
Academic Editor: Fabio Gresta

Received: 30 September 2025

Revised: 1 December 2025

Accepted: 6 January 2026

Published: 15 January 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Selection of Morphoagronomic Traits for Screening Tropical
Forage Genotypes for Waterlogging Tolerance Under
Controlled Conditions
Clemeson Silva de Souza 1 , Marcio de Oliveira Martins 2 , Liana Jank 3, Sanzio Carvalho Lima Barrios 3,
Carlos Mauricio Soares de Andrade 4 , Márcia Silva de Mendonça 5 and Giselle Mariano Lessa de Assis 3,*

1 Federal Institute of Education, Science and Technology of Rondônia-Guajará-Mirim Campus,
Av. 15 de Novembro, 4849, Planalto, Guajará-Mirim 76850-000, RO, Brazil; clemeson.souza@ifro.edu.br

2 Department of Biochemistry and Molecular Biology, Federal University of Ceara, Campus do Pici,
Av. Humberto Monte, s/n, Pici, Fortaleza 60440-900, CE, Brazil; martins@ufc.br

3 Brazilian Agricultural Research Corporation-Embrapa Beef Cattle, Av. Rádio Maia, 30-Vila Popular,
Campo Grande 79106-550, MS, Brazil; liana.jank@embrapa.br (L.J.); sanzio.barrios@embrapa.br (S.C.L.B.)

4 Brazilian Agricultural Research Corporation-Embrapa Acre, Rodovia BR 364, Km 14,
Rio Branco 69900-970, AC, Brazil

5 Center of Biological and Natural Sciences, Federal University of Acre, Rio Branco 69917-560, AC, Brazil;
marcia.bio2017@gmail.com

* Correspondence: giselle.assis@embrapa.br

Abstract

Poorly drained pastures in tropical America are recurrently degraded by Marandu Death
Syndrome (MDS), affecting beef and dairy production. This study screened genotypes
of Megathyrsus maximus and Urochloa spp. for waterlogging tolerance under controlled
conditions to identify discriminant, easily measurable morphoagronomic traits suitable
for breeding programs. Four experiments were conducted in factorial arrangement (five
genotypes × two water regimes, with four replications), where morphoagronomic and
physiological variables were analyzed using multivariate techniques. The first two prin-
cipal components explained 75.17–88.60% of the total variation and stayed above 70%
after variable reduction, without significantly altering genotype dispersion. Physiological
responses showed a strong correlation with morphoagronomic traits. The most informative
traits were the number of yellow and senescent leaves, number of tillers, SPAD index,
leaf dry mass, and root dry mass. Genotypes were grouped by tolerance level. Among
M. maximus, ‘Mombaça’ was the most tolerant, while PM13 and PM21 were the least. In
Urochloa spp., U. humidicola cv. Tully was the most tolerant and ‘Marandu’ the least toler-
ant. Screening under controlled conditions is an alternative to distinguish genotypes with
contrasting tolerance; however, because controlled environments do not fully reproduce
the multifactorial nature of MDS, this approach is recommended only for early stages of
breeding programs. Nevertheless, field evaluations on poorly drained soils under grazing
remain essential to confirm tolerance to MDS.

Keywords: Brachiaria spp.; forage breeding; Panicum maximum; trait selection; marandu
death syndrome

1. Introduction
Pastures are the predominant source of forage for grazing animals worldwide, and the

sustainability of these agroecosystems is a global priority [1]. A critical need in many global
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grazing systems is to improve resilience by increasing the diversity of forage species [2].
However, in countries like Brazil—where pasture area expanded by 51% over a 32-year
period (1985 to 2017) [3]—approximately 85% of the cultivated pasturelands are composed
solely of grasses from the Urochloa genus [4], with the Marandu cultivar being the most
significant monoculture, covering more than 50 million hectares in 2014 [5].

In 2022, livestock farming in Brazil relied on 161 million hectares of pasture, accounting
for about 19% of the national territory [6]. Grasses from Urochloa spp. (syn. Brachiaria spp.)
are the most preferred in cultivated pastures in Brazil and are widely distributed throughout
the tropical zone [4]. Cultivars of Megathyrsus maximus (syn. Panicum maximum) are also
traditionally important, as they contribute to the intensification of livestock production due
to their high diversity and adaptability to various environments [7]. In addition to their
role in animal feed, Urochloa spp. and M. maximus grasses are key to the Brazilian tropical
forage seed industry, which reached US $67.1 million in exports in 2022, supplying all Latin
American countries [5,8].

In the Amazon biome, pastures are commonly established in poorly drained and/or
waterlogged soils, exposed to high rainfall rates that can exceed 500 mm/month during
the rainy season [9]. This condition is the primary predisposing factor for the Marandu
Death Syndrome (MDS), a complex, multifactorial disease [10–12]. MDS is characterized
by the interaction between the physiological stress caused by soil waterlogging and the
subsequent proliferation and action of soil-borne pathogens [10,11]. It is important to note
that while controlled experiments often isolate the waterlogging component to study plant
tolerance mechanisms, these conditions are not a perfect analogue of the full field MDS,
which involves pathogen interaction. This syndrome leads to severe pasture degradation
and significant losses in meat and milk production.

MDS has been reported in several tropical regions of the Americas, including Costa
Rica [13], Brazilian Amazon states [14], and pastures in Colombia, Venezuela, and
Guyana [15]. This has led the Brazilian Agricultural Research Corporation (Embrapa)
and the International Center for Tropical Agriculture (CIAT) to invest in research to identify
causes and develop solutions to this issue [16–20].

The study of the response mechanisms inherent to the natural variation in flooding
tolerance in plants is an important step for managing waterlogged pastures. Based on this,
several studies have been conducted on genotypes from the Urochloa genus [17–20] and
M. maximus [8,21,22]. These studies primarily target morphological, physiological, and
anatomical changes, which are relevant because such information supports the selection of
genotypes tolerant to poorly drained soils.

In the Urochloa and Megathyrsus genera, some cultivars are recommended for pastures
under waterlogged conditions. Urochloa humidicola (syn. Brachiaria humidicola) is among
the most tolerant forage species [16,19], playing an important role in systems affected
by MDS. In M. maximus, cultivars such as ‘Mombaça’ and ‘BRS Zuri’ have been recom-
mended to increase the persistence of pastures in poorly drained soils [9,21,23]. These
recommendations are often based on field observations of persistence under poorly drained
conditions. Although the recommendation of cultivars for use in waterlogged and/or
flooded soils has increased, identifying genotypes that combine excellent flooding tolerance
with high biomass production and nutritional quality is still necessary [20]. To acceler-
ate the breeding process, effective selection requires a controlled-environment screening
method using simple methodology, based on the evaluation of easily measurable traits.
While physiological traits are difficult to assess, they are important for identifying tolerance
to this stress [18,24,25]. Currently, employed methods generally assess a small number of
genotypes and focus on selection for flooding tolerance. The use of multivariate analysis
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techniques and selection indices may help define easily measurable discriminant traits and
identify more tolerant genotypes.

This study aimed to identify morphoagronomic traits that discriminate waterlogging
tolerance in tropical forage grasses and to assess the performance of genotypes with
contrasting responses under controlled conditions, providing practical criteria for early-
stage selection in breeding programs.

2. Materials and Methods
2.1. Experimental Site

This study was conducted at Embrapa Acre, located in Rio Branco, Acre (latitude
9◦58′22′′ S; longitude 67◦48′40′′ W; altitude 159 m above sea level). The region has an
average annual precipitation of 2022 mm, an average annual temperature of 25.46 ◦C, and
an average relative humidity of 85.2% [26].

2.2. Plant Material and Experimental Design

Between 2019 and 2021, four experiments were conducted in a controlled environment
(screen house) using M. maximus and Urochloa spp. genotypes with contrasting tolerance
levels to Marandu Death Syndrome (MDS) (Table 1).

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 References

1 M. maximus

cv. Mombaça Medium; tolerant [27,28]
cv. BRS Quênia Low; intermediate [27,28]
PM13 Highly susceptible [28]
PM14 Tolerant [28]
PM22 Susceptible [28]

2 M. maximus

cv. Mombaça Medium; tolerant [27,28]
cv. BRS Tamani Low [27]
cv. BRS Zuri Medium; tolerant [27,28]
PM18 Tolerant [28]
PM21 Highly susceptible [28]

3

U. humidicola cv. Tully High; Highly tolerant [27,28]
U. brizantha cv. Marandu Very Low; Highly susceptible [27,28]
Urochloa spp. Uspp1 Low/Medium Unpublished data
Urochloa hybrid 27-11 Highly susceptible [28]
Urochloa hybrid 628-10 Susceptible [28]

4

U. humidicola cv. Tully High; Highly tolerant [27,28]
U. brizantha cv. Marandu Very Low; Highly susceptible [27,28]
U. brizantha cv. Xaraés Medium; tolerant [27,28]
Urochloa hybrid cv. Mulato II Low; intermediate [27,28]
U. brizantha Ub001 Low/Medium Unpublished data

The plants were grown in a substrate composed of soil and sand, which were chemi-
cally analyzed separately (Table 2). The soil was collected from the surface layer (0–20 cm)
of a Latosol in an agricultural area of the experimental field at Embrapa Acre. After being
sieved and dried, it was mixed with washed and dried sand in a 1:1 ratio, with no mineral
fertilizer added.
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Table 2. Chemical composition of the soil and sand.

Substrate
pH P K Ca Mg H + Al Al OM BS CEC

H2O mg dm−3 --------------cmolc dm−3------------- g kg−1 % pH7

Soil 6.91 27.64 0.75 6.25 1.25 0.71 0.01 22.44 92.11 9.01
Sand 5.90 28.66 0.16 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.

All genotypes were obtained from seeds provided by Embrapa Beef Cattle, except for
Ub001, which was propagated from cuttings collected from clumps in the experimental
field of Embrapa Acre. The seeds were germinated in trays filled with a substrate composed
of ashes and decomposed pine bark. Ten days after sowing, three uniform and similarly
vigorous seedlings were transplanted into 5-L plastic pots containing 5 kg of substrate. The
Ub001 seedlings (tillers with 10 cm and the same number of leaves) were collected and
directly planted in triplicate in the pots on the same day as the seedling transplant. After
ten days, plants were thinned to one per pot, retaining the most vigorous and uniform
individual in each pot. The plants were then allowed to grow for another ten days before the
imposition of water availability regimes. Prior to the initiation of the water treatments, pots
were irrigated until reaching 90% of the pot capacity, monitored daily using a digital scale.
This percentage was calculated based on the water mass retained at 100% of pot capacity.

Pot capacity was determined before the beginning of each experiment through gravi-
metric drainage. In four pots, 5 kg of dry substrate were placed over 500 g of gravel
(granulometry between 19 mm and 25 mm). Pots were weighed to record the initial weight
(IW). Then, water was added until complete saturation of the substrate. Pots were left
on the bench for free drainage and weighed every 2 h during the first 10 h, with a final
weighing after 24 h. To prevent water loss by evapotranspiration, the pots were sealed with
plastic film. After full drainage, pots were weighed again to register the final weight (FW).
Pot capacity (PC) was calculated using the equation PC = FW − IW.

Experiments 1 and 3 were conducted in a completely randomized design, while
Experiments 2 and 4 followed a randomized block design. All experiments followed a
factorial combination of five genotypes and two water availability conditions (waterlogged
and well-drained), with four replications. Twenty days after transplanting, the genotypes
were subjected to two water availability regimes: in Experiments 1 and 3, the well-drained
treatment (control) was maintained at 90% of pot capacity, and in the flooded treatment, a
3 cm water layer was imposed above the soil surface. In Experiments 2 and 4, the control
treatment was maintained at 80% of pot capacity and the flooded treatment at 120% of pot
capacity (approximately 1 cm water layer above the soil surface). The 3 cm water layer
used in Experiments 1 and 3 followed the methodology classically adopted in waterlogging
studies with tropical forage grasses [15–19], ensuring comparability with previous research.
In contrast, the 1 cm water layer imposed in Experiments 2 and 4 was chosen to better
simulate the shallow water accumulation typically observed in poorly drained pastures
affected by Marandu Death Syndrome under field conditions. This adjustment allowed us
to evaluate whether a milder flooding level would improve the discrimination of genotypic
responses under more realistic environmental conditions. The levels of 80%, 90%, and
120% of pot capacity were determined as fractions of 100% of PC. In the waterlogged
treatment, water drainage was prevented by placing the pots into other containers with
sealed drainage using plastic bags.

In each experiment, temperature and humidity inside the screen house were recorded,
and vapor pressure deficit was calculated according to the Tetens equation [29]. Although

https://doi.org/10.3390/grasses5010005



Grasses 2026, 5, 5 5 of 20

the experiments took place in different years and seasons, they were conducted in a
greenhouse (semi-controlled environment), which minimized the influence of external
factors such as precipitation. The daily environmental variation (temperature, relative
humidity, and VPD) for each experiment is shown in Figure 1. Despite being carried out in a
semi-controlled environment and in different years, the statistical analyses were performed
independently, and no cross-experiment comparisons were made.
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Figure 1. Daily means of temperature (◦C), relative air humidity (%), and vapor pressure deficit
(VPD, kPa) inside the screen house at Embrapa Acre: Experiment 1 with M. maximus (a); Experiment
2 with M. maximus (b); Experiment 3 with Urochloa spp. (c); Experiment 4 with Urochloa spp. (d).

2.3. Plant Measurements

Morphoagronomic traits, SPAD index, membrane damage, relative water content,
and physiological traits related to gas exchange were evaluated once, after 21 days of
growth under well-drained or waterlogged conditions. This treatment period followed
the methodology developed by CIAT [30], which describes a screening protocol in which
Urochloa plants are grown under controlled conditions and subsequently subjected to
21 days of continuous waterlogging, allowing the assessment of key morphophysiological
traits, including green leaf biomass, SPAD index, and photosynthetic performance.

The number of green, yellowed, and senescent leaves was counted on fully expanded
leaves per pot, and the totals were summed to obtain the total leaf number. The number of
live and dead tillers was determined by counting green and dry tillers per pot, respectively.
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Leaf elongation rate was measured according to Dias-Filho and Carvalho [16]. The
SPAD (Soil Plant Analysis Development) index was assessed with three consecutive mea-
surements on the middle third of three fully expanded leaves using a Minolta SPAD-502
chlorophyll meter [31].

At the end of the experiment, the dry mass of leaves, stems, and roots were determined
by cutting the aerial biomass at soil level and separating leaves (leaf blades) and stems
(including leaf sheaths) at the ligule junction. The substrate was removed from the roots
with running water. Samples were dried in an oven at 65 ◦C and weighed after 72 h. Total
dry mass was calculated as the sum of the dry masses of leaves, stems, and roots.

Membrane damage and relative water content analyses were performed only in Exper-
iments 1 and 3, following the procedures described by Liu et al. [32], with modifications.

For membrane damage (MD) evaluation, ten leaf discs were taken from a fully ex-
panded leaf and immersed in 10 mL of deionized water for 8 h. Subsequently, the con-
ductivity of the suspension was measured using a benchtop conductivity meter calibrated
with a standard solution, obtaining the first conductivity reading (C1). Then, the discs
were incubated in a water bath at 100 ◦C for 1 h. After cooling, electrical conductivity was
measured again (C2). Membrane damage was calculated as follows: MD = (C1/C2) × 100.

For relative water content (RWC) analysis, 100 mg of leaf discs from the same leaf used
for MD were weighed to obtain fresh mass (FM). Discs were immersed in 20 mL of deionized
water in Petri dishes for 24 h at 4 ◦C in darkness. After this period, discs were weighed to obtain
turgid mass (TM). Subsequently, discs were dried in an oven at 65 ◦C with forced air circulation
until constant weight was achieved and then weighed to obtain dry mass (DM). Finally, RWC
was calculated by the expression: RWC = [(FM − DM)/(TM − DM)] × 100.

Gas exchange measurements were always performed in the morning between 9:00
and 11:00 a.m. using an infrared gas analyzer (IRGA; portable LI-6400xt model, LI-COR
Biosciences Inc., Lincoln, NE, USA). Measurements were taken on a fully expanded young
leaf blade. Photosynthetically active radiation (PAR) in the cuvette was maintained at
1200 µmol photons m−2 s−1, atmospheric CO2 concentration at 400 ppm, and temperature
at 30 ◦C. The following parameters were evaluated: net photosynthesis (Pn), stomatal
conductance (gs), leaf transpiration (E), and intercellular CO2 concentration (Ci). Carboxy-
lation efficiency (CE) and water use efficiency (WUE) were calculated as the ratios Pn/Ci
and Pn/E, respectively.

2.4. Statistical Analysis

All statistical analyses were performed using R software, version 4.1.3 [33]. Principal
component analyses (PCA) were conducted using the FactoMineR package version 2.4 [34]
to select variables and evaluate the distance among genotypes. Analyses were based on
the relative average percentage (RAP) between plants under control treatment (CT) and
waterlogging treatment (WT) within the same genotype (RAP = WT × 100/CT) for all
variables except total leaf number and total dry mass.

After performing PCA with all variables, variable selection was conducted with the
main criterion being the retention of variance explained by the first two principal com-
ponents above 70% [35–37]. Additionally, biological relevance and/or ease of evaluation
were considered. Thus, variables that were difficult to assess and/or had low biological
importance were excluded whenever possible.

Standardized Euclidean distances from the genotype scores for the first two principal
components were calculated using the R function dist. These distances were used to
generate clusters via the Tocher optimization method in the MultivariateAnalysis package
version 0.4.4 [38].
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The sum of ranks index [39] was applied to classify genotypes according to their level
of tolerance to soil waterlogging, using the R function rank. Classification was carried
out with two sets of variables selected from PCA: morphoagronomic variables (MAV)
and morphoagronomic plus physiological variables (MAV + PV). Spearman correlation
coefficients between the sum of ranks of MAV, PV, and MAV + PV were obtained using the
R function cor.test.

3. Results
Principal component analyses revealed variation among genotypes for tolerance to

waterlogging. The first two components of the dataset containing all traits accounted for
75.17% to 88.60% of the total variation (Figures 2a, 3a, 4a and 5a), indicating that graphical
interpretation could be performed based on the two-dimensional dispersion.

Figure 2. Biplot of five Megathyrsus maximus genotypes evaluated in Experiment 1, based on principal
component scores (PC1 and PC2) obtained using all morphoagronomic and physiological variables
(a) and only the selected variables (b). Variables: number of green leaves (NGL); number of yellow
leaves (NYL); number of dry leaves (NDL); tiller number (TN); leaf elongation rate (LER); SPAD
index (SPAD); membrane damage (MD); relative water content (RWC); leaf dry mass (LDM); stem
dry mass (SDM); root dry mass (RDM); photosynthesis (Pn); transpiration (E); stomatal conductance
(Gs); internal CO2 concentration (Ci); carboxylation efficiency (CE); and water use efficiency (WUE).
Blue labels represent the forage genotypes, and red labels represent the abbreviations of the variables.

Figure 3. Biplot of five Megathyrsus maximus genotypes evaluated in Experiment 2, based on principal
component scores (PC1 and PC2) obtained using all morphoagronomic and physiological variables (a)
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and only the selected variables (b). Variables: number of green leaves (NGL); number of yellow leaves
(NYL); tiller number (TN); leaf elongation rate (LER); SPAD index (SPAD); leaf dry mass (LDM); stem
dry mass (SDM); root dry mass (RDM); photosynthesis (Pn); transpiration (E); stomatal conductance
(Gs); internal CO2 concentration (Ci); carboxylation efficiency (CE); and water use efficiency (WUE).
Blue labels represent the forage genotypes, and red labels represent the abbreviations of the variables.

Figure 4. Biplot of five Urochloa spp. genotypes evaluated in Experiment 3, based on principal
component scores (PC1 and PC2) obtained using all morphoagronomic and physiological variables
(a) and only the selected variables (b). Variables: number of green leaves (NGL); number of yellow
leaves (NYL); number of dry leaves (NDL); tiller number (TN); leaf elongation rate (LER); SPAD
index (SPAD); membrane damage (MD); relative water content (RWC); leaf dry mass (LDM); stem
dry mass (SDM); root dry mass (RDM); photosynthesis (Pn); transpiration (E); stomatal conductance
(Gs); internal CO2 concentration (Ci); carboxylation efficiency (CE); and water use efficiency (WUE).
Blue labels represent the forage genotypes, and red labels represent the abbreviations of the variables.

Figure 5. Biplot of five Urochloa spp. genotypes evaluated in Experiment 4, based on principal
component scores (PC1 and PC2) obtained using all morphoagronomic and physiological variables
(a) and only the selected variables (b). Variables: number of green leaves (NGL); number of yellow
leaves (NYL); number of dry leaves (NDL); tiller number (TN); leaf elongation rate (LER); SPAD
index (SPAD); leaf dry mass (LDM); stem dry mass (SDM); root dry mass (RDM); photosynthesis
(Pn); transpiration (E); stomatal conductance (Gs); internal CO2 concentration (Ci); carboxylation
efficiency (CE); and water use efficiency (WUE). Blue labels represent the forage genotypes, and red
labels represent the abbreviations of the variables.

Based on the PCA including all variables, a variable reduction process was conducted.
The main criterion adopted for this step was the preservation of the variance retained
in the first two principal components, maintaining an explanatory power above 70%.
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Additionally, the difficulty of measurement and the biological relevance of each trait were
also considered. Among the evaluated traits, the number of green leaves, stem dry mass,
leaf elongation rate, relative water content, membrane damage, transpiration, and stomatal
conductance were excluded.

After variable reduction, the accumulated variance in the first two principal compo-
nents was slightly reduced in Experiment 1 (by 2.13%) (Figure 2a,b) and in Experiment 4
(by 0.64%) (Figure 5a,b); however, retained variance remained above 70%. In Experiments 2
and 3 (Figures 3 and 4), the accumulated variance in the first two principal components in-
creased by 2.16% and 0.57%, respectively. The genotype dispersion pattern in Experiments
1, 2, 3, and 4 was minimally altered after variable reduction. In the M. maximus experiments,
the genotypes shifted slightly within the two-dimensional space, but the distances between
them remained nearly unchanged (Figures 2 and 3). The most notable changes, albeit
minor, were observed in the experiments with Urochloa spp. genotypes. In Experiment 3,
after variable reduction, hybrid 628-10 became more distant from cv. Marandu (Figure 4),
while in Experiment 4, cv. Xaraés moved away from accession Ub001 and became closer
to cv. Marandu (Figure 5). Due to this last change in Urochloa spp. experiment, new
analyses were conducted, and it was found that the inclusion of the variable stem dry
mass maintained a dispersion pattern like that of Figure 5a, with ‘Xaraés’ remaining more
distant from ‘Marandu’ (Figure 6). For the other experiments, the inclusion of this trait
caused minimal changes in the graphical dispersions of PCA. However, in the subsequent
cluster and ranking analyses using the selection index, the results were not consistent,
indicating that it is more appropriate not to include stem dry mass in all experiments. It
is worth noting that this variable may be important depending on the population under
analysis. Therefore, validation trials with populations composed of a larger number of
genotypes are recommended. Despite these differences, in general, the variable reduction
process proved effective, indicating that the excluded traits were not essential for assessing
genotype divergence.

Figure 6. Biplot of five Urochloa spp. genotypes evaluated in Experiment 4, based on principal
component scores (PC1 and PC2) obtained using only the selected variables plus SDM. Variables:
number of yellow leaves (NYL); number of dry leaves (NDL); tiller number (TN); SPAD index (SPAD);
leaf dry mass (LDM); stem dry mass (SDM); root dry mass (RDM); photosynthesis (Pn); internal
CO2 concentration (Ci); carboxylation efficiency (CE); and water use efficiency (WUE). Blue labels
represent the forage genotypes, and red labels represent the abbreviations of the variables.

Using Tocher’s optimization method based on the standardized Euclidean distance
of principal component scores, the genotypes were clustered into distinct groups. The M.
maximus genotypes were separated into three groups in both experiments (Tables 3 and 4).
In Experiment 1, Group I included ‘Mombaça’ and ‘BRS Quênia’, Group II comprised PM13
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and PM22, and Group III contained PM14. In Experiment 2, Group I was composed of
three genotypes (‘Mombaça’, ‘BRS Zuri’, and PM18), while Groups II (‘BRS Tamani’) and III
(PM21) each contained a single genotype. Based on the biplots, no clear clustering pattern
was observed for these genotypes (Figures 2b and 3b).

Table 3. Clustering of five Megathyrsus maximus genotypes using the Tocher optimization method
based on standardized Euclidean distance. Experiment 1.

Groups Genotypes Mean Distance

I Mombaça e BRS Quênia 1.34
II PM13 e PM22 1.24
III PM14 0.00

Between groups - 6.26
Cophenetic correlation: 0.69 (p < 0.05).

Table 4. Clustering of five Megathyrsus maximus genotypes using the Tocher optimization method
based on standardized Euclidean distance. Experiment 2.

Groups Genotypes Mean Distance

I Mombaça, BRS Zuri e PM18 1.25
II Tamani 0.00
III PM21 0.00

Between groups - 6.87
Cophenetic correlation: 0.76 (p < 0.05).

In Experiments 3 and 4, the Urochloa spp. genotypes were separated into two groups
using the Tocher optimization method (Tables 5 and 6), with U. humidicola allocated to a
group distinct from the other genotypes. The high level of waterlogging tolerance exhibited
by U. humidicola compared to the others likely hindered the Tocher method from effectively
discriminating among the remaining Urochloa spp. genotypes. Consequently, the groups
formed by these genotypes (Group I in Experiments 3 and 4) were subjected to additional
clustering analyses to form subgroups.

Table 5. Clustering of five Urochloa spp. genotypes using Tocher’s optimization method based on
standardized Euclidean mean distance. Experiment 3.

Groups Genotypes Mean Distance

I Marandu, Uspp1, 27-11 e 628-10 2.68
II U. humidicola 0.00

Between groups - 6.17
Cophenetic correlation: 0.84 (p < 0.05).

Table 6. Clustering of five Urochloa spp. genotypes using Tocher’s optimization method based on
standardized Euclidean mean distance. Experiment 4.

Groups Genotypes Mean Distance

I Marandu, Xaraés, Mulato II e Ub001 2.32
II U. humidicola 0.00

Between groups - 6.70
Cophenetic correlation: 0.92 (p < 0.05).

When analyzing Urochloa spp. genotypes without U. humidicola, two groups were
formed by Tocher’s method in Experiment 3. Cultivar Marandu and the hybrids 27-11
and 628-10 were clustered into one group, while Uspp1 was allocated to a separate group
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(Table 7), a result consistent with the two-dimensional dispersion observed in Figure 4b. In
Experiment 4, Tocher’s method also resulted in the formation of two groups, with one being
a single group composed of the Ub001 accession, and the other including the remaining
genotypes (Table 8). Graphical dispersion analysis (Figure 5b) revealed greater proximity
between cv. Marandu and cv. Xaraés. However, according to Tocher’s method, the hybrid
Mulato II was clustered with these two genotypes, likely due to the large distance exhibited
by accession Ub001 in relation to all other genotypes.

Table 7. Clustering of four Urochloa spp. genotypes using Tocher’s optimization method, based on
standardized Euclidean mean distance. Experiment 3.

Groups Genotypes Mean Distance

I Marandu, 27-11 e 628-10 1.70
II Uspp1 0.00

Between groups - 4.01
Cophenetic correlation: 0.92 (p < 0.05).

Table 8. Clustering of four Urochloa spp. genotypes using Tocher’s optimization method, based on
standardized Euclidean mean distance. Experiment 4.

Groups Genotypes Mean Distance

I Marandu, Xaraés e Mulato II 1.54
II Ub001 0.00

Between groups - 3.10
Cophenetic correlation: 0.80 (p < 0.05).

Tocher’s method allowed greater objectivity in genotype discrimination when com-
pared to PCA, mainly due to its ability to group M. maximus genotypes (Tables 3 and 4),
which did not show a clear clustering pattern in the PCA biplots (Figures 2b and 3b).
Moreover, Tocher’s method enabled the subdivision of Urochloa spp. genotypes allocated
to Group I in Experiments 3 and 4. Therefore, these techniques were complementary, as the
standardized Euclidean mean distances used in Tocher’s method were calculated based on
PC1 and PC2.

The M. maximus and Urochloa spp. genotypes were ranked according to their tolerance
to soil waterlogging using two sets of variables selected in the principal component analysis:
morphoagronomic (MAV) and morphoagronomic plus physiological (MAV + PV). The
ranking results based on the Rank Sum Index are presented in Tables 9–12.

Table 9. Ranking of M. maximus genotypes for waterlogging tolerance based on the sum of ranks of
morphoagronomic and physiological variables selected by PCA, evaluated in Experiment 1.

Morphoagronomic Morphoagronomic + Physiological

Rank Genotype Sum of Ranks Rank Genotype Sum of Ranks

1 Mombaça 13 1 Mombaça 18
2 BRS Quênia 16 2 BRS Quênia 27
3 PM22 17 3 PM14 28
4 PM14 20 4 PM22 35
5 PM13 24 5 PM13 42

When comparing the genotype ranking based solely on morphoagronomic variables
with the classification that also included physiological variables, differences were observed
in the ranking of PM14 and PM22 in Experiment 1 (Table 9), and between ‘BRS Zuri’ and
PM18 in Experiment 2 (Table 10), indicating that physiological variables influenced the
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ordering of these genotypes. Although these changes were attributed to the influence
of physiological variables, the Spearman correlation coefficient showed that morphoa-
gronomic variables can be used for the indirect selection of physiological traits, as the
correlations between these two sets of variables were all significantly high (p < 0.05) across
the four experiments (Table 13).

Table 10. Ranking of M. maximus genotypes for waterlogging tolerance based on the sum of ranks of
morphoagronomic and physiological variables selected by PCA, evaluated in Experiment 2.

Morphoagronomic Morphoagronomic + Physiological

Rank Genotype Sum of Ranks Rank Genotype Sum of Ranks

1 Mombaça 10 1 Mombaça 20
2 BRS Tamani 12 2 BRS Tamani 21
3 BRS Zuri 14 3 PM18 25
4 PM18 16 4 BRS Zuri 29
5 PM21 23 5 PM21 40

Table 11. Ranking of Urochloa spp. genotypes for waterlogging tolerance based on the sum of ranks
of morphoagronomic and physiological variables selected by PCA, evaluated in Experiment 3.

Morphoagronomic Morphoagronomic + Physiological

Rank Genotype Sum of Ranks Rank Genotype Sum of Ranks

1 U. humidicola 09 1 U. humidicola 13
2 Uspp1 17 2 Uspp1 27
3 27-11 19 3 27-11 34
4 628-10 23 4 628-10 36
4 Marandu 23 5 Marandu 41

Table 12. Ranking of Urochloa spp. genotypes for waterlogging tolerance based on the sum of ranks
of morphoagronomic and physiological variables selected by PCA, evaluated in Experiment 4.

Morphoagronomic Morphoagronomic + Physiological

Rank Genotype Sum of Ranks Rank Genotype Sum of Ranks

1 U. humidicola 07 1 U. humidicola 14
2 Ub001 21 2 Ub001 29
2 Xaraés 21 3 Xaraés 35
3 Mulato II 24 4 Mulato II 39
4 Marandu 32 5 Marandu 48

Table 13. Spearman correlation coefficients between the rank sums of morphoagronomic variables
(MAV), physiological variables (PV), and all variables combined (MAV + PV) across four experiments.

Variables
Experiment 1 Experiment 2 Experiment 3 Experiment 4

MAV PV MAV PV MAV PV MAV PV

MAV + PV 0.99 ** 0.94 * 0.99 ** 0.94 * 0.91 * 0.98 ** 0.96 ** 0.98 **
MAV 0.93 * 0.92 * 0.94 * 0.99 **

Experiment 1 and 2: M. maximus; Experiment 3 and 4: Urochloa spp. * and **: significant at 5% and 1% probability
by t-test.

In the experiments with M. maximus, cv. Mombaça was classified as the most tolerant to
waterlogging, followed by cv. BRS Quênia and cv. BRS Tamani in Experiments 1 and 2, re-
spectively (Tables 9 and 10). On the other hand, genotypes PM13 (Experiments 1) and PM21
(Experiment 2) had the lowest tolerance to the stress, according to MAV and MAV + PV.
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In Experiments 3 and 4, regardless of the set of variables, the index confirmed the high
tolerance of U. humidicola to waterlogging (Tables 11 and 12). Marandu was found to have
the lowest tolerance in all scenarios, tying with hybrid 628-10 in Experiment 3. Using the
Tocher method, these genotypes were allocated to the same group (Table 7), confirming
that the tolerance of hybrid 628-10 was low and similar to that of cv. Marandu. Uspp1 was
ranked higher than hybrid 27-11 in both sets of variables. Using Tocher’s method, these
genotypes were allocated to distinct groups.

In Experiment 4, accession Ub001 demonstrated intermediate tolerance, being the sec-
ond highest-ranked genotype, followed by cv. Xaraés, hybrid Mulato II, and cv. Marandu.
According to Tocher’s analysis, these last three genotypes showed low distances from each
other, as they comprised the same group (Table 8) and divergence with accession Ub001,
which was separated into a separate group.

4. Discussion
Although all experiments were conducted under controlled greenhouse conditions,

natural seasonal variation in factors such as light availability, temperature, and vapor
pressure deficit (VPD), as well as the use of an unfertilized substrate applied uniformly to
all genotypes and treatments, may have contributed to subtle differences in plant growth
between experimental periods. However, these factors did not compromise the consistency
of the multivariate patterns observed, and the overall responses remained highly compat-
ible with findings previously reported in the literature [15–21]. It is worth emphasizing
that all statistical analyses were performed independently for each experiment, with no
cross-trial comparisons.

4.1. Selection of Traits and Genotype Grouping

The selection of variables was appropriately performed through principal component
analysis (PCA). In PCA, the majority of data variation should be explained by the first
two or three principal components [40], which preferably should encompass 80% or more
of the original variation contained in the data [41], allowing visual evaluation of bi- or
tridimensional scatter plots. However, a minimum of 70% of the total accumulated variation
in the first two or three principal components is also a commonly accepted criterion
in studies [34–36,42] and has proven effective for interpreting results. This minimum
variation percentile was strictly preserved after variable exclusion in all four experiments
(Figures 2–5).

Regardless of the objective, early stages of forage breeding programs involve excessive
numbers of genotypes [5]. Therefore, an additional selection criterion was the difficulty of
trait evaluation, aiming to preserve those requiring less effort. Biological importance was
also considered, contributing to the preservation of physiological characters. Gas exchange-
related aspects, such as CO2 assimilation, stomatal conductance, and transpiration, were
used to help identify flooding effects in small Urochloa grass populations [18,24,25].

Among discarded traits, membrane damage and relative water content indicate cellular
integrity and wilting [37], providing relevant biological information. However, analysis of
these traits involves laborious and time-consuming laboratory techniques, complicating
their use in large samples. Physiological gas exchange traits are biologically important but
their use is also limited to a small number of genotypes. Leaf elongation rate is described
as a good indicator of flooding tolerance in Urochloa grasses [16], but monitoring responses
requires daily effort, making it difficult to apply in evaluations involving hundreds or
thousands of genotypes.

Although root dry mass requires additional effort in soil removal during washing, it is
biologically important for plants grown in poorly drained soils, as roots undergo various
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changes such as aerenchyma formation and exodermis cell suberization, which are criteria
used for Urochloa genotype evaluation under flooding [25]. The number of yellow and
dead leaves are good indicators of flooding effects and are observed in plants that are not
tolerant to MDS [43]. Aerial dry mass, especially leaves, and tillering are easy-to-measure
traits and have been evaluated in forage grasses grown in pots under flooded soil [7,18].

Stem dry mass (SDM) was excluded from the final set of selection variables due to
its influence on the inconsistent behavior of genotypes across experiments. However,
its inclusion in Experiment 4 improved the graphical discrimination between contrasting
genotypes in the PCA biplot, particularly between the Marandu and Xaraés cultivars, which
responded differently to water stress (Figure 6). This improvement in dispersion is likely
related to the strong influence of plant architecture and tillering pattern on stem biomass,
characteristics that are markedly distinct among Urochloa genotypes. However, SDM tends
to respond more slowly to short-term flooding compared to leaf and root-related traits, and
this biological lag may have contributed to unstable clustering and classification patterns
in the other experiments. For this reason, despite its localized usefulness in Experiment 4,
SDM was not retained as a robust variable for the overall discrimination of flood tolerance.

Although the architectural differences and the physiological patterns related to pho-
tosynthetic parameters discussed above help explain part of the contrasting responses
observed among Urochloa spp. and M. maximus genotypes, such as ‘Xaraés’ and ‘BRS
Tamani’, additional physiological and anatomical mechanisms also contribute to their per-
formance under waterlogging. Traits such as root plasticity, including the ability to adjust
lateral and superficial root growth, may influence oxygen supply and the maintenance
of nutrient uptake under hypoxic conditions [19]. Aerenchyma formation—previously
reported in U. humidicola and other tolerant genotypes—is a critical mechanism that fa-
cilitates internal oxygen diffusion and may occur at different intensities among cultivars.
Furthermore, processes such as exodermis suberization can reduce the entry of water and
soil-derived toxins under anoxic conditions, contributing to greater cellular stability [20].

Generally, genotypes with contrasting tolerance levels appeared in opposite extremes
in the four experiments, such as the cultivars Marandu and U. humidicola (Figures 4 and 5).
This observation corroborates the factorial analysis performed by Caetano and Dias-
Filho [18], who found that among six Urochloa genotypes, the most tolerant cultivar (cv.
Arapoty) and the least tolerant (cv. Marandu) were distinctly separated at opposite ex-
tremes. This shows that two-dimensional analyses can allocate genotypes with highly
divergent waterlogging tolerance to distant points.

The grouping generated in Experiments 3 and 4 (Tables 5 and 6) showed great di-
vergence between U. humidicola and other Urochloa genotypes. These findings align with
previous studies highlighting the much higher waterlogging tolerance of U. humidicola
compared to other Urochloa species [16,19,20]. However, even among genotypes of the
same Urochloa species, tolerance variability exists [17,44], which in this study was evident
only after excluding U. humidicola. The strategy of forming subgroups from large genotype
groups was previously tested successfully to analyze divergence among U. humidicola
hybrids without the cv. Tully [45].

When analyzing the known cultivars regarding their degree of tolerance to water-
logged in the field (Table 1), it was found that the clusters did not always occur based
on the levels of tolerance to this stress. This is the case of cv. BRS Quênia, considered to
have low/intermediate tolerance [10,28,46], which in Experiment 1 was grouped with cv.
Mombaça (Table 3), a genotype described as having medium/high tolerance [21,27,28]. On
the other hand, in Experiment 2 (Table 4), there was relative coherence, such that cv. BRS
Zuri, which exhibits medium/high tolerance to waterlogged soils [23,27,28], was associated
with cv. Mombaça and both were separated from BRS Tamani, which is not suitable for
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cultivation in waterlogged soils [47]. However, it is worth highlighting that the separation
of cv. BRS Tamani into a unitary group is not indicative of low tolerance to waterlogged
soils, so that under pot conditions this genotype showed a good response in this study
(Table 10) and in Maranhão et al. [22].

Among Urochloa cultivars, cv. Marandu is recognized as having very low tolerance to
flooded soils [17,18], while genotypes 27-10, 678-10 and Uspp1 were classified as highly
susceptible [28] and as having low to moderate susceptibility, respectively. Thus, the
segregation of Uspp1 into a distinct group in Experiment 3 (Table 7) indicates its superior
relative tolerance. On the other hand, similarity observed between cvs. Marandu, Mulato
II, and Xaraés in Group I of Experiment 4 (Table 8) did not reflect their respective field
performances under waterlogged soils, as their tolerance to Marandu Death Syndrome is
classified as very low, low, and medium/high, respectively [27,28].

4.2. Genotype Selection Based on Selection Index

Despite considerable advances in understanding the responses of forage grasses to
waterlogging [16,17,19,20], the problem of MDS still persists [10], which makes the search
for more tolerant genotypes a necessary demand, especially in the Amazon biome [48].
Given this issue, two sets of variables selected from the principal component analysis
(morphoagronomic and morphoagronomic plus physiological) were used to classify the
analyzed genotypes regarding their tolerance levels to waterlogging through the sum of
ranks index [39].

In the experiments with M. maximus, ‘Mombaça’ was classified as the most tolerant
(Tables 9 and 10), corroborating Silva et al. [21], who indicated this cultivar as promising
for cultivation in waterlogged areas. The accession PM13 (classified with the lowest
tolerance to stress) and ‘BRS Tamani’ (ranked as the second most tolerant genotype) showed
contrasting responses to waterlogging, even though PM13 is one of the parents of ‘BRS
Tamani’ [45]. It is worth noting that ‘BRS Tamani’ was positioned above PM18 and ‘BRS
Zuri’, genotypes usually recognized as more tolerant [28]. This result reinforces that,
although the classification method proves to be suitable for contrasting genotypes, it may
present inconsistencies in specific cases, as observed for ‘BRS Tamani’. This highlights
the need for careful interpretation and validation using field-based experimental data.
Moreover, this cultivar displays a distinct plant architecture and tillering pattern compared
to the others [47], which may have influenced the observed results. Therefore, as previously
noted for B. humidicola, it is important to consider the use of populations with more similar
plant architecture, as this factor may influence the relative responses obtained, and still
requires further investigation.

The sum of ranks index results, combined with the Tocher’s optimization method,
confirmed the high tolerance of U. humidicola and indicated Uspp1 as intermediate.

The hybrids Mulato II and 628-10 showed the second lowest ranking among U. brizan-
tha genotypes, being grouped with cv. Marandu by Tocher’s optimization method, which
indicates similarity in their low tolerance to waterlogging. The cv. Xaraés was also clustered
with Marandu in the cluster analysis, suggesting low tolerance. However, the rank-sum
index placed Xaraés in the third-best ranking, evidencing intermediate tolerance. This
result is consistent with Tonato et al. [27], who described cv. Xaraés as moderately tolerant
to MDS. On the other hand, it differs from the findings of Assis et al. [28], who classified it
as tolerant, and from Andrade et al. [49], who highlighted this cultivar as the most widely
planted in Acre, a state located in the Amazon region, characterized by large areas subject
to temporary soil waterlogging.
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4.3. Divergence Between Waterlogging Tolerance and Marandu Death Syndrome

The scope of this study was restricted to assessing tolerance to waterlogging, whereas
MDS in field conditions involves other contributing factors: the presence of pathogenic
fungi such as Pythium, Rhizoctonia, and Fusarium [10]. Thus, since evaluations in controlled
environments do not exactly reflect field conditions, different results may occur. This is the
case, for example, of the cv. BRS Tamani, which was released with cultivation restrictions for
waterlogged soils [46], but in this study, as well as in observations by Maranhão et al. [22],
showed good performance under flooded soil in pot experiments. Conversely, the cv.
Xaraés, classified as moderately/highly tolerant to MDS [27,28], expressed poor results in
pots under flooded soil [9].

Although it does not exactly reflect what occurs in the field, most screening studies to
identify waterlogging tolerant forage grasses are conducted in pots [9,17–21]. Examples
include ‘Marandu’ and U. humidicola, which show poor and excellent tolerance to the MDS,
respectively [10], a fact also consistently observed in pots under waterlogged soil [16,19,50].
Consistent observations also occur regarding Mulato II hybrid, which has poor tolerance to
the MDS [10] and to flooding imposed in pots [20]. Another example is the cv. Mombaça,
classified as tolerant to waterlogging in the field [10] and to flooded soils in pots [21].

It is noteworthy that the aforementioned studies, conducted by EMBRAPA and CIAT
breeding programs, were limited to the evaluation of few genotypes (units or dozens). This
limitation is due to the lack of screening methods capable of evaluating many genotypes
simultaneously, which is a problem for forage breeding programs at early stages, where
about 2000 genotypes are evaluated [5].

Researchers at CIAT developed a screening method for tolerance to waterlogging in
Urochloa grasses based on the evaluation of greater green leaf biomass production, higher
proportion of green leaf biomass relative to total leaf biomass, lower levels of dead leaf
biomass, larger green leaf area, SPAD index, and photosynthetic efficiency [15]; however,
the maximus number of genotypes tested by this method was 71 hybrids [51].

In the present study, it was possible to identify a group of morphoagronomic traits
that are relatively easy to measure and demonstrated that M. maximus and Urochloa spp.
genotypes can be discriminated in terms of tolerance to waterlogging in short-term experi-
ments under controlled conditions. It is suggested that these traits be validated in a large
number of genotypes so that a screening method aimed at selecting waterlogging tolerance
can be consolidated and applied in early stages of tropical forage grass breeding programs.

It is emphasized that this technique does not replace field selection for tolerance
to the MDS evaluated under poorly drained soil and grazing but is only indicated for
selection in the first phases of breeding programs. Moreover, validation of a screening
method in controlled environments with a large number of genotypes must be carried
out cautiously, as shown in this study: the techniques used are efficient for selecting the
most contrasting tolerant genotypes but may cause confusion, especially when evaluating
intermediate genotypes.

5. Conclusions
The physiological traits—photosynthetic rate, internal CO2 concentration, carboxyla-

tion efficiency, and water use efficiency—are recommended as selection criteria for identi-
fying M. maximus and Urochloa spp. genotypes tolerant to waterlogged soils.

The morphoagronomic traits—number of yellow and senescent leaves, number of
tillers, SPAD index, leaf dry mass, and root dry mass—are recommended as selection
criteria for identifying M. maximus and Urochloa spp. genotypes tolerant to waterlog-
ging under controlled conditions and can also be used for the indirect assessment of
physiological traits.
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Among the M. maximus genotypes evaluated, cv. Mombaça is the most waterlogging
tolerant, while PM13 and PM21 are the least tolerant.

Among the Urochloa spp. genotypes evaluated, U. humidicola is the most tolerant to
this stress. Xaraés, Uspp1, hybrid 27-11, and Ub001 showed intermediate tolerance. The
hybrids Mulato II and 628-10 were classified as having low tolerance to waterlogging, and
cv. Marandu exhibited very poor tolerance.

The use of U. humidicola cv. Tully as a control in experiments with Urochloa spp.
genotypes should be performed with caution, as the high tolerance level of this species
may impair the identification of tolerance levels in other genotypes.

The classification of forage grass genotypes for waterlogging tolerance, based on
pot experiments under controlled conditions, does not necessarily reflect their degree
of tolerance to Marandu Death Syndrome when grown in poorly drained soils under
grazing conditions.

Future studies may include field validation in poorly drained soils and under grazing
conditions, since responses under controlled conditions may not fully capture the multifac-
torial nature of MDS. Furthermore, complementary analyses, such as detailed anatomical
characterization of the roots (e.g., aerenchyma development in M. maximus), evaluation of
oxidative enzyme activity, and analysis of gene expression patterns associated with hypoxia
tolerance, may help elucidate the underlying mechanisms responsible for the contrasting
responses observed among the genotypes.
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Ci Intercellular CO2 Concentration
CE Carboxylation efficiency
E Transpiration
Gs Stomatal conductance
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LER Leaf elongation rate
MAV Morphoagronomic variables
MD Membrane damage
NDL Number of dry leaves
NGL Number of green leaves
NYL Number of yellow leaves
Pn Photosynthesis
PV Physiological variables
RDM Root dry mass
RWC Relative water content
SDM Stem dry mass
SPAD SPAD index
TN Tiller number
WUE Water use efficiency
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