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Landscape controls on water availability
limit revegetation after artisanal gold
mining in the Peruvian Amazon
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Deforestation from artisanal, small-scale gold mining is transforming large regions of the tropics, from
lush rainforest to barren collections of tailings and ponds. Natural forest regeneration is slow due to
dramatic soil changes, and existing reforestation strategies are failing. Here we combine remote
sensing, electrical resistivity imaging, and measurements of soil properties to characterize post-
mining areas in the Madre de Dios region, Peru. We find that the post-mining landscape has
dramatically changed water infiltration dynamics, driving decreases in subsurface water availability
and presenting a major barrier to revegetation. Mining tailings are extremely hydraulically conductive,
allowing for 14.76 m day " infiltration relative to 0.074 m day " in primary forest soils, leading to lower
average soil moisture and extreme temperatures (60 °C). Electrical resistivity imaging reveals a highly
resistive, 1.5-2 m deep layer of dry sand across the mining landscape. Areas close to the water table
(e.g., pond edges) show higher soil moisture, lower temperatures, and greater natural regeneration
compared to topographically elevated tailings. Our results suggest that access to water should be
prioritized when targeting reforestation sites, potentially requiring large-scale geomorphological
reconfiguration. As gold mining is expected to expand, responsible practices and remediation
strategies must account for the critical yet often overlooked role of water.

Tropical rainforests cover ~10% of Earth’s land surface but are of out-
sized environmental importance, both globally and regionally. They are
home to 1/2-2/3 of Earth’s species', remove and sequester 150-200
billion tons of biomass carbon’, and regulate continental-scale climate’.
The Amazon rainforest alone is home to 47 million people, including 2.2
million Indigenous people from 400 different ethnic groups, many of
whom rely on the forest for livelihoods. Yet the ecosystem services from
the Amazon, like many tropical forests, have been left vulnerable by
decades of unsustainable land-use practices, climate change, and socio-
political turmoil. Artisanal and small-scale gold mining (ASGM) is an
especially noteworthy land-use practice for its wide-ranging and perni-
cious environmental legacy.

Gold mining in the global tropics drives deforestation*™, degrades soils
through heavy-metal contamination, top-soil removal and nutrient
leaching’, and damages rivers through increased erosion and
sedimentation'”"". In tandem, ASGM poses a major risk to human health via

exposure to toxins, particularly mercury (Hg)'>", and is associated with a
legacy of exploitation through human trafficking and violence towards local
activists'*'*. The main driver of this devastation is the Global North’s
demand for increasing quantities of gold at lower prices'.

Given the growing footprint of ASGM in the tropics and the limited
success of many interventions', data-informed strategies for recovery are
needed’. Generally, tropical reforestation methods have focused on agri-
cultural or logged landscapes, but these approaches are inadequate for
dealing with the degradation from surface mining"'®. Natural regeneration
of ASGM areas on a large scale is slow and incomplete; for example, no
regeneration of woody biomass was measurable in the first 3-4 years after
abandonment of some mining sites in Guyana'’, and secondary forests in
Peruvian mining sites only reached 9-30% of the species richness of average
primary forests”'. Limited regeneration has been attributed to forest
fragmentation (inhibiting natural seed dispersal) and degraded soils™’. The
challenges associated with the spatial extent and high levels of subsurface
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degradation from ASGM require creative solutions underpinned by deep
understanding of the post-mining landscape.

In many settings, the aftermath of mining is a mosaic of mining ponds
and tailings piles”. Post-mining revegetation on the mounds of remnant
bare sand and gravel is often particularly limited”. The environmental
transformation from mining dramatically alters when and where water is
available for vegetation—yet little attention has been paid to how these
hydrological changes affect the regrowth of forests across the post-mining
landscape. In this work, we reveal how lack of access to water in the rooting
zone is a barrier to reforestation in mining regions. We combine remote
sensing, near-surface geophysics, and field measurements to assess the post-
mining hydroscape and its relationship to patterns of natural reforestation.
We find that vegetation regrowth is tied closely to subsurface water, and is
limited by the sand and gravel-rich tailings which are characterized by rapid
soil infiltration rates, high temperatures, and low moisture content in the
rooting zone. This work sets a path forward for future targeted reforestation
and calls for best practices in mining that limit hydrological disruption and
the associated legacy of dry, barren tailings piles.

Our study focuses on the Madre de Dios (MdD) region of southeastern
Peru bordering Brazil and Bolivia, a global “capital of biodiversity” that has
been substantially altered by recent gold mining (Fig. 1). The MdD sits at the
foothills of the Andes mountains, at the transition to the Amazon basin.
Modern ASGM in this region began in the 1980s and expanded throughout
the 2000s, causing 95,750 ha forest loss as of 2017 and leading to widespread
expansion of lake environments (see “Methods” for more detail). Illegal

mining is threatening protected areas, such as the Tambopata National
Reserve and buffer zone as well as indigenous communities, and continues
despite multiple military interventions.

The legacy of ASGM in this region varies based on the type of mining’.
In the Huepetuhe area, ASGM is done using heavy machinery (excavation
style) due to the large grain size of the material and the accessibility of the
terrain for machinery. This type of mining leaves behind shallow (1.5-2 m)
ponds and tall (10-50 m) tailing piles of mixed grain sizes from sand to
cobbles (Fig. 2b, d). In other areas, particularly where mining has expanded
since the late 2000s, most mining is done using high pressure water cannons
to liquify sediments and suction pumps to transport them to inclined sluices
(Fig. 2e). This approach is better suited to finer-grain-size deposits. In
suction mining, topsoil is washed away into ponds and surrounding forests
and rivers (leading to further forest and river degradation), leaving gold-
bearing sand (from up to 10 s meters depth) to be processed. Suction mining
requires large volumes of water, leading to a landscape of deep (2-7 m)
mining ponds and sand in place of rainforest and clay-rich soils
(Figs. 1c and 2a, ¢). While both mining styles deforest the landscape, topsoil
can be preserved and later replaced during excavation but not typically
during suction mining (Fig. 2d, f). These differences have implications for
future land use, hydrological disruption, and biogeochemical cycling of
mercury and other metals. Our study focuses on two suction mining sites in
the La Pampa region (Balata and Azul) and one excavation mining site in the
Huepetuhe region (Cinco Rebeldes). The sites are shown in Fig. 1 (see
“Methods” for further site descriptions).

Fig. 1 | Study site location in the Madre de Dios
Valley, Peru. a Regional map of the Madre de Dios
watershed with zones of suction mining (yellow)
and excavation mining (brown) from Caballero-
Espejo et al.” demarcated. b Locational map of the
Madre de Dios region. Locational maps of electrical
resistivity imaging (ERI) and hydraulic conductivity
(HC) sampling sites for excavation mining sites (c)
and suction mining sites (d). White inset boxes
indicate areas of profiles in Fig. 3, and yellow dashed
inset box demarcates area in Fig. 4 with 2024 base
imagery (Imagery © Planet Labs PBC 2024. All
rights reserved).
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Suction Mining

Excavation Mining

Fig. 2 | Images of study sites characterized by the two distinct mining styles in the
MdD region. a Drone image of suction mining site with ponds and tailing piles
(photo credit: A. J. West); b Aerial image of Cinco Rebeldes with tailing piles on left
and ponds on right (image courtesy of Google Maps); ¢ Suction mining site LP-6

(deforested in ~2016) and d Excavation mining site from top of tailings pile (mined
in 2018) (photo credit: A. Atwood); e Example of suction mining process in Balata
(photo credit: A.J. West, Sept. 2024); f Example of excavation mining with topsoil
preservation at Cinco Rebeldes (photo credit: A. Atwood).
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Fig. 3 | Landscape analysis of revegetation in relation to mining tailing pile
heights and proximity to primary vegetation and mining ponds. a Maps (see Fig. 1
for locations in Balata) of cross-sectional lines showing ponds (blue), revegetation
pre 2019 (pink) and revegetation post-2019 (red); b Cross-sectional profiles of
LiDAR derived relief (brown) and satellite-derived NDVI of revegetation post
2019 (green).

Results

Remote sensing

In the suction mining region of Balata, tailings piles (typically <10 m relief;
Fig. 3) are produced via the sluicing process from the mining ponds and as a
result are often relatively close to pond edges. Examples of elevation cross-
sections from high-resolution topography (see “Methods”) show these piles
are often steep-sided near the pond edge and have lower slopes away from the
pond. Natural regeneration (vegetation regrowth from 2019 to 2023) in this

area is located dominantly at pond edges, near pre-existing vegetation, or in
low-lying areas (Fig. 3a, b). The elevated tailings have limited regrowth, except
when they are close to pond edges or undisturbed primary forest (ie.,
respective ends of the Z-Z' line). These patterns are also evident at a landscape
scale where natural regeneration pixels fall near either a forest edge (median
distance: 7.1 m) or a pond (median distance: 16.1 m) (Fig. 4a). Bare earth
pixels have a much wider distance distribution, where median distances from
forest edge and pond are 34.3 m and 25.1 m, respectively (Fig. 4b).

Electrical resistivity imaging (ERI)

Electrical resistivity can reflect subsurface properties, including material
type and water content, with the latter having an inverse effect on resistivity
(increased water content, lower resistivity)”. Across the suction mining
areas, primary forest sites show minor lateral and vertical heterogeneity (e.g.,
Fig. 5b and SI Fig. 1) both within each profile as well as between profiles.
Median resistivity ranges from 382 to 632 Q-m with depth for all primary
forest sites, with less electrically resistive soils found in former floodplain
sites (i.e., AZ-4 and AZ-5, S Fig. 1). Post-mining deforested sites all have the
common structure of a highly resistive layer at the surface (down to 1.5-2 m
depth) (median: 1381 2-m) underlain by a low-resistivity, homogenous
layer (251 Q-m) (Fig. 5a, b). A pit dug alongside sites LP-6 and 7 revealed a
homogenous dry sand layer above the water table at 1.4 m, corresponding
with the resistive to conductive change in the ERI (Fig. 5b). Seasonal dif-
ferences in ERI profiles are negligible at all sites, consistent with minimal
changes (<50 cm) in pond water level seasonally (SI Figs. 1 and 2).

Two deforested sites in Azul (AZ-2 and AZ-3) contained reforestation
plots (planted trees). The ERI profiles from these locations reveal highly
resistive surface layers, and photographs taken over 1.5 years show no visible
tree growth. Measurements at sites of natural regeneration in Balata (LP-9)
show the same structure as other deforested sites (Fig. 5, Supplemen-
tary Fig. 1).

At the excavation mining sites, ERI results from the primary forest site
show higher baseline resistivity than in the suction mining sites (Fig. 5¢),
consistent with the larger grain size and less clay-rich soils present closer to
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Fig. 5 | Electrical resistivity imaging results from mined and undisturbed sites.
1-dimensional electrical resistivity data distribution with depth from suction mining
sites (a) and excavation mining sites (c) with median (dark line) and 5-95th quantile
range shown for each land cover type sampled. Excavation mining sites include top

Distance (m)

and bottom of tailing piles. (b) and (d) show representative two-dimensional elec-
trical resistivity imagery cross-sections with annotations. See SI Figs. 1 and 3 for all
cross-sections. (b) includes image of soil pit showing dry sand until 1.4 m where sand

is saturated.
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Fig. 6 | Soil property differences (temperature, moisture and hydraulic con-
ductivity) between mined and forested sites. a Temperature sensor time series
from different land covers. Three sensors (two from sand, one from the pond
adjacent) were stolen from the sites during fall of 2023, while the clay loam site sensor
was consumed by ants during the same period. b Drone-paired optical and thermal
images showing systematically higher temperatures in deforested regions versus

primary forest. Temperatures calculated from radiometric image for humidity 80%,
surface emissivity 0.90, and reflected temperature 28.0 °C. ¢ Soil moisture time series
from different land covers; legend as for (a). d Field saturated hydraulic conductivity
(Kf,) and unsaturated hydraulic conductivity (k) across sites. Los Amigos Field
Station on the Madre de Dios River is included as a second control site characterized
by primary forest.

the foothills of the Andes Mountains. The ERI profiles show moderate lateral
and vertical variability during both wet and dry seasons, similar to the forested
suction mining sites. The deforested excavation mining sites show high
variability throughout, in contrast to the suction mining sites (Fig. 5¢). Two
sites at the base (HU-1) and top (HU-2) (Fig. 5d) of tailings piles are strikingly
different. At the base of the pile, resistivity is low below 1.5m (median
resistivity: 365 (2-m) with a moderately resistive layer at the surface (<1.5 m;
median resistivity: 1401 Q-m). At the top of the tailings pile, resistivity is very
high throughout the whole profile (median resistivity: 7809 Q-m). The nat-
ural regeneration site has relatively high resistivity but with greater seasonality
than seen in any other profile in the region, with a noted decrease in resistivity
in the first 1-2 m during the wet season (SI Fig. 3).

Hydraulic conductivity
We observed a two to three order of magnitude increase in hydraulic
conductivity for mining soils compared to their undisturbed counterparts.
Average field-saturated hydraulic conductivities (Kg) were lowest in the
primary forest (0.074 m day "), followed by naturally regenerating forest
(771mday '), and were highest in deforested mining regions
(14.76 m day™") (Fig. 6d). Similarly, unsaturated hydraulic conductivity (k)
values increased in response to mining-induced land use changes, despite
greater variability. The average k values for primary forest, natural regen-
eration, and deforested sites were 0.192mday’, 4.33mday”’, and
29.29 m day ', respectively (Fig. 6d). Notably, k values for new-growth
ranged between those of primary and deforested sites, whereas K, values in
new-growth sites did not approach those of primary forest values.
Differences in Kg values taken during the dry and wet seasons were
minimal in deforested and naturally regenerating sites; however, primary
forest values taken near foot and vehicular paths tended to be lower in the
wet season, which we attribute to the compaction of wetted clay. Wet

season k values were more varied than dry season values, and while
measurements were not taken in visibly saturated surfaces during pre-
cipitation events, in mined sites the seasonal difference can be attributed
to a departure from completely unsaturated conditions (such as water
from recent rainfall events remaining in pores). In vegetated sites, dis-
similar wet season k values could be due to site-specific differences in
critical moisture thresholds™.

Temperature and soil moisture time series

Soil temperature sensor data (Fig. 6a) show elevated temperatures in sand at
mining sites (median =27.1 °C), with temperatures reaching as high as
63 °C. Slightly lower temperatures were recorded in the pond-adjacent site
(median = 26.9 °C) but without the extreme temperatures (max = 35.9 °C).
Compared to the mining sites, temperatures in the forested soils were lower
(median = 24.5°C (clay loam), 24 °C (clay), max =35.9°C (clay loam),
26.4°C (clay)). Thermal drone imagery (Fig. 6b) corroborates these pat-
terns, with higher temperatures in barren soil, and lower temperatures in
forests and around ponds.

Soil moisture in forested sites was relatively high (50-60%) but shows
differing patterns between the clay loam and clay soil types. The clay site
maintained elevated soil moisture (60%) throughout the wet season, with
increased variability at the end of the dry season and beginning of the wet
season (Sept-Jan), while the clay loam shows rapid increases and decreases
between 50% and 60% throughout the year. In the deforested sites soil
moisture was lower, generally between 10% and 40%. The sand sites show
similar patterns to the clay loam site, with extreme, rapid swings. In the site
adjacent to a pond, soil moisture stayed around 40%, and its pattern was
more like the primary forest clay. Calculated drying rates also reflect these
patterns: sand and the organic layer dried rapidly compared to the clay-rich
soils and pond-adjacent sands (SI Figs. 4 and 5).
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Discussion

Aside from successional revegetation around the primary forest in suction
mining regions’** (Fig. 4a), regrowth was mostly limited to pond peri-
meters (Figs. 3a and Fig. 4a). The soils in these areas are characterized by
sands with high moisture content that exhibit more regulated annual wet-
ting cycles (Fig. 6¢), because of proximity to the water table. When regen-
eration did occur outside these edges, it was generally in areas of low
topographic relief, typically between the large tailing piles that characterize a
majority of the bare surface, and where the subsurface water is more readily
accessible (e.g., middle of Y-Y” profile in Fig. 3b; LP-8 in SI Fig. 1).

Our ERI and soil analysis results confirm that the sandy tailings piles in
suction mining areas act like a sieve through which water rapidly infiltrates
to 1.5-2m depth, at which point it reaches the water table. Hydraulic
conductivity in the sand tailings is ~2 orders of magnitude higher than at
forested sites, and soil moisture is low, decreasing rapidly after rain events
with a drying rate five times higher than clay-rich soils (1.48% day " vs 0.3%
day™). In contrast, soils in the primary forest have low hydraulic con-
ductivity, and no high-resistivity surface layer is seen in the ERI results.
Here, soil moisture changes much less intra-annually, and soil temperatures
do not reach the extremely high values found in the mining zones. In
natural successional zones, such as along meandering riverbanks where
vegetation resembles that of mining zones undergoing natural regeneration,
the subsurface is more like that of primary forests. These areas are char-
acterized by alternating layers of clay and sand with no high-resistivity
surface layer as seen in the mining areas (SI Fig. 1).

Although the mining methods and resulting post-mining landscapes
differ, the natural regeneration observed in excavation mining zones is
comparable to that in suction mining sites. Natural regeneration was highest
around the shallow ponds where plants could readily access water, although
at Cinco Rebeldes these locations were often (but not always) colocated with
areas of preserved topsoil. Despite their varying grain sizes (sand to cobble),
the large tailings piles exhibited similar characteristics to the sandy tailings
from suction mining, namely high hydraulic conductivity and high electrical
resistivity. These tailing piles at Cinco Rebeldes also have extremely limited
plant regrowth (Fig. 2b, d), in contrast to lower areas near ponds. This
example illustrates how the combination of topsoil preservation and water
table access can create favorable conditions for rapid regeneration, whereas
the post-mining geomorphological reconfiguration of tailing piles can lead
to extremely limited regrowth.

Other factors in addition to water availability may also influence
vegetation regrowth and success of active replanting. Temperatures in
deforested sites were higher on average than forested sites and reached much
higher maximum temperatures. Such high temperatures can affect seed
germination (T, ~35-40 °C for moist tropical forests)”’, photosynthesis
(thought to fail at ~46.7 °C)*°, and root function”. These effects can be
complex but lead to overall increased plant stress at high temperatures”. At
our pond-adjacent site, temperatures never reached the maxima seen at
other deforested sites and remained below 35°C. Thus, the landscape
controls on soil moisture may be important not only in controlling water
availability but for their moderating effect on local temperature. While we
cannot distinguish the physiological roles of T vs. water limitation, these
factors work together to restrict revegetation on “high, dry, and hot”
tailings piles.

Additionally, sandy post-mining soils have decreased soil organic
matter and cation exchange capacity as well as decreased soil structure’. Asa
result, adding fertilizer, transplanting with soil (versus bare root planting),
and using biochar have increased survivorship during reforestation’"**.
However, large-scale implementation remains prohibitively expensive.
Moreover, growth reported in these prior studies was poor regardless of
these treatments, suggesting nutrient depletion is not the sole limiting factor
in reforestation success, with water being a major missing ingredient based
on our results.

Our sites spanned a range in age following the end of mining activity,
from >7 years (in Azul) to ~1 year (at some sites in Balata). At Azul,
hydraulic conductivity values were overall lower than at Balata (Fig. 6d). We

attribute these differences to more mature soil development and root growth
at Azul, though the Azul and Balata sites also differ in distance from the
active river channel and typical mining pond size. Some post-mining sites at
Azul had k values similar to those of the primary forest, potentially due to
accumulation of organic debris on the soil surface. Such evolution is similar
to previously published changes in grain size in years post-mining in the
MdD?” (see SI Table 1). In contrast, K, values remain higher than in the
primary forest, and electrical resistivity profiles showed little evidence of
subsurface conditions returning to those characteristic of the primary forest
(Figs. 5 and 6)—emphasizing that even as surface conditions start to recover,
the underlying substrate remains disturbed. Nonetheless, we speculate that,
once initiated, the beginning stages of soil recovery and reduction in k values
may facilitate further revegetation through moisture retention in the shallow
rooting zone. Furthermore, once trees are established, we expect that they
will be able to access the water at 1.5-2 m depth.

Our results suggest that the current post-mining landscape is inhos-
pitable to both natural regeneration and reforestation due to geomorphic
reconfiguration that has left parts of the landscape isolated from water,
primarily because of the high hydraulic conductivity and elevated topo-
graphy of tailing piles (see SI Fig. 6 for examples of reforestation). Small
packets of hydrophilic gels can be deployed during reforestation to aid new
transplants with retaining water during rain events. While effective, these
are difficult to use at a large scale. Given the minimal natural regrowth” and
magnitude of the deforested zone, larger-scale engineered changes to post-
mining landscapes may need to be considered to facilitate reforestation.

We specifically suggest lowering the elevation of tailing piles and
backfilling ponds to improve revegetation success. Backfilling ponds has
been proposed as a top recommendation for ASGM post-mining reme-
diation, though primarily aiming to decrease standing water rather than to
homogenize the terrain for more uniform surface depth to water table for
revegetation®. Our results suggest that tailings redistribution and backfilling
could enable more continuous access to the water table for seedlings, pro-
moting increased growth and improved reforestation success. While
backfilling can happen naturally through erosion, the timescales over which
this might occur are likely to be untenable for present-day reforestation. In
excavation zones, topsoil preservation and redistribution will also improve
reforestation, as seen in part at Cinco Rebeldes and past work’. In suction
mining zones, especially where illegal mining occurs, preservation of topsoil
is likely difficult, but should be promoted locally to encourage rapid
regeneration and to save costs on expensive fertilizer amendments for future
reforestation efforts™’. Developing guidelines and communicating with
miners, especially at legal concessions, about the benefits of preserving
topsoil, minimizing tailing pile elevations during mining activities, and
immediately backfilling ponds may help reduce the need for post-mining
remediation.

Heavy metal mobilization, especially mercury, is a major environ-
mental concern associated with mine tailing piles and mining ponds. In
prior work on MdD mining sites, Hg content has been found to be low
(>0.1 mgkg™) in sandy tailing piles and undisturbed forests™”, regardless
of mining style’’, with undisturbed forests consistently having higher Hg
content than tailing sands. This low Hg content in the tailing piles is due to
the lack of clay, lowering cation exchange capacity and limiting Hg
adsorption. In contrast, mining ponds have high measured total Hg and
methylmercury (MeHg)"". These ponds frequently have clay-rich sediments
with high affinity for Hg, and they host environments (e.g., anoxic bottom
waters and sediments) that promote methylation and preservation of
MeHg. Backfilling ponds to >0.75 m could limit pond water stratification”
and thus anoxia and MeHg production, while also promoting forest
regrowth.

Another potential avenue for remediation would be sand removal via
quarrying, depending on sand quality. Sand is an important and limited
natural resource for construction in Peru as elsewhere in the world™, and the
MdD already has multiple sand quarries. Assessing and potentially utilizing
sand tailings from mining could provide economic benefits for the region
while helping prepare the post-mining landscape for reforestation.
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Regardless of the specific approach, recovery following ASGM is likely to
continue to struggle without serious attention to geomorphic and hydro-
logic conditions.

Materials and methods

Field sites in the MdD region

The MdD region has a mean annual temperature of 25.4 °C and mean
annual precipitation of 2120 mm (between 1980 and 2022). Precipitation
varies seasonally: during the dry season (Jun-Sep), average precipitation
decreases to <100 mm month™, while the wettest months (Dec—Feb)
average >300mm month . The MdD features diverse ecosystems,
including premontane forests, floodplain forests, upland forests, and a
complex of wetlands among cochas (oxbow lakes) and aguajales (palm
wetlands), the latter named for the dominance of the palm species Mauritia
flexuosa®. This region also contains important protected natural areas, such
as Bahuaja Sonene National Park, Manu National Park, Alto Purts National
Park, and the Tambopata National Reserve (RNT)*, The RNT and its buffer
zone are part of our study area, where a dominance of tree species can be
found within families such as Fabaceae, Moraceae, Annonaceae, Euphor-
biaceae, Myristicaceae, Arecaceae, and Malvaceae. Along with aguajal for-
ests where Mauritia flexuosa predominates, these families represent the
different types of forests characteristic of the region, from floodplains to
upland forests™. Natural regeneration at all sites includes typical pioneer
species for the region including Ochroma pyramidale, Apeiba sp., Cecropia
sp., and species from the Poaceae family, such as Arundo sp.

Placer gold deposits in this region come from gold-rich rocks in the
mountain headwaters from which ancient riverbeds carried gold-laden
sediments and deposited them in the MdD basin. Modern gold mining in
this region first began in the 1980s in the Huepetuhe area. It later expanded
to other mining areas such as La Pampa around 2004, and further accel-
erated due to the increase in the price of gold in response to the 2008 global
economic crisis®. From 1985 to 2010, an estimated 31,165 ha of mining-
driven deforestation occurred in the MdD region’. Following construction
on the Interoceanica Highway in 2006, a much wider area became readily
accessible, increasing the extent of ASGM and subsequent deforestation to
64,586 ha from 2010 to 2017°. As of 2017, ASGM was responsible for a total
of 95,750 ha forest loss (Fig. 1a). Artificial wetlands produced by mining in
MdD account for 8% of the degraded area associated with ASGM, and lake
environments increased by 670% in heavily mined watersheds between the
mid 1980s and mid 2010s". Protected areas, such as the Tambopata
National Reserve and buffer zone as well as indigenous communities, are
increasingly under threat from illegal ASGM-related deforestation’”**. From
2021 t0 2024, ~15% of all mining activity in the MdD has illegally taken place
in native communities”.

Azul (suction mining). The Azul region is located adjacent to Balata but
inside the Tambopata National Reserve along the edge of the Rio Mal-
inowski (Fig. 1¢). Illegal mining in Azul occurred in 2014 and 2015 before
being stopped by the army and park rangers, and it restarted in a limited
area in December 2022. The region is actively being reforested by the
Peruvian National Park agency, SERNANP.

Balata (suction mining). Balata is located in the La Pampa region
(Fig. 1c), one of the fastest growing and infamous mining areas in the
MdD corridor”. While much of the mining in MdD is in the legal mining
corridor, Balata is in the Tambopata Reserve Buffer Zone where mining is
illegal. Mining began in La Pampa in 2004 and moved into the Balata area
starting in 2012°. Mining in Balata progressed rapidly until 2019 when the
military intervention “Operation Mercury” stopped unauthorized
mining”’. However, after the national political unrest of late 2022-early
2023, mining returned despite continued military presence and was
ongoing by the end of this study period (March 2024). There are sites of
active reforestation near the military base in Balata and at a mining
concession working with a local NGO, Center for Amazonian Scientific
Innovation (CINCIA).

Cinco Rebeldes (excavation mining). Cinco Rebeldes is a legal mining
concession at the edge of the Huepetuhe mining region near the Pukiri
River (Fig. 1b). The concession has been mined since 2000. The mined
landscape consists of networks of shallow ponds (1.5-2 m) surrounded
by regenerating vegetation and large, dominantly unvegetated tailing
piles (Fig. 2b, d). At Cinco Rebeldes, the concession owner preserves the
topsoil when excavating to promote natural regrowth post-mining
(Fig. 2f). Tailing piles (~10-50 m high) remain largely untouched post-
mining (Fig. 2b).

Los Amigos (control). Los Amigos Biological Station (12°34/9"S 70°6’
0.40"W) is a research station located on terra firme along the MdD river.
This site was used as an additional undisturbed control site for hydrologic
conductivity measurements in July 2023.

LiDAR acquisition and processing

Digital elevation models from uncrewed aerial vehicles (UAVs) provide a
way to extract high-resolution elevation data from remote regions like the
MdD*"*. Elevations were determined from digital terrain models (DTMs)
built from Lidar data collected using a DJI Zenmuse L1, comprised of a
Livox lidar module, a 20 megapixel, 1”7 CMOS RGB camera, and a gyro-
scopic IMU, mounted on a DJI Matrice 300 RTK equipped with in-built
real-time kinematic (RTK) GPS. The L1 Livox lidar uses a 905 nm laser with
a scan rate of 80-240 kHz, supporting 3 returns and yielding a quoted at
3 cm accuracy at 100 m. Data were collected via 25 surveys conducted
between July 9, 2023 and July 12, 2023 over Balata.

All surveys were conducted at a height of 120 m above the ground
surface. Point densities for all UAV-based lidar scans ranged from 37.6 to
156.9 pt m~* before ground classification and 1.9-23.9 pt m™> after ground
classification. IMU errors varied by flight and were typically in the range of
0.00019-0.0002 rad roll, 0.00018-0.00023 rad pitch, and 0.0007-0.0011 rad
yaw, with nominal horizontal accuracy of ~5 cm.

RTK positioning was determined using an Emlid Reach RS2+ Mul-
tiband RTK GNSS receiver. During each data collection session, ~21 min of
stationary data were collected, yielding a root-mean-squared-errors of
~0.0016 m in the X and Y, and 0.0003 in the Z.

Lidar data were combined with the corrected UAV GPS data to gen-
erate point clouds using the proprietary DJI Terra software. After export of
the Terra point clouds as las files, ground points were classified through
identification of Lidar last returns following point cloud cleaning in Agisoft
Metashape. Ground-classified point clouds were used to build DTMs in
Metashape. Vegetation canopy heights were determined by the difference
between the DTM and the corresponding digital surface model derived
from lidar first returns.

Mapping revegetation

Revegetation over the Balata area was mapped using data collected by high-
resolution optoelectrical satellite imagery. A cloud-free Maxar WorldView-
2 image of Balata (1.8 m ground sampling distance multispectral) provided
baseline data from June 2019, soon after mining in this region was halted by
Operation Mercury”. An overlapping Planet Labs SkySat image from July
2023 (0.81 m ground sampling distance multispectral; surface reflectance
calibrated) provided data to capture revegetation over the 4 years following
2019. The two images were co-registered manually using 10 fixed points
clearly identifiable in RGB images. The lidar dataset was co-registered with
the images using distinct features visible in the RGB images corresponding
to sharp elevation gradients identifiable in the lidar DTM, such as pond
edges and islands. Co-registration was done in qGIS using the Georeferencer
plug-in tool.

Water (primarily pond area) was identified in the 2019 imagery using a
Normalized Difference Water Index optimized for WV-2 imagery, based on
the “coastal” and “NIR-2” bands (bands 1 and 8, respectively)*. A threshold
NDWI value of 0.1 was used to define a water mask, based on match to pond
perimeters identifiable in optical images. Vegetated areas in 2019 and 2023
were determined using the normalized difference vegetation index (NDVT)
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with WV-2 Bands 7 (near infrared) and 5 (red), and SkySat bands 3 and 4,
respectively. A threshold value of 0.25 was used to define vegetated pixels,
based on match to optically visible vegetation which clearly contrasts with
unvegetated mining areas. Areas of revegetation between 2019 and 2023
were determined by differencing the NDVI-derived vegetated area maps of
these respective years.

Electrical resistivity data collection
Electrical resistivity allows observation of subsurface structure and moisture
retention differences between primary forests, deforested sites and sites with
natural regeneration, as well as differences between wet and dry seasons. We
collected resistivity data over 46-m survey lengths to capture subsurface var-
iation in water content at sites in both suction mining zones and the excavation
mining concession (SI Table 2). Examples of electrical resistivity site photos are
presented in SI Fig. 7. In the suction mining zones, we collected data at four
sites in Azul and eight sites in Balata in July 2022 and five sites in Azul (four
repeat) and five sites in Balata (four repeat) in March 2024 (SI Table 2). The
Balata sites that were not repeated from 2022 were either inaccessible (LP-3,
LP-4, LP-5) or heavily changed from mining activity (LP-2), and a new similar
site was selected (LP-9). In the excavation mining concession at Huepetuhe, we
collected data at five sites in 2022 and 2024. Sites at all three locations were
selected to cover the range of forest types: primary forest, natural regeneration
in a deforested mining zone, and deforested.

We used a Syscal Pro electrical resistivity meter from Iris Instruments
and a combined Dipole-Dipole and Wenner Schlumberger array with 2-m
spacing for high signal-to-noise ratio and lateral and vertical resolution of
the near surface*. Reciprocal measurements were also made at 13 density
for error quantification”". While ideally contact resistances should be as
low as possible, in the extremely dry sands of the ASGM regions it could be
extremely difficult to reduce contact resistance. Contact resistances often
started between 100 and 500 k€3, and by utilizing clay-rich cat litter and salt
water, we managed to reduce them to a threshold of under 50 kQ, often
between 20 and 40 kQ (Supplementary Table 1). High contact resistances
were not an issue in the primary forest, where clay-rich soils had resistances
between 0.12 and 15 kQ generally.

Electrical resistivity data processing and inversions

Initial measurements were filtered to remove negative apparent resistivity
measurements and erroneously high data points from both normal and
reciprocal surveys, leaving >90% of data for each inversion model. We
inverted 2D resistivity models using the open-source software ResiPy in the
Python API*. Inversion models were produced with a regularized inversion
with linear filtering and weight parameters a and b, which were derived from
a power-law error model where absolute reciprocal error is a function of
resistance. R-squared values of the error reciprocal model are reported in SI
Table 2 for all inversions. We used a quadrilateral mesh given the limited
topographic changes across survey lines. A sensitivity map scaled by cell
area, produced during the inversion process, was used to extract points that
are not artifacts of the inversion model but represent the field results, using a
threshold of >0.001. Inversion RMS misfit and inversion iterations to
converge are reported in SI Table 2. Examples of percent error distributions
are presented is SI Fig. 8.

Hydraulic conductivity

A total of 54 hydraulic conductivity experiments were performed at 40 sites
across the study areas during both the dry season (July 2023) and wet season
(March 2024), with repeat measurements taken at 14 of those sites (SI
Table 3). Sites were chosen across a gradient of vegetation and soil types,
typically near ERI survey sites: primary forests with clay-rich soils, post-
mining new-growth forests characterized by organic material overlying
structured sandy soil, and deforested mining regions dominated by
unstructured sands. For hydraulic measurements, soil character (and gen-
eral classification as clay vs. clay-loam vs. sand) was assessed visually in
relation to data from prior studies in the region that measured grain size
distributions (SI Table 1).

The Guelph Permeameter (GP) method (Soil Moisture Corp., Santa
Barbara, CA) was used to estimate in-situ field-saturated hydraulic con-
ductivities (K,) at the study sites (SI Table 4)*. At each site, we augured a
small borehole into the vadose zone, which was ponded at a constant head
for the duration of the experiment™. The GP reservoir level was measured at
a consistent time interval until a steady state of fall was achieved, after which
the following equation was used to calculate K, (cms™')™:

K = Q,
s 2 2 *
2nH?* + Cna? 4 2nH /«

where C (dimensionless) is the shape factor, Q, (cm’s™") is the steady-state
discharge, H (cm) is the wellhead, a (cm) is the well radius, and &* (cm™) is
the soil capillarity parameter. C and a* were chosen for each site based on
their soil categorization®"*, while Q was calculated as:

Q,=RA

where R, (cms™") is the steady-state rate of fall in the reservoir over the
observed time interval, and A (cm?) is the reservoir cross-sectional area
(35.22 cm?).

Paired unsaturated hydraulic conductivity (k) values were obtained
using a mini disk tension infiltrometer (METER Group, USA)”. Mea-
surements of reservoir volume were recorded at a constant time interval
when possible, after which the cumulative infiltration (I) over time was fit to
the following function*:

I=Ct+ C/t

C, (ms™") and C, (m s™"°) are parameters of hydraulic conductivity
and soil sorptivity respectively, and the former was used to calculate k using
the following equations:

and

a 11.65(n"! — 1)exp[2.92(n — 1.9)ah, ;

>1.9
(aru)osl

a 11.65(n"! — 1)exp[7.5(n — 1.9)ah, ;

<1.9
(ar0)0,91

where 1 and « are the dimensionless van Genuchten parameters™ chosen
according to soil texture class (assessed as described above), ki, (cm) is the
suction applied to the surface (1cm), and 7, (cm) is the apparatus
radius (2.25 cm).

Temperature, soil moisture, and water level sensors

We measured in situ soil temperature and volumetric moisture content using
a TEROS-12 sensor (Meter) at each hydraulic conductivity site. Additionally,
seven TMS-4 dataloggers™ (TOMST, Czech Republic) were deployed across
the suction mining study region: four in deforested sand sites, one in a
deforested sand site adjacent to a pond and two at primary forest sites (one in
clay-rich soil, one in the organic layer) for continuous time series measure-
ment at —6 cm depth and temperature at +15 cm, +2 cm and —6 cm depths
(SI'Table 5). In the deforested sites, the data loggers were tucked under shrubs
to avoid detection and theft, which was an issue working in this region. For
time series measurements, soil moisture was converted from “counts” (the
data output from the logger) to volumetric water content using the TMS
software and soil composition (assessed as described above). Soil moisture
drying rates were computed for each site in Python by first smoothing the soil
moisture data using a rolling window size of 100. We then found peaks in soil
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moisture indicative of rain events using the scipy function find_peaks with a
distance = 50 sampling points. The subsequent end to a drying period was
found using the scipy function argrelextrema, which is used to find the fol-
lowing low extreme after a peak index. We then computed drying rates using
the difference in soil moisture between the peak and subsequent soil moisture
low. We measured changes in pond water level height over time using a Hobo
Level Logger (UL20L) deployed in the pond directly next to the ERI site LP-8.
We also deployed a Solinst Barologger nearby to correct for changes in
atmospheric pressure.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Data used in this manuscript are available in the following CUAHSI
Hydroshare repository with the permanent https://doi.org/10.4211/hs.
0520490e971f491fa64c62cbde499a6a. These data are shared under the
Creative Commons Attribution CC BY.

Code availability

All code used in this work comes from previously developed, open-source
code as cited in the text. Please refer to the original code for latest version and
implementation.
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