W) Check for updates

RESTORATION
ECOLOGY

The Journal of the Society for Ecological Restoration

SER

RESEARCH ARTICLE
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mines in the tropical rainforest of Colombia’s
Choco Biogeographic region
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Soil fertility heterogeneity is one of the main factors affecting early recovery and plant succession toward a target plant
community. This study examined the influence of topography on the diversity and composition of plant communities
established in areas degraded by opencast mining in Choco, Colombia. Soil fertility and plant community were characterized
in the four topographic formations identified in the abandoned mines: plains (PL), slopes (SLP), floodplains (FP), and sand and
gravel mounds (SGM). Topographic formations did not result in significant differences in soil properties. However, a gradient
of fertility and vegetation cover was observed: from the SGM, with less fertile soils and little vegetation, to the PL, SLP, and FP,
with the most fertile soils and greater vegetation cover and density. The species composition found in PL, SLP, and FP was sim-
ilar but differed from that of SGM. These results suggest that the SGM does not promote early revegetation in the mines. How-
ever, experimental studies are necessary to determine how topographic formations and soil conditions resulting from mining
should be managed to facilitate the early recovery of vegetation and the ecological restoration of areas affected by mining.
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Implications for Practice

e Knowledge of the variability and quality of soil properties
in areas disturbed by mining may improve management
practices for the establishment of plants in abandoned
mines that are subject to ecological restoration.

¢ From a mining land management perspective, it is impor-
tant to promote interventions resulting in large plain and
floodplain areas, as these topographic formations facili-
tate the conservation of nutrients in the soil and passive
and active revegetation in the mining landscape.

e Sand and gravel mounds should be removed from the
abandoned mines to promote the passive or active restora-
tion of these critical areas, as these topographic forma-
tions do not promote early natural revegetation.

Introduction

The biogeographic Chocé in Colombia, having the highest
rainfall level in the world, is one of the most biodiverse regions
of the planet (Rangel-Churio 2004; Pérez-Escobar et al. 2019).
The outbreak of illegal gold mining due to global demand, how-
ever, is a threat to the conservation of natural tropical rainforests
(Alvarez-Berrios & Aide 2015; Siqueira-Gay & Sanchez 2021).
In this region, mining activity has increased significantly over
recent years due to the use of heavy machinery, contributing to
the loss of forest cover (Valois-Cuesta & Martinez-Ruiz 2016).
This scenario has promoted interest in the ecological restoration

of these strategic ecosystems for wildlife conservation (Murcia &
Guariguata 2014; Valois-Cuesta & Martinez-Ruiz 2016).
Theoretically, disturbed ecosystems can gradually recover
over time (Bradshaw 1984), but, since mine wastes are invari-
ably poor in plant nutrients and may be toxic to plants, and have
physical shortcomings that are hardly suitable for plant growth,
natural colonization may be extremely slow (Ellery & Walker
1986; Martinez-Ruiz et al. 2001). Therefore, understanding
how natural succession operates at distinct spatial and temporal
scales may help in the identification of ecological mechanisms
and processes to facilitate the early recovery of these ecosystems
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(Bradshaw 1997; Walker & del Moral 2003; Valois-Cuesta
et al. 2022).

Although different restoration strategies have been devel-
oped in some tropical countries, a knowledge gap continues
to exist regarding successful results for post-mining restora-
tion projects (Roman-Dafiobeytia et al. 2021; Martins
et al. 2022). Therefore, knowledge of natural revegetation
processes is vital to developing tools to facilitate the ecolog-
ical restoration of disturbed ecosystems, especially in areas
where primary succession is the starting point (Hobbs & Nor-
ton 1996; Pastorok et al. 1997; Walker & del Moral 2003).
Areas disturbed by mining experience dramatic changes in
soil conditions, which may determine the successive coloni-
zation of plant functional groups since the availability of soil
nutrients for plants varies during the natural succession pro-
cess (Walker & del Moral 2003; Walker et al. 2010;
Ramirez-Moreno et al. 2019).

The spatial distribution of soil fertility is a limiting
factor for early revegetation of disturbed areas in which
soil has been dramatically impacted, as occurs in open-pit
mines (Tilman 1985; Moreno-de las Heras et al. 2008,
Roman-Dafiobeytia 2021). Topography is one of the main
factors promoting the spatial heterogeneity of soil nutrients.
For example, lands with steep slopes (SLP) often experience
more erosion, have and retain fewer nutrients, and provide
fewer microsites for seed retention, as compared to flat lands
(Hoogendoorn et al. 2016), and areas with concave shapes,
which tend to accumulate more nutrients than these convex
areas (Walker & del Moral 2003).

In open-pit gold mining, backhoes are often used to modify
the original topography of the land, resulting in artificial topo-
graphic formations (plains [PL], SLP, floodplains [FP], and
sand and gravel mounds [SGM]; Fig. 1). These new topo-
graphic formations may cause changes in the soil fertility dis-
tribution and may thereby affect the early revegetation
(Valois-Cuesta & Martinez-Ruiz 2017). Therefore, some
authors have proposed that the study of mechanisms that influ-
ence the distribution of soil fertility is important to under-
standing how natural revegetation occurs in disturbed areas
by mining (Martinez-Ruiz & Marrs 2007; Ramirez-Moreno
et al. 2019; Lépez-Marcos et al. 2020).

If topography determines variations in soil fertility and
vegetation (Kumhalova et al. 2011; Lopez-Marcos
et al. 2020), then, how does early revegetation occur in dif-
ferent topographic formations resulting from mining activity
in the tropical rainforests of Chocé in Colombia? And if dif-
ferences do exist, are these differences in vegetation related
to variations in soil fertility between topographic formations
in the mines? The initial hypothesis is that topographic for-
mations that conserve or promote greater soil fertility also
present greater plant diversity and cover in early plant
communities.

The objective of the study was to determine the relation-
ship between topography, soil physical and chemical
properties, and vegetation at the early stage of the natural
regeneration of gold mines in the tropical rainforest of Chocé
in Colombia.

Methods

Study Site

The study took place from June to December 2014 in Raspadura
(lat. 5°13/17"N, long. 76°38'37"W), Uni6n Panamericana, Choco,
Colombia. Raspadura is situated in the Chocé Biogeographic
region of western Colombia (Fig. 1). This region is characterized
by having annual rainfall exceeding 11,000 mm, an average annual
temperature of 26°C, and a relative humidity of 80% (Poveda
etal. 2004). The vegetation in Raspadura is typical of a tropical rain-
forest (Poveda et al. 2004). The natural forest matrix (reference
ecosystem) shows a floristic diversity of 4.5 (Shannon), with the
dominance of tree, shrub, and epiphytic species such as Ossaea
bracteata, O. spicata, Tococa guianensis (Melastomataceae),
Palicourea seemannii, Psychotria longicuspis, P. poeppigiana
(Rubiaceae), Anthurium lancea, Dieffenbachia plowmanii
(Arecaceae), Dicranopygium cuatrecasanum (Cyclanthaceae) and
Qualea lineata (Vochysiaceae). The mining areas, after 24 years
of natural succession, are less diverse (Shannon 2.1-2.9) and dom-
inated by herb and shrub species such as Andropogon bicornis
(Poaceae), Lycopodiella cernua (Lycopodiaceae), Sticherus bifidus
(Gleicheniaceae), Cyperus luzulae, Eleocharis interstincta,
Rhynchospora tenerrima (Cyperaceae), Clidemia sericea
(Melastomataceae), Hypolepis repens (Dennstaedtiaceae),
Sauvagesia erecta (Ochnaceae), and Xyris jupicai (Xyridaceae)
(Rangel-Churio & Rivera-Diaz 2004; Valois-Cuesta & Martinez-
Ruiz 2017; Valois-Cuesta et al. 2022). The richness of plant species
in the Choc6 territory has been a source of goods and services for
the subsistence of the peoples settled in the region (Valois-Cuesta &
Martinez-Ruiz 2017).

Fieldwork was carried out in two mines, 5 years after the mining
activity had concluded (Fig. 1). Open-pit mining was carried out at
both sites, using backhoes to extract large volumes of underground
material, which was washed on metal filters with the help of high-
pressure pumps (Fig. 2A). The two mines under study are represen-
tative of the type of gold mining taking place in the Chocé region
(Fig. 2) and they are characterized by having various topographic
formations (PL, SLP, FP, and SGM,; Fig. 2B-D). The representa-
tiveness of the topographic formations (in square meter per hectare
and percentage) in 10 ha of the mining landscape was:
SGM (6905.1 + 214.3 m*ha; 69%), FP (1828.5 & 129.8 m*ha;
18.3%), PL (645.5 & 1223 m*ha; 6.5%), and SLP (6209 +
84.3 m*ha; 6.2%), with SGM and FP being significantly more
abundant (Kruskal-Wallis = 32.7; p < 0.0001). The soils of these
mines are poor in nutrients, acidic, and have a high concentration
of aluminum (Valois-Cuesta & Martinez-Ruiz 2017; Ramirez-
Moreno et al. 2019).

Vegetation and Soil Sampling

Ten 20 x 20 cm plots were inventoried in each topographic for-
mation (five per mine and topographic position; n = 40 plots).
In each plot, the number of individuals per vascular plant species
(density), total plant cover (%), and bare soil surface (%) were
recorded. The taxonomic identity of each species was deter-
mined using specialized literature (Gentry 1996), comparison
with herbarium specimens, and through the collaboration of
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Figure 1. Location of the mines under study within the mining landscape of the municipality of Unién Panamericana, Chocd, Colombia.

Chocoan flora specialists. Scientific names of the species were
confirmed in the Plant List (http://www.theplantlist.org). All
specimens were deposited in the CHOCO Herbarium and their
classification was based on the works of the Angiosperm Phylo-
genetic Group (Chase & Reveal 2009; Haston et al. 2009).

Two composite soil samples were analyzed in the labora-
tory per topographic formation (one per mine and topo-
graphic position; n =8 samples). Each composite soil
sample was the result of combining five subsamples (five
per mine and topographic position; n =40 subsamples),
which were obtained from each plot where the vegetation
was inventoried. These subsamples were taken with a soil
auger of 8 cm in diameter and 20 cm deep.

The composite soil samples were analyzed using the
following methods: texture (Bouyoucos method); effective
cation-exchange capacity (CEC; saturation with ammonium
acetate quantification method: volume); pH (extraction
method: soil/water [1:1]; quantification method: potentiometric);
APT, Mg®", Ca®>", K (extraction method with 1 N ammonium
acetate at pH 7; quantification method: atomic absorption),

available phosphorous (P; extraction method: B—Bray II, quantifi-
cation method: using ascorbic acid as a reducing agent), organic
matter (OM; extraction method: B-Walkley Black-wet oxidation;
quantification method: volumetric), and total nitrogen (N; Kjeldahl
method).

Data Analysis

Species richness (§), density, total plant cover, and bare soil
percentages, and Margalef (Dy,), Shannon (H'), and Simp-
son (1/D) diversities were calculated for each vegetation
inventory (n = 40, 10 per topographic formation). Shannon
(H') and Simpson (1/D) diversity indices were also calculated
for the entire plant community in each topographic formation,
and species richness was calculated with the Chaol estimator
(Colwell 2013).

Differences in floristic composition between topographic forma-
tions were calculated with the Jaccard (Equation 1) and Sgrensen

(Equation 2) indices and their probabilistic estimates (J 4, and Lyyq,
respectively) proposed by Chao et al. (2005):
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Figure 2. Gold extraction with heavy machinery (A) and distribution of the four topographic formations (PL = plain, SLP = slope, FP = floodplain,
SGM = sand and gravel mounds) (B-D) in the gold mines of Raspadura, Choc, Colombia.

uv
SRS W
2UV
Luba = Ea%) 2)

where U and V represent the total abundance of each plant com-
munity (1 and 2, respectively), and UV represents the abundance
of shared species. Both indices reach 1 for identical floristic
composition and tend to O for disjoint composition.

The representativeness of each species in each topographic
formation was calculated using the Ecological Importance Index
(EII; Ramirez 2006). This index is obtained by the sum of the
relative density (density of the species divided by the sum of the
densities of all species) and the relative frequency of each species
(absolute frequency of the species divided by the sum of the fre-
quencies of all species); that is, EIl = relative density + relative
frequency. The absolute density for a species in each topographic
formation was calculated as the sum of all of the individuals of
that species found in the ten 20 x 20 cm plots evaluated for
each specific topographic formation. The absolute frequency
was calculated as the sum of the number of plots where that spe-
cies was found divided by the 10 evaluated plots (Ramirez 2006;
Villareal et al. 2006).

Statistical differences between plant communities (topo-
graphic formations) in terms of the number of species, genera,
and families were assessed using the Chi-square test. The influ-
ence of topographic formations (fixed effect) on the soil proper-
ties, Margalef (DMg), Shannon (H') and Simpson (1/D)
diversities, richness (S), density, plant cover, and bare soil were
analyzed using linear mixed models (LMM; Pinheiro &
Bates 2000) with the restricted maximum likelihood method
(Richards 2005); in all cases, the plot was included as the ran-
dom effect. The ANOVA of each selected LMM was used to
assess the significance of the model. Finally, working over the
model matrix, multiple pairwise comparisons were carried out,
using the Bonferroni correction to adjust for the significance
level of each 7 test (Sokal & Rohlf 1995).

A principal component analysis (PCA) was performed to
identify the underlying gradient in the soil properties according
to the topographic formations. A second PCA was performed to
relate vegetation variables (density, richness, diversity, and
cover) to the soil properties of the topographic formations. Both
PCAs were applied to the matrix of the global data, that is, one
per topographic formation.

Analyses of plant species richness and diversity were
made in Estimates 9.1 (Colwell 2013), whereas statistical
analyses were implemented in the R software environment
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(version 4.1.2; R Core Team 2021), using the nlme package
for LMM (3.1-152; Pinheiro et al. 2021), and the vegan pack-
age for multivariate analyses (2.5-7; Oksanen et al. 2020).

Results

Soil Properties in the Topographic Formations

The physical and chemical properties of the soil did not vary sig-
nificantly between topographic formations (Table 1), except for
Mg2+, which was the highest in the FP. Nevertheless, the PCA
revealed the underlying gradient in soil properties, from the
SGM that had sandier soils and lower nutrient content than
the PL and SLP topographic formations, where the soil was
more fertile; FP had an intermediate position with soils having
the highest Mg>" content (Fig. 3).

Vegetation in the Topographic Formations

A total of 11 early successional vascular plant species were
recorded during the vegetation survey. The richness estimator,
Chao 1, indicated that the sampling effort was appropriate to record
most of the species found in the topographic formations (Table 2).
All recorded species were ruderal plants belonging to the Cypera-
ceae (Elecharis filiculmis, E. interstincta, Rynchospora tenerrima,
R. pubera, R. exaltata, and Scleria secans), Gentianaceae (Chelo-
nanthus alatus), Gleicheniaceae (Sticherus bifidus), Lycopodiaceae
(Lycopodiella cernua), Melastomataceae (Miconia reducens), and
Poaceae (Andropogon bicornis) families. Among them are some
woody species (M. reducens), some with sub-woody stems
(L. cernua), and some ferns (S. bifidus). The others are mostly
perennial herbs, except for C. alatus (annual herb) or R. tenerrima
(annual or perennial herb).

Statistical differences were found among topographic forma-
tions in the number of individuals, richness (), Margalef (Dy,),
Simpson (1/D) diversities, total plant cover, and bare soil
(Table 2). The SGM had the lowest number of individuals,
S, Dvg, 1/D, total plant cover, and the highest bare soil of all

Al3*

PC2 (3.6 %)

MgZ*

T T | T T

-2 -1 0 1 2
PC1 (96.3 %)

Figure 3. Principal components analysis (PCA) of soil properties in the
different topographic formations (FP, floodplain; SGM, sand and gravel
mounds; PL, plain; SLP, slope) in the gold mines of Raspadura, Chocd,
Colombia. Abbreviations as in Table 1.

of the topographic formations. The number of families, genera,
and species (observed and estimated, Chao 1), as well as global
diversity (Shannon and Simpson), were also lower in the SGM
than in the other topographic formations; however, this differ-
ence was not statistically significant.

All topographic formations had more bare soil than soil
covered with vegetation (Table 2), but the difference was only
significant (p < 0.05) in SLP and SGM.

Regardless of the topographic formation type, the most repre-
sentative species (EII) were: A. bicornis (208.5, 26.1%),
L. cernua (208.2, 26.0%), and S. bifidus (125.8, 15.7%); fol-
lowed by R. tenerrima (53.7, 6.7%), E. filiculmis (48.6, 6.1%),

Table 1. Physical and chemical properties of the soil in the different topographic formations (PL = plain, SLP = slope, FP = floodplain, SGM = sand and
gravel mounds), in gold mines of Raspadura, Chocd, Colombia. F-value and significance (*p < 0.05) of the ANOVA applied to each linear mixed model. Dif-
ferent letters indicate significant differences between pairs of topographic formations with the Bonferroni test. Cation-exchange capacity (CEC).

Topographic formations ANOVA
Soil properties Unit PL(n=2) SLP (n=2) FP(n=2) SGM (n=2) (F, p)
Sand % 54.0 £+ 2.00 54.0 + 4.00 58.0 + 26.0 81.0 = 1.00 1.19
Silt % 27.0 £ 1.00 25.0 £ 1.00 28.0 £ 18.0 13.0 £+ 1.00 0.59
Clay % 19.0 £ 3.00 21.0 £5.00 14.0 £+ 8.00 6.00 £ 0.00 3.94
pH dS/m 4.40 £ 0.50 4.20 £ 0.00 4.00 £ 0.50 3.90 + 0.05 0.34
Organic matter (OM) % 1.50 + 0.93 0.75 £ 0.17 1.17 £ 0.74 0.24 £ 0.03 0.81
Aluminum (APF™) cmolc/kg 1.40 £ 0.70 2.00 £ 0.50 1.30 £ 0.10 1.15 £ 0.03 0.87
Calcium (Ca®™") cmolc/kg 0.05 £0.02 0.05 £ 0.01 0.05 £ 0.02 0.03 £ 0.00 0.43
Magnesium (Mg>™) cmolc/kg 0.04 + 0.01a 0.06 &+ 0.02a 0.22 4+ 0.04b 0.07 =+ 0.01a 18.56%*
Potassium (K™) cmolc/kg 0.05 £ 0.01 0.07 £ 0.01 0.05 £ 0.02 0.03 £+ 0.00 3.00
CEC meq/100 g 1.55 £ 0.65 2.15+£ 045 1.60 + 0.10 1.25 £ 0.05 1.02
Phosphorus (P) mg/kg 4.48 £2.50 4.50 £ 1.50 2.50 + 0.50 2.50 £ 0.50 0.59
Total nitrogen (N) % 0.11 £ 0.04 0.06 £ 0.06 0.06 £ 0.06 0.01 £+ 0.01 4.35
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Table 2. Vegetation variables in the topographic formations (PL = plain, SLP = slope, FP = floodplain, SGM = sand and gravel mounds) of gold mines of
Raspadura, Choc6, Colombia. F-value and significance (*p < 0.05; **¥p < 0.001) of the ANOVA applied to each linear mixed model, and y? test (for the number
of families, genera and species). Different letters indicate significant differences between pairs of topographic formations with the Bonferroni test.

Topographic formations (n = 10 per position) ANOVA-LMM
Vegetation variables PL SLP FP SGM (F p)
Density
No. of individuals 22a 22a 30a 4b 2.73%
Richness (S) 2.3 4+ 0.26a 1.7 £ 0.30a 1.7 £ 0.35a 1.0 £ 0.26b 3.36%*
No. of families 4 6 3 2 2.3
No. of genera 4 7 5 2 2.8
No. observed species (% Chao 1) 6 (85.7) 7 (70.0) 6 (85.7) 2 (100) 2.8
No. of estimated species (Chao 1) 7 10 7 2 5.1
Diversity
Shannon (H') inventory 0.36 £ 0.13 0.35 £0.13 0.16 £ 0.14 0.06 £ 0.06 1.6
Simpson (1/D) inventory 1.52 £+ 0.19a 1.41 £ 0.26a 1.28 £ 0.24a 0.28 £+ 0.20b 7.0%*
Margalef (Dyyg) inventory 2.1 £0.18a 1.4 £ 0.25a 1.4 £0.29a 0.4 £+ 0.26b 8.2%*%
Shannon (H') global 1.49 1.46 1.56 0.56
Simpson (1/D) global 3.56 3.14 4.29 1.60
Cover (%)
Total vascular plants 382 £ 11.8a 23.3 £ 6.5a 432 +12.9a 22+£2.0b 3.84*
Bare soil 51.8 £ 10.1a 71.2 £6.9a 50.1 £ 14.1a 87.8 +3.7b 3.51%

E. interstincta (47.6, 6.0%), R. exaltata (43.6, 5.4%), R. pubera
(30.4, 3.8%), and S. secans, M. reducens, and C. alatus, each
with 11.2 (1.4%). Nevertheless, species varied in their ecologi-
cal representativeness within and among the topographic
formations (Table 3). For example, L. cernua, R. tenerrima,
R. pubera, and R. exaltata had greater representativeness in PL
as compared to any other topographic formation, while
E. filiculmis and E. interstincta were dominant in FP. Species
such as C. alatus, M. reducens, and S. secan were more relevant
in SLP, and A. bicornis and S. bifidus in SGM. It is worth noting
that 45.4% of the identified species were exclusive to a specific
topographic formation; for example, C. alatus, M. reducens,
and S. secans were found only on SLP, while E. filiculmis
and E. interestinta, having a higher abundance, were only found
in PF.

The analysis of floristic similarity using beta-diversity indices
(Jaccard and Sgrensen indices and their probabilistic estimators)
revealed a greater floristic similarity in the species composition
of plant communities in PL, SLP, and FP than between these
topographic formations and the SGM (Table 4); that is, the
number of shared species was higher among PL, SLP, and FP
and lower as compared to the SGM.

Relationship Between Topography, Soil Properties, and
Vegetation

The PCA revealed a positive relationship between vegetation
variables and soil properties (Fig. 4). Density, richness, diver-
sity, and plant cover were positively correlated with soil prop-
erties such as silt, clay, OM, calcium, potassium, CEC, and
total nitrogen. On the other hand, vegetation variables
were negatively related or unrelated to sand (see Table S1).
Notably, SGM was associated with sandier soils having the
lowest nutrient contents and being devoid of vegetation,
whereas the other topographic formations (PL, SLP, and FP)

were strongly associated with higher values of vegetation
variables and soil properties (Fig. 4).

Discussion

Forest soils impacted by mining experience a decline in fertility
(Ramirez-Moreno et al. 2019). In this study, soil fertility in mines
was lower than in the reference forests of the same region (see
Quinto & Moreno 2014: OM =5.64 + 0.1 vs. 7.87 £ 0.1,
calcium = 0.30 £ 0.07 vs. 0.34 £ 0.1, magnesium = 0.24 £ 0.1
vs. 0.29 £ 0.1, potassium = 0.23 £ 0.06 vs. 0.21 % 0.06). Despite
the erosion suffered by forest soil when disturbed by mining, the
SGM are found to be less fertile than the PL, SLP, and FP. It is likely
that SGM are more susceptible to losing nutrients due to water ero-
sion. Chocd is one of the rainiest regions on the globe (up to
13,000 mm/year; Poveda et al. 2004); thus, it is likely that
poorer soils in SGM are due to the impact of rainfall
(Thompson & Troeh 1982). SGM are rock formations with
steep SLP and ample drainage, which favors nutrient washing
through rock leaching. Some researchers have found that topo-
graphic formations with convex and exposed surfaces
(e.g. SGM) facilitate the dragging of smaller particles by runoff
(silt, clay, and OM) toward downhill areas, leaving behind the
largest particles (e.g. sand and gravel) (Thompson &
Troeh 1982). The loss of the soil’s organic layer reduces its
nitrogen content, and this organic layer may be eroded if
factors such as rainfall are high (Thompson & Troeh 1982;
Pandey & Singh 1985; Classen & Hogan 2002). Just as
topographic formations are disposed of within the mines,
soil particles may be disaggregated by rainfall on SGM and
deposited in PL and/or in FP. These sites, having a flat and
concave shape, respectively, facilitate a greater accumulation
of particles from higher topographic positions (Walker & del
Moral 2003). For example, Mg2+ is a very mobile element in
soils because it is less bound to the soil charges. Therefore,
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Table 3. Representativeness of the vascular plant species (EII) in the topographic formations of gold mines of Raspadura, Choc6, Colombia. D = density,
RD = relative density, F = frequency, RF = relative frequency, EIl = Ecological Importance Index.

Species

Topographic formations (n = 40 plots)

Plains (n = 10)

Slopes (n = 10)

Floodplains (n = 10) Sand and gravel mounds (n = 10)

D RD F

RF EII D RD F

RF EII D

RD F RF Ell D RD F RF EIl

Scleria secans (L.) Urb.

Rhynchospora exaltata
Kunth

Lycopodiella cernua (L.) 10

Pic. Serm.

3 136 03 19

455 0.6 38

Miconia reducens Triana

Chelonanthus alatus
(Aubl.) Pulle

Elecharis filiculmis
Kunth

Sticherus bifidus (Willd.) 1

Ching
Rhynchospora pubera
(Vahl) Boeckeler

Andropogon bicornis L.
Rynchospora tenerrima 4

Nees ex Spreng.
Elecharis interstincta
(Vahl) Roem. &

Schult.

Total

4501 63

3 136 01 63

—

4501 63
182 0.4 25

22 100

1.6 100 200 22 100

I 4501
32 1 45 0.1
8 11 50 04

1 4501
1 45 0.1

11 2

9.1 0.2

20

11 5 23
43

0.5

6
6

27

6.
g 011

6

13

33

1.5 100

g 011
g 011

77 6 20 04 29 48.6

7 11

04 29 48.6

22 6 20 02 14 343 1 25 01 33 583

1 3301 71 105
56 3

1 3301 7.1 105

75 02 67 141.7

10 33 02 14 47.6

200 30 100 1.4 100 200 4 100 0.3 100 200

Table 4. Floristic similarity among plant communities in the different topographic formations, in gold mines of Raspadura, Chocd, Colombia. J,,q and L,,q are
beta diversity indices of Jaccard and Sorensen based on abundance data and its probabilistic estimates (Jpg and Lpg, respectively).

Topographic formations

Species richness

Abundance-based similarity indices

Plant community 1 Plant community 2 Total shared (%) Jaba Jaba Lapa Lapa
Plains Slope 9 4 44.4 0.62 0.75 0.76 0.86
Plains Floodplains 8 4 50.0 0.42 0.56 0.59 0.72
Slope Sand and gravel mounds 7 2 28.6 0.32 0.35 0.48 0.52
Slope Floodplains 11 2 18.2 0.31 0.31 0.48 0.48
Floodplains Sand and gravel mounds 7 1 14.3 0.13 0.15 0.22 0.26
Plains Sand and gravel mounds 6 2 333 0.09 0.11 0.17 0.20

sandy soils with high water conductivity (as observed in SGM)
promote Mg " losses from leaching (Huber & Jones 2013).
This may explain the highest Mg2+ values in FP recorded in
this study.

SGM were the topographic formation displaying the poorest
soil fertility and also, the least vegetation. Differences in topogra-
phy likely result in different conditions of soil fertility that affect
early natural revegetation in the mines. Here, plant communities
with greater richness, diversity, plant cover, and density were
identified in topographic formations where soil nutritional vari-
ables attained higher values (e.g. PL, SLP, and FP). This suggests
that small spatial variations in the magnitude of soil conditions
may have a major influence on early natural mine revegetation
(Martinez-Ruiz & Marrs 2007; Sigcha et al. 2018).

PL, SLP, and FP shared more species (floristic similarity) with
one another than with mounds of sand and gravel. This may be

because, during primary succession, the availability of soil
resources for plant survival varies within the system. Therefore,
changes in soil conditions may affect plant colonization
(Tilman 1985; Walker & del Moral 2003; Walker et al. 2010).
The availability of soil nutrients in areas where primary succession
is the starting point is considered a limiting factor for the early
recovery and natural succession in certain types of plant communi-
ties (Tilman 1985; Moreno-de las Heras et al. 2008). For example,
Mg?" is an essential mineral contributor to plant health and soil
microbial activity (Huber & Jones 2013), explaining why there
are higher values of Mg”" in soil and vegetation in FP than in
PL, SLP, and SGM. Thus, 45.4% of all species were only present
in a specific topographic formation. This supports the idea that
mines, despite being systems with less nutrient-rich soil as com-
pared to reference forests, contain a mosaic of soil conditions and
the vegetation can grow in these nutrient-deficient soil sites.
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Figure 4. Principal component analysis (PCA) of vegetation variables
(green) and soil properties (blue) in the different topographic formations (FP,
floodplain; PL, plain; SGM, sand and gravel mounds; SLP, slope) in gold
mines of Raspadura, Chocd, Colombia. Abbreviations as in Tables 1 and 2.

Natural plant communities in the different topographic for-
mations were characterized by ruderal native species (except
for Rynchospora exaltata and Lycopodiella cernua; Bernal
et al. 2015), but all of the species found (native and non-native)
have a wide distribution in the neotropics (http://www.tropicos.
org). Unlike the reference forest, much of the mined areas, after
years of abandonment, continue to have landscapes with bare
soil, grasses, and stagnant waters. This trend of colonization
by ruderal plants is typical during the early natural revegetation
of gold mines in tropical forests. For example, Valois-Cuesta
and Martinez-Ruiz (2017) and Valois-Cuesta et al. (2022) found
that, after 24 years of abandonment, gold mines in the rainfor-
ests of Chocd (Colombia) were dominated by herbaceous
species belonging to the Cyperaceae, Melastomataceae, and
Rubiaceae families. Likewise, Chambi-Legoas et al. (2021)
determined that pioneer species represented between 50 and
63% of all the species found in plots after 19 years of abandon-
ment in gold mines of the Peruvian Amazon, and Peterson and
Heemskerk (2001) noted that a covering of grasses and bare soil
dominates in gold mines after 4 years of abandonment in the
Suriname Amazon. Thus, natural revegetation in gold mines of
tropical forests is slow, given that after 19-24 years of abandon-
ment, the mining areas share less than 8% of their floristic com-
position with the reference forest (Chambi-Legoas et al. 2021;
Valois-Cuesta et al. 2022).

Overall, our results showed that changes in the emergent
plant community in abandoned gold mines may be the result
of the influence of topographic formations on the spatial distri-
bution of soil fertility. Vegetation is more diverse in topographic
formations that are better at promoting the accumulation of soil
nutrients (e.g. PL and alluvial plains, and to a lesser degree,

SLP), while vegetation is limited in those topographic forma-
tions that retain less soil nutrients (SGM). This suggests that
the sterile SGM does not promote the early natural revegetation
of the abandoned gold mines in the Chocé forests. Our study
analyzed the association between topography, soil, and vegeta-
tion during early succession (mines with 5 years of natural
succession). A more in-depth analysis involved in the dynamics
of establishment of native forest species in the topographic
formations of abandoned gold mines may be carried out in future
studies examining the relationship between topography, soil, and
vegetation in longer-term chronosequences (e.g. mines with
10, 20, 30 and greater than 30 years of abandonment).
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