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No evidence of increased forest loss from
a mining rush in Madagascar’s eastern

rainforests
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Artisanal and small-scale mining is an important livelihood activity in many biodiversity hotspots. There
is substantial international concern about the negative impact of artisanal and small-scale mining on
biodiversity, yet in most places this remains poorly understood. We explore the impacts of a high-
profile mining rush: the 2016 sapphire rush at Bemainty, Eastern Madagascar, where tens of
thousands of miners descended on a protected forest. Media coverage claimed the rush caused
hundreds of hectares of deforestation and threatened lemur populations. Using the synthetic control
method to estimate counterfactual outcomes, we find no evidence that mining increased forest loss or
degradation. Supported by informal interviews and a lemur survey, we argue that mining at Bemainty
had limited impacts on the surrounding forest, relative to other threats. Our results highlight the
heterogeneity of environmental impacts from artisanal and small-scale mining and emphasize the
need for more robust evaluations to inform context-specific policies.

Artisanal and small-scale mining (ASM) is a mostly informal, labour-
intensive form of mining with limited use of machinery’. A globally
important livelihood activity, ASM supports an estimated 45 million people
in 80 low and middle-income countries’. Much ASM occurs in places that
are also hotspots of biodiversitf, such as the Amazon®, West and Southern
Africa’, Madagascar®, and Indonesia’. Where ASM occurs in areas of high
biodiversity, there can be substantial trade-offs between mining and
conservation®"". Yet, in most places, the impacts of ASM on biodiversity
have not been robustly quantified™"”.

ASM can impact biodiversity in a variety of ways*"*'. It can lead to
habitat loss and deforestation as miners clear land for mining and harvest
wood for fuel or construction materials*'*"*. Artisanal and small-scale gold
mining can release toxic chemicals used in mineral processing, including
mercury and cyanide, into the air and water'*'°. Mining, sediment panning,
and releasing tailings along waterways can increase erosion and river sil-
tation, impacting water quality and therefore freshwater biodiversity'”".
ASM can also generate indirect impacts. By driving large numbers of people
into remote areas ASM can increase other forms of natural resource
exploitation such as logging, farming and bushmeat hunting, potentially
increasing the risk of zoonotic disease transmission™". Increased bushmeat
hunting has been documented in several ASM sites”” and linked to

population declines of primates in Madagascar’ and other large-bodied
species in the Democratic Republic of Congo®.

Much of the evidence of ASM-related deforestation comes from
descriptive accounts from case studies™**". Quantitative evidence is limited
and mostly focussed on artisanal gold mining in the Amazon and Ghana,
where mining is extensive, uses environmentally damaging mercury, and is
therefore particularly impactful'®*. These studies use satellite imagery or
secondary forest change data to quantify deforestation in known ASM
areas*”'"”*. The most extensive analysis, quantifying deforestation around
21 ASM sites in 12 countries, found that the rate of forest loss within a 5 km
butffer zone varied between 0.1% and 46%'. However, none of these studies
use counterfactual methods to estimate the impacts of mining relative to
alternative land uses.

Artisanal and small-scale mining rushes occur when the discovery of a
high-value mineral deposit (typically gold or gemstones) sparks a rapid,
uncontrolled movement of people into an area to mine'***”. People may
travel from different regions, or even countries, to take partzs. Mining
activity typically peaks within a few months or years then declines rapidly as
the deposit becomes depleted”’”, although some limited mining may
continue long-term. The discovery of a new deposit elsewhere or the
intervention of law enforcement agents will often cut short the evolution of a
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mining rush™. The size of a mining rush and lack of regulation mean the
collective impacts can be serious.

Madagascar is a hotspot for both minerals and biodiversity’**. The
ASM sector has grown rapidly over the past 30 years to become the second
most important rural livelihood after agriculture, supporting an estimated
halfa million people™'**. The rapid expansion of ASM across the island was
sparked by a series of discoveries of high-value ruby and sapphire deposits™.
These discoveries triggered rushes, where thousands of people from across
the island moved to the area to mine**. Although mining within protected
areas is illegal in Madagascar™, some of these mining rushes occurred within
protected areas, for example, Zombitse-Vohibasia National Park and
Ankarana Special Reserve™>*’. We focus on the particularly high-profile
sapphire rush at Bemainty in Eastern Madagascar, which began in Sep-
tember 2016, following limited sapphire mining from 2012”7~ (Fig. 1; see
“Methods” section).

The Bemainty rush generated substantial national and international
media attention®" as it occurred within the rainforests of the Coridor
Ankeniheny-Zahamena (CAZ), a protected area home to globally important
biodiversity, including many endemic and threatened species, such as the
critically endangered Indri”™. At its peak, an estimated 10,000-30,000
people were illegally mining in several valleys (named Ambodipaiso and
Antananarivo) near the village of Bemainty”**. A National Geographic article
blamed the miners for causing hundreds of hectares of deforestation and
threatening endangered lemur populations®. A World Bank study reported
that 43% of the forest was cleared within the mining area and 4.5% within a
5 km buffer zone'>. However, these estimates cover the period 2000-2016 yet
mining at Bemainty only started in 2012” (and the rush didn’t begin until
2016™). Furthermore, the global forest change dataset used in this analysis™
detected much of this deforestation in valleys that were in fact cleared long

0 Km

ago (Supplementary Fig. 6). Others have criticized the narrative that the
Bemainty rush caused substantial forest loss, suggesting that land clearance in
the valley long pre-dated the start of mining and was driven by conversion to
agriculture”. This debate emphasizes the importance of using robust meth-
ods to evaluate the environmental impacts of mining,

We evaluate whether the mining rush led to an increase in deforesta-
tion and forest degradation (defined here as temporary tree cover loss) in the
Bemainty drainage basin, relative to a counterfactual scenario of no mining.
We use drainage basins as our unit of analysis as basin geography influences
both the distribution of gemstones (as miners were exploiting an alluvial
deposit) and the potential spread of forest impacts. Counterfactual out-
comes are estimated using a synthetic control; a weighted combination of
control drainage basins designed to be as similar as possible to the Bemainty
basin in factors influencing forest loss (see “Methods” section). We also
draw on anecdotal evidence from informal interviews and lemur surveys
conducted at the mine site to explore the wider impacts and trade-offs of
mining at Bemainty, and assess the status of lemur populations two years
after the rush. We find that the mining rush did not cause a significant
increase in deforestation or forest degradation above the estimated coun-
terfactual and that lemur populations appear to remain healthy and diverse.
To the best of our knowledge, this is the first study to use robust counter-
factual methods to evaluate the environmental impact of ASM.

Results

Forest loss

We find no evidence that artisanal gem mining at Bemainty, which began in
2012 and surged during the rush of 2016-2017, caused a significant increase
in deforestation or forest degradation (collectively termed forest loss),
relative to a counterfactual of no mining, estimated using a synthetic
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Fig. 1 | Timeline of the development of mining in the Bemainty drainage basin
over the study period. Yellow arrows point to the Ambodipaiso (left) and Anta-
nanarivo (right) mining valleys at Bemainty. Dashed blue lines indicate the start of

mining at Bemainty in 2012 and the onset of the rush in September 2016. Satellite
images were captured by the RapidEye sensor and obtained from Planet'”". Image ©
2011, Planet Labs PBC. Photo credit: Rosey Perkins.
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control®. For both outcomes, this finding is consistent across three different
measures (raw hectares of deforestation, deforestation rate and cumulative
deforestation) and two scales of analysis (first sampling control basins from
the CAZ, and second from the wider province of Toamasina, Supplemen-
tary Fig. 13).

While deforestation at Bemainty did increase between 2016 and 2017
(Fig. 2) and was higher than the synthetic control in 2017 (particularly for
cumulative deforestation), this difference is well within the range of statis-
tical noise established using placebo tests (Fig. 3). It is therefore considered a
non-significant effect. Furthermore, seven of the eight similarly forested
drainage basins in the CAZ also experienced an increase in deforestation
between 2016 and 2017, indicating that this increase was likely driven by
external factors affecting a wider area (Supplementary Table 3). There are
some signs that mining may in fact have been associated with reduced,
rather than increased forest loss at Bemainty. After the onset of mining,
deforestation and forest degradation were mostly lower in Bemainty than
the synthetic control (Figs. 2 and 3). However, in almost all cases this
difference is within the range of statistical noise (although it is very close to
the lower boundary in many cases), and therefore cannot be differentiated
from uncertainty in the estimation method"; Fig, 3. Isolated observations of
significantly lower deforestation in Bemainty in certain years (e.g., 2013) are
not consistent across all outcome measures and scales of analysis (Fig. 3,
Supplementary Fig. 13).

Lemur populations

Data from lemur surveys conducted along five transects in the Bemainty
basin by R.H. between October and November 2019 (see “Methods” sec-
tion) suggest that two years after the end of the rush, the lemur community
in the surrounding forests appeared relatively healthy. We recorded ten of
the thirteen lemur species known to occur in the CAZ">**, Two of the three
not encountered, Allocebus trichotis and Daubentonia madagascariensis, are
nocturnal and we were only able to conduct one short nocturnal survey. The
final species, Prolemur simus, is known to have a very limited and patchy

distribution™. The most common species recorded were the critically
endangered Indri (Indri indri), followed by the critically endangered black-
and-white ruffed lemur (Varecia variegate; Fig. 4b, c).

Neither RH. from our team, nor gemmologists who visited the site at
the peak of the rush witnessed bushmeat openly on sale”, but five lemur
traps for small-bodied lemurs were discovered during our surveys.

Interview data

Our informal interviews (carried out October-November 2019 by R.H.) do
not suggest that the influx of miners resulted in extensive forest clearing or
lemur hunting. Of the 73 respondents interviewed, 29 identified themselves
as miners and 44 as farmers. All farmers except one were interviewed in the
four established villages of Bemainty, Sahananto, Ambanany Sahambato,
and Sahamatra (Fig. 4). All miners interviewed were found in the temporary
settlements of Antananarivo and Milliard which were constructed during
the mining rush. As such, the identification as farmers or miners broadly
distinguishes local residents and migrants, although some local residents (8/
44) also engaged in mining alongside farming.

Most farmers interviewed stated that the environment had changed or
degraded since 2016. Many of these cited mining as a cause of environ-
mental degradation. Conversely, miners claimed that locals were respon-
sible for most deforestation in the area:

“We are accused of cutting the forest but it is not the case, we use very
few trees compared to the local community and we do not burn the forest”
(Miner, Antananarivo).

Both miners and farmers reported that trees were harvested for fire-
wood or construction materials. However, members of both groups
emphasized that they do not cut mature trees, or they only use dry wood as
firewood. Only five respondents mentioned deforestation for shifting
agriculture (two miners and three farmers).

While some farmers said they hunt bushpigs or birds, no respondents
(miners or farmers) reported hunting lemurs. Four farmers, however, did
acknowledge that lemurs were sometimes hunted by others in the area. Both

Fig. 2 | The annual deforestation and degradation
rate within the Bemainty basin (black) compared
to the synthetic control (red). Deforestation and
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Fig. 3 | Using placebo tests to assess the sig-
nificance of results. To assess significance, we
compare the difference in deforestation and degra-
dation between the Bemainty basin and its synthetic
control (black) to results from placebo tests, which
represent the statistical noise in estimation post-
intervention. A strong significant effect is indicated
where the black line falls outside the shaded grey
area. The dotted blue lines indicate the onset of
mining in 2012 (left) and the start of the mining rush
in 2016 (right). The light blue shaded area indicates

Difference in annual deforestion rate (%)

Deforestation Rate

2.0 Degradation Rate

the duration of the peak mining rush. In the placebo
tests, each control basin in the donor pool (1 = 8)
was falsely assigned treated status and a synthetic
control was constructed for each. Grey lines repre-
sent the difference in outcomes between each false-
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treated basin and its synthetic control. Only pairs
where the synthetic control is an acceptable match to
the false-treated unit are included (between 4 and 8
depending on the analysis; see “Methods” section).
Results are from the primary analysis using drainage
basins from the CAZ as the donor pool (see Sup-
plementary Fig. 13 for results from the wider
analysis).
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Fig. 4 | The location of settlements in the Bemainty Valley where we conducted
interviews, and two lemur species frequently encountered. a Satellite image of the
Bemainty Valley from November 2017 showing the location of villages and mining
settlements (red points) where interviews were conducted. Pie charts represent the
proportion of respondents at each location who identified themselves as farmers (orange)
or miners (blue). The size of the pie charts corresponds to the number of respondents.

A = Sahananto (2 respondents), B =Bemainty (25), C = Sahamatra, D = Milliard (15),
E = Antananarivo (15). The Inset map shows the location of the villages within the
Bemainty drainage basin (outlined in red). b, ¢ Two critically endangered large-bodied
lemurs (Indri indri and Varecia varecia) which are highly vulnerable to over-hunting
were frequently encountered on transects surrounding Bemainty (pictures by Rio Her-
iniaina and Alex Georgiev respectively). Image © 2017, Planet Labs PBC.
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miners and farmers stated that it was fady (taboo) to hunt and eat Indri.
Many miners emphasized that they do not hunt, and some explained that
they must respect the fady in order to find sapphires.

“Miners do not hunt. We are here in Antananarivo for sapphire
mining, not for hunting. And the presence of Indri indri brings us good luck
for finding sapphires, so we do not kill them.” (Miner, Antananarivo).

It is important to note that these interviews were conducted two years
after the rush had ended, meaning that recollections may have faded, and the
miners interviewed may not be representative of the miners present at the
peak of the rush (see “Discussion” section). Furthermore, the number of
respondents is relatively small, and sampling was opportunistic.

Discussion

We found no evidence to support claims that the high-profile mining rush at
Bemainty had a substantial negative impact on the surrounding forests. We
show that the presence of 10,000-30,000 miners did not cause more
deforestation or forest degradation than we estimate would have occurred in
the absence of mining, principally from shifting agriculture (the main driver
of deforestation in the area). Additionally, field data collected two years after
the rush ended shows the presence of a diverse lemur community, including
apparently healthy populations of critically endangered lemur species (Indri
and Black-and-white ruffed lemur). Here, we explore possible explanations
for the limited impacts of the rush on the surrounding forests. We then
evaluate the main trade-offs of mining at Bemainty and reflect on the wider
implications of these findings for understanding ASM. We finish with a call
for more robust, interdisciplinary evaluations of the impacts of ASM.

Limited impacts of the mining rush on the surrounding forests
We suggest that five main factors contributed to the apparently negligible
impact of the mining rush on deforestation and forest degradation. These
are the geological characteristics of the deposit, the legacy of past forest
clearance, the short duration of the rush, the miner’s natural resource use,
and the relatively larger footprint of deforestation for agriculture.

First, miners at Bemainty were exploiting a secondary sapphire deposit,
where gems eroded from a host rock had been deposited in alluvial gravels of
the streambed, concentrated within the two valleys’. These geological
characteristics confined mining activity to a narrow ribbon along the valley
bottom, limiting the spread of mining. This echoes findings from other case
studies which found that the spatial distribution of deposits, which can be
extensive for secondary deposits, is a key determinant of the severity of
deforestation in mining areas'”.

Second, the miners did not need to clear substantial forest for mining as
much of the fertile valley floor had already been cleared for agriculture by
local communities long before the rush (Supplementary Fig. 6). The
Ambodipaiso valley, where mining began in 2012 and re-started in 2017,
had been cleared since the 1970s when the area was first settled”. The
Antananarivo valley, where the mining rush began in 2016, had been partly
cleared for shifting agriculture by November 2013*’. However, while mining
was restricted from spreading laterally, it did spread the length of several
valleys and there appears to have been some mining-induced deforestation
as activity spread north out of the Antananarivo valley in 2017
(Figs. 1 and 4).

Third, the mining rush was relatively short-lived, which also likely
limited the spread of impacts. The peak of the rush, when tens of thousands
of miners were operating in the area, lasted less than a year. It is not known
whether the end of the rush was hastened by efforts to disrupt the trade by
evicting foreign buyers from the nearby mining town, or a decline in the
volume of finds.

Fourth, the impact of miners harvesting timber for firewood and
construction materials*'’ was likely small-scale and limited. In interviews,
miners stressed that they preferred to collect dry wood for firewood, only
harvested small trees for construction materials, and did not engage in
charcoal production (Supplementary Note 3). Although it is important to
note that the miners interviewed were those who had chosen to remain in
the valley longer-term and therefore may have different perceptions and

natural resource use behaviours than very short-term migrant miners
present at the peak of the rush. However, these responses do align with other
reports from the field”, and previous studies showing that rural Malagasy
prefer to collect deadwood or harvest single branches for firewood, either by
choice (for ease), or because of customary rules™**. While these small-scale
impacts from selective harvesting may not have caused substantial defor-
estation, they may nonetheless have affected forest structure and therefore
biodiversity”. However, we were unable to detect such small-scale impacts
in our forest degradation analysis which is based on 30 m resolution satellite
imagery.

Fifth, clearance for shifting agriculture is a major driver of forest loss in
the CAZ"*” and its’ large relative footprint likely contributes to the non-
significant impacts of the mining rush. Our results show that mining-related
forest loss in the Bemainty basin did not exceed estimated counterfactual
loss from other causes (predominantly shifting agriculture) in the absence of
mining. This means that 10,000-30,000 people mining in the area did not
cause more deforestation than several hundred people (Supplementary
Table 5) clearing land for agriculture. This highlights the considerably lower
per-capita deforestation footprint of artisanal mining compared to agri-
culture in this study area, raising interesting questions for wider rural
development policy, which has typically overlooked the former and prior-
itized the latter"™. In fact, our results suggest that the mining rush may
potentially have reduced land clearance for agriculture, contrary to findings
from elsewhere®”. Previous research, from Madagascar and elsewhere, has
shown that farming and mining are often complementary activities, with
farmers engaging in mining during quieter agricultural periods™™'. At the
height of the mining rush many farmers may have temporarily abandoned
farming to mine, resulting in fewer new fields being cleared™* (this was
reported in a mining area north of the CAZ®'). Other farmers may have been
less willing to invest in clearing new land due to the increased insecurity, fear
the land would be occupied by miners, or because there was less water
available for irrigating rice fields** (Supplementary Note 3).

Evidence that lemur populations at Bemainty remain healthy

A National Geographic article” claimed that the mining rush threatened
endangered lemur populations through hunting and destruction of forest
habitat. Elsewhere in Madagascar ASM has impacted wildlife populations
by eroding customary practices and taboos (fady) governing natural
resource use®***>®, For example, in the south of the CAZ, Jenkins et al.”
linked the expansion of artisanal gold mining and the influx of migrant
miners to a weakening of fady protecting the endangered Indri, resulting in
increased hunting.

However, our results provide preliminary evidence to suggest that this
was not the case at Bemainty. No respondents (miners or farmers) reported
hunting lemurs, and most stated that it is fady to hunt or eat Indri. This
taboo is fortified by the belief amongst miners that the presence of Indri
brings good luck in finding sapphires. While such interview questions are
highly vulnerable to social desirability bias”, this evidence is supported by
the apparently healthy populations of Indri (a species which can be rapidly
hunted to local extinction where the fady is eroded”), and Black-and-white
ruffed lemur (often one of the first species to be extirpated from an area due
to over-hunting®). The persistence of these species suggests that, at
Bemainty, traditional taboos protecting Indri have withstood the pressures
of human mobility and sudden population growth, and that hunting
pressure from the mining rush was generally low.

There are several important caveats to these results. Firstly, lemur
hunting is a sensitive topic in Madagascar as it is widely known to be
illegal®®. Therefore, respondents may not have answered questions about
lemur hunting truthfully, meaning it could be more prevalent than reported
in direct questioning®’. Secondly, we were not able to evaluate the impact of
the rush itself on lemur populations as we do not have sufficient data to
estimate population sizes of key species, or appropriate baseline data from
before the rush. Thirdly, the lemur surveys were conducted two years after
the rush had ended. It is possible that populations of some species may have
been initially impacted and subsequently recovered (although gemmologists
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who visited the valley reported seeing and hearing Indri during the peak of
the rush®®"). Nevertheless, the combined evidence from the lemur survey,
informal interviews, and observations from a member of our team experi-
enced with discussing the sensitive topic of lemur hunting in Madagascar,
suggests that hunting pressure at Bemainty was relatively low.

Trade-offs of mining at Bemainty

ASM provides a vital source of income and employment for millions of
people in Madagascar, but in some places this has brought serious envir-
onmental costs®'>**. However, our results suggest that at Bemainty the
economic contributions made by ASM did not involve substantial trade-offs
to the surrounding forests. For a time, ASM at Bemainty directly supported
the livelihoods of up to 30,000 people (mostly migrants from outside the
area). While we do not have data on average mining incomes from
Bemainty, artisanal gemstone miners in Madagascar can generally find
enough small stones to cover basic needs while larger finds can improve
livelihoods™”". Income from working in ASM or related services can help to
buffer economic shocks, sustain agricultural livelihoods, and enable
investments in land, livestock, business, or children’s education, helping to
alleviate poverty™’* (Supplementary Note 3).

However, the uncontrolled nature of the mining rush did bring other
concerning trade-offs. The mining rush increased crime and insecurity, and
poor sanitation increased the spread of disease (Supplementary Note 3).
Food security in the Bemainty villages was compromised as the mining rush
affected rice production and inflated the price of basic goods™** (Sup-
plementary Note 3). These impacts affected both migrant miners and the
local community. However, for local farmers, these costs were considered to
outweigh the benefits of the mining rush, which were felt to accrue mostly to
the migrant miners and not the local community (Supplementary Note 3).
Poor conditions may also have pushed migrant miners to leave early, with or
without a valuable find (insecurity was reported as a reason for miners
leaving a site in northwest Madagascar’").

ASM can result in other environmental impacts which we were unable
to assess in this study. ASM can increase erosion and siltation of
waterways' . Indeed, photos from the site show that the mining caused
substantial soil disturbance, increased turbidity, and disrupted water flow
(Fig. 1). This likely affected freshwater biodiversity and the supply of eco-
system services. This demonstrates the importance of understanding the
whole geological-ecological system in areas affected by ASM to assess the full
extent of potential impacts.

Contextualizing our results and implications for future research
To the best of our knowledge, this study is the first to apply counterfactual
methods to evaluate the impact of ASM on forest cover, relative to alter-
native land uses. We combine this approach with field data from lemur
surveys and informal interviews to gain a more comprehensive under-
standing of the environmental impacts of ASM at Bemainty.

Quantitative evidence of the environmental impacts of ASM is limited.
The evidence that does exist is mostly focussed on the worst cases where
artisanal and small-scale gold mining has caused serious environmental
damage (e.g. the Amazon and parts of Ghana where gold mining is
extensive, more mechanized and involves widespread use of mercury'®'"").
These cases have strongly influenced perceptions and policies towards ASM
in general. While ASM for gold is widespread, approximately half of all ASM
worldwide targets other minerals, including gemstones, metals, mica, quartz
and stone (although estimates are very uncertain and the proportion varies
between countries”). Our study provides robust evidence that under certain
conditions, ASM can have limited impacts on forests, even in an unregulated
mining rush. The limited impacts of the mining rush on the forests of
Bemainty likely resulted from context-specific factors, including the
restricted extent of the deposit, land-use history, the short duration of the
rush, and the large footprint of alternative land uses, combined with the low-
tech mining methods which did not require chemical inputs. Where ASM
occurs under similar conditions elsewhere (as is common for artisanal gem
mining and some gold mining) impacts could be similarly limited. We are

not naive to the damage that can be done by ASM within protected areas,
including in Madagascar’’. However, our results highlight that the impacts
of ASM are highly heterogeneous and suggest the need for a more nuanced,
tailored approach to managing the environmental challenges of ASM.

More robust evaluations of the impacts of ASM under different con-
ditions are needed. Future studies can improve on our approach by using
high-resolution data to capture smaller-scale forest impacts and incorpor-
ating a wider range of social (i.e., representative household surveys and
interviews) and ecological data collected in the field (ie., data on water
quality, vegetation structure and composition, and species, which could be
summarized into measures such as ecological integrity’®).

Conclusion

We show that an artisanal mining rush involving tens of thousands of people
within a protected rainforest in Madagascar did not increase forest loss,
contradicting media claims® that the rush caused hundreds of hectares of
deforestation. Instead, we found that ASM at Bemainty had a much smaller
per-capita deforestation footprint than shifting agriculture, which remained
the dominant driver of forest loss in the study area. Anecdotal evidence from
informal interviews and a lemur survey conducted in the field support the
findings of limited trade-offs to forests and show an apparently healthy,
diverse population of lemurs remaining two years after the rush. While this
is just one case study, these findings emphasize that the environmental
impacts of ASM are highly heterogeneous and should be considered relative
to other land uses. There is a need for more case-study evaluations using
robust methods to build an evidence base of the impacts of ASM under
different conditions. This would help to inform policy responses to ASM
which are evidence-based, proportionate, and which focus on enhancing the
socio-economic benefits and minimizing the trade-offs.

Methods

Overview

To evaluate the impact of the mining rush at Bemainty on the surrounding
forest, we need to estimate how much forest loss would have occurred in the
absence of mining, ie. the counterfactual. We estimate counterfactual
outcomes using the synthetic control method**””. The synthetic control is a
weighted average of several existing control drainage basins, weighted to be
as similar as possible to Bemainty in pre-mining forest loss, and char-
acteristics that influence deforestation. Then, we compare observed forest
loss at Bemainty to counterfactual outcomes in the synthetic control, using
placebo tests to assess significance’. We run the analysis for three different
measures of deforestation and forest degradation, at two scales of analysis.
We draw upon additional field data (interviews and lemur surveys) to
contextualize our findings and further explore the impacts of mining on
forest biodiversity.

Study area

Sapphires were first discovered near the village of Bemainty within the
rainforests of the Coridor Ankeniheny-Zahamena (CAZ) in Eastern
Madagascar in April 2012 (Fig. 1). Soon over 1000 people were mining in the
Ambodipaiso valley, north of Bemainty village”. Visual analysis of
RapidEye satellite imagery shows that by November 2013, mining had
spread the ~4 km length of the valley (Supplementary Fig. 1). Some riv-
erbank disturbance was still visible in June 2015, but the duration of the
active mining phase is unknown.

This initial phase received little media attention at the time as it was
mostly eclipsed by the much larger sapphire rush in the forest 40 km to the
south, in the commune of Didy”. The rush near Didy, involving
10,000-40,000 people”, began in April 2012 but was relatively short-lived.
In July 2012, at the behest of the conservation authorities, the government
deployed the army and miners were evicted from the forests’”””. Despite
these efforts, mining persisted, albeit at a smaller scale, at both Didy and
Bemainty®”.

In September 2016, sapphires were discovered in a second valley east of
Bemainty village by gold miners prospecting on land cleared for
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agriculture™" (visible in Supplementary Fig. 1). Word of this discovery
quickly spread and tens of thousands of miners from across the country
flocked to the area to mine. By mid-October 2016, an estimated
10,000-30,000 people were working in the valley known as Antananarivo,
after Madagascar’s busy capital city’”*’. Estimates of the number of people
involved are highly uncertain and some estimates were high as 45,000,
although this is likely an overestimate™. This rush received less political
attention than the 2012 rush at Didy and resources to evict miners from the
forest were unavailable, although the authorities did attempt to disrupt the
trade by evicting foreign buyers from the nearest trading town".. Yet four
months later an estimated 30,000 people were still working in the area®. As
the rush developed mining spread north into several tributary valleys. In
May 2017 the epicentre shifted back to the original site in the Ambodipaiso
valley”. Over the following months, many miners left the area and by
October 2017 only approximately 400 miners remained, marking the end of
the rush”. Mining continued at a much smaller scale until at least
October 2019.

Mining at Bemainty was labour-intensive, informal and illegal, as it
occurred within a protected area™. Miners dug pits 2-3 m deep near the
river and sieved excavated gravels in the stream™*. While most miners
started out independent, by February 2017, most were working for sponsors
and using more efficient water pumps and hoses to sieve the gravels®.

Here, we take 2012, the year when artisanal gem mining first began at
Bemainty, as the year of the ‘intervention’. Although the large mining rush
did not start until 2016, using the period from 2012 allows us to explore the
impacts of mining at different scales. In our results, we mark both the onset
of mining in 2012 and the start of the rush in 2016.

Unit of analysis

We use drainage basins as our unit of analysis. Drainage basins are an
appropriate unit at which to measure the impacts of the mining rush as basin
geography influences the distribution of gemstones and forest loss out-
comes. The gems mined at Bemainty are secondary deposits that have been
removed from a host rock within the catchment via erosion or weathering,
transported and deposited within river sediments in the valley bottom™.
Drainage basin geography may also restrict the potential spread of impacts,
as miners may be less inclined to travel over watershed ridges to harvest
materials.

We use the Level 9 drainage basins data from HydroBASINS®.
HydroBASINS is a global map of watershed boundaries and drainage basins
at hierarchically nested scales, from the continental (Level 1) to the local
(Level 12), derived from digital elevation models. At each higher level (ie.,
smaller scale) drainage basins are sub-divided into their four largest tribu-
tary basins with an individual area of at least 100 km’, and five smaller inter-
basins®’. We chose to use the Level 9 basins (the second smallest in this area),
as we considered this best captured the hypothesized scale of impacts
(Supplementary Fig. 2). Survey data from 418 villages in Masoala National
Park in north-eastern Madagascar shows that on average, villagers would
travel up to a maximum 1.9 h to collect forest products™. We applied this
threshold to map the potential impact zone around the two mining valleys at
Bemainty and found it best matched the scale of the Level 9 basin (Sup-
plementary Fig. 2). While this potential impact zone is likely an over-
estimate, as short-term migrant miners may be especially unlikely to travel
far from the mine site to access resources, we wanted to ensure we captured
all potential impacts within our treated unit and avoided spillovers into
neighbouring control units.

Study design

A Directed Acyclic Graph depicting the assumptions underlying our study
design is shown in Supplementary Fig. 3. We suggest that population
density, accessibility, and suitability for agriculture are all potential con-
founders of the causal pathway between the presence of the mining rush and
deforestation, as these factors can affect both the probability that gems are
discovered in the area and deforestation. Proxies for these confounders are
included as variables in the synthetic control method (Supplementary

Table 1). Variables must represent baseline conditions unimpacted by the
intervention of interest”. Therefore, for our time-variant variables, we use
values prior to the onset of mining in 2012. Our variables are: population
density in 2011, population growth rate 2001-2011, mean distance to set-
tlement, mean elevation, mean slope, mean annual precipitation, mean
distance to cart track, mean distance to road, mean distance to river, mean
distance to forest edge in 2011 (Supplementary Table 1). These variables
have been used as proxies for suitability for agriculture and as predictors of
deforestation in previous studies from Madagascar®’™*’. Protected status (i.e.
whether the site is within an effectively managed protected area) is also a
confounder. We account for this by only including drainage basins with
similar protected status in the donor pool. The area of forest in a drainage
basin is a competing exposure for the amount of deforestation so we also
control for this (Supplementary Table 1). The synthetic control method
helps to control for the influence of hidden confounders (see below).

Selection of the donor pool

The synthetic control is constructed from several control units selected from
a pool of potential control units known as the donor pool**”*. Units in the
donor pool should not have experienced any intervention or event over the
study period which the treated unit would not also have experienced in the
absence of the intervention, as this could cause outcomes to diverge from the
counterfactual”’. This complicates the selection of control units in our
study area as there are multiple Protected Areas with different imple-
mentation dates and degrees of management. The Bemainty gem rush
occurred within the forests of the Coridor Ankeniheny-Zahamena Pro-
tected Area. The CAZ was granted temporary protected status in 2005 and
formally gazetted in 2015. As the transition to formal protection occurred
after mining began at Bemainty, this change in status (and theoretically
management) could potentially confound the impact of the mining rush®.
For example, conservation actions reducing forest loss from other causes at
the same time as the mining rush could falsely indicate the mining rush had
reduced forest loss. In this context, the most appropriate control units are
those which experienced the same change in circumstance, but which did
not have a mining rush”. Therefore, our primary analysis only includes
drainage basins that intersect the CAZ in the donor pool (N = 47).

From this selection we removed drainage basins known to contain
other gem mining sites (N = 1, Didy, Fig. 1), using the database compiled in
Devenish et al.””. We also removed basins with more than 10% overlap with
another Protected Area® (N=1), where forest loss outcomes may be
influenced by different conservation management, implemented at different
times. These other Protected Areas include Andasibe-Mantadia National
Park, Analamazoatra Special Reserve and the biodiversity offsets associated
with the Ambatovy mine, which have been effective at slowing
deforestation®. Where less than 10% of a basin intersected another Pro-
tected Area, we edited the boundary of the basin to exclude the overlapping
section. This, for example, allowed us to retain a large, and potentially well-
matched basin in the centre of the CAZ where 6.5% overlapped with the
Ankerana biodiversity offset. Devenish et al.*’ showed that the deforestation
reductions achieved within the Ankerana offset did not spill over into the
surrounding forests, so we did not need to establish a wider zone of
exclusion.

If control units in the donor pool are already similar to the treated unit
in key factors this can help improve the accuracy of the synthetic control”".
We therefore filtered potential basins to only include ones with similar forest
cover to the Bemainty basin before the intervention (i.e. in 2011). We chose
70% forest cover as the threshold for inclusion as this allowed us to include
all the mostly forested drainage basins in the CAZ, striking an appropriate
balance between the number of basins included and the degree of similarity
to the Bemainty basin (which had 95% forest cover). This left eight drainage
basins in the donor pool drawn from the CAZ (Fig. 5).

Eightbasins is a small donor pool, particularly for the placebo tests used
to assess significance. Therefore, to increase the size of the donor pool and
test the robustness of our results, we ran a second analysis sampling control
basins from a wider area’ - the former province of Toamasina. Using the
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Fig. 5 | The Bemainty basin (red) and the eight control drainage basins in the
donor pool (red hashed) for the synthetic control. For our primary analysis, the
selection of the donor pool is restricted to drainage basins without gem mining in the
CAZ (outlined in black). Drainage basins that overlap by more than 10% with
Protected Areas® or biodiversity offsets (shown in purple), or which contain other
known gem mining sites” (yellow points) were excluded. Yellow points in the
Bemainty basin show the Ambodipaiso (left) and Antananarivo (right) mining
valleys. The Forest Cover layer is derived from the Tropical Moist Forests Product”.
See Supplementary Fig. 4 for a similar map showing the donor pool drawn from the
ex-province of Toamasina in the wider analysis.

same filtering criteria as above we identified 13 forested basins to comprise
the donor pool (Supplementary Fig. 4). This donor pool comprises eight
basins from the CAZ as before plus 5 additional, unprotected forested basins
from the wider province. Whilst the CAZ is officially protected, resources
and conservation activities are thinly spread™. Therefore, unprotected for-
ests are likely to represent a more appropriate counterfactual for the CAZ
than the forests within long-established and well-managed protected areas
in the study area. Unfortunately, this still limits the size of the donor pool as
there are very few drainage basins in the study area with over 70% forest
cover which are unprotected. However, widening the selection criteria
would risk including basins with substantial differences which could con-
found our analysis.

Outcome variable
We ran our synthetic control approach for two different outcomes -
deforestation and forest degradation (together termed forest loss) — at each
scale of analysis.

Data were derived from the Tropical Moist Forests product (TMF)™.
The TMF dataset maps the annual extent and land cover changes within

tropical moist forests globally from 1990 to 2021 at 30 m resolution. Loss of
canopy cover in a given year is defined as either deforestation or degradation
based on the duration of clearance. Deforestation is defined as the long-term
conversion of forest to non-forested land, lasting over 2.5 years. Degradation
is considered a temporary loss of canopy cover, lasting less than 2.5 years,
after which there is some forest recovery™.

We use the Deforestation Year, Annual Change, Transition Map and
Annual Disruptions TMF data products. Global land cover datasets can be
less accurate than national, sub-national or case-study-specific data at local
scales. To mitigate potential errors, we follow Vieilledent et al.”” and mask all
our TMF layers to a map of forest cover in Madagascar in 1990°*”". This map
is based on a national-scale remote sensing study and is therefore considered
a more accurate representation of the forest present in Madagascar at the
start of the study period than a global study (the difference is shown in
Supplementary Figs. 5 and 7). The masked TMF data aligns well with a
sample of ground-truth data from the CAZ™, suggesting the data is effective
at classifying land cover in the study area (although the sample size of the
ground-truth data [N =63] is small; Supplementary Table 2 and Supple-
mentary Fig. 8).

Our deforestation outcome variable is the amount of deforestation per
basin, per year obtained from the Deforestation Year data. We do not use the
equivalent Degradation Year data as this only represents the first year forest
degradation was observed in a pixel. However, pixels can be degraded
multiple times during the study period. The gem rush at Bemainty occurred
in the valley bottom, close to the village, where the adjacent forest is more
likely to have been degraded earlier (721 ha, 2% of the forest in the Bemainty
basin was degraded 2-3 times over the study period). To avoid missing
forest degradation which occurred on previously degraded, then recovered,
land we adapt the raw Annual Disruptions dataset to obtain annual data on
degradation events. The Annual Disruptions dataset contains the number of
times a disruption (defined as an absence of canopy cover) was observed per
pixel (for pixels forested in 1990) in all satellite images from that year. Using
Google Earth Engine we reclassify the data to a binary measure of whether a
disruption was observed (1) or not (0) each year. Consecutive years of
disruption observations represent the duration of the loss of canopy cover.
However, we are primarily interested in the year of clearance (i.e. when each
degradation event began). Therefore, where there are a series of disruptions
spanning consecutive years, we retain the first but remove all subsequent
observations in that episode (by reclassifying to zero). Then, we masked this
layer to pixels classed as degraded in the final Transition Map classification.
Finally, we calculated the area of forest degradation events per basin, per
year as our outcome variable. By capturing pixels that are cleared for a few
years and then show regrowth, a pattern that can be repeated multiple times
during the study period, our measure of degradation captures the dynamics
of shifting agriculture. This allows us to compare the impacts of the mining
rush to the impacts of the most common alternative land use in the
study area.

We measured each outcome in three different ways and repeated the
analysis for each: (1) the annual deforestation/degradation rate as a per-
centage of forest cover present at the start of each year (to control for
variation in the size of basins); (2) raw hectares of deforestation/degradation;
(3) cumulative hectares of deforestation/degradation. The TMF data does
not provide a specific set of annual forest cover maps so to obtain these we
reclassified the TMF Annual Change datasets to only include the forest
classes, including forests at any successional stage (i.e. undisturbed tropical
moist forest, degraded tropical moist forest, and forest regrowth classes; see
Supplementary Methods).

Synthetic control

We use the synthetic control method to estimate counterfactual forest loss at
Bemainty in the absence of mining and consequently infer the impact of the
mining rush. The synthetic control is a weighted average of several existing
control units in the donor pool, weighted to maximize similarity to the
treated unit in characteristics and pre-intervention forest loss outcomes””".
It is based on the rationale that in cases such as this, where the intervention is
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applied to a single area and where there are few appropriate control units
available, a weighted combination of controls may represent a better
counterfactual than any individual control””*”. Weighting the control units
to maximize similarity in variables known to predict anthropogenic forest
loss helps to control for the influence of these confounding factors, while a
similar pattern of pre-intervention outcomes helps to control for the
influence of unobserved factors””. Consequently, outcomes in the syn-
thetic control in the post-intervention period can represent a credible
counterfactual for outcomes in the treated unit in the absence of the
intervention.

We construct our synthetic controls using the Synth package in R”.
The study period is 1991-2021 (1991-2011 pre-intervention and
2012-2021 post-intervention). The quality of the synthetic control was
assessed through the similarity in pre-intervention outcomes between
Bemainty and the synthetic control. We used the Mean Square Prediction
Error in the pre-treatment period as a measure of similarity and visually
compared plotted outcomes to check for bias™’".

Following West et al.”" and Abadie, Diamond, and Hainmueller”, we
conducted in-time placebo tests as a validation exercise and robustness
check. We falsely assigned treatment (i.e., the start of mining) to 2009 (three
years before the actual start of mining in 2012) and constructed a synthetic
control using 1991-2008 forest loss outcomes. If the resulting synthetic
control closely reproduces outcomes in Bemainty between 2009 and 2012
(ie., a period without mining), this indicates that the method can produce
credible estimates of forest loss in Bemainty without mining in the real post-
intervention period” (ie., the counterfactual). Although this synthetic
control will likely differ from that constructed in the main analysis (as using
the full 1991-2012 pre-intervention data will likely change the weightings),
it still presents a useful validation of the method”". In-time placebos also act
as a robustness check. If a similar magnitude effect is demonstrated after
false treatment (i.e., 2009) compared to real treatment (i.e., post-2012), the
latter is likely not attributable to the intervention™. Results from these tests
are presented in Supplementary Figs. 11 and 12.

Assessing the significance of our results

To determine whether any difference in post-intervention outcomes
between Bemainty and the synthetic control is a significant effect of mining
we use ‘in-space’ placebo tests’’. We iteratively assign false treatment in 2012
to every control basin in the donor pool (N=8), construct a synthetic
control for each, and compare outcomes between each false-treated unit and
its synthetic control (plotted in grey in Fig. 3). As these false-treated (con-
trol) basins did not experience a mining rush, any difference in outcomes
over the post-intervention period results from unobserved heterogeneity
and can be considered noise in the synthetic control estimation’. We
visually compare the difference in outcomes between Bemainty and its
synthetic control to the differences obtained from the placebo tests. If the
difference in outcomes between Bemainty and its synthetic control exceeds
this range of noise, the effect of mining on deforestation and forest degra-
dation can be considered significant.

For the synthetic controls constructed in the placebo tests to be an
appropriate comparison, they must closely reproduce pre-intervention
outcomes in their matched false-treated unit. We remove pairs where the
Mean Square Prediction Error is over 5x that of the synthetic control for the
Bemainty basin™’".

Field data collection

One of our team (RH.) visited Bemainty in 2019, two years after the end of
the mining rush, to conduct a lemur census and semi-structured interviews
with people in the area. Data were collected over a six-week period between
October and November 2019. This research was reviewed under Bangor
University’s Research Ethics Framework (approval number COE-
SE2019JJRHO1A). Permission was granted by the Ministry of Environment
and Sustainable Development (Number 295/19/MEED/SG/DGEF/
DGRNE), Conservation International (the management authority for the

CAZ), and local authorities. Four community members were recruited to
assist with the fieldwork.

Lemur surveys

Lemur surveys were conducted along 5 transects (each roughly 7 km long)
from villages in the Bemainty Valley into the adjacent forests, along existing
paths. Each transect was repeated 5-6 times. In total 27 transect surveys
were conducted, covering approximately 189 km. Surveys were timed to
coincide with peak activity of diurnal lemurs (06:00-11:00, and
13:30-17:30). Transects could not be repeated at night due to safety con-
cerns, although the field team did conduct a single night survey on paths
around Bemainty village. As a result, the nocturnal lemur community is less
well characterized than the diurnal lemurs.

We used similar methods and survey efforts (e.g., area covered) to other
surveys of diurnal lemurs conducted in Madagascar’'™. Transects were
walked at a speed of 1-2km/h. We recorded all visual and auditory
encounters and noted the time of the encounter, species, and number of
individuals.

Semi-structured interviews

We conducted 73 semi-structured interviews in five settlements in the
Bemainty basin (Fig. 4). The purpose was to gain a contextual under-
standing from local residents and sapphire miners about the impacts of
mining. Interviews were opportunistic. As such, interviews were conducted
mostly in the mornings and evenings when people were more likely to be
home. Interviews were conducted in the local Sihanaka dialect (R.H.,, a
native Malagasy speaker, is fluent in this) and only adults over 18 were
interviewed. The purpose of the study was explained, and respondents were
asked if they were happy to be interviewed.

Respondents were asked a series of questions about their natural
resource use and perceptions of local environmental change, mining, tree
cutting, and hunting. Respondents were also asked to name their jobs. There
were only two responses (farmer or miner) but one person also noted they
were vice-president of an association.

Data availability
The input data used in this study is available here: doi.org/10.5281/
zenodo.11262783.

Code availability
The R code used to generate the results in this study is available here: doi.org/

10.5281/zenodo.11262783.
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