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Abstract

Silvopastoral systems can modify forage nutritive value through changes in light availability; however,
information on their effects on ruminal degradation kinetics of tropical Urochloa grasses remains limited.
This study evaluated the influence of light environment and season on forage chemical composition and in
situ ruminal dry matter degradability of five tropical Urochloa genotypes grown in Yucatan, Mexico.
Forages were harvested under full sun and shade generated by scattered trees during the rainy, nortes
(regional cool season), and dry seasons. Ruminal dry matter degradability was determined using the nylon

bag technique in three rumen-cannulated cattle, and degradation kinetics were estimated using the Qrskov
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and McDonald model. Shaded conditions significantly increased crude protein concentration across
genotypes and seasons. The soluble fraction (a) was the degradation parameter most responsive to
environmental conditions, showing significant effects of genotype (p = 0.002), light environment (p <
0.001), season (p < 0.001), as well as genotype % season (p < 0.001) and genotype X light x season (p =
0.034) interactions. In contrast, the potentially degradable fraction (b) and the fractional degradation rate
(c) showed fewer and less consistent responses. Potential degradability (a + b) remained relatively stable
across genotypes, light environments, and seasons. These results indicate that shade modified nutrient
availability and ruminal degradation kinetics without affecting overall degradability potential. Moderate
shade improved forage nutritional quality through increased crude protein concentration and changes in
soluble fraction dynamics. The contrasting responses observed for the soluble fraction (@) among genotypes
highlight the importance of genotype x environment interactions and support the selection of adapted

Urochloa genotypes for tropical silvopastoral systems under seasonally variable conditions.

Key words

Urochloa; in situ ruminal degradability; degradation kinetics; crude protein; forage quality; tropical

silvopastoral systems

Introduction

Tropical livestock production relies primarily on perennial grasslands as the main source of nutrients for
ruminants. Among tropical forage grasses, species of the genus Urochloa (syn. Brachiaria) are widely used
in tropical and subtropical regions because of their high dry matter production, strong regrowth capacity,
and adaptation to acidic and low-fertility soils (Ferreira et al. 2021). These characteristics have enabled
species such as Urochloa brizantha, U. decumbens, U. humidicola, and U. ruziziensis to occupy extensive
pasture areas across Latin America, supporting economically important beef and dairy production systems

(Morales-Ruiz et al. 2025).

Silvopastoral systems have been increasingly promoted as a sustainable alternative to conventional open
pastures by integrating trees, forage, and livestock within the same productive area. These systems can
improve microclimatic conditions, enhance biodiversity, and contribute to carbon sequestration without
necessarily reducing animal productivity (Paciullo et al. 2014). Tree cover modifies radiation availability,

temperature, and moisture conditions within the canopy, influencing forage growth and nutritive value
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(Moreno et al. 2022; Monteiro et al. 2024). In tropical C4 grasses, moderate shade has frequently been
associated with increased crude protein concentration and changes in plant structure, although responses in
biomass production and forage quality vary according to species, management, and shade intensity (Santos

etal. 2023).

In the Yucatan Peninsula, where shallow karst soils predominate, silvopastoral systems based on native tree
species represent a promising strategy to improve the resilience and sustainability of livestock production.
However, the response of Urochloa genotypes to the partial shade conditions characteristic of these systems
remains poorly documented, particularly regarding forage nutritive value and ruminal degradation kinetics.
Dry matter digestibility and ruminal degradation are key variables for estimating the effective supply of
energy and protein to grazing animals and improving feeding efficiency in tropical pasture-based systems

(Valles de la Mora et al. 2016).

The in situ ruminal degradation technique using nylon bags (in sacco) is a reference method for
characterizing feed degradation kinetics in the rumen. By fitting nonlinear models such as that proposed by
@rskov and McDonald (1979), it is possible to estimate the soluble fraction (@), the potentially degradable
fraction (b), and the fractional degradation rate (c¢), as well as overall degradability (Qrskov et al. 1980;
Ferreira et al. 2016). This approach has been widely applied to tropical forages and provides a useful
framework for comparing plant materials, management strategies, and growing environments (Woods et al.

2002; Despal et al. 2022).

Several studies have evaluated in situ ruminal degradation of Urochloa cultivars under monoculture and
integrated production systems. For example, forage produced under silvopastoral conditions may exhibit
changes in degradation kinetics compared with conventional monoculture, suggesting that shade can
modify the availability of degradable fractions in the rumen (Silva et al. 2021). Likewise, Araujo et al.
(2019) reported that dry matter and crude protein degradability may vary according to production system
and plant morphological component. In Mexico, in situ degradability has also been documented for several
tropical forage grasses, supporting the usefulness of this approach for characterizing forage quality under

seasonal tropical conditions (Valles de la Mora et al. 2016).

Despite these advances, important knowledge gaps remain regarding how shade generated by scattered
trees affects ruminal degradation kinetics of Urochloa genotypes adapted to tropical environments with

marked seasonal variation. The interaction among genotype, light availability, and season may influence
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chemical composition and structural traits, thereby modifying degradation parameters (a, b, and c) and the
resulting potential degradability (a + b) that determine substrate availability for ruminal microorganisms

(Ortega-Aguirre et al. 2015; Moreno et al. 2022).

In this context, the present study evaluated the in sifu ruminal dry matter degradation kinetics and chemical
composition of five Urochloa genotypes grown under moderate shade (average 57% reduction in incident
radiation) and full sun across three seasonal periods in Yucatdn, Mexico. The objective was to determine
how light environment, season, and genotype influence forage chemical composition and ruminal
degradation kinetics under tropical silvopastoral conditions. We hypothesized that shade would increase
crude protein concentration and alter ruminal degradation kinetics, although the magnitude and direction

of these responses would vary among genotypes and seasons.

Materials and methods

Study area and forage sampling

The forage samples evaluated in this study were obtained from a field experiment established at Kampepén
Ranch, located in the San José Tzal area south of Mérida, Yucatan, Mexico. The site is located on a karst
plain characterized by shallow, highly permeable stony soils locally known as #zek’el in the Mayan

language, corresponding to Lithosols typical of the Yucatan Peninsula (Duch Gary 1988; Bautista 2021).

The region has a warm subhumid climate with summer rainfall (Aw climate according to the Kdppen
classification modified by Garcia (2004)). Three seasonal periods were considered during forage sampling:
rainy (June—October), nortes (November—January; the regional cool season associated with cold fronts in
the Yucatan Peninsula), and dry (February—May). Mean annual precipitation ranges from 900 to 1100 mm,
and mean annual temperature is approximately 26 °C, with average maximum temperatures close to 35 °C
and minimum temperatures around 18 °C. Relative humidity ranges between 75 and 80% (Instituto
Nacional de Estadistica y Geografia (INEGI) 2023). The region also receives high solar radiation, averaging
between 5.0 and 5.5 kWh m™ day ' (equivalent to approximately 18—19.8 MJ m2 day™"), which contributes

to high evapotranspiration rates throughout the year (NASA 2024).

Five Urochloa genotypes were selected for the degradability study based on contrasting performance in a
previous field evaluation conducted under the same experimental conditions (Torres-Lugo et al., manuscript

under review). Four genotypes represented the highest forage yield under field conditions (GP1467, Mulato
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I, GPNF3025-456, and GP1752), whereas genotype GP0423 was included as a contrasting low-yield
control to represent a wider range of agronomic responses. Samples were collected under two light
environments (full sun and shade) during the rainy, nortes, and dry seasons, resulting in 30 forage treatment

combinations (5 genotypes x 2 light conditions % 3 seasons).

Chemical composition

Forage samples used for chemical composition analysis were obtained from the same material evaluated in
the ruminal degradability trial. For each genotype X light x season combination, forage collected from the
three field blocks was pooled to obtain one composite sample, resulting in 30 composite samples (5

genotypes x 2 light conditions x 3 seasons).

Samples were dried and ground to pass through a 2-mm screen prior to laboratory analysis. Dry matter
(DM) and crude protein (CP) concentrations were determined according to standard procedures of AOAC
(AOAC International 2019), whereas neutral detergent fiber (NDF) was determined following the method
described by Van Soest et al. (1991). All chemical composition results were expressed on a dry matter basis.
Detailed chemical composition values for each genotype x light x season combination are presented in

Supplementary Table S1.

In situ ruminal dry matter degradability

In situ ruminal dry matter degradability was determined using the nylon bag technique described by Orskov
and McDonald (1979) at the Climate Change and Livestock Laboratory (LACCLIGA), Faculty of
Veterinary Medicine and Animal Science, Universidad Autébnoma de Yucatan (UADY), Mérida, Yucatan,

Mexico.

Three rumen-cannulated crossbred cattle (Bos taurus % Bos indicus) with an average initial body weight of
430.5 £ 20.2 kg were used. All animal procedures were approved by the Bioethics Committee of the
Campus de Ciencias Biologicas y Agropecuarias (CCBA), Universidad Autonoma de Yucatan (Approval
No. CB-CCBA-D-2025-001), and were conducted in accordance with institutional guidelines for the care

and use of animals in research.

Forage samples previously dried and ground to pass through a 2-mm screen were used for the in situ ruminal
degradability evaluation. Before incubation, nylon bags were visually inspected to verify integrity and

cleanliness, then dried at 55 °C for 10—15 min and weighed. Five grams of ground forage were placed into

5
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in situ nylon bags (5 x 10 cm; 50 £ 10 um porosity; Bar Diamond Inc., Parma, ID, USA), which were then
sealed. Individual bags corresponding to each incubation time were grouped into larger synthetic mesh bags

(45 x 60 cm) to facilitate insertion into and retrieval from the rumen.

Dry matter degradability was evaluated at 0, 12, 24, 48, 72, and 96 h. Samples corresponding to 12, 24, 48,
72, and 96 h were incubated in the dorsal sac of the rumen, whereas time 0 was determined outside the
rumen by washing the bags with water, followed by the same drying and weighing procedure. After removal
from the rumen, bags were carefully washed with water until the rinse water was clear. Bags were then
dried at 55 °C for 48 h, weighed, returned to the oven for an additional 24 h, and weighed again until

constant weight was achieved.

Dry matter degradability was calculated using the following equation:

o [M — (PR — B)]
DM degradability (%) = —w X 100

where:

M = dry sample weight before ruminal incubation

PR = bag plus residual sample weight after ruminal incubation
B = dry bag weight before incubation

Cattle were adapted to the experimental diet for 15 d before incubation. During the study, they were housed
individually and fed once daily (08:30 h) with 12 kg of fresh elephant grass (Pennisetum purpureum) plus
600 g of a concentrate supplement composed of soybean meal, ground maize, urea, and mineral supplement.
Water was available ad libitum. The chemical composition of the basal diet was determined according to
AOAC (2019) procedures and Van Soest et al. (1991) fiber methodology and is presented in Supplementary

Table S2.

Statistical analysis

For chemical composition variables (CP and NDF), genotype was included as a blocking factor, whereas
light environment, season, and their interaction were considered fixed effects. These variables were
analyzed using analysis of variance (ANOVA), and pairwise comparisons among light environments,

seasons, and light x season combinations were performed using Tukey-adjusted tests.
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Dry matter degradability data obtained at each incubation time were fitted to the nonlinear model proposed

by @rskov and McDonald (1979):

Y,=a+b(1l—e™)

where Y, is dry matter degradability at time ¢; a is the soluble fraction (%); b is the potentially degradable

fraction (%); and c is the fractional degradation rate (h™"). Potential degradability was calculated as a + b.

Model parameters were estimated separately for each genotype x light x season combination using

nonlinear least squares with the nlsLM function from the minpack.lm package in R.

The estimated kinetic parameters (a, b, ¢, and a + b) were analyzed independently under a completely
randomized design with a 5 x 2 x 3 factorial arrangement, consisting of genotype, light condition (full sun
and shade), and season (rainy, nortes, and dry). The three rumen-cannulated cattle were considered

biological replicates for each treatment combination.

The estimated kinetic parameters were subjected to analysis of variance (ANOVA) using the following

fixed-effects linear model:

Yi]'kl =“+Ei+Lj+5k+(EXL)ij+(EXs)ik+(LxS)jk+(EXLxS)ijk+£ijkl

where:

Yijki = observed value of the kinetic parameter (a, b, ¢, or a + b)
1= overall mean

E; = effect of the i*"genotype

L; = effect of the j*"light condition

S}, = effect of the k"season

(E X L);; = interaction effect between genotype and light condition
(E X 8);;, = interaction effect between genotype and season

(L X S) j = interaction effect between light condition and season

(E X L X §);j, = three-way interaction effect among genotype, light condition, and season
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&;jry = residual error associated with each observation
i =1,..,5 genotypes

Jj = 1,2 light conditions

k =1,...,3 seasons

When significant effects were detected, means were compared using Tukey’s significant difference test at
p <0.05. Means are presented as mean + standard error. All statistical analyses and graphical visualizations

were performed using R software (R version 4.5.3; R Core Team, Vienna, Austria).

Results

Chemical composition

Table 1 Least-squares means (LSMeans + SE) of crude protein (CP) and neutral detergent fiber (NDF)

concentrations as affected by light environment and season.

Variable Factor Level LSMean £+ SE Group
CP Light Shade 12.64 £0.38 a
CpP Light Sun 8.82+0.38 b

NDF Season Rainy 67.4+0.7 a
NDF Season Nortes 62.7+£0.7 b
NDF Season Dry 65.1+0.7 ab

Note: Means within each variable followed by different letters differ significantly (P < 0.05) according to
Tukey-adjusted pairwise comparisons. Crude protein (CP) and neutral detergent fiber (NDF) concentrations

are expressed as percentage of dry matter (% DM).

Crude protein (CP)

Crude protein (CP) concentration was significantly affected by light environment (p < 0.001), whereas
season and the light x season interaction were not significant (p > 0.05). Averaged across genotypes and
seasons, CP concentration was greater under shade than under full-sun conditions (12.64 vs. 8.82% DM,;

Table 1).

Neutral detergent fiber (NDF)

Neutral detergent fiber (NDF) concentration was significantly affected by season (p < 0.001), whereas light

environment and the light X season interaction were not significant (p > 0.05). Averaged across genotypes

8
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and light environments, NDF concentration was greatest during the rainy season (67.4% DM), lowest
during the nortes season (62.7% DM), and intermediate during the dry season (65.1% DM) (Table 1).
Tukey-adjusted comparisons indicated that NDF concentration was greater during the rainy season than

during the nortes season (p < 0.001), whereas the dry season did not differ significantly from either season.

In situ ruminal dry matter degradability

The kinetic parameters estimated from the @rskov and McDonald model (a, b, ¢, and a + b) were analyzed
independently using factorial ANOVA. A summary of ANOVA results for all degradation parameters is
presented in Supplementary Table S3. Because the soluble fraction (a) exhibited the strongest response to
genotype, light condition, and season, including significant two- and three-way interactions, it is presented

in detail in Figure 1 and Table 2. The remaining kinetic parameters are summarized in Table 3.

Soluble fraction (a)
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Fig. 1 Soluble fraction (a, %) of five tropical Urochloa genotypes evaluated under contrasting light
environments (full sun and shade) across three seasons (rainy, nortes, and dry) in Yucatan, Mexico. Bars
represent means + SE (n = 3 cows). Different lowercase letters indicate significant differences among

genotypes within each light x season combination according to Tukey’s test (P < 0.05).
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Analysis of variance showed significant effects of genotype (p = 0.002), light condition (p < 0.001), and
season (p <0.001) on soluble fraction (a) (Table 2). Significant genotype x season (p < 0.001) and genotype
x light x season (p = 0.034) interactions were also detected, indicating that soluble fraction varied according

to the combined effect of genotype, light environment, and season.

Under full-sun conditions, no significant differences among genotypes were detected in any season (Fig.
1). In contrast, shaded conditions revealed significant genotypes differences during the rainy and nortes
seasons. During the rainy season, GP1467 showed lower soluble fraction values than several of the other
genotypes under shade, whereas during the norfes season it exhibited the highest values and differed from
most of the remaining genotypes. During the dry season, no significant differences among genotypes were

observed under shade.

The significant genotype x light X season interaction indicates that differences among genotypes were
expressed differently across light environments and seasons, resulting in distinct soluble fraction patterns

across treatment combinations.

Table 2 Analysis of variance for the soluble fraction (a, %) of dry matter estimated using the Qrskov and
McDonald model in five tropical Urochloa genotypes grown with or without shade during the rainy, nortes,

and dry seasons in Yucatan, Mexico.

Source of variation Numerator df F p
Genotype 4 4.74 0.002 **
Light 1 12.28 <0.001 ***
Season 2 31.39 <0.001 ***
Genotype x Light 4 1.46 0.227 ns
Genotype x Season 8 4.66 <0.001 ***
Light x Season 2 1.09 0.341 ns
Genotype x Light x Season 8 2.26 0.034 *

Residual 60

ns = not significant; * P <0.05; ** P<0.01; *** P <0.001.

Potentially degradable fraction ()

For parameter (b), light condition had a significant effect (p = 0.045), whereas genotype was not significant
at the 0.05 level (p = 0.079). Season and all interaction terms were not significant (p > 0.05). Overall, b
values tended to be slightly higher under full-sun than under shaded conditions. Values ranged from 35.31

to 57.38%.
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Fractional degradation rate (c)

The fractional degradation rate (c) was significantly affected by season (p = 0.025), indicating seasonal
variation in the degradation rate of the potentially degradable fraction. No significant effects of genotype
or light condition were detected, and no significant interactions were observed among the evaluated factors
(p > 0.05). Observed values ranged from 0.027 to 0.067 h™'. Although seasonal differences were statistically

significant, the magnitude of the variation was relatively small.

Potential degradability (a + b)

No significant main effects of genotype, light condition, or season were detected for total potential
degradability (a + b), and no significant interactions among these factors were observed (p > 0.05). Values
ranged from 60.92 to 77.22%, with no consistent pattern associated with genotype, light environment, or

s€ason.
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Table 3 Mean values + standard error of soluble fraction (@), potentially degradable fraction (b), fractional

degradation rate (c), and potential degradability (a + b) estimated using the @rskov and McDonald model

in five tropical Urochloa genotypes grown under full sun and shade during the rainy, nortes, and dry seasons

in Yucatan, Mexico.

Genotype Light Season a (%) b (%) c(h™) a+b (%)
GP1467 Sun Rainy 1892+1.69a 46.23+4.42ab 0.031+0.007a 65.16+5.24ab
Mulato Il Sun Rainy 20.70+1.10a 45.50+2.56ab 0.031+0.004a 66.20+1.60 ab
GPNF3025-456 Sun Rainy 19.07+0.99a 42.33+2.82a 0.039+0.009a 61.40+3.79a
GP1752 Sun Rainy 19.84+1.59a 57.38+1251b 0.027+0.010a 77.22+13.45b
GP0423 Sun Rainy 21.51+1.19a 43.82+5.50ab 0.034+0.012a 65.32+6.55ab
GP1467 Shade Rainy 17.25+0.66a 4846+0.38a 0.030+0.004 a 65.71+0.71a
Mulato Il Shade Rainy 23.21+0.77b 4488+1.57a 0.029+0.001a 68.08+0.85a
GPNF3025-456 Shade Rainy 18.82+0.48ab 43.72+3.59a 0.030+0.006 a 62.55+3.79a
GP1752 Shade Rainy 23.16+1.38b 3849+253a 0.041+0.010a 61.65+1.77a
GP0423 Shade Rainy 22.05+1.69b 38.22+2.31a 0.037+0.005a 60.27 £ 0.65 a
GP1467 Sun Nortes 22.05+1.28a 38.87+0.97a 0.041%0.006a 60.92+1.36a
Mulato Il Sun Nortes 21.61+1.21a 4400+2.61la 0.034+0.011a 65.61+1.41a
GPNF3025-456 Sun Nortes 18.10+*0.62a 49.60+3.43a 0.036+0.004 a 67.70+3.24 a
GP1752 Sun Nortes 22.68+1.41a 41.89+3.80a 0.031+0.002a 64.56 +3.02 a
GP0423 Sun Nortes 20.73+0.05a 43.08+1.70a 0.034+0.005a 63.81+1.67a
GP1467 Shade Nortes 29.21+1.58b 39.57+1.65a 0.036+0.011a 68.77+3.23 a
Mulato Il Shade Nortes 24.68+1.11ab 46.65+2.13a 0.029+0.003a 71.33+3.08a
GPNF3025-456 Shade Nortes 20.11+0.75a 43.99%+1.09a 0.034+0.004a 64.10+1.32a
GP1752 Shade Nortes 22.18+1.09a 41.85+1.55a 0.040+0.005a 64.02+1.95a
GP0423 Shade Nortes 21.08+0.98a 41.22+8.04a 0.030+0.013a 62.29+8.57a
GP1467 Sun Dry 2457+1.16a 41.33+4.17a 0.041+0.004ab 65.90+3.40a
Mulato Il Sun Dry 2451+0.68a 48.07+t0.57a 0.034+0.002a 72.58+0.11a
GPNF3025-456 Sun Dry 2244+1.83a 48.23*+231a 0.027+0.007a 70.68+3.62a
GP1752 Sun Dry 22.86+1.72a 46.91+2.01a 0.035+0.005a 69.78+0.30 a
GP0423 Sun Dry 25.78+£1.59a 35.31+2.55a 0.067+0.018b 61.09+1.09a
GP1467 Shade Dry 26.39+0.94a 40.77+0.68a 0.036+0.005a 67.15+0.79a
Mulato Il Shade Dry 26.62+0.35a 36.81+0.67a 0.048+0.005a 63.43+0.88a
GPNF3025-456 Shade Dry 25.89+1.59a 42.03x2.27a 0.034+0.002a 67.92+2.38a
GP1752 Shade Dry 2391+1.29a 46.30+1.30a 0.056+0.008a 70.21+0.30a
GP0423 Shade Dry 23.81+0.51a 38.57+0.96a 0.037+0.005a 62.38+1.47 a

Note: Values are presented as means = SE (n = 3) for each genotype x light x season combination to

facilitate biological interpretation. Statistical inference for each degradation parameter was based on the

corresponding ANOVA results presented in Table 2 and Supplementary Table S3. Different lowercase

letters within each light X season combination and within each parameter indicate significant differences

among genotypes according to Tukey's test (P < 0.05).
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Curves of dry matter degradability and model fit
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Fig. 2 In situ dry matter degradability (%), expressed as observed means (= SE; n = 3 cows) and fitted
curves estimated using the Grskov and McDonald model in five tropical Urochloa genotypes grown under

two light conditions (full sun and shade) and three seasons (rainy, nortes, and dry) in Yucatan, Mexico.

Figure 2 presents the observed dry matter degradability values (mean + SE) and the curves fitted using the
Orskov and McDonald model. Across genotypes, light environments, and seasons, degradability increased
with incubation time following the expected asymptotic pattern. The fitted curves closely followed the
observed data throughout the incubation period, indicating an adequate model fit across treatments.
Differences among treatment combinations were primarily associated with variation in the estimated kinetic

parameters presented in Tables 2 and 3.
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Discussion

Shade and crude protein

The significant increase in crude protein concentration under shade across genotypes suggests a
modification in plant nitrogen allocation under reduced radiation environments. Under reduced light
availability, plants frequently decrease the accumulation of structural carbohydrates while increasing the
relative concentration of nitrogen-containing compounds associated with light capture and photosynthetic
efficiency, including components of the photosynthetic apparatus (Evans 1989; Lambers and Oliveira

2019). As a result, foliar nitrogen concentration per unit of dry matter often increases.

This physiological response has been widely documented in plant ecophysiology, where shading alters the
carbon:nitrogen (C:N) balance and promotes the development of tissues with higher nitrogen concentration
and lower structural density (Reich et al. 1997; Poorter and Evans 1998). Similar responses have recently
been reported in tropical forage systems, including silvopastoral environments and Urochloa species, where
microclimatic variation and partial shading were associated with improved nutritional quality and increased

crude protein concentration (Murga-Orrillo et al. 2025; Narvaez-Herrera et al. 2025).

From a nutritional perspective, increases in crude protein concentration are particularly relevant in tropical
grazing systems because nitrogen availability frequently limits ruminal microbial activity and forage
utilization. Therefore, the higher crude protein concentrations observed under shade may contribute to
improved forage nutritive value and partially explain the changes observed in ruminal degradation

dynamics.

Shade and soluble fraction (a)

The soluble fraction (a) was the kinetic parameter most responsive to the environmental conditions
evaluated in the present study. Significant effects of genotype, light environment, and season, together with
genotype X season and genotype x light X season interactions, indicate that the availability of rapidly
degradable substrates was strongly influenced by both genetic background and environmental conditions.
In contrast, the remaining kinetic parameters showed fewer responses, suggesting that environmental

variation primarily affected the immediately available fraction rather than overall degradability potential.
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The increase in crude protein concentration observed under shade coincided with higher soluble fraction
values in several genotype X season combinations. According to the model proposed by @rskov and
McDonald (1979), fraction (a) represents the rapidly degradable portion of the forage. Thus, greater
concentrations of soluble proteins and other cellular constituents under shaded conditions may explain the
higher soluble fraction values observed in several genotypes. Similar relationships between forage
composition and ruminal degradation dynamics have been reported in tropical grasses and other forage

species (Wilson 1994; Vergara-Lopez and Araujo-Febres 2006; Van Soest 2018).

The significant interactions detected for parameter a indicate that the influence of light environment varied
according to genotype and season. For example, GP1467 exhibited comparatively low soluble fraction
values under shade during the rainy season but the highest values during the nortes season, illustrating how
environmental conditions can modify the expression of degradability traits. Similar genotype-dependent

responses to shade have been reported in Urochloa species (Santiago-Hernandez et al. 2016).

Seasonal influences on degradation kinetics

Seasonal conditions influenced ruminal degradation kinetics, particularly through changes in the soluble
fraction (@) and, to a lesser extent, the fractional degradation rate (c). These responses suggest that seasonal
variation affected the availability and degradation dynamics of forage constituents rather than overall
degradability potential. Environmental conditions associated with the rainy, nortes, and dry seasons,
particularly differences in precipitation, temperature, and water availability, may alter plant growth, tissue
development, and the relative abundance of soluble and structural compounds, thereby influencing ruminal

degradation characteristics (Santana et al. 2022).

The significant effects of season and the genotype x season interaction detected for parameter a indicate
that seasonal responses were not uniform among genotypes. For example, GP1467 exhibited comparatively
low soluble fraction values under shade during the rainy season but high values during the nortes season,
illustrating how seasonal conditions can modify degradability traits. Similar seasonal variation has been
reported in tropical forage grasses (Wilson and Hatfield 1997; Valles de la Mora et al. 2016; Sousa et al.

2017; Garay Martinez et al. 2022).

Season also affected the fractional degradation rate (c), although differences were relatively small. Because
potential degradability (a + b) remained stable across seasons, these responses likely reflect changes in the

timing and partitioning of degradable material rather than major alterations in total degradability potential.
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Stability of potential degradability (a + b)

Potential degradability (a + b) remained stable across genotypes, light environments, and seasons. Unlike
the responses observed for the soluble fraction (a) and, to a lesser extent, the fractional degradation rate (¢),
no significant effects of genotype, light condition, season, or their interactions were detected for this
parameter. These results suggest that environmental conditions modified the distribution and availability of

degradable substrates rather than the overall degradability potential of the forage.

According to the model proposed by @rskov and McDonald (1979), parameters (a) and (b) represent
complementary components of ruminal degradation; therefore, shifts in their relative contribution may
occur without substantially affecting total degradability. The results indicate that moderate shade and
seasonal variation may have altered the partitioning of degradable material, increasing the availability of

rapidly degradable compounds under specific conditions while maintaining a stable degradation potential.

From a biological perspective, shade did not increase the maximum degradability of the forage but rather
modified the timing and form of nutrient availability to ruminal microorganisms. Such changes may
influence ruminal fermentation dynamics and nutrient synchronization even when overall degradability
remains unchanged (Mertens 1997). Similar responses have been reported in tropical forage systems

(Buxton and Fales 1994; Silva et al. 2021; Santos et al. 2023).
Implications for tropical silvopastoral systems

From a practical perspective, the increase in crude protein concentration and the enhancement of the soluble
fraction (a) observed under shade suggest greater availability of degradable nutrients for ruminal
microorganisms in silvopastoral systems. These changes may improve nitrogen utilization and
synchronization between nitrogen release and fermentable energy, particularly in tropical forage-based
systems where protein availability often limits microbial activity and animal performance (Hoover and

Stokes 1991; Russell et al. 1992).

Moderate shade improved forage nutritive value without substantially altering potential degradability (a +
b), a response also reported for tropical grasses grown under silvopastoral conditions (Malaquias Junior et
al. 2006; Gomes et al. 2022; Santos et al. 2023). This suggests that shaded environments enhance nutrient

availability during ruminal fermentation without compromising overall degradation potential.
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Responses of the soluble fraction (a) were not uniform among genotypes, highlighting the importance of
genotype x environment interactions. The contrasting responses observed across seasons indicate that
adaptation to silvopastoral conditions should be evaluated not only in terms of biomass production but also
in terms of forage quality and ruminal degradation characteristics (Ortega-Aguirre et al. 2015; Torres Salado

et al. 2020).

Overall, moderate shade generated by scattered trees improved forage nutritional quality through increases
in crude protein concentration and modifications in the soluble fraction while maintaining stable
degradability. These findings support the use of adapted Urochloa genotypes in tropical silvopastoral
systems to enhance forage quality and the nutritional efficiency of grazing livestock production (Ibrahim et

al. 2007; Mahecha-Ledesma et al. 2017; Pezo et al. 2018; Lima et al. 2019).

Future research directions

The present study demonstrated that moderate shade can modify forage chemical composition and ruminal
degradation dynamics in tropical Urochloa genotypes, particularly through increases in crude protein
concentration and modifications in soluble fraction dynamics. Future research should evaluate whether
these responses translate into differences in voluntary intake, ruminal fermentation parameters, animal
performance, and indicators of animal welfare under grazing conditions. Additional studies integrating
forage chemical composition with variables such as acid detergent fiber, lignin concentration, methane
emissions, voluntary intake, animal performance, and indicators of heat stress and animal welfare across
contrasting shade intensities and multiple production cycles would further improve our understanding of
the mechanisms underlying genotype-specific adaptation and support the design of nutritionally efficient

tropical silvopastoral systems.

Conclusions

Moderate shade generated by scattered trees in tropical silvopastoral systems modified forage chemical
composition and ruminal degradation dynamics of tropical Urochloa genotypes grown in Yucatan, Mexico.
Across genotypes and seasons, shaded conditions consistently increased crude protein concentration and
frequently increased the soluble fraction (a), indicating greater immediate availability of degradable

nutrients for ruminal microorganisms.
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The soluble fraction (a) was the kinetic parameter most responsive to the evaluated environmental
conditions, showing significant effects of genotype, light environment, season, as well as genotype x season
and genotype x light x season interactions. In contrast, the remaining degradation parameters showed fewer
or less consistent responses. Although shade and season modified nutrient availability and degradation
kinetics, potential degradability (¢ + b) remained relatively stable across treatments, indicating that
environmental conditions affected the partitioning and timing of nutrient release rather than the overall

degradability potential of the forage.

Overall, the results demonstrate that moderate shade can improve forage nutritional quality without
compromising degradability potential. The contrasting responses observed for the soluble fraction (a)
among genotypes highlight the importance of genotype x environment interactions and support the
selection of adapted Urochloa genotypes that combine favorable forage quality and ruminal degradation
characteristics for tropical silvopastoral systems in the Yucatan Peninsula and other seasonally variable

tropical environments.

Acknowledgements

The authors gratefully acknowledge Rancho Kampepén for providing the facilities necessary to conduct
this study. We also thank Semillas Papalotla, S.A. de C.V. for generously providing the Urochloa spp. seeds
used in this research. The authors further acknowledge the Faculty of Veterinary Medicine and Animal
Science of the Universidad Autéonoma de Yucatin (UADY) for providing facilities and technical support

for the ruminal degradability analyses conducted in this study.

Author contributions

Reyes B. Torres-Lugo: Conceptualization, methodology, investigation, project administration, formal

analysis, data interpretation, visualization, Writing — original draft.

Francisco J. Solorio-Sanchez: Conceptualization, investigation, supervision, funding acquisition, Writing —

review & editing.
Luis Ramirez-Avilés: Investigation, supervision, Writing — review & editing.
Juan C. Ku-Vera: Conceptualization, investigation, supervision, Writing — review & editing.

Carlos F. Aguilar-Pérez: Supervision, Writing — review & editing.

18



435

436

437

438

439

440

441
442

443

444
445
446

447

448

449
450
451
452

453

454

455

456
457

Jesus Jarillo-Rodriguez: Supervision, Writing — review & editing.

David Parsons: Methodology, formal analysis, supervision, Writing — review & editing.
Jorge A. Hidalgo-Moreno: Formal analysis, supervision, Writing — review & editing.
Mario A. Santiago-Ortega: Writing — review & editing.

Jonathan Hernandez-Pérez: Writing — review & editing.

Funding

This research was supported by the Secretaria de Ciencia, Humanidades, Tecnologia e Innovacion

(SECIHTI) through a doctoral scholarship awarded to Reyes B. Torres-Lugo.

Data availability

The authors confirm that the data supporting the findings of this study are available within the article
[and/or] its supplementary materials. Additionally, datasets generated and analyzed during the current study

are available from the corresponding author upon reasonable request.

Declarations

Ethics approval

Ethical approval for all animal procedures was granted by the Bioethics Committee of the Campus de
Ciencias Biologicas y Agropecuarias (CCBA), Universidad Autonoma de Yucatan (Approval No. CB-
CCBA-D-2025-001). All procedures were conducted in accordance with institutional guidelines for the

care and use of animals in research.

Competing interests

The authors have no financial or non-financial interests to disclose.

References

AOAC International (2019) Official Methods of Analysis of AOAC International, 21st edn. Gaithersburg,
MD, USA

19



458
459
460

461
462
463

464
465

466
467
468

469
470
471

472
473

474
475
476

477
478
479

480
481
482

483
484

485
486
487

488
489
490

491
492
493

494
495

496
497
498

499
500
501

Araujo R, Rodrigues R, Costa C, et al (2019) Ability to concentrate minimum support to ensure
development microbiota ruminal. Archivos de zootecnia 68:.
https://doi.org/10.21071/az.v68i263.4191

Bautista F (2021) Clasificacion de suelos de la peninsula de Yucatan. In: Los territorios karsticos de la
peninsula de Yucatan: caracterizacion, manejo y riesgos. Asociacion Mexicana de Estudios sobre
el Karst, Ciudad de México, pp 25-38

Buxton DR, Fales SL (1994) Plant Environment and Quality. In: Forage Quality, Evaluation, and
Utilization. John Wiley & Sons, Ltd, pp 155-199

Despal D, Alifianty OF, Pratama AP, et al (2022) In situ degradation of dairy cattle feedstuffs using
reusable local nylon fabric bags. Veterinary World 15:2234.
https://doi.org/10.14202/vetworld.2022.2234-2243

Duch Gary J (1988) La conformacion territorial del estado de Yucatan: los componentes del medio fisico.
Universidad Autébnoma Chapingo. Centro Regional de la Peninsula de Yucatan., Texcoco, Estado
de México, México.

Evans JR (1989) Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia 78:9—-19.
https://doi.org/10.1007/BF00377192

Ferreira D de J, Zanine A de M, Lana R de P, et al (2016) Kinetic parameters of ruminai degradation of
Marandu grass silage supplemented with brewer’s grain. Ciencia e investigacion agraria 43:135—
142. https://doi.org/10.4067/S0718-16202016000100012

Ferreira RCU, Costa Lima Moraes A da, Chiari L, et al (2021) An Overview of the Genetics and
Genomics of the Urochloa Species Most Commonly Used in Pastures. Frontiers in Plant Science
Volume 12-2021: https://doi.org/10.3389/1pls.2021.770461

Garay Martinez JR, Estrada Drouaillet B, Martinez Gonzalez JC, et al (2022) Rendimiento y
digestibilidad de forraje de cultivares de Urochloa spp. a tres edades de rebrote en épocas de
lluvias y seca. Rev Mex Cienc Pecu 13:297-310. https://doi.org/10.22319/rmcp.v13i1.5265

Garcia E (2004) Modificaciones al sistema de clasificacion climatica de Koppen. Instituto de Geografia.
Universidad Nacional Autonoma de México, Ciudad de México, México.

Gomes FJ, Cavalli J, Pedreira BC, et al (2022) Forage nutritive value of Marandu palisade grass under
clipping in a silvopastoral system. Agroforestry Systems 96:79—88.
https://doi.org/10.1007/s10457-021-00696-6

Hoover WH, Stokes SR (1991) Balancing Carbohydrates and Proteins for Optimum Rumen Microbial
Yieldl. Journal of Dairy Science 74:3630—3644. https://doi.org/10.3168/jds.S0022-
0302(91)78553-6

Ibrahim M, Villanueva C, Casasola F (2007) Sistemas silvopastoriles como una herramienta para el
mejoramiento de la productividad y rehabilitacion ecologica de paisajes ganaderos en Centro
América

Instituto Nacional de Estadistica y Geografia (INEGI) (2023) Aspectos geograficos de Yucatan:
Compendio 2022. INEGI, México

Lambers H, Oliveira RS (2019) Photosynthesis, Respiration, and Long-Distance Transport:
Photosynthesis. In: Plant Physiological Ecology. Springer International Publishing, Cham, pp
11-114

Lima MA, Paciullo DSC, Silva FF, et al (2019) Evaluation of a long-established silvopastoral Brachiaria

decumbens system: plant characteristics and feeding value for cattle. Crop & Pasture Science
70:814-825. https://doi.org/10.1071/CP19027

20



502
503
504

505
506
507

508
509

510
511
512

513
514
515

516
517
518

519
520
521

522
523
524
525

526
527

528
529

530
531
532

533
534
535

536
537
538

539
540

541
542

543
544
545

Mahecha-Ledesma L, Angulo-Arizala J, Barragan-Hernandez WA (2017) Nutritional quality,
degradability and methane production in silvopastoral arrangements. Agron Mesoam 28:371—
387. https://doi.org/10.15517/ma.v28i2.22750

Malaquias Junior J, Aroeira L, Paciullo D, et al (2006) Composi¢do quimico-bromatologica e cinética de
fermentacdo ruminal da Brachiaria decumbens em monocultivo e sistema silvipastoril. Jodo
Pessoa, PB, Brazil

Mertens DR (1997) Creating a System for Meeting the Fiber Requirements of Dairy Cows. Journal of
Dairy Science 80:1463—1481. https://doi.org/10.3168/jds.S0022-0302(97)76075-2

Monteiro A, Gomes FJ, Mota LG, et al (2024) Silvopastoral system with high-density of trees accelerates
degradation of tropical grass. Revista Brasileira de Satude e Produgdo Animal 25:¢20230006.
https://doi.org/10.1590/S1519-994020230006

Morales-Ruiz D, Aryal D, Villanueva-Lopez G, et al (2025) Tree structure, species composition, and
carbon storage in tropical silvopastoral systems. Tropical and Subtropical Agroecosystems 28
(22): https://doi.org/10.56369/tsaes.5622

Moreno LSB, Boote KJ, Sollenberger LE, et al (2022) Shade and nitrogen fertilization affect forage
accumulation and nutritive value of C4 grasses differing in growth habit. Crop Science 62:512—
523. https://doi.org/10.1002/csc2.20617

Murga-Orrillo H, Lopez LAA, Mathios-Flores MA, et al (2025) Physiological and Chemical Response of
Urochloa brizantha to Edaphic and Microclimatic Variations Along an Altitudinal Gradient in the
Amazon. Agronomy 15(8):1870. https://doi.org/10.3390/agronomy15081870

Narvéaez-Herrera JP, Angulo-Arizala J, Barragan-Herndndez W, Mahecha-Ledesma L (2025) Agronomic
Performance and Nutritional Value of Native Forage Trees and Shrubs for Silvopastoral Systems
in the Colombian Amazonian Foothills. Advances in Agriculture 2025:3710086.
https://doi.org/10.1155/aia/3710086

NASA (2024) Prediction of Worldwide Energy Resources (POWER) Data Access Viewer.
https://power.larc.nasa.gov/

@rskov E, Hovell F d, Mould F, others (1980) The use of the nylon bag technique for the evaluation of
feedstuffs. Tropical animal production 5:195-213

Orskov ER, McDonald I (1979) The estimation of protein degradability in the rumen from incubation
measurements weighted according to rate of passage. The Journal of Agricultural Science
92:499-503. https://doi.org/10.1017/S0021859600063048

Ortega-Aguirre CA, Flores CL, BugarAn-Prado JOJO (2015) Agronomic characteristics, bromatological
composition, digestibility and consumption animal in four species of grasses of the genera
Brachiaria and Panicum. Tropical and Subtropical Agroecosystems 18:291-301

Paciullo DSC, Pires MFA, Aroeira LIM, et al (2014) Sward characteristics and performance of dairy
cows in organic grass—legume pastures shaded by tropical trees. Animal 8:1264—1271.
https://doi.org/10.1017/S1751731114000767

Pezo D, Rios N, Ibrahim M, Gémez M (2018) Silvopastoral systems for intensifying cattle production
and enhancing forest cover: the case of Costa Rica. Washington, DC: World Bank

Poorter H, Evans JR (1998) Photosynthetic nitrogen-use efficiency of species that differ inherently in
specific leaf area. Oecologia 116:26-37. https://doi.org/10.1007/s004420050560

Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tundra: Global convergence in plant

functioning. Proceedings of the National Academy of Sciences 94:13730—-13734.
https://doi.org/10.1073/pnas.94.25.13730

21



546
547
548

549
550
551

552
553
554

555
556
557
558

559
560
561

562
563
564

565
566
567

568
569
570

571

572
573

574
575
576

577
578
579

580
581

582
583
584

585

586

Russell JB, O’Connor JD, Fox DG, et al (1992) A net carbohydrate and protein system for evaluating
cattle diets: I. Ruminal fermentation. Journal of Animal Science 70:3551-3561.
https://doi.org/10.2527/1992.70113551x

Santana JCS, {tavo LCV, ftavo CCBEF, et al (2022) Productive characteristics, chemical composition, in
vitro digestibility, and degradation kinetics of two Brachiaria grasses at different regrowth ages.
Tropical Animal Health and Production 54:342. https://doi.org/10.1007/s11250-022-03341-1

Santiago-Hernandez F, Lopez-Ortiz S, Avila-Reséndiz C, et al (2016) Physiological and production
responses of four grasses from the genera Urochloa and Megathyrsus to shade from Melia
azedarach L. Agroforestry Systems 90:339-349. https://doi.org/10.1007/s10457-015-9858-y

Santos CA dos, Oliveira AF de, Moreira EDS, et al (2023) Influence of shade on productivity and
nutritional value of Urochloa decumbens in silvopastoral systems using different spatial
arrangements of eucalyptus cultivars. Tropical Grasslands-Forrajes Tropicales 11:169—182.
https://doi.org/10.17138/tgft(11)169-182

Silva FRF da, Salman AKD, Cruz PG da, et al (2021) Bromatological composition and ruminal
degradability of Xaraés palisade grass under grazing in integrated systems. Acta Scientiarum
Animal Sciences 43:¢53004. https://doi.org/10.4025/actascianimsci.v43i1.53004

Sousa LF, Mauricio RM, Moreira GR, et al (2017) Cinética de degradacdo ruminal in situ da Urochloa
brizantha cv. Marandu em sistema silvipastoril. Revista de Ciéncias Agrarias - Amazon Journal
of Agricultural and Environmental Sciences 60:268—277. https://doi.org/10.4322/rca.2630

Torres Salado N, Moctezuma Villar M, Rojas Garcia AR, et al (2020) Productive behavior and quality of
hybrid pastures of Urochloa and star grass grazing with cattle. Revista Mexicana de Ciencias
Agricolas 24:35-46. https://doi.org/10.29312/remexca.v0i24.2356

Valles de la Mora B, Castillo Gallegos E, Bernal Barragan H (2016) Yield, and ruminal dry matter and
energy degradability of ten tropical grasses harvested at four ages. Revista Mexicana de Ciencias
Pecuarias 7:141-158. https://doi.org/10.22319/rmcp.v7i2.4170

Van Soest PJ (2018) Nutritional Ecology of the Ruminant. Cornell University Press, Ithaca, NY

Van Soest P van, Robertson JB, Lewis BA (1991) Methods for dietary fiber, neutral detergent fiber, and
nonstarch polysaccharides in relation to animal nutrition. Journal of dairy science 74:3583-3597

Vergara-Lopez J, Araujo-Febres O (2006) Produccion, composicion quimica y degradabilidad ruminal in
situ de Brachiaria humidicola (Rendle) Schweick en el bosque seco tropical. Revista Cientifica
16:239-248

Wilson J, Hatfield R (1997) Structural and chemical changes of cell wall types during stem development:
consequences for fibre degradation by rumen microflora. Australian journal of agricultural

research 48:165—180. https://doi.org/10.1071/A96051

Wilson JR (1994) Cell wall characteristics in relation to forage digestion by ruminants. The Journal of
Agricultural Science 122:173-182. https://doi.org/10.1017/S0021859600087347

Woods VB, O’Mara FP, Moloney AP (2002) The in situ ruminal degradability of concentrate feedstuffs in
steers as affected by level of feed consumption and ratio of grass silage to concentrate. Animal
Feed Science and Technology 100:15-30. https://doi.org/10.1016/S0377-8401(02)00147-5

Word count

e  Total number of words (including references): 7,098

22



587

588

589

590

Total number of words (excluding references): 5,786

Abstract number of words: 268

Number of words in Supplementary Information: 470

23



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Supplementarymaterial.docx


https://assets-eu.researchsquare.com/files/rs-10122211/v1/40c72510992ea69b0360dcd7.docx

