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Abstract
Challenges in reclaiming tin-mined soil in Bangka Island, Indonesia are the declining quality of soil
properties, metal and heavy metal contamination, and increasing acidity. A recent evaluation found leaf
and root anatomical traits of species in ex tin mined soils were not correlated with survival rates, height
growth or canopy areas. Thus, a renewed study focusing more on the functional traits to confirm
morphological performance in the field is needed. Combining the study of leaf and root functional traits
with the other physical trait studies may streamline the determination of species selection criteria for tin
reclamation use. By studying samples of 92 plant species (24 herbs, 21 shrubs, 44 trees, and 3 lianas) grown
in mined spoils and in forest fragments, focusing on 8 key functional traits, it is found that the leaf
functional traits and root traits differed between plants grown in the ex-mined site and in the forest.
Stomatal conductivities of several plant habits that grow on tin-mined soil were higher than those that grow
on undisturbed land. Chlorophyll a of herbs and lianas and chlorophyll b in all habits, which were grown in
ex-mined soils, were lower. Stomatal densities of herbs and lianas in-mined land were higher than plants
grown in the forest. Leaf thickness, mesophyll and adaxial cuticle thickness of all habits grown in ex-mined
spoils were higher than for plants grown in the forest. The enlarged palisade cells of those living in the dry
ex-mined environment indicate their tolerance to water stress. In other study, the root conductivities in
sedge and shrub species were higher in ex-mined soil compared to those grown in the undisturbed
environments, while tree showed the opposite pattern. Some attributes are consistent with plants growing
under greater water stress, therefore selection of species for regevetation should rely on those. The
correlations of root and leaf traits are not consistent among herbs, shrubs, trees, and lianas and this might
reflect different adaptive strategies. This inconsistency suggests that root conductivity, stomatal
conductivity, and leaf nitrogen content in more species representing traits related to drought tolerance,
regardless of growth habit, should be emphasized in the future studies.
Keywords: plant selection criteria, tin-mined soil, leaf and root, anatomical and physiological traits, growth
form
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Introduction

Land rehabilitation which leads to an improvement in land function, relies on adapted native plant species
to be successful (van Andel et al. 2012). Reliance on natural succession in sandy tin tailings takes a long
period of time before ground cover establishment (Ang 1994; Nurtjahya et al. 2009a). Reclamation of
mined soils or, land rehabilitation, has been achieved in many areas. The use of adaptive local species is
preferred but requires species selection. Local plant species must be selected based on their adaptations
and the site characteristics of the reclaimed mined soil. Metal contamination, soil texture, and / or soil pH
are additional challenges that need to be resolved.
In selecting plant species for revegetating tin mined soils, the selection was merely based on morphology.
Exotic species such as Acacia mangium does not support biodiversity. The use of native species had not
been studied extensively, and the selection was likely to be based on trial and error (Nurtjahya et al.
2008a). In some areas, the planting practices in mined land with vegetables, such as eggplant, maize, chili,
long beans, and cucumber, with the compost and manure, showed success (Nurtjahya et al. 2009b).
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The identification of anatomical and physiological traits that can be used to identify species with potential
to succeed in tin mined soils will greatly speed up the search for suitable local species. There has been a
renewed interest in the use of ecophysiological characteristics as a mean for selecting suitable species, but
only a few studies have applied this in revegetation of tin mines (Nurtjahya & Franklin 2019).
The evaluation of local tree species in tin mined soil in the province of Bangka Belitung concluded that
species with highest survival rates and cover development (Nurtjahya et al. 2008a) did not have superior
adaptive measurements of their anatomical and physiological traits; the best adapted species were not
those with the best performance in the site (Nurtjahya et al. 2011). The aim of this paper is to discuss the
anatomical and physiological characteristics of plants that grow on tin-mined soils, in order to enrich
species selection criteria.

1.1

Tin mining

Bangka Belitung islands are the second largest tin producing islands in the world. Tin has been exploited for
many years (Figure 1). Mining activities take place offshore and onshore, including in protected marine
ecosystems and forests. There are approximately 15,000 and 50,000 artisanal small-scale tin miners and
about 30 private smelters (IDH 2013). Indonesia produced more than 100,000 tonnes of tin in 2013, which
was nearly more than one third of world supply (IDH 2013). Mining has become an important economic
driving force in the province ahead of pepper and rubber plantations (Zulkarnain et al. 2005). Tin
production from small-scale tin mining contributed up to 80% of the country tin export (ITRI 2013).
Unfortunately, most of the unconventional tin mining activities are being carried out without regard to the
safety of land reclamation and good mining practice. As a result, ecological disruption caused by tin mining
continues for the sake of economic benefit. Studies show that efforts to restore tin-mined soils face
significant challenges.

1.2

Impacts on biota, microclimate, and soil quality

Mining of alluvial cassiterite (SnO2) is conducted after stripping the vegetation and removing the non-tin
overburden. The extraction is done by applying large amounts of of high-pressure water jets to the
sediment. The heavy tin ore is separated from light material by gravity in a series of shaking tables, jigs,
including a traditional jig known as a sakan. Non-tin sediment flows towards the lower area in which the pH
can go below 3. Together with the other marginal lands, the total of disturbed lands may reach more than
5,000 ha including those that have been reclaimed and revegetated (Nurtjahya et al. 2009b).

Figure 1

Inland mined sites (Nurtjahya et al. 2008; Nurtjahya 2013)
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1.2.1

Soil quality

Inland tin mining reduces soil fertility by reducing soil nutrients, metal and heavy metal contamination, and
increasing acidity. Sand tailings may contain 95% sand with less than 2% organic carbon, and cation
exchange capacity between 0.4–3.9 units (Nurtjahya 2008; Nurtjahya et al. 2009a). Phosphorus, potassium,
and sodium concentrations in post tin mining soil were lower than those in undisturbed site (Nurtjahya et
al. 2009a) (Table 1). There were differences of soil fertility in forest, abandoned farmed-land, and
abandoned mined sites at 0, 7, 11, and 38 years. The acidity (pH) of newly mined site is 4.5–4.8 and tends
to be more acidic than the pH of 5 found in natural succession ex-mined land.
Table 1

Soil properties of riparian forest, abandoned farmed-land, 38-year-old tin-mined land, 11year-old tin-mined land, 7-year-old tin-mined land, and 0-year barren tin-mined land

Land function analysis (LFA) of mined soils shows soil stability index, infiltration index, and nutrition cycle
index are typically lower than those of undisturbed site (Wahyono et al. 2017) (Figure 2).

Figure 2

1.2.2

LFA indices, stability index, infiltration index, and nutrient cycle index of unreclaimed and
reclaimed tin mined soil, and secondary forest (Wahyono et al. 2017)

Microclimate

Evaporation on tin mined land has been found to be higher than on undisturbed site at 4 L/m2/day, almost
double the value on undisturbed land (Nurtjahya 2010, unpublished). Sand tailings need surface
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amendment before planting (Nurtjahya et al. 2009b), given that its soil temperature may reach 45°C during
the day (Nurtjahya et al. 2008b).
1.2.3

Biota

Inland tin mining has been found to cause a decrease in the number of individual plants by up to 80% and
the species up to 26%. From studies in several locations in Bangka Island, mining activity changes
vegetation structure and composition. For example, the similarity of vegetation structure of 38-year-old tinmined site was less than 2% of a nearby riparian forest (Table 2). Therefore, the appearance of poles and
later trees in natural regeneration of the site may need much longer time (Nurtjahya et al. 2009a).
A study reported that the number of spores of arbuscular mycorrhizal fungi tends to increase with time
since mining in sites abandoned naturally, but the total number of phosphate solubilizing bacteria shows
the opposite (Nurtjahya et al. 2009a). The mesofauna Collembola population in revegetated tin mined soils
vegetated with various native tree species increased after 6 months, 9 months, and 12 months after
planting, with the average population of 374.9 individuals/m2 and the highest record of 1,104.5
individuals/m2 (Nurtjahya et al. 2008b). The increasing Collembolan population was also reported at various
age groups of tin mined lands planted with Acacia mangium, with 4,816 individuals/m2 recorded at 13year-old revegetation (Nurtjahya et al. 2007).
Table 2

1.3

Number of individual plants, species, and families in forest, abandoned farmed-land, 38-yearold tin-mined land, 11-year-old tin-mined land, 7-year-old tin-mined land, and 0-year-old
barren tin-mined land

Criteria determination

Plant species selection depends on the purpose of revegetation: rehabilitation or economic (timber, food,
herbal, or environmental service), or a combination of the two, as well as the biology of the species and its
attributes. Species selection is governed by land condition – whether it is dry or wet, acid or normal soil,
presence of metal contamination, or radioactivity – and also the neighbouring ecosystem. Also, the
attribute of the species, i.e., early pioneer or late pioneer, is also taken into account when choosing suitable
species for each stage of mined soil succession.
In selecting adapted species, plant water use characteristics are somewhat considered. Species with the
lowest suction pressure tend to be selected for disturbed soil as different habits have different leaf suction
pressures (Table 3). Tong et al. (2008) reported that the lowest leaf suction pressure is found in herbs, then
shrubs, lianas, small trees, and big trees. For water stressed soils, the most adaptive plant species has the
lowest daily transpirational water consumption. Decreasing transpiration also is also associated with
increased of water use efficiency (Gonzalez-Rodriguez et al. 2010), which means better performance in
unfavourable conditions.

Mine Closure 2021

Mine closure and progressive rehabilitation

Table 3

Leaf suction pressure in relation to plant habit

Several criteria in selecting adaptive species have been reported. Evaluation on the basis of plant growth
and its morphology is the most widely practiced. Good growth of the individual species in an unfavourable
condition indicates that the species is adapted to the site. The study of anatomical and physiological traits
has been used to validate good plant growth, but it has been concluded that anatomical and physiological
characters were not well correlated with performance in the field (Nurtjahya et al. 2011). This also means
that the chosen characteristics are either not relevant or not enough to make a difference. It should be
remembered that the ex-mined soils are very diverse due to the local geology as well as differences in
exploitation and the methods used. This dictates the physical, chemical, and biological properties of the
tailings. In addition, the selection of species may often be based simply on seed availability and cost.
Nurtjahya & Franklin (2019) reported that species with a moderate growth rate, which can adapt in
unfavourable reclaimed land, have more potential to be adopted.

2

Methodology

2.1

Site description

Bangka Island with the area of 1.17 million hectares (PPTA 1996) lies off the eastern coast of south Sumatra
and has the population of 1,192,028 (Badan Pusat Statistik 2021). The climate of the area is hot and humid
and belongs to Af type according to Köppen-Geiger classification (PT Timah Tbk. 1997). The average
temperature is 26.3°C with average humidity and rainfall of 61%, and 241 mm per month respectively.
December and January have the highest precipitation and August and September having the lowest
(Nurhuda et al. 2016). The landscape is flat with an average of 50 m above the sea level, but with several
hills with the highest elevation of 700 metres.

2.2

Data collection

The study has been developed through review of recent research articles written by colleague and student
of Universitas Bangka Belitung and the author (Nurtjahya & Santi 2018; 2019; Nurtjahya & Savira 2020).
Samples were collected from mined soils and the neighbouring forest in Bangka, Central Bangka, South
Bangka, and West Bangka regencies.
This paper measured eight functional traits, including leaf morphology (leaf thickness, stomatal density),
and anatomical traits (mesophyll thickness, adaxial cuticle thickness, root conductivity of total area of root
xylem at transversal cross section), and physiological traits (stomatal conductance, foliar nitrogen
concentration, and foliar pigment concentrations) of 92 plant species (24 herbs including sedge and
grasses, 21 shrubs, 44 trees and 3 lianas). The plant species were in ex tin mined spoils and fragment
forests and comprised 75 families and 39 genera (Nurtjahya & Santi 2018; 2019; Nurtjahya & Savira 2020).
Stomatal conductance, using an AP4 porometer apparatus (Delta-T, Cambridge, UK), was measured in situ
in sunny days with three repetitions, and on three individuals of each species, between 07:00 and 11:00.
Leaves were harvested for nitrogen and pigment analysis. Samples for pigment analysis were stored at –4°C
and then approximately 0.2 g of leaf tissue was extracted in 80% (v/v) acetone. Pigments in extracts were
determined colorimetrically (Spectrophotometer, USA) at wavelengths of 480, 663, and 645 nm. Pigment
concentrations are calculated based on the fresh weight using equations by Sesták et al. (1971) for
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chlorophylls a and b, and equation of Davies (1965) for carotenoids, and Kjeldhal method for nitrogen. The
test was conducted at the university laboratory (Nurtjahya & Santi 2018). For paradermal measurement,
leaf samples were fixed with 70% alcohol, stained with safranin with wholemount method of Sass (1951).
For transversal measurement, leaf and root cut samples were fixed in FAA solution with paraffin method of
Johansen (1940). The measurements were conducted in the university laboratory (Nurtjahya & Santi 2019).

3

Results and Discussions

3.1

Leaf stomatal conductance, stomatal density and leaf thickness

Stomatal conductance varies with growth habit, with shrubs having the highest values (Figure 3). In herbs
and shrubs from mined land, stomatal conductance is higher and significantly different than those in the
forest. For all growth habits, stomatal conductance is higher in plants from mined land than those in the
forest (Nurtjahya & Santi 2018). No significant effect of soil type was observed. These readings are different
from the other studies that observed stomatal conductance of plants which are subjected to water-stress is
expected to be lower than those on undisturbed soils (Setiawan et al. 2013; Liu et al. 2014). For the herbs,
comprising 5 grasses, 5 sedges, and 14 herbs, the stomatal conductance readings might also be influenced
by whether they are C3 and C4 species. C4 grass species consistently show lower stomatal conductance
than C3 grasses, which is associated with their smaller stomata (Taylor et al. 2012). The relatively high
readings might be correlated with the soil moisture either in the ex-mined spoils, or in the forest bed (Wu
et al. 2020). In their study, Yu et al. (2015) stated that stomatal conductance of a particular species is
sensitive in the range of 20-60% soil moisture, insensitive when soil moisture content was below 20%.

Figure 3

Stomatal conductance of plants grown in tin-mined soil and in the forest (Nurtjahya & Santi
2018)

Stomatal density is another variable between growth habits, with shrubs also having the highest value
(Figure 4). Stomatal density of plants from mined land is higher and significantly different than forest
plants, except in shrubs (Nurtjahya & Santi 2019). A significant effect of soil type was found during the
study.
Greater stomatal density in plants on mined sites compared to those on undisturbed soils was also
reported in Commersonia bartramia and Trema orientalis (Juairiah et al. 2005), in Syzygium grande,
Calophyllum inophyllum, and Vitex pinnata (Nurtjahya et al. 2011), and Lotus creticus (Banon et al. 2004).
These findings are also reported by Willmer (1983). The density increase is to compensate for the reduction
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of leaf area due to water stress which is to reduce transpiration (Sutcliffe 1979). However, plants which
show their adaptation to water stress may have stomatal density that is similar or lower to those on
undisturbed environment (Dobrenz et al. 1969).
In similar study with temperate and subtropical plants, Liu et al. (2019) found similar results and suggested
that leaf traits were not consistent among herbs, shrubs, and trees, which indicates different adaptive
strategies.

Figure 4

Stomatal density of plants grown in tin-mined soil and in the forest (Nurtjahya & Santi 2019)

Leaf thickness is a variable within the growth habits (Figure 5). Leaf thickness of plants, particularly lianas,
in mined land is thicker than in the forest (Nurtjahya & Santi 2019). A significant effect of soil type was
found. Mesophyll and adaxial cuticle thickness of all plants from mined land are higher than those in the
forest. A significant mesophyll difference was also found in lianas, and a significant adaxial cuticle thickness
difference was shown in trees.
Enlarged palisade cells of plants living on dry environment might show their tolerance to water stress
(Poejiastuti 1994), and more pigment can take place in these palisade cells. In other studies, mesophyll
layer can have longer and more layers in higher light intensity (Taiz & Zeiger 2002; Dickison 2000). The leaf
changes can be related to the photosynthesis efficiency. Thicker epidermal cells might control transpiration
and prevent leaves from excessive sunlight (Nurtjahya & Juairiah 2012; Nurtjahya et al. 2011).
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Leaf thickness of plants grown in tin-mined soil and in the forest (Nurtjahya & Santi 2019)

Chlorophyll concentration of herbs and lianas plants growing in mine land were significantly lower than
those grown in the forest. Similarly, chlorophyll b concentrations of all habits grown in mined land were
lower compared to those grown in the forest, and the differences in shrubs and lianas plants are significant
(Nurtjahya & Santi 2018). Carotenoid concentrations are higher in ex-mined soils than in forest in herbs,
shrubs, and trees. Carotenoid concentration in lianas in ex-mined is significantly lower than in the forest.
For chlorophylls a and b, significant effects of soil type were found. Leaf nitrogen is another variable within
the habits (Figure 6). Leaf nitrogen in plants from mined land is higher than those in the forest, for herbs
and trees. No significant effect of soil type was found.
Chlorophyll a is decreased for the leaf of herbs and lianas grown in ex-mined soils, while the decrease of
chlorophyll b in all habits grown in ex-mined soils was observed. These might be correlated to the decrease
of leaf nitrogen in shrubs and lianas. There is a positive correlation between foliar nitrogen concentration
and chlorophyll and available soil nitrogen (Prsa et al. 2007).

Figure 6

Leaf nitrogen of plants grown in tin-mined soil and in the forest (Nurtjahya & Santi 2018)
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3.2

Root conductivity

Root conductivity of total area of root xylem at transversal cross section of Scleria levis (sedge), Melastoma
malabatrichum (shrub) was higher in mined soil compared to those grown in the undisturbed
environments, while Acacia mangium (tree) showed an opposite pattern (Nurtjahya & Savira 2020) (Figure
7). These findings correlate with the higher root diameter, higher number of total bundles, and xylem
diameter of plants grown in mined soils, compared to those in undisturbed environment, however A.
mangium showed the opposite pattern. In the field, S. levis population outnumbered the population of M.
malabatrichum and A. mangium. It suggested that S. levis has a dehydration tolerance mechanism, which
enables it to adapt to water stress environment with less changes anatomically (Sopandie 2013).

Figure 7

4

Root conductivity of plants grown in tin-mined soil and in the forest (Nurtjahya & Savira
2020)

Conclusions

In this study of plant attributes when growing in land mined for tin or natural forest, there were differences
in leaf functional traits and root traits. Stomatal conductance, stomatal density, leaf thickness, and
mesophyll and adaxial cuticle thickness were all higher for plants grown in mined land than those grown in
the forest.
Enlarged palisade cells of plants on dry environments might show their tolerant to water stress. The
decrease of chlorophyll a in the leaf of herbs and lianas grown in ex-mined soils, and the decrease of
chlorophyll b in all habits grown in ex-mined soils, might be correlated to the increase of leaf nitrogen in
shrubs and lianas. The root conductivities in sedge and shrub species were higher in ex-mined soil
compared to those grown in the undisturbed environments, while tree showed the opposite pattern.
Some attributes are consistent with plants growing under greater water stress, therefore selection of
species for regevetation should rely on those. The correlations of root and leaf traits are not consistent
among herbs, shrubs, trees, and lianas which might reflect their different adaptive strategies. This
inconsistency indicates that anatomical traits, regardless of the growth habit, should be emphasized in the
future studies.
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