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Abstract. Coal mining activities in East Kalimantan have significantly contributed to
regional economic development, but they have also resulted in extensive land degradation
that requires effective reclamation strategies. The integration of forage crops in
reclaimed mine lands offers an opportunity to simultaneously support ecological
restoration and livestock production. However, the performance of forage grasses under
shaded conditions created by revegetation trees remains insufficiently understood. This
study aimed to evaluate the physiological responses, morphological characteristics, and
nutritional quality of two forage grass species, Brachiaria humidicola and Stenotaphrum
secundatum, grown under shaded conditions on reclaimed coal mine land. The
experiment was conducted at the PT Kitadin Embalut reclamation site, East Kalimantan,
using a split-plot design with two shading levels (0% and 50%) as the main plots and two
grass species as subplots. Each treatment was replicated six times. Variables measured
included dry matter yield, leaf-to-stem ratio, chlorophyll content (a, b, and total), crude
protein, and crude fiber content. The results showed that a 50% shading level
significantly influenced physiological and morphological responses of the grasses.
Stenotaphrum secundatum exhibited a marked increase in chlorophyll content under
shaded conditions, indicating a stronger acclimation to low light environments compared
with Brachiaria humidicola. Shading also reduced the leaf-to-stem ratio in both species.
However, dry matter production was not significantly affected by shading, suggesting
that both grasses were able to maintain biomass accumulation under moderate shade
conditions. Shading slightly reduced crude protein and crude fiber contents.
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INTRODUCTION

East Kalimantan is one of the regions in Indonesia with relatively large coal
reserves. According to a report from the Ministry of Energy and Mineral Resources
(2018), out of Indonesia’s total coal reserves of approximately 26.2 billion tons, about
7.5 billion tons are located in East Kalimantan. Coal production in this province reached
305.48 million tons in 2022 and increased to 338.50 million tons in 2023 (Badan Pusat
Statistik Kalimantan Timur, 2025). The coal mining sector contributes significantly to the
regional economy, accounting for approximately 47% of regional revenue. Despite its
substantial economic contribution, coal mining activities also generate various
environmental impacts, including the loss of agricultural and forest land, decline in
biodiversity, contamination of water bodies, degradation of soil structure, and potential
health risks for communities living near mining areas (Aleksandrova & Timofeeva, 2021,
Paredes-Vilca et al., 2024; Talukder et al., 2023). Therefore, the government requires
mining companies to implement land reclamation programs to restore the ecological and
social functions of areas disturbed by mining operations (Indrayanti, 2023; Pratiwi et al.,
2021).

Land reclamation refers to activities carried out during and after mining operations
to reshape the land, restore environmental quality, and rehabilitate ecosystems so that
they can function again according to their intended use (Law of the Republic of Indonesia
No. 3 of 2020; Strzatkowski & KazZmierczak, 2019). From an ecological perspective,
reclamation aims to stabilize the land surface, restore soil fertility, and re-establish a
functioning and sustainable ecological system (Gacina et al., 2024; Xiaoying, 2023). In
practice, reclamation activities not only involve land reshaping but also revegetation
through the establishment of ground cover plants, fast-growing species, and local
vegetation. Ground cover plants play an important role in reducing soil erosion,
increasing soil organic matter, and gradually improving the physical, chemical, and
biological properties of soil (Blanco-Canqui & Ruis, 2020). Furthermore, the use of
forage crops as ground cover can provide additional economic value through the
utilization of reclaimed mine land for livestock production (Daru et al., 2020).

However, forage species used in reclamation areas must possess strong adaptability
to limited environmental conditions, including low soil fertility and shaded environments

caused by revegetation trees (Daru et al., 2023; Grimoldi & Bella, 2024). Therefore,
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identifying forage grass species that are tolerant to shade is essential to support successful
revegetation while maintaining forage productivity.

This study aimed to evaluate the physiological responses, morphological
characteristics, and nutritional quality of two forage grass species, Brachiaria humidicola
and Stenotaphrum secundatum, grown under open conditions and under the shade of
revegetation trees on reclaimed coal mine land. The findings of this study are expected to
provide scientific information on the potential use of forage grasses as adaptive ground

cover plants in post-mining land reclamation systems.

LITERATURE REVIEW

Reclamation describes a process in which the land surface is restored to forms that
are beneficial and consistent with ecological principles that promote recovery (Shao et
al., 2023). The main objectives of reclamation are to stabilize the land surface, ensure
public safety, improve aesthetics, and generally return the land, within a regional context,
to beneficial uses (Setiawan et al., 2021). It has also been stated that the most important
activities in post-mining land reclamation include: (1) the establishment of forage plants
intended to support habitats for livestock or wildlife that previously existed in the area,
and (2) the control of soil erosion (Shao et al., 2023; Tripathi et al., 2025). The
establishment of forage plants, such as grasses and legumes, can function both as erosion
control and as a means of stabilizing mine spoil. Open land surfaces may increase surface
runoff, which can reduce groundwater surface quality and aesthetic value (Jia et al.,
2020). Such conditions are usually accompanied by declining soil fertility, low soil
moisture, and high soil surface temperatures. Therefore, the initial step in mine land
reclamation is commonly the establishment of cover crops using forage species (Anda et
al., 2022).

The establishment of cover crops during the early stage of reclamation generally
utilizes plant species that have high adaptability to nutrient-poor soils as well as tolerance
to shaded conditions (Kumari & Maiti, 2021). These plants not only protect the soil
surface from erosion and increase soil organic matter content, but also gradually improve
the physical, chemical, and biological properties of the soil (Blanco-Canqui & Ruis,
2020). Forage crops planted on reclamation land may also serve as a source of green
fodder for livestock, thereby providing added value for the productive utilization of post-

mining land (Zhang et al., 2025). Thus, the use of forage plants as cover crops in post-
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mining land reclamation not only contributes to environmental restoration but also
supports the development of sustainable agricultural and livestock production systems
(Shao et al., 2023).

The establishment of forage crops under the shade of revegetation plants may
influence the growth and productivity of the forage species growing beneath them.
Experimental results reported by dos Santos Neto et al. (2023) showed that the grasses
Urochloa mosambicensis, Pennisetum ciliare, and Megathyrsus maximus experienced a
reduction in tiller number when grown under 46% shade. Similarly, research conducted
by Lista et al. (2019) indicated that increasing shade levels from 0% to 70% reduced dry
matter production, increased the leaf-to-stem ratio, and increased crude protein content in
the legumes Neonotonia wightii, Pueraria phaseoloides, Macrotyloma axillare, and
Arachis pintoi. Based on these findings, it is necessary to identify forage species that are
tolerant to shade under post-mining reclamation conditions, so that forage production can

be maintained both quantitatively and qualitatively.

RESEARCH METHODS

The experiment was conducted on post-coal mining reclamation land PT Kitadin,
Site Embalut, Tenggarong Seberang Subdistrict, Kutai Kartanegara Regency, using two
types of grass, namely Stenotaphrum secundatum and Brachiaria humidicola, which were
planted in the form of pols. The study was designed as a split plot, with shade level as the
main plot consisting of an open location (S0) and under wild eugenia (Eugenia sp.) as
revegetation plants (S1), while the grass type as the subplot consisted of S. secundatum
(V1) and B. humidicola (V2). Each experimental plot measured 3 m x 3 m and was
replicated by six times. Before planting, the soil was tilled and fertilised with cow manure
compost of 20 tonnes ha™'. The grass was then planted at a spacing of 50 cm x 50 cm.
Plant maintenance included watering, weeding and manual weed removal. The initial
cutting was carried out 60 days after planting at a height of 10 cm above the soil surface,
while subsequent cuttings were carried out every 40 days for a total of three cuttings for
data collections.

The variables observed included plant dry weight, leaf/stem ratio, chlorophyll a, b,
and total, as well as crude protein and crude fibre content. In measuring chlorophyll
content, a spectrophotometer was used with 80% acetone as the solvent for extracting

chlorophyll from the leaf samples. The determination of chlorophyll content followed the
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equations proposed by Porra (2002), namely: chlorophyll a (ug/ml) = 12.25 (A663.6) —
2.55 (A646.6), chlorophyll b (ug/ml) = 20.31 (A646.6) — 491 (A663.6), and total
chlorophyll (ug/ml) = 17.76 (A646.6) + 7.34 (A663.6). Light intensity was measured
using a lux meter every week at 08:00, 12:00, and 16:00. To determine the percentage of
shade, the following formula was used: shade (%) = 100 — (radiation under canopy /
radiation in open area x 100%) (Monteith & Unsworth, 2008). The data were analysed
by analysis of variance (ANOVA) using IBM SPSS Statistics software. When significant
differences were observed, mean comparisons were performed using Duncan’s Multiple

Range Test at a 5% significance level.

RESULTS AND DISCUSSION
1. Chlorophyll

Based on measurements of solar radiation intensity beneath the canopy of
revegetation trees and in open areas, the shading level under the revegetation canopy was
estimated to be approximately 50%. This level of shading created a distinct
microenvironment that influenced the physiological responses of the studied forage
grasses.

Shading significantly affected the chlorophyll content of grass leaves. In
Stenotaphrum secundatum, increasing shade levels resulted in higher concentrations of
chlorophyll a, chlorophyll b, and total chlorophyll. This response indicates a
physiological acclimation mechanism to low-light conditions, in which plants increase
chlorophyll synthesis to enhance light absorption and maintain photosynthetic efficiency.
Such adjustments are commonly observed in shade-tolerant species as part of their
strategy to optimize light harvesting under reduced irradiance (Poorter et al., 2021; Wang
et al., 2022). Increasing chlorophyll content under shaded conditions allows plants to
improve photon capture and sustain carbon assimilation when light availability becomes
a limiting factor (Li et al., 2023).

In contrast, Brachiaria humidicola showed an opposite trend, where increasing
shade levels resulted in a decrease in chlorophyll content (Table 1). This reduction
suggests a more limited physiological adjustment to reduced light availability, indicating
that this species may be less capable of enhancing photosynthetic pigment concentrations
under shaded environments. Similar findings have been reported in several tropical forage

grasses, where species with lower shade tolerance tend to exhibit reduced chlorophyll
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accumulation and photosynthetic performance under reduced irradiance (Dias-Filho,
2020; Paciullo et al., 2021).

The contrasting responses observed between the two species highlight differences
in their adaptive strategies to shaded environments. The ability of S. secundatum to
increase chlorophyll concentration under moderate shading suggests a stronger capacity
for physiological acclimation, which may provide an advantage in environments where
light availability is partially limited by tree canopy cover. Therefore, this species may be
more suitable for integration into revegetation systems or silvopastoral landscapes where
moderate shading occurs.

Table 1. Chlorophyll content of S. secundatum and B. humidicola under different shading

levels.

Grass Chla (ug mL?) Chl'b (ug mL?) Chl total (ug mL™?)
species 0% 50% 0% 50% 0% 50%

shading shading shading shading shading shading
S. 0.33+ 0.72 + 025+ 1.38 £+ 0.59 + 0.59 +
secundatum 0.00A 0.09b8 0.0324 0.07b8 0.0622 0.0624
B. 040 £ 022+ 0.44 + 051+ 0.83 £ 0.83+
humidicola 0.11=B 0.02:A 0.06%4 0.0624 0.02b4 0.02bA

Note: Chl = chlorophyll. VValues are presented as mean + standard deviation. Means followed by the same
lowercase letters within rows and the same uppercase letters within columns are not significantly different
at P < 0.05 according to Duncan’s Multiple Range Test.

Light is a critical environmental factor influencing plant physiological growth;
therefore, plants require appropriate light intensity to support optimal growth and
development. Exposure to excessively high light intensity may lead to excess excitation
energy, which can reduce photochemical efficiency and induce photoinhibition, thereby
negatively affecting plant health (Xue et al., 2023).

Physiologically, the increase in chlorophyll a observed in shaded plants represents
a common acclimation response to reduced light availability, as plants attempt to maintain
their capacity for energy capture during photosynthesis. Recent studies indicate that
plants exposed to low-light stress generally adjust their photosynthetic systems through
modifications in pigment composition, light-harvesting efficiency, and the reorganization
of chloroplast apparatus (Khan et al., 2025). The response observed in Stenotaphrum
secundatum in the present study is consistent with the findings of Sembiring, Witariadi,
and Wirawan (2024), who reported that moderate shading could enhance leaf color and

chlorophyll content in S. secundatum, although excessive shading may suppress plant
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growth. In contrast, the declining response of Brachiaria humidicola under shaded
conditions indicates a more limited pigment acclimation capacity. This observation
supports the notion that in C4 grasses, responses to shading are highly genotype-specific
and may vary considerably among genera and species (Andrade et al., 2024; Wang et al.,
2024).

The stronger increase in chlorophyll b observed in S. secundatum is physiologically
significant because chlorophyll b plays a major role in the light-harvesting complex,
particularly when plants must maximize photon absorption under low-light environments.
Recent literature indicates that many plants under shaded conditions tend to increase
chlorophyll b accumulation and reduce the chlorophyll a/b ratio in order to improve light
capture efficiency (Khan et al., 2025). Similarly, the review by Elango et al. (2023)
reported that reduced light intensity is often associated with increased chlorophyll
concentration and changes in pigment composition as a strategy to enhance
photosynthetic efficiency. Therefore, the pronounced increase in chlorophyll b in S.
secundatum may indicate that this species possesses a stronger shade-acclimation
capacity. Conversely, B. humidicola appeared relatively stable or less responsive in terms
of chlorophyll b content, suggesting a more limited capacity to adjust to low-light stress
under the conditions of this study.

Total chlorophyll content is widely used as an indicator of light absorption capacity
and the physiological status of plant leaves. In shaded environments, an increase in total
chlorophyll generally reflects a compensatory strategy to maintain photosynthetic
performance under reduced radiation levels. Research by Wang et al. (2024) on C4
grasses demonstrated that shade acclimation involves comprehensive adjustments in
photosynthetic traits, leaf anatomy, and light-use efficiency. Andrade et al. (2024) also
emphasized that C4 grass species may exhibit contrasting strategies under shading
conditions, with some species enhancing light-harvesting capacity while others display
more conservative responses. More broadly, Paszkiewicz-Jasinska et al. (2026) reported
that chlorophyll content in grasses shows high metabolic plasticity and is strongly
influenced by environmental conditions. Therefore, the higher total chlorophyll observed
in S. secundatum in the present study may reflect its greater acclimation capacity to

shaded environments compared with B. humidicola.
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2. Leaf-Stem Ratio

The leaf:stem ratio was significantly affected by shading level and grass species,
whereas the interaction between these two factors was not significant. The mean leaf:stem
ratio was higher under 0% shading compared with 50% shading. Based on species means,
Brachiaria humidicola exhibited a higher leaf:stem ratio than Stenotaphrum secundatum.
These results indicate that shaded conditions reduced the proportion of leaves relative to
stems, and this decreasing pattern occurred similarly in both species (Table 2).
Table 2. Leaf—stem ratio of Stenotaphrum secundatum and Brachiaria humidicola under

different shading levels.

Grass species 0% shading 50% shading Means

S. secundatum 1.34+£1.16 0.62 £0.13 0.98 +0.87~
B. humidicola 3.10+1.59 0.99+0.24 2.04 £1.55°
Means 222+ 1.61b 0.80+0.272 151+1.34

Note: Values are presented as mean * standard deviation. Means followed by different lowercase letters
within rows and different letters within columns indicate significant differences at P < 0.05 according to
Duncan’s Multiple Range Test.

The reduction in the leaf:stem ratio under shaded conditions suggests
morphological adjustments in plant growth in response to limited light availability. Under
reduced irradiance, plants often allocate more resources to stem elongation as an adaptive
strategy to enhance light interception, which consequently decreases the relative
proportion of leaves. Similar responses have been widely reported in forage grasses
grown under shaded environments, where shade-induced stem elongation leads to
structural changes in canopy architecture (Paciullo et al., 2021; Andrade et al., 2024).
Such morphological plasticity represents a common strategy for plants to optimize light
capture when light becomes a limiting resource.

Differences between species further indicate variation in morphological adaptation
to shading. The higher leaf:stem ratio observed in B. humidicola suggests that this species
maintains a relatively greater leaf proportion compared with S. secundatum, which may
influence forage quality and canopy structure. Previous studies have shown that species-
specific responses in leaf allocation are common among tropical forage grasses, reflecting
differences in growth strategies and shade tolerance (Dias-Filho, 2020; Wang et al.,
2024). Therefore, the contrasting responses observed in this study highlight the
importance of species selection when integrating forage grasses into shaded environments

such as revegetation areas or silvopastoral systems.
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3. Dry Matter Production

The analysis of variance indicated that shading level, grass species, and their
interaction did not significantly affect the dry matter production of the grasses (Table 3).
This result suggests that both Stenotaphrum secundatum and Brachiaria humidicola were
able to maintain biomass accumulation under moderate shading conditions, indicating a
relatively good level of tolerance to reduced light availability.

Table 3. Dry matter production of Stenotaphrum secundatum and Brachiaria humidicola

under different shading levels.

Grass species 0% shading (g plot™) 50% shading (g plot™) Means (g plot™)
S. secundatum 42.17 +28.30 73.17 £ 43.80 57.67 + 38.70
B. humidicola 89.83 + 39.92 83.33+77.31 86.58 + 58.76
Means 66.00 + 41.33 78.25 + 60.14 72.13 +50.85

Note: Values are presented as mean + standard deviation.

The absence of a significant effect of shading on dry matter production indicates
that both grass species were able to maintain biomass accumulation under different
environmental conditions. This finding is consistent with reports by Dazaea et al. (2025)
and Diaz et al. (2025), which state that the effects of shading on forage production are not
always consistent, as they are strongly influenced by shading intensity, light distribution,
microclimatic conditions, and the adaptive capacity of the species involved. In agrivoltaic
systems, high levels of shading may reduce forage yield; however, under certain
conditions, production can remain stable or even increase in zones with improved soil
moisture and more moderate canopy temperatures.

A meta-analysis of tropical grasslands further indicates that both productivity and
forage quality are simultaneously influenced by environmental conditions and
management practices, resulting in variable dry matter yield responses across species and
environments (Jayasinghe et al., 2022). Therefore, the lack of a significant response in
dry matter production under shading levels of up to 50% observed in this study may
reflect an adaptive response to the prevailing microclimatic conditions and other growth-

related factors.

4. Crude Protein and Crude Fiber Content
The crude protein (CP) and crude fiber (CF) contents were significantly influenced

by both shading level and grass species, whereas the interaction between these factors
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was not significant (Table 4). This indicates that the effects of shading and species
differences on forage nutritional quality occurred independently.
Table 4. Crude protein (CP) and crude fiber (CF) contents of Stenotaphrum secundatum

and Brachiaria humidicola under different shading levels.

CP (%) CF (%)
Grass species 50% Rataa Mean
0% shading shading n 0% shading  50% shading S
6.59 + 34.55
S. 6.77+0.40 6.42+0.07 : 35.09+0.62 34.01+0.12 +
0.32a
secundatum 0.712
7.86 35.93
8.18+0.26 7.54+0.10 0 38 36.69+0.36 35.18+0.18 +
B. humidicola ) 0.83°b
7.47 + 7.23 + 35.89 + 34.59 + 35.24
Means 0800 O098E059 404 0.97" 0.63  +1.04

Note: Values are presented as mean + standard deviation. Means followed by different lowercase letters
within rows or columns indicate significant differences at P < 0.05 according to Duncan’s Multiple Range
Test.

In general, crude protein (CP) content is influenced by plant species, plant age,
environmental conditions, and defoliation management. A meta-analysis of tropical
grasslands demonstrated that CP content varies considerably among species and locations
and is strongly affected by climatic conditions and management practices (Jayasinghe et
al., 2022). Similarly, evaluations of several Brachiaria species have revealed significant
differences in CP content among species, indicating that certain genotypes possess a
greater capacity for protein production than others (Tiruneh et al., 2023).

On the other hand, studies conducted in silvopastoral systems have reported that
shading can sometimes increase protein content by improving the microclimate and
slowing tissue maturation. Diaz et al. (2025), for example, reported higher CP content in
Brachiaria decumbens under shaded conditions. Similar observations were reported by
Ripamonti et al. (2025), who noted that forage grasses may exhibit increased CP
concentrations under shaded environments in certain cases. However, the results of the
present study showed that CP content was higher under full sunlight conditions, with
Brachiaria humidicola exhibiting higher CP content than Stenotaphrum secundatum.

Grasses growing under shaded conditions experience reduced light intensity, which
can lower photosynthetic rates and consequently reduce the availability of energy and
carbon required for plant metabolic processes, including amino acid and protein synthesis

(Hu et al., 2025). In addition, plants growing under shaded environments often exhibit
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morphological adaptations known as the shade avoidance syndrome, such as stem or
internode elongation and increased leaf area. These adaptations tend to allocate a greater
proportion of biomass to stem growth, which may reduce dry matter accumulation and
decrease nutrient concentrations, including protein per unit of dry matter (Tang et al.,
2022).

Crude fiber (CF) represents the structural component of plant tissues and generally
increases with plant physiological maturity and with a higher proportion of stems in the
canopy. Therefore, changes in CF content are often associated with morphological
changes in plant canopy structure. Under shaded conditions, reduced light intensity can
decrease photosynthetic rates, thereby limiting the production and accumulation of
photosynthates. These carbohydrates serve as precursors for the formation of structural
cell wall components such as cellulose and hemicellulose; thus, limited carbon
availability may reduce fiber accumulation in plant tissues (Tang et al., 2022).

Jayasinghe et al. (2022) reported that fiber components in tropical forages vary
substantially among species and are strongly influenced by environmental conditions,
while Wrébel et al. (2025) emphasized that forage quality generally improves when the
proportion of structural fiber is lower. In the present study, the reduction in CF under
shaded conditions, which corresponded with reduced light intensity, may have limited the
formation of certain structural tissues. In general, the fiber content of grasses tends to
remain stable or decrease under shaded environments (Ripamonti et al., 2025). However,
because CP content also declined under shaded conditions in this study, the forage grown
under shade cannot yet be considered nutritionally superior. Therefore, shading should be
viewed primarily as a factor that alters the structural composition of forage rather than

consistently improving its overall nutritional quality.

CONCLUSION

The results of this study indicate that a shading level of approximately 50% under
wild Wild Eugenia (Eugenia sp.) revegetation trees on reclaimed coal mine land
significantly influenced the physiological responses, morphological characteristics, and
forage nutritional quality of the two tested grass species. Stenotaphrum secundatum
exhibited an increase in chlorophyll content as an acclimation response to reduced light
intensity, whereas Brachiaria humidicola showed a more limited physiological response.

Shading also reduced the leaf-to-stem ratio in both species, indicating morphological
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adjustments that enable plants to improve light capture under shaded conditions.
However, shading levels of up to 50% did not significantly affect dry matter production,
suggesting that both grasses were able to maintain biomass accumulation under moderate
shade conditions. In terms of forage quality, shading resulted in lower crude protein and
crude fiber contents, which were likely associated with changes in carbon metabolism
and the formation of structural plant tissues. Overall, both grass species demonstrated
good adaptability to moderate shade conditions, indicating their potential use as forage
crops as well as ground cover plants in post-mining land reclamation systems.

These findings provide important implications for the management of post-mining
land reclamation and the development of silvopastoral systems. The ability of
Stenotaphrum secundatum and Brachiaria humidicola to maintain biomass production
under moderate shading suggests that these species can be utilized as ground cover and
forage resources in reclaimed lands planted with revegetation trees. Integrating forage
plants beneath tree stands may not only accelerate ecological recovery through erosion
control and increased soil organic matter but also enhance land productivity through
crop-livestock integration systems. Therefore, the selection of shade-tolerant forage
species represents an important strategy for improving revegetation success and

supporting sustainable management of reclaimed mine lands.
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