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ABSTRACT

The low diversity of vegetation on revegetated post-coal mining sites presents an ecological problem that can restrict

forest structure and biodiversity recovery. Native tree species were evaluated for enrichment planting using social, economic,

ecological and field-survival criteria in five-year-old revegetation plots with roughly 70%–80% canopy cover. Initially, ten

native species were screened and planted in field trials. The revised four-class screening framework classified Anisoptera

marginata as High, whereas Aleurites moluccana, Alstonia scholaris, Aquilaria malaccensis, Ficus benjamina, Shorea

balangeran, Anthocephalus cadamba, and Syzygium sp. were Moderate, and Combretocarpus rotundatus and Melaleuca

cajuputiwere Low. Field survival exceeded 50% for A. malaccensis, F. benjamina, A. scholaris, A.marginata, A. moluccana,

and A. cadamba. A. marginata was selected as the major recommended species, since it coupled a High preliminary

screening class with adequate field survival. The remaining surviving species were kept as conditional candidates, whereas

species with reduced survival were interpreted in connection to the studied microsite circumstances and probable silvicultural

restrictions. The sensitivity analysis indicated that the restriction of the advice was greater with an increase in the survival

criterion. These results highlight the need to use both feasibility screening and field confirmation, rather than just one of

them. The recommendations are particular to the partially shaded reclamation settings that were evaluated and require

further validation across contrasting microsites and with longer monitoring periods.
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1. Introduction

The mining industry plays a significant role in support-

ing Indonesia’s economic development, and still supplies

vital resources and energy for national development [1]. Coal

mining in particular is still closely linked to power generat-

ing and industrial expansion. Open pit coal mining causes

considerable ecological disruption via loss of vegetation, dis-

turbance of soil horizons, modification of surface hydrology,

increased potential for erosion and fragmentation of habi-

tat [2,3]. Such impacts may endure for a long time after the

cessation of mining activities, particularly when the recon-

structed substrates are characterized by low organic matter

content, poor soil structure, high bulk density, low biological

activity and poor chemical properties. Reclamation should

not just be viewed as a regulatory requirement but also as an

ecological restoration process that aims to recreate functional

landscapes after mining damage

In Indonesia, reclamation after mining is executed thru

land reshaping, erosion control, revegetation, maintenance

and monitoring. Among these components, revegetation

is one of the most evident reclamation initiatives since it

immediately contributes to soil stabilization, microclimate

enhancement, carbon storage and progressive restoration of

habitat services [4–7]. However, tree cover or planting density

should not be the exclusive measure of success for revegeta-

tion. Early revegetation in many coal mining sites is often

characterized by fast-growing species intended to accelerate

canopy development and stabilize substrates. The natural

regeneration processes may then be impacted by the original

species [8]. These species are useful as early colonizers in

restoration but extended dominance may limit the regenera-

tion of natural forest structure and variety if no enrichment

planting is undertaken.

Enrichment planting is a restoration method when

species are introduced into an existing revegetated or re-

generated stand [9]. Enrichment planting in post-coal mining

sites can change the development of vegetation from a plan-

tation structure dominated by pioneers to a more diversified

forest-like community. The ecological benefit of the species

selected for enrichment planting is critical. Species should

be able to resist the stress of a post-mining site, flourish under

partial canopy circumstances, play a role in soil protection,

sustain biodiversity. They also should be socially acceptable

and economically possible for implementation. Restoration

projects depend on community support, seedling availability

and operational costs [10,11]. Evidence from reclaimed coal-

mining landscapes in East Kalimantan further shows that

enrichment planting of native species can achieve high early

survival and growth, while also contributing to the recovery

of vegetation succession when assessed together with natural

regeneration, carbon, microclimate, and soil indicators [12].

The adoption of native species is very important for

reclamation for conservation. Native plants are more likely

than foreign species to support local food webs, provide

habitat resources for wildlife, and support regional floristic

identity. Recent restoration studies have underlined the need

to utilize the correct species in the right place and that species

selection should be based on ecological features and site con-

ditions [10,11]. Trait-based and regionally grounded selection

approaches can reduce trial-and-error planting, increase sur-

vival and promote the ecological legitimacy of reclamation in

damaged tropical mining settings [11]. This site-specific prin-

ciple is also supported by mine-rehabilitation research show-

ing that plant establishment and biodiversity are strongly

conditioned by substrate properties and geochemical gradi-

ents, reinforcing the need to match species with the physical

and chemical characteristics of individual microsites [13].

Despite these advances, two practical problems remain

common in enrichment planting studies. First, preliminary

scoring systems are often used to select candidate species,

but their function in the final recommendation is not always

made explicit. A scoring system may act as an elimination

filter, a weighting factor, a risk-diagnosis tool, or simply

a descriptive summary. If this position is not made clear,

the recommendation process becomes difficult to duplicate.

Second, field survival statistics may be utilized as the only

basis for recommendation without any justification of why

some species with identical survival values are included and

others excluded. Thus, a transparent decision framework is

needed to link preliminary screening, field trial results and

the final recommendation of species.
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Studies on revegetation following coal mining in Kali-

mantan have revealed that the diversity of vegetation might

be minimal, even after several years of reclamation [7,14].

This suggests the need to consider enrichment planting in

reclamation planning at an earlier stage, especially if mining

permits, maintenance commitments and post-mining respon-

sibilities constrain the time periods for operations. Native

tree species must be examined in terms of both their biologi-

cal potential and their practical feasibility in the context of

mining reclamation. This study intends to analyse and select

native tree species for enrichment planting in revegetated

post-coal mining areas through a clearer choice framework

by incorporating social, economic, ecological and field sur-

vival concerns. In East Kalimantan, integrated monitoring

of 9- and 17-year-old reclaimed sites likewise found that

vegetation succession remained substantially different from

pre-mining conditions and concluded that enrichment plant-

ing of native trees was necessary to accelerate biodiversity

recovery [12].

2. Materials and Methods

2.1. Study Location and Object

The research was conducted in the revegetated post-

coal mining sites at Pengaron Subdistrict, Banjar Regency,

South Kalimantan, Indonesia (Figure 1). The research site

represents a reclaimed landscape where the primary reveg-

etation trees had been established prior to the enrichment

planting trial. The existing stand of vegetationwas about five-

year-old and consisted mainly of fast-growing trees used in

the early stage of reclamation. The enrichment planting trial

was placed under this developing canopy to evaluate the early

establishment capacity of native species under partial over-

storey influence. The study site was located on red-yellow

podzolic soil with a clay loam texture. Soil pH ranged from

5.95 to 6.24, indicating slightly acidic to near-neutral condi-

tions. The revegetation stand had approximately 70%–80%

canopy cover, with light intensity ranging from 3,900 to

4,500 lux under the canopy. During the field observation pe-

riod, air temperature averaged 27.2 °C, ranging from 26.5 ℃

to 28.8 ℃, while relative humidity averaged 85.5%, ranging

from 80% to 89%.

The field environment was treated as an operational

reclamation site rather than a controlled greenhouse exper-

iment. The site consisted of recontoured post-mining sub-

strates with a heterogeneous surface, mine-soil characteris-

tics, and partial canopy cover from the primary revegetation

trees. Field observations indicated that the site had gentle

to moderate slopes, partial shading from overstorey trees,

limited natural litter accumulation, and a substrate condition

typical of early post-coal mining reclamation. Exact plot-

level soil chemical variables were not treated as experimental

factors in this study; therefore, they are reported qualitatively

as part of the site description and acknowledged as a limita-

tion for cross-site transferability.

The research object consisted of native tree species

proposed for enrichment planting, including species asso-

ciated with lowland forest vegetation in Kalimantan [15].

Seedlings were selected from species known by local com-

munities, seedling suppliers, or forestry practitioners and

considered relevant to native vegetation development in

South Kalimantan and degraded-land rehabilitation in In-

donesia [16]. The materials used included seedlings of Aleu-

rites moluccana, Alstonia scholaris, Anisoptera marginata,

Anthocephalus cadamba, Aquilaria malaccensis, Combre-

tocarpus rotundatus, Ficus benjamina, Melaleuca cajuputi,

Shorea balangeran, and Syzygium sp. The equipment con-

sisted of a phiband to measure the stem diameter, question-

naires for the interview-based assessment, tools for field

documentation and planting tools.

2.2. Data Collection

Data were acquired thru interviews, field observations

and field planting attempts. Informants were gathered from

local communities and from tree seedling providers. At least

five informants were employed to get information relevant to

social acceptance, availability of seedlings, supply continu-

ity, pricing of seedlings and local knowledge of the candidate

species. Expert reasoning was collected from forestry refer-

ences, previous reclamation research, and species habitat and

adaptation ecology information. The seedlings were planted

at 3 m × 3 m spacing. As a basic planting-hole amendment,

each hole was amended with 1 kg organic matter. This mod-

ification was applied to all seedlings and was not considered

as a separate experimental element.

The data collection procedure consisted of four steps.

First, candidate native species were identified from commu-

nity knowledge, seedling supplier information, and literature
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on local forest species and post-mining rehabilitation. Sec-

ond, each species was assessed using social, economic, and

ecological indicators. Third, all ten species were planted

in the field trial. All species were purposely included in

the study since the preliminary screening was intended as

a weighing and diagnostic stage rather than an elimination

stage. This method allowed species with low first scores

to be scientifically verified and avoided the premature ex-

clusion of species based on perception or seedling market

information alone. Fourth, survival rate was measured at

the last field observation to determine early establishment

beneath the canopy of primary revegetation trees.

Figure 1. Research location map of the revegetated post-coal mining area.

The field trial was carried out in 5-year-old revegeta-

tion plots. Planting was done in accordance with operational

reclamation procedures: land preparation, making planting

holes, putting seedlings, backfilling and care after planting.

The initial revegetation stand generated partial canopy con-

ditions in which the seedlings were planted. Maintenance in-

volved routine operating activities including weeding around

seedlings and examination of field. No intensive irrigation

or artificial shading treatment was introduced as a separate

experimental treatment because the objective was to evaluate

operational adaptability under realistic reclamation conditions.

Although each planting hole received 1 kg of organic mat-

ter as a standard operational amendment, the trial did not

include replicated or contrasting soil-amendment treatments.

Therefore, differences among species were interpreted as early

operational field performance rather than as responses to con-

trolled soil-treatment factors. The field-trial conditions used

to interpret seedling survival are summarized in Table 1.

Table 1. Field-trial conditions and interpretation basis for enrichment planting survival assessment.

Field-Trial Component Description Used in the Revised Interpretation

Revegetation age Five-year-old primary revegetation stand

Soil type Red-yellow podzolic soil

Soil texture Clay loam texture

Soil pH 5.95–6.24

Planting position Under partial canopy of established revegetation trees

Canopy cover Approximately 70%–80%

Light intensity 3,900–4,500 lux under canopy conditions
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Table 1. Cont.

Field-Trial Component Description Used in the Revised Interpretation

Air temperature Mean 27.2 ℃; range 26.5–28.8 ℃

Relative humidity Mean 85.5%; range 80%–89%

Planting spacing 3 m × 3 m

Planting-hole amendment 1 kg organic matter per planting hole, applied uniformly to all seedlings

Site condition Recontoured post-coal mining substrate with heterogeneous mine-soil conditions

Maintenance Basic operational maintenance, including field inspection and weeding around seedlings

Measured response Survival rate at the final field assessment

Transferability note
Canopy cover, soil pH, light intensity, air temperature, and humidity were recorded as site-context variables; future

replicated trials should evaluate their direct effects on seedling survival

2.3. Data Analysis

2.3.1. Preliminary Screening of Candidate

Species

The preliminary screening was based on three dimen-

sions: social, economic and ecological compatibility. Social

indicators were: prohibition or cultural restriction of species;

community support; and expert rationale. Economic parame-

ters were: ease of seedling acquisition, continuity of seedling

supply and seedling pricing. The ecological indicators were

the capacity to grow in the natural environment, ability to

thrive under site stress and the ability to maintain the soil

surface. The scores for each indicator ranged from 1 to 3,

with 1 representing low suitability, 2 representing moderate

suitability, and 3 representing great suitability. The total pre-

liminary screening score ranged from 9 to 27 and was divided

into four classes with equal intervals: Very Low (9–13), Low

(14–18), Moderate (19–23) and High (24–27) [17].

In the redesigned framework, the preliminary screening

was not used as an a priori filter for elimination. Instead, it

was a phase of risk diagnosis and weighing. Species with

high preliminary scores were regarded as socially, economi-

cally and ecologically feasible but required confirmation of

survival in the field. Species with modest preliminary scores

were not immediately removed, since field survival can indi-

cate adaptive potential not fully reflected by interview-based

or literature-based grading. This clarification explains the

decision logic between the initial screening and the planting

trial.

The discriminating power of the 1–3 scoring system

was taken with a grain of salt. Since most of the species were

native or locally relevant, major disparities in preliminary

rankings were not expected. Thus, the purpose of the screen-

ing was not to statistically rank species with great precision,

but rather to set feasible limits prior to field testing. Final

recommendations were based not just on preliminary score,

but on the agreement between a high preliminary score and

adequate field survival, to strengthen interpretation.

2.3.2. Field Planting Trials

The field trial was conducted in a 5-year-old revege-

tation stand with 70–80% canopy cover and under-canopy

light intensity of 3,900–4,500 lux. The soil of the site was

red-yellow podzolic with clay loam texture. The soil pH was

5.95 to 6.24. Seedlings were transplanted at a spacing of

3 m × 3 m and each planting hole was amended with 1 kg

of organic matter as a routine operational adjustment. Field

observations were made at an average air temperature of 27.2

℃ and an average relative humidity of 85.5%. Data analysis

included survival rate assessments. Plant survival rate was

determined by the following formula:

T =

(
hi

Ni

)
× 100% (1)

where T is the plant survival rate (%), hi is the number of sur-

viving plants in plot i, andNi is the number of plants initially

planted in plot i. Survival was classified into four categories:

Very Low = 1 (survival <25%), Low = 2 (25%–<50%), Mod-

erate = 3 (≥50%–<75%), and High = 4 (≥75%). The 50%

threshold was adopted as an operational early-establishment

benchmark rather than a universal ecological standard. Its

use is supported by a tropical restoration experiment in Suma-

tra that explicitly used a minimum 50% survival thresh-

old to distinguish successful species–microhabitat combina-

tions [18]. Because restoration survival varies among species,

microsites, monitoring periods, and management regimes,

the threshold was evaluated through sensitivity analysis at

>50%, >60%, >65%, and ≥75% rather than treated as an

absolute criterion of restoration success.

The final recommendation was made using a trans-

parent decision rule. Primary recommended species were
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those that (i) reached the High preliminary screening class

(24–27) and (ii) achieved field survival >50%. Conditional

candidates were species that met only one of these crite-

ria or required additional silvicultural intervention. Species

with zero survival were considered unsuitable only under the

tested operational condition and were assigned to targeted

microsite testing rather than being interpreted as universally

unsuitable. The decision logic is given in Figure 2.

Figure 2. Decision logic linking preliminary screening, field survival, and final species recommendation.

3. Results

A prospective species list for enrichment planting con-

sisted of ten native tree species (Table 2). The preliminary

screening results are reported for the social, economic, and

ecological categories, the combination score, and the field

survival data. The modified presentation differentiates the

role of preliminary screening from the final field-based sug-

gestion, so that each step has a distinct role in the decision

process.

Table 2. Social criteria scores of native tree species for enrichment planting in revegetated post-coal mining sites.

Plant Species
Social Criteria

Score
Prohibition on Species Community Support Expert Justification

Aleurites moluccana 3 3 2 8

Alstonia scholaris 3 2 2 7

Anisoptera marginata 3 2 3 8

Anthocephalus cadamba 3 2 2 7

Aquilaria malaccensis 3 3 2 8
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Table 2. Cont.

Plant Species
Social Criteria

Score
Prohibition on Species Community Support Expert Justification

Combretocarpus rotundatus 3 2 1 6

Ficus benjamina 3 2 3 8

Melaleuca cajuputi 3 1 1 5

Shorea balangeran 2 2 3 7

Syzygium sp. 3 2 2 7

Note: Social criteria were assessed using a scoring approach based on prohibition on species, community support, and expert justification. Each indicator was scored from 1 to

3, where 1 = Low, 2 = Moderate, and 3 = High. The total score was obtained by summing the scores of the three social criteria. Higher scores indicate greater social acceptance

and suitability of the species for enrichment planting in post-mining land revegetation.

From the social assessment viewpoint, most species

were not culturally bound by local populations. Both Aleu-

rites moluccana and Aquilaria malaccensis were supported

well by the community due to their known economic and

cultural values. The original text used Aquilaria moluccana

for candlenut; this version has corrected the species name to

Aleurites moluccana throughout the document. Community

support forMelaleuca cajuputi was lower because respon-

dents perceived it to have lower economic value and less

known growth potential in the post-coal mining environment.

Economic feasibility differed mostly in terms of

seedling availability and continuity of supply. The greatest

economic rankings (Table 3) were given to Aleurites moluc-

cana, Alstonia scholaris, Anisoptera marginata,Melaleuca

cajuputi and Shorea balangeran, because seedlings were

reasonably abundant, supply was judged more consistent,

and pricing was operationally feasible. In this study, Antho-

cephalus cadamba had a lower economic score as seedlings

were not more reliably available from suppliers. The reduced

economic feasibility was essential in the final judgment since

the species had enough survival but did not qualify for the

high category of preliminary screening.

Table 3. Economic criteria scores of native tree species for enrichment planting in revegetated post-coal mining sites.

Plant Species
Economic Criteria

Score
Easily Obtainable Species Continuously Available Seedling Price

Aleurites moluccana 3 3 3 9

Alstonia scholaris 3 3 3 9

Anisoptera marginata 3 3 3 9

Anthocephalus cadamba 2 2 2 6

Aquilaria malaccensis 3 2 2 7

Combretocarpus rotundatus 2 2 3 7

Ficus benjamina 2 2 3 7

Melaleuca cajuputi 3 3 3 9

Shorea balangeran 3 3 3 9

Syzygium sp. 3 2 3 8

Note: Economic criteria were assessed using a scoring approach based on seedling availability, continuity of supply, and seedling price. Each criterion was scored from 1 to 3,

where 1 = Low, 2 = Moderate, and 3 = High. The total score was obtained by summing the scores of the three economic criteria. Higher scores indicate greater economic

suitability and feasibility of the species for enrichment planting in post-mining land revegetation.

Anisoptera marginata and Ficus benjamina obtained

the highest ecological scores (Table 4). A. marginata is a

native dipterocarp species found in lowland forests of Kali-

mantan [19,20], whereas F. benjamina is known for its wide

ecological tolerance, dense canopy structure and soil pro-

tection potential [21–23]. Anthocephalus cadamba, Aquilaria

malaccensis and Shorea balangeran also received relatively

high ecological scores but their final recommendation was

based on whether field survival supported their preliminary

suitability. Overall, preliminary screening scores of native

tree species based on social, economic, and ecological crite-

ria are as follows (Table 5).

The combined preliminary screening showed that one

species was categorized as High, seven species were cate-

gorized as Moderate, and two species were categorized as

Low. No species was categorized as Very Low. This revised

four-class scoring system reduced overclassification into the

High category and provided a stricter basis for final recom-

mendation. Therefore, the initial score alone was insufficient

to justify a final recommendation. The revised framework
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uses preliminary screening as a weighting component and

requires field survival confirmation for primary recommen-

dation. The initial screening results for species selection in

enrichment planting are shown below (Figure 3).

Table 4. Ecological criteria scores of native tree species for enrichment planting in revegetated post-coal mining sites.

Plant Species
Ecological Criteria

Score
Growth Capability Thrive Capability Ability to Protect Soil

Aleurites moluccana 2 2 2 6

Alstonia scholaris 2 2 2 6

Anisoptera marginata 2 3 3 8

Anthocephalus cadamba 2 2 3 7

Aquilaria malaccensis 2 2 3 7

Combretocarpus rotundatus 1 2 2 5

Ficus benjamina 3 2 3 8

Melaleuca cajuputi 1 1 1 3

Shorea balangeran 3 2 2 7

Syzygium sp. 2 2 2 6

Note: Ecological criteria were assessed using a scoring approach based on growth capability, thrive capability, and ability to protect soil. Each criterion was scored from 1 to 3,

where 1 = Low, 2 = Moderate, and 3 = High. The total score was obtained by summing the scores of the three ecological criteria. Higher scores indicate greater ecological

suitability of the species for post-mining land revegetation.

Table 5. Preliminary screening scores of native tree species based on combined social, economic, and ecological criteria.

Plant Species Social Economic Ecology Score/Class

Aleurites moluccana 7 9 6 22 (M)

Alstonia scholaris 7 9 6 22 (M)

Anisoptera marginata 8 9 8 25 (H)

Anthocephalus cadamba 7 6 7 20 (M)

Aquilaria malaccensis 8 7 7 22 (M)

Combretocarpus rotundatus 6 7 5 18 (L)

Ficus benjamina 8 7 8 23 (M)

Melaleuca cajuputi 5 9 3 17 (L)

Shorea balangeran 7 9 7 23 (M)

Syzygium sp. 7 8 6 21 (M)

Note: The initial screening score was obtained by summing the scores of social, economic, and ecological criteria for each plant species. Higher scores indicate greater

suitability and potential for use as enrichment planting species in post-mining land revegetation.

Figure 3. Preliminary screening scores based on social, economic, and ecological criteria.

Note: Classification based on screening criteria. H = High, M = Moderate, L = Low.
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Using the revised four-class classification, only

Anisoptera marginata reached the High preliminary screen-

ing class with a score of 25. Seven species were classified

as Moderate: Aleurites moluccana, Shorea balangeran, Fi-

cus benjamina, Aquilaria malaccensis, Alstonia scholaris,

Anthocephalus cadamba, and Syzygium sp. Two species,

Combretocarpus rotundatus andMelaleuca cajuputi, were

classified as Low. Field trials were conducted on all enrich-

ment planting species under the canopy of primary revege-

tation trees. The results for plant survival rates (% growth)

and initial screening score of enrichment planting species

are as follows (Table 6).

Table 6. Survival rate, preliminary screening score, and adaptive potential of native tree species in enrichment planting trials.

No. Plant Species Survival Surv. Score Prelim. Score Total Class/Status

1 Aleurites moluccana 60.95% 3 (M) 23 (M) 26 M/Conditional

2 Alstonia scholaris 62.64% 3 (M) 22 (M) 25 M/Conditional

3 Anisoptera marginata 60.95% 3 (M) 25 (H) 28 H/Primary

4 Anthocephalus cadamba 55.56% 3 (M) 20 (M) 23 M/Conditional

5 Aquilaria malaccensis 65.79% 3 (M) 22 (M) 25 M/Conditional

6 Combretocarpus rotundatus 0.00% 1 (VL) 18 (L) 19 L/Unsuitable

7 Ficus benjamina 63.42% 3 (M) 23 (M) 26 M/Conditional

8 Melaleuca cajuputi 0.00% 1 (VL) 17 (L) 18 L/Unsuitable

9 Shorea balangeran 48.00% 2 (L) 23 (M) 25 M/Conditional

10 Syzygium sp. 48.00% 2 (L) 21 (M) 23 M/Conditional

Note: Plant survival rate was calculated as the percentage of surviving individuals at the end of the field trial. Survival scores were classified into four categories: Very

Low = 1 (<25%), Low = 2 (25%–<50%), Moderate = 3 (≥50%–<75%), and High = 4 (≥75%). The total score was obtained by adding the survival score to the preliminary

screening score. Adaptive potential was classified into four classes based on the combined total score: Very Low (10–15), Low (16–21), Moderate (22–26), and High (27–31).

Abbreviations in the table: VL = Very Low, L = Low, M = Moderate, and H = High.

Aquilaria malaccensis, Ficus benjamina, Alstonia schol-

aris, Anisoptera marginata, Aleurites moluccana, and Antho-

cephalus cadamba showed more than 50% survival (Figure

4). However, under the revised four-class preliminary scor-

ing system, only Anis optera marginata reached the High

preliminary screening class. Therefore, A. marginatawas clas-

sified as the primary recommended species. A. moluccana, A.

malaccensis, F. benjamina, A. scholaris, and A. cadambawere

classified as conditional candidates because their field survival

was adequate but their preliminary scores were Moderate.

Figure 4. Survival rates of candidate enrichment planting species.

Note: The dashed line indicates the 50% operational early-establishment threshold.
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Shorea balangeran and Syzygium sp. had Moderate

preliminary screening scores and survival rates of 48%.

They were therefore classified as conditional candidates

requiring improved silvicultural intervention rather than

as primary recommended species under the tested opera-

tional condition. This classification does not imply that

S. balangeran is ecologically unsuitable in all post-mining

sites. Previous studies have reported higher survival of S.

balangeran in other mining areas [24]. The lower survival in

this study suggests that local planting method, seedling qual-

ity, microsite condition, or maintenance intensity may have

limited establishment. Consequently, these species should

be tested with improved site preparation, larger seedlings,

better planting-season timing, or additional maintenance

before broad operational use.

The sensitivity interpretation shows that species with

adequate survival remain within the Moderate to High

adaptive-potential range when the survival threshold is in-

creased from >50% to >60% (Table 7). However, the recom-

mendation becomes very restrictive at >65%, and no species

reaches the High survival category of ≥75%. This indicates

that most species should be interpreted as moderately adapted

during early establishment, not as fully established or long-

term successful species. Longer monitoring is needed to

confirm whether survival remains stable after the early es-

tablishment phase.

Table 7. Decision categories for final species recommendation based on preliminary screening and field survival.

Survival

Threshold Used
Species Satisfying Survival Criterion

Primary Recommendation under

Revised High Preliminary Class

(24–27)

>50% A. malaccensis, F. benjamina, A. scholaris, A. marginata, A. moluccana, A. cadamba A. marginata

>60% A. malaccensis, F. benjamina, A. scholaris, A. marginata, A. moluccana A. marginata

>65% A. malaccensis No species

≥75% No species No species

4. Discussion

The new statistics show the study is not a simple two-

step exclusion process. The first screening and the field

testing have different purposes but complementary. The first

screening determines feasibility and hazard before planting.

“Is the species socially acceptable, economically available

and biologically possible for the site? The field trial then

tests the species’ ability to survive under the real operational

conditions of a revegetated after coal mining stand. This

distinction is important since a species may be socially and

economically feasible yet not perform under field stress as in

Shorea balangeran and Syzygium sp. In contrast, a species

may be able to survive sufficiently but still have operational

limits, as in the instance of Anthocephalus cadamba.

The clustering of the preliminary scores should be in-

terpreted in the context of the pool of candidate species. The

study did not take into account random species from different

ecological groups but species that were already considered

native, locally known or relevant to forestry activities in

South Kalimantan. In such cases a restricted range of scores

is projected. Thus, the discrimination precision of the scor-

ing scale is restricted and the final decision should not be

based on the preliminary score alone. In the new paradigm

this restriction is eliminated, strengthening a feasibility re-

quirement and a survival condition. This is consistent with

restoration planning approaches that consider both species-

site matching and the practical capacity to implement [10,11].

The survival threshold is likewise a subject for care-

ful interpretation. A 50% survival rate isn’t an ecological
benchmark for successful restoration across the board. In

a major tropical restoration effort in Sumatra, Kardiman et

al. [18] applied a minimum 50% survival criterion to evalu-

ate successful species–microhabitat combinations, demon-

strating its practical relevance as a screening benchmark

rather than a universal goal. Therefore, >50% in the present

study reflects operational early installation under the studied

reclamation situation. The sensitivity analysis also demon-

strates that the ranking is moderately robust at >60%, with

A. marginata being the only primary recommendation, but

becomes substantially more restrictive at >65%, with only A.

malaccensis satisfying the survival criterion and no species

satisfying both the revised High preliminary class and the

survival requirement. At ≥75% no species meets the survival

requirement. This trend suggests that the research promotes

moderate early establishment, rather than long-term restora-
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tion success, and that the main advice is subject to how

strictly survival is defined. The trial was conducted beneath

70%–80% canopy cover with under-canopy light intensity of

3,900–4,500 lux; therefore, all species recommendations are

conditional on this partially shaded environment. Species

performing well here should not automatically be assumed to

perform similarly in open sites or beneath denser canopy, be-

cause light availability can alter both survival and growth in

tropical restoration plantings [18]. Soil pH of 5.95–6.24 was

not extremely acidic, but the red-yellow podzolic clay-loam

substrate may still impose constraints related to drainage,

compaction, and root penetration.

The best choice was Anisoptera marginata since it had

the greatest preliminary score and a survival rate of over 60%.

Its selection is also relevant to conservation. Dipterocarp

species are of ecological importance in the lowland forests

of Kalimantan. A. marginata has conservation value due

to its vulnerable status [25]. The presence of A. marginata

in enrichment planting may be helping to reintroduce late-

successional structural components into a pioneer-dominated

reclamation stand. Dipterocarps, however, often need good

microsite conditions and long-term development and crown

formation and competition should be assessed at different

canopy densities in future trials.

Aleurites moluccana was assessed as a conditional can-

didate with Moderate adaptation potential. Good social and

economic feasibility and adequate field survival supported

this categorization, although its preliminary score did not

achieve the updated High class. The species is known as a

multipurpose tree and is widely distributed in different places

in Indonesia [26,27]. The practical value of this approach can

facilitate community support for reclamation activities espe-

cially if post-mining landscapes are anticipated to produce

both ecological recovery and plant resources of local signifi-

cance. Its ability to adapt to a range of site conditions lends

further support to its usage in degraded sites. Long-termmon-

itoring is needed to verify that it adds to structural diversity,

and does not operate merely as a utilitarian planting species.

Species-profile evidence also supports this interpretation: A.

moluccana is native to the Indo-Malaysian region, tolerates

drought and wind, can grow on poor soils and steep slopes,

and is used for soil stabilization, indicating broad ecological

plasticity relevant to degraded-land rehabilitation [28].

Aquilaria malaccensis had the highest survival rate

in the trial and was rated as a conditional candidate with

Moderate adaptation potential according to the updated four-

class framework. This species has also been documented

for post-mining land regeneration in earlier studies [29]. Its

performance suggests that it is able to develop under the

partial canopy circumstances of the revegetation stand ex-

amined. The species also has high conservation relevance

as wild populations are under pressure from agarwood ex-

traction and the species has recognized commercial worth in

agarwood production [30–33]. If correctly managed, planting

of A. malaccensis in reclamation contexts could contribute

to ex situ conservation and lessen reliance on wild sources.

However, its economic worth could also lead to harvesting

pressure, thus reclamation planning would have to include

protective measures and long-term management goals. The

species of Ficus are found in a range of habitats such as

karst, riparian, heath forest and other forest habitats [34–38].

Members of the genus Ficus are frequently important food

resources in tropical climates. F. benjamina may promote

vertical structure growth and wildlife use in post-mining

landscapes, which is essential since reclaimed mining ar-

eas can eventually provide habitat for mammals and other

species [39]. However, this species needs to be closely moni-

tored in its development because it can dominate due to its

quick growth and adaptability unless it is balanced by other

local species. Alstonia scholaris was likewise categorized as

a conditional candidate with a Moderate adaptive potential.

Due to its relatively good survival, seedling availability and

fast-growing character, it is still beneficial for enrichment

planting when rapid establishment is necessary. As a na-

tive tree, tolerant of a range of climatic circumstances, it

may provide an opportunity to diversify stands dominated

by early reclamation species. The non-timber value of Alsto-

nia scholaris has also been recognized, and much research

has validated its phytochemical and antioxidant character-

istics [40]. Besides survival, their ecological roles should be

assessed with regard to height growth, contribution to the

canopy and interactions with the current revegetation species.

Also, Anthocephalus cadamba requires a more precise in-

terpretation as the species is known as a fast-growing tree

with a vast silvicultural potential [41]. Its survival rate was

more than 50%, showing potential for early establishment.

However, its preliminary screening score was Moderate in

the study environment because seedling availability, supply
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continuity, and pricing were not very good. Therefore, it was

maintained as a conditional competitor rather than a prime

recommended species. The story of Shorea balangeran also

underscores the need to balance between preliminary feasi-

bility and survival in the field. Based on earlier reclamation

research [24,42], S. balangeran scored Moderate in the prelim-

inary test and has demonstrated to grow well in the favorable

conditions. But only 48% survived in the field tests. The

difference could be the effect of local microsite conditions,

seedling quality, season of planting or early management on

survival. S. balangeran should not be seen as unsuitable in

general but as a species that needs improved silvicultural

intervention in the research site. Suggested improvements

are bigger seedlings, better handling of the root ball, planting

at the start of the rainy season, site specific organic nutrients

and focused weeding to reduce competition. The conserva-

tion and economic rationale is further supported by evidence

that A. malaccensis is heavily valued for agarwood, while

depletion and unsustainable harvesting of wild Aquilaria

resources have created a strong need for cultivation and sus-

tainable production systems [43].

Combretocarpus rotundatus and Melaleuca cajuputi

had zero survival under the tested condition, indicating a

strong species–microsite mismatch rather than evidence of

universal ecological unsuitability. C. rotundatus is character-

istic of peat-swamp forest and has shown superior seedling

growth on peat media with high water-holding capacity [44].

M. cajuputi is likewise associated with peat-swamp environ-

ments in South Kalimantan and can occur under strongly

acidic, wet substrates [45]. In contrast, the present enrichment

plots were established on red-yellow podzolic mineral soil

beneath a relatively closed 70%–80% canopy. Their zero

survival may therefore reflect interacting differences in sub-

strate type, soil moisture regime, drainage, and under-canopy

light. Follow-up testing should involve duplicated microsite

treatments contrasting wetter versus better drained sites, peat-

rich versus mineral soils, and lower versus higher canopy

openness. At the same time monitor soil moisture, depth to

water table or drainage quality, light availability and seedling

physiological status. This directed testing would elucidate

whether death was predominantly due to moisture/substrate

mismatch, shade limitation, planting-stock quality, or combi-

nations among these factors before either species is removed

from reclamation usage. More broadly, mine-rehabilitation

studies demonstrate that vegetation establishment can shift

sharply across substrate pH and other geochemical thresh-

olds, supporting the interpretation that poor survival at a

single site may reflect microsite mismatch rather than univer-

sal species unsuitability [13]. Evidence from South Kaliman-

tan restoration research also emphasizes that species selec-

tion should integrate ecological suitability with community

knowledge, participation, and socio-economic feasibility [46].

The broader conservation implication is that enrich-

ment planting should be designed as an adaptive management

process that simultaneously rebuilds vegetation structure and

creates managed populations of conservation-relevant native

taxa. Three candidate species are particularly important in

this regard: Anisoptera marginata is listed as Vulnerable [25],

Aquilaria malaccensis is a threatened agarwood-producing

species subject to pressure from wild harvesting [32,33], and

Shorea balangeran is also currently assessed as Vulnera-

ble [47]. Establishing such taxa in reclaimed landscapes can

diversify pioneer-dominated stands, increase representation

of native forest lineages, and provide ex situ or comple-

mentary conservation value when planted populations are

protected and monitored. However, conservation benefit

should not be inferred from planting alone. It requires long-

term survival, growth to reproductive maturity, maintenance

of adequate genetic diversity, protection from harvesting,

and integration with landscape-level habitat recovery. In-

creasing vegetation structure and species diversity may also

support bird and mammal communities because faunal com-

position responds to habitat complexity and vegetation struc-

ture [39,48–50]. Accordingly, monitoring should extend beyond

early survival to height and diameter growth, canopy devel-

opment, reproductive status, recruitment, and wildlife use.

These conservation interpretations, like the species recom-

mendations themselves, remain conditional on the partially

shaded 70%–80% canopy environment tested in this study

and require validation across contrasting canopy conditions.

This broader biodiversity interpretation is consistent with

evidence from reclaimed surface mines showing that vegeta-

tion structure, canopy development, surface heterogeneity,

and connectivity to source habitats influence faunal recolo-

nization and should be considered in biodiversity-oriented

reclamation [51]. Integrated post-mining monitoring should

therefore combine survival and growth of planted native

species with vegetation diversity, soil conditions, microcli-
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mate, and other ecosystem indicators rather than relying on

a single measure of restoration progress [12].

This study has several limitations. The field trial was

conducted in an operational reclamation context without

duplicated experimental plots across distinct site blocks, re-

stricting the disentanglement of species impacts from local

spatial variation. Second, plot-level gradients in soil chem-

istry, compaction, moisture, drainage, and nutrient avail-

ability were not measured as explanatory variables. Third,

canopy cover and under-canopy light were characterized

for the study site but not altered experimentally, although

partial shade constituted an important condition of the trial.

Fourth, the preliminary grading scale 1-3 has limited dis-

criminatory resolution and early survival alone could not

reflect the long-term restorative performance. Therefore,

a replicated randomized-block or factorial design testing

candidate species across differing canopy openness classes

and measured soil-gradient conditions ought to be used in

a subsequent controlled trial. At minimum, independent

blocks should represent low, intermediate, and high shade

conditions, while soil measurements should include pH, or-

ganic carbon, available nutrients, bulk density or penetra-

tion resistance, texture, and soil moisture or drainage status.

Species × canopy and species × soil-condition interactions

should be evaluated, with standardized seedling size, plant-

ing season, amendment, and maintenance. Repeated survival

and growth measurements over multiple years would allow

mixed-effects or survival-analysis models to distinguish true

species responses from block- and microsite-level variation.

However, the better decision structure enhances trans-

parency and reproducibility. It distinguishes between an

initial feasibility evaluation and field performance, sets forth

precise principles for primary and conditional recommenda-

tions, and clarifies why species with apparently comparable

total scores may be placed in various final categories. Such

a framework can help mining firms, restoration practition-

ers and forest managers in more judicious selection of na-

tive species for conservation-oriented enrichment planting

in post-coal mining environments.

5. Conclusion

This study developed a revised four-class decision

framework for selecting native tree species for enrichment

planting in revegetated post-coal mining sites. The prelim-

inary screening based on social, economic, and ecological

indicators was clarified as a weighting and risk-diagnosis

stage rather than an elimination filter. The total preliminary

screening score was classified into Very Low (9–13), Low

(14–18), Moderate (19–23), and High (24–27). Field sur-

vival was then used as the empirical confirmation of early

establishment, with survival scores classified as Very Low,

Low, Moderate, and High. Primary recommended species

were those that achieved both a High preliminary screening

class and survival greater than 50%.

Based on this revised assessment, Anisoptera

marginata was the only primary recommended species

because it achieved the High preliminary class and adequate

field survival. Aleurites moluccana, Aquilaria malaccensis,

Ficus benjamina, Alstonia scholaris, and Anthocephalus

cadamba were classified as conditional candidates with

Moderate adaptive potential because they showed adequate

survival but only Moderate preliminary feasibility. Shorea

balangeran and Syzygium sp. were also conditional candi-

dates requiring improved field intervention because their

survival rates were below the operational threshold. Combre-

tocarpus rotundatus and Melaleuca cajuputi were classified

as unsuitable under the tested enrichment planting condition

because both showed zero survival.

The findings show that enrichment planting recom-

mendations in post-mining landscapes should not rely on a

single criterion. Species selection should integrate feasibility,

ecological appropriateness, field performance, and adaptive

monitoring. The revised four-class scoring system provides

a more conservative and transparent basis for identifying

species that are ready for operational use, species that re-

quire conditional management, and species that should be

restricted tomore suitablemicrosites. The present recommen-

dations should therefore be interpreted as condition-specific

evidence for enrichment beneath approximately 70%–80%

canopy cover; operational deployment in more open or more

heavily shaded reclamation stands should be preceded by

replicated canopy- and soil-gradient trials.
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