., whose root dry mass decreased linearly with increasing
soil water availability (Figure 6c). In Marandu cultivar, root dry mass exhibited a quadratic
response, decreasing under both low and high soil water availability, with the greatest
reductions occurring at 120% of pot water capacity.

Unlike the other Urochloa spp. genotypes and cultivars, no statistically significant effect
of soil water availability was detected on leaf blade (F = 0.139, p = 0.936), root (F = 0.868,
p = 0.463), or total dry mass (F = 0.187, p = 0.905) of U. humidicola (Figure 6a,c,d). The
estimated differences between 80% and 120% of pot water capacity (80% — 120%) were
0.093 g for leaf blade dry mass (95% CI: —0.945 to 1.130 g), —0.190 g for root dry mass (95%
CI: —2.156 to 1.776 g), and 0.008 g for total dry mass (95% CI: —3.054 to 3.069 g).

Leaf dry mass: Marandu: y = —1.8417 + 0.4016x — 0.0024x? (R? = 0.99; p < 0.00001);
Xaraés: y = 3.9378 + 0.2835x — 0.0018 x> (R? = 0.90; p = 0.00029); Mulato II: y = 8.2281
+ 0.2072x — 0.0014x2 (R? = 0.99; p = 0.00377); Ub001: y = 3.9174 + 0.2353x — 0.0014x2
(R? =0.94; p = 0.00250).

Stem dry mass: U. humidicola: y = 6.1270 + 0.1656x — 0.0009x* (R? = 0.62; p = 0.00208);
Marandu: y = —1.6053 + 0.3766x — 0.0022x> (R? = 0.97; p < 0.00001); Xaraés: y = 6.2245
+ 0.1848x — 0.0011x? (R? = 0.75; p = 0.00009); Mulato II: y = 7.0740 + 0.1913x — 0.0012x>
(R? =0.99; p = 0.00002); Ub001: y = 5.9018 + 0.2083x — 0.0013x* (R? = 0.95; p < 0.00001).

Root dry mass: Marandu: y = —4.6928 + 0.4504 x — 0.0028x* (R* = 0.99; p = 0.00200);
Xaraés: y = 21.0853 — 0.0895x (R? = 0.76; p < 0.00001); Mulato II: y = 17.4900 — 0.0679x
(R? = 0.82; p = 0.00005).

https://doi.org/10.3390/grasses5040043


https://doi.org/10.3390/grasses5040043

Grasses 2026, 5,43

12 of 25

18 15
N /Q T ~.°
- 16 4 A / — - 14 7]
#6 A ;7/ — — = \\\ ] @
= v o 3
a -3 \§ N . L3 o
2 ~ N 5
" 14 0/ N AN \\ <
@ " 8 s AN % L2 3
£ « O~ ¥ @
> 12 4 ) ® ~ . = o
° n 11 @
Y- -]
© ® U. humidicola o
3 10 1 © Marandu -
v Xaraés r10 -~
4 Mulato Il
= Ub0O1
8 T T T T T T T T 9
60 80 100 120 60 80 100 120
Soil water availability (%) Soil water availability (%)
(a) (b)
18 50
~ 15 . -
Z T . ~ s g
o — R~ ~ 5
a ~ x & T L
o 12 & \‘Q\ R RN o
2 § S~ v S~ 2 40 <
3 [ L] \\ - -~ \\ 3
0 —_— [ R
e ° . 1 - S 2
> . « N . 35 i
T 6 * \\ﬁ «Q
- °
: - 2
€ 4 EU
0 T T T T 25
60 80 100 120 60 80 100 120
Soil water availability (%) Soil water availability (%)
(c) (d)

Figure 6. Leaf blade dry mass (a), stem dry mass (b), root dry mass (c), and total dry mass (d) of five
Urochloa spp. genotypes grown under different soil water availability levels (% of pot water capacity).
Note: Regression equations and coefficients of determination (R?) are presented only for significant
models (p < 0.05). The symbols used in panels (b-d) correspond to the genotypes identified in
panel (a).

Total dry mass: Marandu: y = —8.1398 + 1.2285x — 0.0074x* (R? = 0.99; p < 0.00001);
Xaraés: y = 53.3350 — 0.1444x (R? = 0.65; p < 0.00001); Mulato II: y = 19.6465 + 0.6420x
— 0.0044x? (R? = 0.99; p = 0.00208); Ub001: y = 13.3794 + 0.6259 x — 0.0039x* (R? = 0.92;
p = 0.00530).

Each point represents the mean of four independent replicates (n = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S11, while the
corresponding means + SE are presented in Table S12. Data from the 80% and 120%
treatments, previously published by Souza et al. [23], were combined with data from the
60% and 100% treatments.

In U. humidicola, stem dry mass exhibited a quadratic response, with maximum produc-
tion estimated at approximately 92% of pot water capacity, followed by reductions toward
both extremes of soil water availability, which were more pronounced at 60% of pot water
capacity (Figure 6b). The number of tillers remained similar across the different soil water
availability levels, ranging from 10.2 to 12.0 tillers per plant (Figure 4).

In ‘Marandu’, “Xaraés’, ‘Mulato II’, and Ub001, leaf blade and stem dry mass exhibited
quadratic responses, with maximum values estimated between 75% and 85% of pot water
capacity (Figure 6a,b). Leaf elongation rate also showed quadratic responses to soil water
availability in M. maximus genotypes with significant regression models (Figure 7), while a
similar quadratic response was observed in Urochloa spp., with maximum values estimated
at approximately 75% of pot water capacity (Figure 8). Regarding the SPAD index, ‘BRS
Zuri’ and PM18 of M. maximus exhibited quadratic responses, whereas PM21 showed
a linear decrease with increasing soil water availability (Figure 9). In Urochloa spp., the
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highest SPAD index values were generally observed at approximately 80% of pot water
capacity (Figure 10).
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Figure 7. Leaf elongation rate of five M. maximus genotypes grown under different soil water avail-
ability levels (% of pot water capacity). Note: Regression equations and coefficients of determination
(R?) are presented only for significant models (p < 0.05).

7.5

6.0 -

4.5 -

3.0 -

1.5 4

Leaf elongation rate (cm day™)

®  Soil water av ailability

0.0 T T T T
60 80 100 120

Soil water availability (%)

Figure 8. Leaf elongation rate of five Urochloa spp. genotypes grown under different soil water avail-
ability levels (% of pot water capacity). Note: Regression equations and coefficients of determination
(R?) are presented only for significant models (p < 0.05).

Leaf elongation rate: Mombaca: y = —7.5650 + 0.4003x — 0.0021x* (R? = 0.87;
p = 0.00052); BRS Zuri: y = 0.4927 + 0.3005x — 0.0019x* (R? = 0.99; p = 0.00223); PM18:
y = —7.9515 + 0.4552x — 0.0026x* (R? = 0.99; p = 0.00004); PM21: y = 1.1396 + 0.2569x —
0.0018x* (R? = 0.99; p = 0.00255).

Each point represents the mean of four independent replicates (1 = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S3, while the corre-
sponding means + SE are presented in Table S4. Data from the 80% and 120% treatments,
previously published by Souza et al. [23], were combined with data from the 60% and
100% treatments.

Leaf elongation rate: Soil water availability: y = —1.5729 + 0.1953x — 0.0013x?
(R* = 0.89; p < 0.00001).
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Figure 9. Soil-Plant Analysis Development (SPAD) index of five M. maximus genotypes grown under
different soil water availability levels (% of pot water capacity). Note: Regression equations and
coefficients of determination (R?) are presented only for significant models (p < 0.05).
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Figure 10. Soil-Plant Analysis Development (SPAD) index of five Urochloa spp. genotypes grown
under different soil water availability levels (% of pot water capacity). Note: Regression equations
and coefficients of determination (R?) are presented only for significant models (p < 0.05).

Each point represents the mean of four independent replicates (n = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S7, while the corre-
sponding means * SE are presented in Table S8. Data from the 80% and 120% treatments,
previously published by Souza et al. [23], were combined with data from the 60% and
100% treatments.

SPAD index: BRS Zuri: y = —13.1213 + 1.1394x — 0.0066x> (R? = 0.99; p = 0.00792);
PM18: y = —20.6112 + 1.3054x — 0.0075x* (R? = 0.99; p = 0.00285); PM21: y = 55.1725 —
0.2009x (R? = 0.93; p = 0.00002).

Each point represents the mean of four independent replicates (1 = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S3, while the corre-
sponding means * SE are presented in Table S4. Data from the 80% and 120% treatments,
previously published by Souza et al. [23], were combined with data from the 60% and
100% treatments.

SPAD index: U. humidicola: y = 18.0800 + 0.6268x — 0.0041x* (R* = 0.93; p = 0.00529);
Marandu: y = —9.4425 + 1.5376x — 0.0100x> (R* = 0.89); Xaraés: y = —3.0125 + 1.3581x —
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0.0087x* (R* = 0.97; p < 0.00001); Mulato II: y = —9.7950 + 1.5374x — 0.0098x> (R? = 0.75;
p < 0.00001); Ub001: y = —21.0075 + 1.7993x —0.0112x> (R? = 0.98; p < 0.00001).

Each point represents the mean of four independent replicates (n = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S7, while the corre-
sponding means * SE are presented in Table S8. Data from the 80% and 120% treatments,
previously published by Souza et al. [23], were combined with data from the 60% and
100% treatments.

3.2. Gas Exchange Traits

The M. maximus genotypes exhibited distinct gas exchange responses to soil water
availability. In Tamani, net photosynthetic rate (P,,), transpiration rate (E), stomatal conduc-
tance (g ), and intercellular CO, concentration (C;) exhibited quadratic responses, although
with relatively small variation among soil water availability levels (Figure 11a,d). In cv.
‘Mombaca’, only P, exhibited a quadratic response, whereas E, g, and C; increased linearly
with increasing soil water availability. In contrast, cv. BRS Zuri and PM21 showed marked
reductions in P, E, and g, as soil water availability increased. In PM18, these three variables
exhibited quadratic responses, with the lowest values occurring at 60% and 120% of pot
water capacity, whereas Ci increased linearly with increasing soil water availability.
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Figure 11. Photosynthesis (P,, (a)), transpiration (E, (b)), stomatal conductance (g,, (c¢)), and
intercellular CO, concentration (Ci, (d)) of five M. maximus genotypes grown under different soil
water availability levels (% of pot water capacity). Note: Regression equations and coefficients of
determination (R?) are presented only for significant models (p < 0.05). The symbols used in panels
(b—d) correspond to the genotypes identified in panel (a).

Photosynthesis (P,): Mombaca: y = —0.5145 + 0.3976x — 0.0022x> (R? = 0.99;
p = 0.00070); BRS Tamani: y = —4.5663 + 0.4749x — 0.0027x% (R? = 0.84; p = 0.00003);
BRS Zuri: y = 7.7245 4 0.5198x — 0.0037x? (R? = 0.83; p < 0.00001); PM18: y = —39.7398
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+ 1.3902x — 0.0078x (R? = 0.79; p < 0.00001); PM21: y = 31.4239 + 0.4161x — 0.0046x>
(R% = 0.99; p < 0.00001).

Transpiration (E): Mombaca: y = 2.7147 + 0.0202x (R?> = 0.89; p = 0.00017); BRS
Tamani: y = —0.0610 + 0.1076x — 0.0007x* (R* = 0.99; p = 0.01758); BRS Zuri: y = 7.6992
— 0.0221x (R? = 0.55; p = 0.00004); PM18: y = —7.1614 + 0.2838x — 0.0016x*> (R* = 0.99;
p < 0.00001); PM21: y = 12.2565 — 0.0673x (R* = 0.97; p < 0.00001).

Stomatal conductance (g,): Mombaga: y = 0.0795 + 0.0008x (R? = 0.85; p < 0.00001);
BRS Tamani: y = —0.0479 + 0.0047x — 0.00003x* (R* = 0.98; p = 0.00011); BRS Zuri:
y = 0.1069 + 0.0036x — 0.000026x> (R* = 0.65; p = 0.00046); PM18: y = —0.2507 + 0.0100x
— 0.00056x? (R? = 0.99; p < 0.00001); PM21: y = 0.5427 — 0.0035x (R? = 0.96; p < 0.00001).

Intercellular CO, concentration (C;): Mombaca: y = 9.0018 + 0.0982x (R* = 0.84;
p < 0.00001); BRS Tamani: y = 6.0621 + 0.2976x — 0.0019x* (R? = 0.95; p = 0.00350); PM18:
y = 12.8072 + 0.0625x (R? = 0.67; p < 0.00001); PM21: y = 29.9416 — 0.3467x + 0.0019x>
(R? = 0.50; p = 0.00321). Each point represents the mean of four independent replicates
(n = 4) per genotype and soil water availability level. ANOVA results are provided in Table
513, while the corresponding means + SE are presented in Table S14. Data from the 80%
and 120% treatments, previously published by Souza et al. [23], were combined with data
from the 60% and 100% treatments.

Instantaneous carboxylation efficiency (CE) and water use efficiency (WUE) decreased
with increasing soil water availability in ‘Mombaga’, ‘BRS Zuri’, and PM21 (Figure 12a,b).
In ‘Mombaga’, both variables decreased linearly, whereas in PM21 they exhibited quadratic
responses, with more pronounced reductions occurring above approximately 80% of pot
water capacity. A similar pattern was observed for WUE in ‘BRS Zuri’, whereas CE decreased
linearly across the entire soil water availability gradient.
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Figure 12. Carboxylation efficiency (CE, (a)) and water use efficiency (WUE, (b)) of five M. maximus
genotypes grown under different soil water availability levels (% of pot water capacity).

Note: Regression equations and coefficients of determination (R?) are presented only
for significant models (p < 0.05). The symbols used in panel (b) correspond to the genotypes
identified in panel (a).

Carboxylation efficiency (CE): Mombaca: y = 1.3813 — 0.0047x (R? = 0.78; p < 0.00001);
BRS Zuri: y = 2.0372 — 0.0090x (R? = 0.80; p < 0.00001); PM18: y = —2.2057 + 0.0804x
— 0.0005x> (R* = 0.98; p < 0.00001); PM21: y = —0.3211 + 0.0836x — 0.0006x* (R? = 0.97;
p < 0.00001).

Water use efficiency (WUE): Mombaca: y = 5.0425 — 0.0144x (R? = 0.84; p = 0.00008);
BRS Tamani: y = 2.8252 + 0.0130x (R? = 0.81; p = 0.00028); BRS Zuri: y = 1.7389 + 0.0655x
— 0.0004x* (R? = 0.99; p = 0.02623); PM21: y = 1.6812 + 0.0921x — 0.0006x* (R? = 0.98;
p = 0.00166).
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Each point represents the mean of four independent replicates (n = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S15, while the
corresponding means + SE are presented in Table S16. Data from the 80% and 120%
treatments, previously published by Souza et al. [23], were combined with data from the
60% and 100% treatments.

In Urochloa spp., photosynthesis (P,,), transpiration (E), and stomatal conductance
(gs) exhibited quadratic responses in most genotypes. The exception was U. humidicola,
which showed linear decreases in E and g, (Figure 13a,c). Overall, P,,, E, and g, declined
above approximately 80% of pot water capacity in all genotypes, although the reduction
in P,, was less pronounced in U. humidicola. Between 60% and 100% of pot water capacity,
the genotypes differed in the magnitude of their responses for these variables. However,
at 120% of pot water capacity, U. humidicola exhibited higher P, E, and g, values than the
other genotypes.
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Figure 13. Photosynthesis (P,, (a)), transpiration (E, (b)), stomatal conductance (g,, (¢)), and
intercellular CO, concentration (C;, (d)) of five Urochloa spp. genotypes grown under different soil
water availability levels (% of pot water capacity). Note: Regression equations and coefficients of
determination (R?) are presented only for significant models (p < 0.05). The symbols used in panels
(b—d) correspond to the genotypes identified in panel (a).

Photosynthesis (P,): U. humidicola: y = 16.6414 + 0.4044x — 0.0029x> (R* = 0.83;
p < 0.00001); Marandu: y = —23.1131 + 1.5076x — 0.0099x> (R* = 0.87; p < 0.00001);
Xaraés: y = —14.3151 + 1.3018x — 0.0090x? (R? = 0.99; p < 0.00001); Mulato II: y = —0.3875
+ 0.7112x — 0.0049x> (R? = 0.99; p < 0.00001); Ub001: y = —4.3788 + 0.9366x — 0.0065x>
(R? = 0.94; p < 0.00001).

Transpiration (E): U. humidicola: y = 6.7645 — 0.0202x (R?=0.83; p <0.00001); Marandu:
y = —2.1685 + 0.2080x — 0.0014x? (R? = 0.95; p < 0.00001); Xaraés: y = —2.2775 + 0.2106x
— 0.0014x* (R* = 0.99; p < 0.00001); Mulato II: y = 0.2330 + 0.1084x — 0.0007x> (R* = 0.99;
p < 0.00001); Ub001: y = —2.4301 + 0.1885x — 0.0012x2 (R? = 0.97; p < 0.00001).
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Stomatal conductance (g): U. humidicola: y = 0.2780 — 0.0010x (R? = 0.81; p < 0.00001);
Marandu: y = 0.0551 + 0.0055x — 0.000042x> (R* = 0.95; p < 0.00001); Xaraés: y = —0.1581
+ 0.0103x — 0.00007x2 (R? = 0.99; p < 0.00001); Mulato IT: y = 0.0234 + 0.0037x — 0.000026x>
(R*=0.99; p < 0.00001); Ub001: y = —0.1455 + 0.0083x — 0.000053x> (R? = 0.95; p < 0.00001).

Intercellular CO, concentration (C;): U. humidicola: y = 36.2878 — 0.5742x + 0.0031x>
(R? =0.97; p < 0.00001); Marandu: y = 28.1118 — 0.3848x + 0.0021x? (R? = 0.49; p = 0.00006);
Xaraés: y = 3.0304 + 0.2149x — 0.0012x? (R? = 0.99; p = 0.00004); Mulato II: y = 6.9947
+ 0.0485x (R? = 0.76; p < 0.00001); Ub001: y = —3.9133 + 0.2852x — 0.0014x> (R* = 0.94;
p = 0.00002).

Each point represents the mean of four independent replicates (1 = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S17, while the
corresponding means * SE are presented in Table S18. Data from the 80% and 120%
treatments, previously published by Souza et al. [23], were combined with data from the
60% and 100% treatments.

In Urochloa spp., carboxylation efficiency (CE) exhibited quadratic responses to soil
water availability in U. humidicola, ‘Marandu’, “Xaraés’, and ‘Mulato I, with maximum
values estimated at intermediate soil water availability levels, whereas Ub001 showed a
linear decrease (Figure 14a). Water use efficiency (WUE) also exhibited quadratic responses
in U. humidicola and "‘Marandu’, with maximum values estimated at approximately 90% of
pot water capacity. In contrast, “Xaraés’, ‘Mulato II', and Ub001 showed linear decreases in
WUE with increasing soil water availability (Figure 14b). Overall, both physiological traits
tended to decline under high soil water availability.
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Figure 14. Carboxylation efficiency (CE, (a)) and water use efficiency (WUE, (b)) of five Urochloa
spp. genotypes grown under different soil water availability levels (% of pot water capacity). Note:
Regression equations and coefficients of determination (R?) are presented only for significant models
(p < 0.05). The symbols used in panel (b) correspond to the genotypes identified in panel (a).

Carboxylation efficiency (CE): U. humidicola: y = —3.8884 + 0.1592x — 0.0009x>
(R?=098; p < 0.00001); Marandu: y = —5.4601 + 0.2086x — 0.0013x* (R* = 0.70;
p < 0.00001); Xaraés: y = 0.3519 + 0.0726x — 0.0006x*> (R? = 0.99; p < 0.00001); Mulato
II: y = 0.2166 + 0.0655x — 0.0005x* (R? = 0.98; p < 0.00001); Ub001: y = 5.6787 — 0.0348x
(R* =0.92; p < 0.00001).

Water use efficiency (WUE): U. humidicola: y = 1.1969 + 0.1083x — 0.0006x* (R* = 0.99;
p = 0.00552); Marandu: y = 2.5788 + 0.0903x — 0.0006x? (R? = 0.59; p = 0.00845); Xaraés:
y = 7.2028 — 0.0174x (R? = 0.83; p = 0.00002); Mulato II: y = 7.0282 — 0.0161x (R? = 0.87;
p = 0.00007); Ub001: y = 7.2267 — 0.0148x (R? = 0.82; p = 0.000023).

Each point represents the mean of four independent replicates (n = 4) per genotype
and soil water availability level. ANOVA results are provided in Table S19, while the
corresponding means + SE are presented in Table S20. Data from the 80% and 120%
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treatments, previously published by Souza et al. [23], were combined with data from the
60% and 100% treatments.

4. Discussion

Differences in environmental conditions across experimental periods, particularly
in photoperiod, temperature, and vapor pressure deficit (VPD), may have contributed
to variations in plant growth despite the use of a greenhouse. The absence of mineral
fertilization in the substrate may also have influenced plant development, as discussed by
Souza et al. [23]. Although the biological responses were generally consistent with those
reported in previous studies [6,11-17], the potential influence of nutrient availability cannot
be excluded because plant nutrient status, particularly nitrogen status, was not directly
assessed. This limitation should be considered when interpreting SPAD responses and
differences among genotypes. It is also important to note that statistical analyses were
performed independently for each experiment, and no analytical comparisons were made
between them.

Overall, the morphological, agronomic, and physiological responses indicated favor-
able plant performance around the directly tested 80% of pot water capacity. This pattern
was characterized by greater green leaf number, increased tillering in part of the evaluated
materials, higher leaf elongation rates, greater biomass production, higher SPAD index
values, and improved photosynthetic performance across several traits and genotypes. Col-
lectively, these findings indicate that approximately 80% of pot water capacity provided
suitable conditions for plant performance under the experimental conditions evaluated.
These results are consistent with previous studies showing that maximum growth of tropi-
cal forage grasses does not necessarily occur at the maximum water-holding capacity of
the soil, but rather under conditions that combine high water availability with adequate
rhizosphere aeration [20,21,32].

The morphoagronomic changes observed in this study show that plant growth was ad-
versely affected under both reduced and excessive soil water availability, although the effects
were more pronounced at 120% of pot water capacity. The reductions in green leaf number
(Figures 2a and 3a), leaf elongation (Figures 7 and 8), tillering (Figures 2d and 4), and
biomass production (Figures 5 and 6) are consistent with impaired vegetative development
under excessive soil water availability, as reflected in reduced production and expansion of
new tissues. Similar responses have been reported for Urochloa spp. under waterlogging,
including reduced tillering in cv. Marandu [14]. In contrast, greater tillering under high
soil water availability has also been reported for M. maximus genotypes and cvs. Massai and
BRS Tamani [3,7]. These contrasting results may reflect both the genetic variability among
the evaluated materials and differences in experimental conditions, since studies conducted
under open-field conditions may be exposed to higher evaporative demand, potentially
reducing the effective intensity of excess soil water.

The differences observed among the water treatments may reflect the high morpho-
logical plasticity of tropical forage grasses in response to changes in soil water availability.
Under waterlogged conditions, tolerant species may exhibit structural adjustments, such as
shoot elongation, which helps maintain photosynthetically active tissues above the water
surface and thereby minimizes the effects of oxygen deficiency [19]. Under water deficit,
in contrast, plants tend to allocate more resources to root growth, thereby enhancing the
exploration of deeper soil layers in search of water [5]. Conversely, under waterlogged
conditions, root growth at greater soil depths is reduced as an adaptive strategy to minimize
the effects of oxygen deficiency in the root system [17]. In addition, tolerant species develop
morphological and anatomical adaptations, including adventitious roots, aerenchyma for-
mation, and exodermal suberization, which facilitate oxygen diffusion and contribute to
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the maintenance of root function under waterlogged conditions [6,16]. Although these
mechanisms have been documented in previous studies, anatomical and root morphological
adaptations were not directly evaluated in the present experiment.

The absence of statistically significant effects of soil water availability on leaf blade, root,
and total dry mass in U. humidicola is consistent with its reported adaptation to waterlogged
environments, although it does not demonstrate biomass yield stability. Unlike the other
evaluated genotypes and cultivars, this species showed no statistically significant differences
in these biomass traits across the evaluated water availability levels and did not develop
senescent leaves even at 120% of pot water capacity (Figures 3 and 6). Furthermore, the
estimated differences in dry mass between 80% and 120% of pot water capacity were close
to zero, supporting the interpretation of a comparatively stable biomass response under the
evaluated conditions. Nevertheless, the corresponding 95% confidence intervals indicate
that some variation in biomass cannot be excluded. Similar responses have been reported
for U. humidicola under waterlogging, with shoot dry mass maintained in 10 of the 12
evaluated accessions [17]. However, in that study, significant reductions in root dry mass
were observed in most accessions [17], indicating that the magnitude of these responses may
vary according to genetic background and experimental conditions. Likewise, reductions
in forage dry mass, including leaf blade and stem dry mass, have also been reported for
cvs. Marandu and Xaraés under waterlogging [21], corroborating the biomass reductions
observed in the most waterlogging-sensitive genotypes in the present study.

From a molecular perspective, plant responses to waterlogging involve signaling mech-
anisms associated with oxygen deprivation. Under hypoxic conditions, the stabilization of
group VII ethylene response factors (ERF-VIIs), regulated through the oxygen-dependent
N-degron pathway, contributes to the activation of genes involved in hypoxia acclima-
tion [33,34]. Furthermore, ethylene signaling can promote hypoxia tolerance by reducing
nitric oxide (NO) availability, thereby favoring ERF-VII stabilization [35]. Although these
molecular mechanisms were not directly investigated in the present study, they provide
a possible mechanistic framework for interpreting the contrasting responses observed
among the evaluated genotypes, including the comparatively limited biomass response of
U. humidicola to increased soil water availability.

The physiological responses closely paralleled the morphoagronomic changes observed
among the evaluated materials, suggesting an association between reduced growth and
limitations in photosynthetic performance under excessive soil water availability. Overall,
increasing soil water availability above approximately 80% of pot water capacity reduced
SPAD index values, photosynthesis, transpiration, stomatal conductance, instantaneous
carboxylation efficiency, and water use efficiency (Figures 9-14), consistent with limitations
in carbon assimilation. The reduction in SPAD index values may reflect changes in leaf
chlorophyll content, which may have contributed to the lower photosynthetic performance
observed under waterlogged conditions. These responses may also be associated with
reduced oxygen availability in the rhizosphere and consequent limitations in root respiration,
water uptake, and nutrient acquisition, as previously reported for plant species exposed to
root hypoxia [6,36]. However, rhizosphere oxygen availability and root respiration were
not directly measured in the present study.

The reduction in photosynthetic activity was accompanied by decreases in stomatal
conductance and instantaneous carboxylation efficiency, suggesting that stomatal limi-
tations may have contributed to the decline in carbon assimilation. Under waterlogged
conditions, photosynthesis may be constrained not only by stomatal closure but also by re-
duced mesophyll conductance and damage to the photosynthetic apparatus [36]. However,
neither reduced mesophyll conductance nor damage to the photosynthetic apparatus was
directly demonstrated in the present study. The decline in SPAD index values, particularly
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in the Urochloa spp. genotypes (Figures 9 and 10), may be associated with changes in
chlorophyll content, potentially contributing to the observed decline in photosynthetic
performance. This interpretation is consistent with the association between SPAD index
values and chlorophyll pigment content previously reported [37].

Although reductions in physiological parameters were observed in all evaluated mate-
rials under excessive soil water availability, their consequences for plant growth differed
markedly among genotypes. In U. humidicola, reductions in photosynthesis, transpiration,
stomatal conductance, instantaneous carboxylation efficiency, and water use efficiency
(Figures 13 and 14) were not accompanied by statistically significant reductions in biomass
production or tillering (Figures 4 and 6), although changes in these traits cannot be ruled
out under the experimental conditions evaluated. In contrast, with ‘Marandu’, “Xaraés’,
‘Mulato II’ and Ub001, the physiological changes (Figures 13 and 14) were accompanied by
substantial reductions in biomass production (Figure 6), suggesting an association between
the maintenance of photosynthetic activity and greater tolerance to excess soil water. Similar
responses have also been reported for cv. Marandu under waterlogged conditions, where
declines in photosynthesis, transpiration, and stomatal conductance were associated with
reduced dry matter yield [12-14]. These findings reinforce the importance of physiological
responses in discriminating waterlogging tolerance and are consistent with recent evidence
identifying both physiological and morphoagronomic traits as effective selection criteria for
the early screening of tropical forage grass genotypes under controlled conditions [23].

Overall, the effects of excess soil water on plant growth and physiological activity were
more severe than those caused by water deficit. Although 60% of pot water capacity reduced
some morphoagronomic and physiological traits, these effects were less pronounced than
those observed at 120% of pot water capacity. This pattern suggests that the evaluated forage
grasses were more adversely affected by excess soil water than by the moderate water deficit
imposed in the present study, a response that could be associated with reduced oxygen
availability in the rhizosphere. Previous studies have shown that soil pore saturation can
reduce oxygen diffusion, potentially limiting root respiration and ATP production, as well
as energy-dependent processes such as water and nutrient uptake, which may contribute to
reduced photosynthetic activity and plant growth under waterlogged conditions [6,36].

Although reductions in several morphoagronomic traits were also reported at 60% of
pot water capacity, no detrimental effects on plant performance were observed between 100%
and 120% of pot water capacity [3,7], in contrast to the present study. This discrepancy may
be associated with differences in experimental conditions, as those studies were conducted
outdoors with pots maintained under full sunlight. Under these conditions, the higher
evaporative demand may have reduced the effective intensity of excess soil water, making
the 100% and 120% treatments less restrictive to plant growth.

Considering the combined morphoagronomic and physiological responses, the directly
tested 80% treatment was generally associated with favorable plant performance, whereas
the 100% treatment caused substantial reductions in several traits. Although field capacity—
or pot water capacity in container experiments—is traditionally considered the condition
providing the greatest water availability for plants [19], the present results demonstrate that
this condition does not necessarily represent the most favorable environment for the growth
of tropical forage grasses. Similar findings have also been reported for Convert HD364
grass [20], with maximum growth observed between 78.2% and 92.5% of pot water capacity.
Likewise, reduced forage production under waterlogging and lower plant performance
at 100% of pot water capacity have also been reported for cvs. Marandu and Xaraés [21].
Collectively, these findings indicate that 100% of pot water capacity is not necessarily the
most appropriate control treatment for pot experiments. Instead, under the conditions
evaluated in the present study, approximately 80% of pot water capacity provided a more
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suitable reference condition for screening assays aimed at identifying waterlogging-tolerant
tropical forage grass genotypes than the 100% treatment traditionally adopted in such
studies [12-17]. Unlike the previous study by Souza et al. [23], which focused on the relative
waterlogging tolerance of the evaluated genotypes using the 80% and 120% treatments,
the present study incorporates the additional 60% and 100% treatments to examine plant
responses across a broader range of soil water availability. This expanded analysis provides
new evidence that 100% of pot water capacity does not necessarily represent the most
favorable control condition and supports the use of approximately 80% as a reference
treatment for controlled-environment waterlogging screening assays in the early stages of
forage breeding programs, under the evaluated experimental conditions.

The use of approximately 80% of pot water capacity as the control treatment, combined
with 120% of pot water capacity as the waterlogging treatment, provides a suitable method-
ological approach for screening assays conducted under the controlled conditions evaluated
in this study. Under the experimental conditions of the present study, the 120% treatment
produced an approximately 1 cm water layer above the soil surface. This depth is lower than
the 3 cm water layer conventionally adopted in waterlogging studies with tropical forage
grasses [11-14,17]. However, it was sufficient to induce the morphological, agronomic,
and physiological responses typically associated with waterlogging stress, allowing clear
discrimination between tolerant and susceptible genotypes. Therefore, the combination
of 80% and 120% of pot water capacity represents a candidate screening protocol based
on the specific genotypes, substrate, pot system, greenhouse conditions, and experimental
duration evaluated in the present study. Broader application and standardization of these
water availability levels would require independent validation across different substrates,
environmental conditions, pot systems, experimental durations, and forage grass genotypes.
This methodological framework expands upon the findings of Souza et al. [23] by providing
an experimental basis for optimizing controlled-environment screening assays designed to
identify waterlogging-tolerant tropical forage grass genotypes.

5. Conclusions

The M. maximus and Urochloa spp. genotypes generally exhibited favorable morphoa-
gronomic and physiological performance at the directly tested 80% pot water capacity
treatment under the experimental conditions evaluated. Based on these findings, approx-
imately 80% pot water capacity is recommended as the control treatment for screening
assays aimed at identifying waterlogging-tolerant genotypes.

The 120% treatment was sufficient to induce typical waterlogging responses, markedly
impairing the productive and physiological performance of most evaluated materials while
allowing clear discrimination between tolerant and susceptible genotypes. Therefore, the
combination of approximately 80% of pot water capacity as the control treatment is proposed
as a candidate protocol for screening waterlogging tolerance in tropical forage grasses under
the substrate, plant materials, and 21-day exposure period evaluated in this study. Broader
application and standardization of this protocol would require independent validation
under different substrates, plant materials, and experimental conditions. Furthermore, al-
though controlled-environment screening provides standardized conditions for preliminary
genotype evaluation, it does not fully reproduce the complexity of field environments. There-
fore, subsequent field evaluations are needed to confirm the agronomic performance and
waterlogging tolerance of selected genotypes under more variable environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/grasses5040043/s1, Table S1. Analysis of variance for green, yellow,
and total leaf numbers of Megathyrsus maximus genotypes subjected to different soil water availability
levels; Table S2. Treatment means and standard errors for green, yellow, and total leaf numbers in
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Megathyrsus maximus genotypes under different soil water availability levels; Table S3. Analysis of
variance for tiller number, leaf elongation rate, and SPAD index of Megathyrsus maximus genotypes
subjected to different soil water availability levels; Table S4. Treatment means and standard errors for
tiller number, leaf elongation rate, and SPAD index in Megathyrsus maximus genotypes under different
soil water availability levels; Table S5. Analysis of variance for green, yellow, senescent, and total
leaf numbers in Urochloa spp. genotypes subjected to different soil water availability levels; Table S6.
Treatment means and standard errors for green, yellow, senescent, and total leaf numbers in Urochloa
spp. genotypes under different soil water availability levels; Table S7. Analysis of variance for tiller
number, leaf elongation rate, and SPAD index in Urochloa spp. genotypes under different soil water
availability levels; Table S8. Treatment means and standard errors for tiller number, leaf elongation
rate, and SPAD index in Urochloa spp. genotypes under different soil water availability levels; Table S9.
Analysis of variance for leaf blade, stem, root, and total dry mass of Megathyrsus maximus genotypes
subjected to different soil water availability levels; Table S10. Treatment means and standard errors
for leaf, stem, root, and total dry mass in Megathyrsus maximus genotypes under different soil water
availability levels; Table S11. Analysis of variance for leaf blade, stem, root, and total dry mass in
Urochloa spp. genotypes under different soil water availability levels; Table S12. Treatment means and
standard errors for leaf, stem, root, and total dry mass in Urochloa spp. genotypes under different soil
water availability levels; Table S13. Analysis of variance for photosynthesis, transpiration, stomatal
conductance, and intercellular CO, concentration in Megathyrsus maximus genotypes subjected to
different soil water availability levels; Table S14. Treatment means and standard errors for net
photosynthetic rate, transpiration rate, stomatal conductance, and internal CO, concentration in
Megathyrsus maximus genotypes under different soil water availability levels; Table S15. Analysis
of variance for carboxylation efficiency and water use efficiency in Megathyrsus maximus genotypes
under different soil water availability levels; Table S16. Treatment means and standard errors for
carboxylation efficiency and water use efficiency in Megathyrsus maximus genotypes under different
soil water availability levels; Table S17. Analysis of variance for photosynthesis, transpiration, stomatal
conductance, and intercellular CO, concentration in Urochloa spp. genotypes under different soil
water availability levels; Table S18. Treatment means and standard errors for net photosynthetic rate,
transpiration rate, stomatal conductance, and internal CO, concentration in Urochloa spp. genotypes
under different soil water availability levels; Table S19. Analysis of variance for carboxylation efficiency
and water use efficiency in Urochloa spp. genotypes under different soil water availability levels;
Table S20. Treatment means and standard errors for carboxylation efficiency and water use efficiency
in Urochloa spp. genotypes under different soil water availability levels.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA  Analysis of Variance

CE Carboxylation efficiency

G Intercellular CO, Concentration

CIAT International Center for Tropical Agriculture
E Transpiration

IRGA Infrared Gas Analyzer

MDS Marandu Death Syndrome

PAR Photosynthetically Active Radiation

s Stomatal conductance

P, Photosynthesis

VPD Vapor Pressure Deficit

SPAD SPAD index
WUE Water use efficiency
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