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Abstract
Aim: Mining is increasingly pressuring areas of critical importance for biodiversity con-
servation, such as the Brazilian Amazon. Biodiversity data are limited in the tropics, 
restricting the scope for risks to be appropriately estimated before mineral licensing 
decisions are made. As the distributions and range sizes of other taxa differ markedly 
from those of vertebrates— the common proxy for analysis of risk to biodiversity from 
mining— whether mining threatens lesser- studied taxonomic groups differentially at a 
regional scale is unclear.
Location: Brazilian Amazon.
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1  |  INTRODUC TION

Mining is an important driver of tropical deforestation worldwide, 
both directly (Edwards et al., 2014; Harfoot et al., 2018; Laurance 
et al., 2001) and indirectly (Curtis et al., 2018; Giljum et al., 2022; 
Laurance et al., 2015; Sloan et al., 2019; Weng et al., 2013). In the 
Brazilian Amazon, one of the largest and most biodiverse intact biore-
gions on Earth (Potapov et al., 2017), industrial- scale mineral mining 
drove nearly 12,000 km2— or an area the size of Qatar— of forest loss 
between 2005 and 2015 (Sonter et al., 2017). Such losses result directly 
from mineral extraction (i.e. due to land- use change at mine sites) and 
extensive indirect effects associated with establishing infrastructure 
for mineral extraction, processing and transportation (Sonter, Moran, 
et al., 2014). In the Brazilian Amazon, mining- induced forest loss occurs 
up to 70 km from lease boundaries (Sonter et al., 2017). Nonetheless, 
research examining the extent of mining- induced land- use change 
has been at odds with an outdated yet perpetuated concept of min-
ing affecting only small geographic areas (Bridge, 2004; Marsh, 1864). 
This perception is despite a large body of research now demonstrat-
ing the extent of mining- induced land- use change, with much evi-
dence emanating from Brazil explicitly (Alvarez- Berríos & Aide, 2015; 
Bebbington et al., 2018; Hänggli et al., 2023; Kamino et al., 2020; 
Santos et al., 2020; Siqueira- Gay, Sonter, & Sánchez, 2020; Sonter 
et al., 2015; Sonter, Barrett, et al., 2014; Souza- Filho et al., 2018) as 
well as globally (Giljum et al., 2022; Werner et al., 2019).

As mining activities are granted access to areas that are oth-
erwise off- limits to industry, the quality and conservation impor-
tance of forests that can be impacted by mining make it a unique 
driver of forest loss (Grantham et al., 2021). By potentially enabling 
clearing in the undisturbed forest interior to radiate outwards via 
linear infrastructure, further deforestation beyond that necessary 
for mining- associated infrastructure can result if stringent protocols 
are not in place to restrict access to other industries, illegal loggers 
and miners, or spontaneous settlements (Bebbington et al., 2018; 
Edwards et al., 2014; Giljum et al., 2022; Laurance et al., 2014; 
Laurance & Balmford, 2013; Siqueira- Gay, Sonter, & Sánchez, 2020). 
Concerningly, mining claims in Brazil have the highest overlap with 
intact forest landscapes anywhere globally, covering approximately 
370,000 km2 (Grantham et al., 2021), risking considerable losses of 
the highest conservation value forest if they are ultimately devel-
oped for mineral extraction. However, even modest forest loss in 
these areas may be especially problematic for biodiversity, as evi-
denced by the disproportionate detrimental consequences for verte-
brate diversity associated with intact forest loss (Betts et al., 2017).

Given the extensive deforestation footprints linked to mining, 
considering biodiversity risks beyond direct mine footprints is crucial 
for estimating the complete suite of potential impacts mining opera-
tions encompass. Several studies have begun to reveal the negative 
consequences of mining for biodiversity beyond lease boundaries at 
local scales, such as for primates and other medium- to- large- bodied 
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Methods: We assess risks to several facets of biodiversity from industrial mining 
by comparing mining areas (within 70 km of an active mining lease) and areas unaf-
fected by mining, employing species richness, species endemism, phylogenetic diver-
sity and phylogenetic endemism metrics calculated for angiosperms, arthropods and 
vertebrates.
Results: Mining areas contained higher densities of species occurrence records than 
the unaffected landscape, and we accounted for this sampling bias in our analyses. 
None of the four biodiversity metrics differed between mining and nonmining areas 
for vertebrates. For arthropods, species endemism was greater in mined areas. Mined 
areas also had greater angiosperm species richness, phylogenetic diversity and phylo-
genetic endemism, although less species endemism than unmined areas.
Main Conclusions: Unlike for vertebrates, facets of angiosperm and arthropod diver-
sity are relatively higher in areas of mining activity, underscoring the need to consider 
multiple taxonomic groups and biodiversity facets when assessing risk and evaluating 
management options for mining threats. Particularly concerning is the proximity of 
mining to areas supporting deep evolutionary history, which may be impossible to 
recover or replace. As pressures to expand mining in the Amazon grow, impact as-
sessments with broader taxonomic reach and metric focus will be vital to conserving 
biodiversity in mining regions.

K E Y W O R D S
Endemism, evolutionary potential, extractive industries, habitat loss, indirect impacts, mineral 
resource governance, phylogenetic diversity, phylogeography, species richness
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1192  |    LLOYD et al.

mammals in Ghana (Owusu et al., 2018), and above- ground car-
bon, stem density and tree and butterfly richness in Tanzania (Seki 
et al., 2022). At regional scales, factoring in the indirect impacts of 
mining, Sonter et al. (2022) show substantial mining regions in Brazil 
overlap with high diversity mammal habitats. Iron ore- rich areas also 
coincide with regions of comparatively high plant species richness in 
Brazil (Murguía et al., 2016). Areas of unsurpassed vertebrate rich-
ness in northern South America are similarly shown to be at increased 
risk of future fossil fuel exploitation (Butt et al., 2013), as are a variety 
of taxonomic groups and diversity facets incorporating range restric-
tions, with fine- scale areas of conflict between fossil fuel extraction 
and biodiversity having also been identified (Harfoot et al., 2018).

Globally, half of all mines are within 20 km of a protected area, 
with Brazil being a hotspot for mining growth in direct proxim-
ity to protected areas, and extraction volume is increasing within 
moist broadleaf forests more so than any other biome (Luckeneder 
et al., 2021). Bauxite, copper, iron and zinc mines specifically exhibit 
high overlap with protected areas in South America, with consid-
erable activity within 1– 5 km of protected areas in the Brazilian 
Amazon (Durán et al., 2013). At continental scales, infrastructure 
development driven by mining (Weng et al., 2013) has potentially 
far- reaching and damaging consequences for biodiversity (Laurance 
et al., 2009, 2015). The broader ecological theory also indicates 
that cumulative anthropogenic disturbances would substantially 
compound the biodiversity losses driven by mining- associated in-
frastructure in isolation (Barlow et al., 2016). Mining- induced de-
forestation is thus a substantial threat to forest biodiversity and 
valuable ecosystem services (Strand et al., 2018), especially where 
mineral- rich areas coincide with intact primary forests (Murguía 
et al., 2016; Siqueira- Gay, Soares- Filho, et al., 2020). Nonetheless, a 
more detailed examination is required to determine where and what 
biodiversity values are most at risk and what options are available 
and practicable for impact avoidance and mitigation.

Previous research on risks from mining to biodiversity at broad 
spatial scales has traditionally focussed on vertebrates (Edwards 
et al., 2014; Finer et al., 2008; Sonter et al., 2022), with just one 
study explicitly considering risks for plants (Murguía et al., 2016), 
and none examine arthropods. Although direct site- level mining 
impacts on plants are often explored, the only regional scale as-
sessment of risk (Murguía et al., 2016) is limited to the examination 
of broad plant diversity zones (Barthlott et al., 2005, 2007), high-
lighting the need for more detailed investigation. These limitations 
are mainly due to the poor sampling of Brazilian Amazonian biodi-
versity in less easily accessible areas, as with much tropical diver-
sity, leading to knowledge gaps and shortfalls (Oliveira et al., 2016; 
Oliveira, Soares- Filho, Santos, et al., 2019). Indeed, due to the large 
areas of botanically unsampled forests that have been cleared in the 
Brazilian Amazon, much of the unknown diversity has already been 
lost (Stropp et al., 2020). Concerningly, such losses have failed to 
generate the urgency necessary to explore threats to plant diversity 
with the best currently available data in areas at near- term risk of 
deforestation, the most pressing priorities of which are the lowland 
tropics (Corlett, 2016).

Although data paucity may affect assessments of conservation 
priorities (Bini et al., 2006), conservation decisions often need to 
be made urgently without the benefit of more extensive sampling 
(Grantham et al., 2008, 2009). Knowledge of conservation status 
for arthropods is the most poorly resolved of all macrobiota, with 
less than 0.5% of described species evaluated on the IUCN Red List 
(Cardoso et al., 2011). There is also evidence of significant declines 
in insect abundance and diversity in Brazil (Lewinsohn et al., 2022), 
suggesting substantial losses of undescribed diversity have already 
occurred in these taxa. Of the small proportion of insects that have 
been assessed for their representation in protected areas, only one- 
in- four are adequately covered (Chowdhury et al., 2022), despite 
their fundamental importance to ecosystem processes and func-
tioning (Ollerton et al., 2011; Potts et al., 2010; Seibold et al., 2021; 
Wilson, 1987) and their contributions to people (Potts et al., 2016). 
Given new species are regularly identified in Amazonia (Valsecchi 
et al., 2017)— even among well- studied vertebrate orders as taxon-
omies are resolved through molecular techniques (e.g. Costa- Araújo 
et al., 2021; Ennes Silva et al., 2022)— a substantial proportion of 
arthropod diversity in the Brazilian Amazon remains undiscovered. 
Examination of imminent threats to understudied arthropod diver-
sity thus cannot be delayed for want of more complete data to avoid 
putting further unknown diversity at risk. Delaying action will also 
likely make conservation actions less effective and more costly in 
remote areas susceptible to mineral exploitation (Cimon- Morin 
et al., 2016).

In addition to the narrow taxonomic restriction in assessments 
of regional- scale mining risks to biodiversity, the metrics used are 
also often limited. For example, species or taxon richness is the 
most fundamental, easily scalable and reproducible measure of 
biodiversity applied to impact assessments. Although relatively 
few studies examine broad- scale risks to biodiversity from mining 
relative to other threats, earlier research also mostly explored spe-
cies richness values in proximity to areas targeted for large- scale 
mineral exploitation (e.g. Durán et al., 2013; Murguía et al., 2016). 
Yet, richness alone does not capture the rarity of organisms found 
in a region, or restrictions in their distribution, leading some re-
source extraction- focussed studies to apply metrics such as range 
rarity and species richness aggregates (Harfoot et al., 2018), or 
areas of species endemism (Edwards et al., 2014) to provide more 
holistic assessments of biodiversity values at risk. Furthermore, 
phylogenetic diversity is rarely evaluated, despite its importance 
for maintaining evolutionary lineages (Mace et al., 2003), pro-
viding a basis for future speciation in response to changing envi-
ronmental conditions (Sgrò et al., 2011), and capturing unknown 
facets of diversity (Faith, 2017). The overlooking of phylogenetic 
diversity measures may initially have resulted from assertions that 
species richness is an effective surrogate of phylogenetic diver-
sity for some vertebrate groups in conservation planning studies, 
particularly birds and mammals (Brooks et al., 2006; Rodrigues 
et al., 2005; Rodrigues & Gaston, 2002), despite evidence to the 
contrary at least for plants (Forest et al., 2007). However, an ex-
panding body of research (Brooks et al., 2015; González- Orozco 
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et al., 2016; Jetz et al., 2014) signals the growing acceptance of 
the importance of considering threats to evolutionary history 
explicitly.

Here, we examine the potential risks of mining- induced defor-
estation to biodiversity across the Brazilian Amazon. We expand 
on previous broad- scale studies of mining threats to biodiversity by 
considering the combined risks of direct and indirect deforestation 
and employing diversity parameters beyond species richness and 
absolute endemism. To do so, we utilise area- weighted metrics and 
phylogenetic approaches to determine risks to biodiversity facets 
posed by the complete land- use footprint of mining previously un-
explored hitherto. Specifically, we (1) investigate the biodiversity 
sampling effort within mining leases and mining areas (defined to 
occur within 70 km of mining leases); (2) determine whether min-
ing areas contain more or less biodiversity than areas unaffected 
by mining using species richness, species endemism, phylogenetic 
diversity and phylogenetic endemism metrics; and (3) compare dif-
ferences among three taxonomic groups: angiosperms, arthropods 
and vertebrates.

2  |  METHODS

2.1  |  Database assembly

2.1.1  |  Mapping mining areas

We obtained spatial information on mineral prospecting and min-
eral mining leases within the Brazilian Amazon from SIGMINE 
(Sistema de Informações Geográficas da Mineração; DNPM, 2012). 
This database catalogues all registered legal mining activities within 
Brazil, detailing the extent of each activity, dates of operation and 
mined commodities. To map ‘mining leases’ of industrial- scale min-
eral mines, we selected records greater than 100 hectares in area 
and classified as mining concessions (Concessão de Lavra) and omit-
ted leases extracting water or those classified as small- scale arti-
sanal operations (Lavra Garimpeira). This resulted in 411 polygons 
(including active leases and adjacent extensions of such leases) of 
15,750 km2 in total area, with mining start dates ranging from 1944 
to 2017 (mean = 1978, sd = 11.9; Figure 1). To map ‘mining areas’, 
which include the direct (i.e. immediate land- use change resulting 
from mineral extraction) and indirect (i.e. extensive land- use change 
associated with mineral extraction, processing and transportation) 
impacts of mining on forests (Sonter et al., 2017), we created a 
70 km buffer surrounding each mining lease. ‘Non- mining areas’ (i.e. 
areas unaffected by industrial mining) were mapped by extracting 
our mapped ‘mining areas’ and an additional layer representing all 
other legal mining leases excluded from our analyses (i.e. inactive 
leases, those targeting water, or operations smaller than 100 hec-
tares in area; shown in white in Figure 1) from the Brazilian Amazon 
(Figure 1).

For interpolation analyses, hexagons are the most logical sam-
pling unit shape as their centroids are equidistant, the distance of 

points from the edges to the centroid is the closest, and sampling 
biases are reduced due to their lower perimeter- area ratio com-
pared with squares or triangles (Birch et al., 2007). Hexagons of 
approximately 0.5° with equal area were assigned to one of two 
study areas— mining areas or nonmining areas— based on where 
their centroid was located (Figure 1). Hexagons were omitted 
from our analyses if they contained fewer than 20 occurrence 
records per taxonomic group or their centroid was located out-
side the Brazilian Amazon. We used 0.5° hexagon sampling units 
as sensitivity analyses conducted in previous studies utilising the 
same dataset indicated reduced variation in results for hexagon 
areas of 0.5° and above (Oliveira, Soares- Filho, et al., 2017; Strand 
et al., 2018), and so any fine- scale georeferencing inaccuracies 
remaining in the dataset after filtering are minimised (Oliveira, 
Brescovit, & Santos, 2017). This sampling unit area also ensured 
sufficient sample sizes would be assigned within and among 
mining- induced deforestation- affected areas to enable robust 
comparisons across the study area for all taxonomic groups, par-
ticularly arthropods, while reducing the amount of area hexagon 
interpolations may sample from outside their respective study 
area polygons.

2.1.2  |  Assembling biodiversity data

Data on species occurrences were obtained from (Oliveira, Soares- 
Filho, et al., 2017) and (Oliveira, Soares- Filho, Santos, et al., 2019) 
and represent the most comprehensive dataset of species occur-
rences in Brazil to date. These data were assembled from online 
databases spanning GBIF (gbif.org); CRIA (speci eslink.net); Birdlife 
International (birdl ife.org), Herpnet (herpn et.org), Nature Serve 
(natur eserve.org); and Orthoptera Species File (ortho ptera.speci 
esfile.org). These data were also supplemented with occurrence 
records obtained from taxonomic literature and biodiversity in-
ventories (Oliveira, Soares- Filho, et al., 2017; Oliveira, Soares- 
Filho, Santos, et al., 2019). All species occurrence records were 
filtered to determine whether they lacked geographic coordinates 
or exhibited location errors using a map of Brazilian municipalities 
(mapas.ibge.gov.br;Oliveira, Soares- Filho, et al., 2017; Oliveira, 
Soares- Filho, Santos, et al., 2019). Taxonomic validity for all oc-
currence records was confirmed using taxon- specific catalogues 
and expert reviews for each taxonomic group (Oliveira, Soares- 
Filho, et al., 2017; Oliveira, Soares- Filho, Santos, et al., 2019). 
After filtering for geographic and taxonomic accuracy, the final 
dataset comprised 113,790 occurrence records for all the Brazilian 
Amazon. The dataset contained 44,660 records of angiosperms 
(6899 species of families Asteraceae, Bromeliaceae, Fabaceae, 
Melastomataceae, Myrtaceae, Orchidaceae, Poaceae and 
Rubiaceae), 24,374 records of arthropods (4630 species of bees, 
spiders, millipedes, Orthoptera, dragonflies, moths and Diptera) 
and 44,756 records of vertebrates (1584 species of birds, mam-
mals and anurans). Spatial distributions of occurrence record den-
sities for each taxonomic group are provided in the Figure S1.
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1194  |    LLOYD et al.

Phylogenetic trees were constructed from published figures into 
Newick code with TreeSnatcherPlus (Laubach & Von Haeseler, 2007) 
and supplemented with data from empirical phylogenetic studies 
synthesised by The Open Tree of Life project (Hinchliff et al., 2015). 
As branch lengths, when available, are not directly comparable 
between trees, all branch lengths were considered equal to one 
(Oliveira, Soares- Filho, et al., 2017; Oliveira, Soares- Filho, Santos, 
et al., 2019). Phylogenetic trees were compiled into a supertree 
using matrix representation with parsimony (Baum, 1992) and 
pruned to represent species restricted to Brazil. Our dataset rep-
resents the most extensive collection of species occurrence records 
and phylogenetic trees compiled in Brazil for this purpose to date 
(Oliveira, Soares- Filho, et al., 2017). However, data collected for en-
vironmental impact assessments that are not published online will 
inevitably be missing from our database, and rare, threatened or 
range- restricted organisms may also not be included due to limited 
sampling.

2.2  |  Calculation of biodiversity facets

2.2.1  |  Sampling effort

We first intersected mining lease and mining area polygons with 
species occurrence records to provide a coarse estimate of the 
proportion of occurrence records within mining leases and their 
more expansive impact areas from the total contained in our data-
base. An equal- area measure was calculated through the ‘Sampling 
Effort’ functor of the BioDinamica plug- in (Oliveira, Soares- Filho, 
Leitão, & Rodrigues, 2019) of Dinamica EGO (Ferreira et al., 2019), 
which was set with a 10 km search radius due to limited and 
sporadic biodiversity sampling in the Brazilian Amazon (Oliveira 
et al., 2016; Oliveira, Soares- Filho, et al., 2017). We then converted 
the output raster to points and summed the mean sample effort 
index values across 0.5° radius hexagon sampling units (Figure 1). 
The ‘Sampling Effort’ functor in BioDinamica employs a Gaussian 

F I G U R E  1  Study area map showing legal mining activities across the Brazilian Amazon biome. Active mining leases (>100 ha) are shaded 
orange (total area: 15,750 km2). Mining areas, which extend 70 km around active mining leases, are shaded purple (977,738 km2); nonmining 
areas, free of any legal mining activity, are shaded green (2,540,188 km2). Hexagons are outlined in dark purple for mining areas (n = 178 with 
≥20 species occurrence records for all taxonomic groups) and dark green for nonmining areas (n = 332 with ≥20 species occurrence records 
for all taxonomic groups; see Table S1 for breakdowns by taxonomic group and metric).
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    |  1195LLOYD et al.

kernel density index function. For all analyses using BioDinamica, 
0.5° hexagon sampling units were only created where ≥20 species 
occurrence records existed.

2.2.2  |  Biodiversity metrics

We calculated four sampling- effort- corrected biodiversity metrics 
for each of the three taxonomic groups: species richness, species 
endemism, phylogenetic diversity and phylogenetic endemism, since 
measuring biodiversity with species richness alone does not capture 
values pertinent to conservation at the landscape scale, such as 
endemism or evolutionary history (Faith, 1992; Faith et al., 2004). 
Indeed, the loss of species is not equivalent to the loss of evolu-
tionary history (Vane- Wright et al., 1991), and conservation prior-
ity areas can differ when using species richness and phylogenetic 
diversity (Forest et al., 2007; Rodrigues et al., 2005). Furthermore, 
phylogenetic measures may capture the quantity and distribution of 
diversity better than species- based measures, especially when data 
are limited, but both are representative of different diversity com-
ponents (Rosauer & Mooers, 2013; Tucker et al., 2017). Thus, here 
we employ a variety of biodiversity metrics for comparison between 
mining and nonmining areas in the Brazilian Amazon.

2.2.3  |  Species- based metrics

Species richness (per unit area) is the most sensitive biodiversity 
measure to variation in sampling effort (Oliveira et al., 2016). To 
quantify species richness, we used a resampled species richness 
index to account for variation in sampling effort. The ‘Resample 
Species Richness’ functor (Oliveira, Soares- Filho, Leitão, & 
Rodrigues, 2019) operates by spatially resampling species occur-
rences. We set this functor to a minimum of 20 species occurrences 
per hexagon sampling unit, taking a random 25% subsample with 
1000 iterations. This tolerance level retained the most variation in 
species richness while maintaining an adequate sample size to com-
pare mining and nonmining areas. The output represents the mean 
resampled species richness per hexagon (Oliveira, Soares- Filho, 
et al., 2017; Oliveira, Soares- Filho, Santos, et al., 2019). This method 
provides a relative measure of species richness, simulating uniform 
sampling throughout the study area, thus addressing variation in 
sampling effort (Oliveira, Soares- Filho, et al., 2017; Oliveira, Soares- 
Filho, Santos, et al., 2019).

For comparisons of endemism, the level of geographic re-
striction among species, we used the weighted endemism index, 
a relative measure of endemism as opposed to an absolute mea-
sure (Williams & Humphries, 1994). We computed this using the 
‘Weighted Endemism’ functor (Ferreira et al., 2019), which calculates 
the inverse of a species distribution area and sums it across hexagon 
sampling units (Oliveira, Soares- Filho, et al., 2017; Oliveira, Soares- 
Filho, Santos, et al., 2019). To control for variation in sampling ef-
fort and uncertainty in species distribution estimations, the functor 

generates a sampling effort- corrected and area- weighted endemism 
index using the equation:

where ‘A’ is the weighted endemism as determined by the inverse of a 
species distribution area, ‘B’ is the product of weighted endemism and 
sampling effort (expressed as the mean kernel density index of species 
occurrence records within a 50 km radius of each occurrence point for 
each species analysed), and C is the total number of species sampled, 
with 150 species occurrences set as the maximum (0.999) as the fre-
quency distribution of species records reaches an asymptote at this 
value (Oliveira, Soares- Filho, et al., 2017). Species with fewer records 
are assigned values beginning at 0.00001 for a single record upwards 
linearly (Oliveira, Soares- Filho, et al., 2017).

2.2.4  |  Phylogenetic metrics

We considered two measures of spatial phylogenetic variation im-
portant for the maintenance and persistence of biodiversity, phy-
logenetic diversity (PD), a measure of divergence in phylogenetic 
relationships between species in an area (Faith, 1994), and phylo-
genetic endemism (PE), a measure of the restriction of phylogenetic 
lineages between given areas (Rosauer et al., 2009). Phylogenetic 
diversity is estimated by comparing summed distances between 
phylogenetic branches among species in a given area (Faith, 1992). 
Phylogenetic endemism is estimated by comparing the relative rar-
ity of evolutionary lines among taxa between areas, with fewer 
branches at higher taxonomic classifications being afforded greater 
weighting in contributing to the endemism of a species' evolutionary 
lineage (Rosauer et al., 2009).

We compared phylogenetic diversity using branch lengths as 
a surrogate for the uniqueness or similarity in features of species 
within a phylogenetic tree (Faith, 1992). The ‘Phylogenetic Diversity’ 
functor sums branch lengths through the root of phylogenetic trees 
using the shortest path between species connected within a sam-
pling unit (Faith, 1992, 1994; Oliveira, Soares- Filho, et al., 2017). 
Due to the paucity of phylogenetic information for Brazilian species 
and hence within our database, despite it being the most compre-
hensive dataset compiled in Brazil to date (Oliveira, Soares- Filho, 
et al., 2017), branches were assigned equal lengths under an as-
sumption of equivalent rates of feature descent across all phyloge-
netic pathways (Faith, 1992). In comparing phylogenetic measures 
of biodiversity, we used phylogenetic trees for taxa geographically 
restricted to Brazil (Oliveira, Soares- Filho, et al., 2017).

To compare phylogenetic endemism, a measure of geographic 
restriction of phylogenetic diversity and hence evolutionary his-
tory, we used the phylogenetic weighted endemism index (Rosauer 
et al., 2009). This index employs a relative measure of endemism 
rather than an absolute measure to compare geographic concentra-
tions of evolutionary history, to address the sensitivity to spatial scale 

A∗B

((A∗B) + ((1 − A) ∗ (1 − C)))
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1196  |    LLOYD et al.

apparent in absolute endemism measures (Rosauer et al., 2009). The 
‘Phylogenetic Endemism’ functor (Ferreira et al., 2019) interpolates 
phylogenetic weighted endemism indices across sampling hexa-
gons by summing the phylogenetic branch lengths between species 
(Oliveira, Soares- Filho, et al., 2017; Oliveira, Soares- Filho, Leitão, & 
Rodrigues, 2019).

2.3  |  Data processing and analysis

Sampling effort and biodiversity indices were generated in the 
BioDinamica plug- in extension (Oliveira, Soares- Filho, Leitão, & 
Rodrigues, 2019) for the freely available Dinamica EGO software 
(Ferreira et al., 2019). The outputs from Dinamica were processed 
and assigned to study areas in ArcMap 10.7 (ESRI, 2018). Due to 
the amount of species occurrence records present in a sampling 
unit for each taxonomic group and the availability of phylogenetic 
tree data for each occurrence, the number of groups compared 
between mining and nonmining areas varied, as hexagon sampling 
units were removed from analyses if they contained <20 occurrence 
records per taxonomic group (see N column in Table S1). Statistical 
comparisons between mining and nonmining areas for all metrics 
and all taxonomic groups were made using two- tailed Wilcoxon 
rank- sum tests, with all graphical representations created in R (R 
Core Team, 2018). For improved visualisation, the four biodiversity 
metrics were rescaled between 0 and 1 to facilitate interpretation 
using the scales package in R (Wickham & Seidel, 2020), which main-
tains identical data spread. Sensitivity analyses showing the small 

and largely inconsequential variation in results when using alterna-
tive potential impact buffers of 20 and 50 km are included in the 
Supporting Information, noting that the largest difference in findings 
is observed for arthropod phylogenetic endemism where the sam-
ple size is substantially reduced (mining area hexagon n = 17) when 
using a 20 km buffer versus a 70 km buffer (mining area hexagon 
n = 53; Figures S2 and S3). Effect sizes are reported (Table S1) and 
compared in sensitivity analyses of mining risk buffers (Figure S3) to 
show the magnitude of difference in metrics between study areas 
and to support comparisons with future analyses. However, they are 
not to be interpreted as measures of mining impact on biodiversity 
due to the abstract complexity of their biological interpretation as 
they relate to differences in interpolated biodiversity metrics.

3  |  RESULTS

Of the 411 polygons representing active mining leases and neigh-
bouring lease extensions, 80% had no sampling whatsoever, 2% 
had low levels of sampling (0– 0.01 records/km2), 17% were mod-
erately sampled (0.01– 10 records/km2), and none were well sam-
pled (>10 records/km2). Mining leases covered 0.4% of the Brazilian 
Amazon and contained 1.3% of species records, while mining areas 
(i.e. within 70 km of an active mining lease) contained 37.4% of all 
species records in our database, despite covering only 23.4% of the 
study area. Mean sampling effort was significantly greater in min-
ing areas than in nonmining areas for all taxonomic groups; how-
ever, effect sizes were notably small (Angiosperms: W = 104,351, 

F I G U R E  2  Mean sample effort index per 0.5° hexagon containing 20 species occurrence records or more for Angiosperms, Arthropods 
and Vertebrates among mining and nonmining areas. Boxplots represent median, interquartile range (IQR) and limits (Q1 − IQR*1.5; 
Q3 + IQR*1.5). Sample effort index values plotted on a log scale; all p- values generated from two- tailed Wilcoxon rank- sum tests (see 
Table S1 for statistical summary).
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    |  1197LLOYD et al.

p = 0.0011, r = 0.108; Arthropods: W = 48,741, p = 0.01537, r = 0.098; 
Vertebrates: W = 79,543, p = 0.00646, r = 0.096; Figure 2; Table S1).

Resampled species richness (corrected for differences in sam-
pling effort) was significantly greater in mining areas for angio-
sperms, and while the effect size was relatively larger compared 
with other taxonomic groups, it was smaller than observed for other 
metrics (W = 13,058, p = 0.0324, r = 0.121, Table S1, Figure S4). 
There was no significant difference in resampled species richness 
indices for arthropods (W = 3362, p = 0.6592, r = 0.034) or verte-
brates (W = 5384, p = 0.2058, r = 0.084; Figure 3a). Mining areas had 
greater weighted endemism for arthropods and with the largest ef-
fect size of any taxonomic group (W = 4218, p = 0.0120, r = 0.193). 
Mining areas contained less angiosperm endemism although the 
effect size was marginally smaller than for arthropods (W = 9372, 
p = 0.0101, r = 0.146, Figure S4), and no observable differences ex-
isted between study areas for vertebrates (W = 5948, p = 0.9267, 
r = 0.006; Figure 3b). Angiosperm phylogenetic diversity was sig-
nificantly greater in mining areas with a relatively larger effect size 
compared with other taxonomic groups (W = 13,088, p = 0.00008, 
r = 0.230, Figure S4), while no differences were observed for ar-
thropods (W = 2683, p = 0.9969, r = 0.000) or vertebrates (W = 6432, 
p = 0.3391, r = 0.064; Figure 3c). Phylogenetic endemism was signifi-
cantly higher in mining areas for angiosperms and with a relatively 
larger effect size compared with other taxonomic groups (W = 9385, 
p = 0.0009, r = 0.209, Figure S4), while no observable differences ex-
isted among arthropods (W = 2056, p = 0.5996, r = 0.045) or verte-
brates (W = 6309.5, p = 0.4847, r = 0.046; Figure 3d; see Table S1 for 
statistical summaries of all index comparisons).

4  |  DISCUSSION

Mining in the Brazilian Amazon is at risk of dramatic increase due to 
substantial political support for pro- mining policy changes (Rorato 
et al., 2020; Villén- Pérez et al., 2018, 2022). Earlier studies have ex-
amined the extent of historical mining- induced deforestation in the 
Brazilian Amazon (Sonter et al., 2017), and here, we illustrate the 
potential risks of this land- use change for biodiversity. First, we find 
that many mining areas are poorly sampled— 80% of mining leases 
have no species occurrence records whatsoever— and other rare, 
undiscovered or threatened species may also occur in these areas. 
These sampling shortfalls demonstrate a considerable opportunity 
for mining companies to improve national biodiversity inventories 
by openly sharing their impact assessment data. Accounting for 
sampling biases, our results indicate equal- area biodiversity values 
rank higher within wider mining- affected areas than unmined areas 
across the Brazilian Amazon. However, important differences exist 

among biodiversity metrics and taxonomic groups, and the lack of 
biodiversity data in Brazil overall means that further research is re-
quired to validate these patterns. Our findings emphasise the impor-
tance of considering a variety of metrics and taxonomic groups when 
examining risks from mining or other similar threats to biodiversity 
in the Amazon, even under data limitation constraints. While more 
detailed studies are needed to explore the ecological relationships 
underpinning these diversity patterns, our results suggest any un-
mitigated impacts of mining may have had or will have greater con-
sequences for angiosperm evolutionary history and range- restricted 
arthropods.

Based on our analyses utilising the most comprehensive com-
pilation of species occurrence records for Brazil to date, mining 
areas appear to be more biodiverse than areas unaffected by in-
dustrial mining, at least for some metrics and taxonomic groups. 
For example, mining areas contain greater angiosperm species 
richness, higher arthropod endemism and greater angiosperm 
phylogenetic diversity and endemism (Figure 3, Figure S4). These 
results indicate that mining- induced deforestation may have more 
substantial consequences for some forms of biodiversity and may 
reflect an underlying association between minerals and some di-
versity facets. While more comprehensive analyses are required 
to explore these relationships, similar interactions have been 
observed previously in Brazil, where highly endemic and beta- 
diverse flora communities of endangered ironstone outcrops rep-
resent 26% of all vascular plant families (Jacobi et al., 2007; Salles 
et al., 2018). Understanding the conditions that explain these 
associations could help predict where mining and conservation 
conflicts may emerge in future. Knowledge of whether similar re-
lationships occur in ecosystems elsewhere would also greatly ben-
efit conservation planning in mining regions (Sonter et al., 2018). 
Regardless, mitigating the impacts of mining on plant communities 
ecologically associated with the mined commodity will be chal-
lenging as opportunities to secure their habitat elsewhere will 
likely conflict with similar economic pressures to extract minerals 
(Sonter et al., 2020).

Our findings also reveal differences between biodiversity 
metrics and taxonomic groups used to assess the conservation 
implications of mining- induced deforestation. Prior analyses con-
sider a narrow set of metrics, typically species richness (Murguía 
et al., 2016), with some expanding to consider restrictions in spe-
cies distributions (Harfoot et al., 2018; Lessmann et al., 2016), or 
focus solely on threats to vertebrate species (Edwards et al., 2014; 
Finer et al., 2008; Sonter et al., 2022). However, we find mining 
in the Brazilian Amazon may pose more substantial threats to 
phylogenetic diversity, specifically for angiosperms (Figure 3c), 
and higher concentrations of range- restricted arthropod species 

F I G U R E  3  Biodiversity metrics per 0.5° hexagon containing 20 species occurrence records or more for Angiosperms, Arthropods and 
Vertebrates. Boxplots represent median, interquartile range (IQR) and limits (Q1 − IQR*1.5; Q3 + IQR*1.5), of (a) resampled species richness 
indices (25% subsamples); (b) weighted endemism indices; (c) phylogenetic diversity indices; and (d) phylogenetic endemism indices between 
mining and nonmining areas. Weighted endemism, phylogenetic diversity and phylogenetic endemism indices plotted on a log scale. All p- 
values generated from two- tailed Wilcoxon rank- sum tests (see Table S1 for statistical summary).
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(Figure 3b). Mining may also pose greater risks to spatially re-
stricted angiosperm evolutionary lineages (Figure 3d), with much 
of this variation being irreplaceable (Rosauer et al., 2009). To 
address these risks, environmental impact assessments and con-
servation planning exercises should focus on a complete range of 
taxa potentially affected by mining operations on-  and off- site, at 
local and regional scales, and consider implications for biodiver-
sity that extend beyond species richness. Failing to do so will not 
only perpetuate persistent biases within conservation (Di Marco 
et al., 2017; Troudet et al., 2017) but may also unduly risk biodi-
versity losses of lesser- studied yet ecologically important taxa 
(Cardoso et al., 2011; Lawler et al., 2003; Mouillot et al., 2013) and 
inordinately threaten evolutionary history, which is already being 
lost at rates faster than predicted by species extinction (Purvis 
et al., 2000). The loss of such diversity could severely hinder the 
ability of ecological communities and their components to adapt 
to changing environmental conditions (Sgrò et al., 2011), threaten 
the maintenance of evolutionary lineages that have adapted to 
current conditions (Mace et al., 2003) and risk losses of facets of 
biodiversity which are as yet unknown (Faith, 2017) that may pro-
vide relatively more option value, that is, a greater pool of bio-
logical resources from which people may derive benefit in future 
(Faith, 1992).

We find that mining may threaten phylogenetic facets more than 
species- based diversity and that discernible differences in risk to 
biodiversity would not have been captured if considering only ver-
tebrates, underscoring the importance of comprehensive evaluation 
of diversity values when examining biodiversity risks of development 
in the Brazilian Amazon. Although diversity data are limited in the 
region, as with most tropical forests, our results indicate that the fre-
quently applied proxies of richness for phylogenetic diversity and of 
vertebrates for other taxonomic groups to address these limitations 
may not be sufficiently representative to employ in decision- making 
at regional scales if the objective is to retain maximal phylogenetic 
diversity or diversity of nontarget taxonomic groups. Conservation 
research exploring links between mining and biodiversity should 
therefore examine an array of diversity metrics and taxonomic 
groups and consider the indirect footprint of mining. Without doing 
so, conservation scientists and decision- makers may be oblivious to 
the potentially undiscovered, unique and irreplaceable biodiversity 
within mining leases and their rapidly changing surrounding land-
scapes and risk substantial losses of diversity, much of which may 
never be known.

It is important to note that these results do not indicate that 
mining poses no threat to vertebrate diversity. Conversely, sev-
eral approaches have demonstrated such threats at various scales 
(Edwards et al., 2014; Finer et al., 2008; Harfoot et al., 2018; 
Lessmann et al., 2016; Sonter et al., 2022). Nonetheless, should 
conservation planning scenarios be explored in Amazonian mining 
landscapes, vertebrate diversity may not be a reliable surrogate for 
the diversity of other taxonomic groups. Evidence suggests that an-
imal diversity is positively associated with plant diversity at broad 

spatial scales (Castagneyrol & Jactel, 2012). However, the observed 
associations for diversity between taxonomic groups are primarily 
driven by environmental factors (Jetz et al., 2009), which may be 
effective planning surrogates for species (Beier et al., 2015) and ge-
netic variation (Hanson et al., 2017) if chosen carefully. There may 
also be opportunities to reconcile broad spatial patterns of mineral 
ore deposits and plant diversity for conservation planning in min-
ing regions, for example, using soil pH (Crespo- Mendes et al., 2019). 
Regardless, as biodiversity impact and risk assessments do not share 
the same objectives as conservation planning exercises, and given 
that broad- scale threats have also been shown to impact taxonomic 
groups differently (Warren et al., 2018), we caution that risks to tax-
onomic groups should be assessed separately.

We find overall greater levels of biodiversity in mining areas 
for some metrics and taxa. If these values occur exclusively within 
mining areas, are forest- dependent (and hence negatively affected 
by mining- induced deforestation) and lack suitable habitat or con-
ditions to persist elsewhere, mining could pose serious extinction 
risks, particularly if sufficient opportunities to mitigate adverse 
impacts through ecological compensation do not exist (Sonter 
et al., 2020). Furthermore, threats driven by processes indirectly 
related to mining, such as land- use change for infrastructure es-
tablishment (Geist & Lambin, 2002), may pose more widespread 
risks to biodiversity. Indeed, many taxa found exclusively within 
mining areas may be threatened by activities indirectly related to 
the operation of the mining sector, such as linear infrastructure 
(Bebbington et al., 2018). Ensuring the persistence of biodiversity 
explicitly affected by mining, particularly in the face of increasing 
pressures and easing conservation regulations, will require an im-
proved understanding of how multiple threats may interact and 
how they can be addressed concurrently. Infrastructure sharing, 
in particular, is one promising solution to minimise cumulative for-
est loss associated with informal industry proliferation following 
mining- driven infrastructure development (Runge et al., 2017), 
with potentially far- reaching outcomes for mitigating biodiversity 
loss (Barlow et al., 2016). Where new infrastructure is planned to 
facilitate mining, rigorous application of the Mitigation Hierarchy, 
where impacts are first avoided wherever possible (CSBI, 2015), 
and careful planning of infrastructure networks (Laurance 
et al., 2014) will be crucial to ensuring the long- term persistence of 
mining- threatened diversity.

Due to the often considerable temporal mismatch between 
the onset of mining operations and the development of infrastruc-
ture enabling resource extraction, this study set out to estimate 
the risks mining poses to a broader baseline of biodiversity that is 
likely to have been present before mining was initiated. Given that 
the Brazilian Amazon is a relatively recent frontier for industrial 
mining, most of the biodiversity records in our database likely pre-
date the onset of mining. As such, the findings presented here are 
not intended to be interpreted as an assessment of the impacts of 
industrial mining on biodiversity, but rather an assessment of po-
tential risk to biodiversity in mining- affected regions. In addition, 
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while a concerted attempt has been made to address bias in spe-
cies occurrence records used in this study, given the large areas with 
no sampling whatsoever (Figure S1), a more thorough and spatially 
even sample of biodiversity across the Amazon may yield different 
results. Indeed, the dearth of data available for arthropods may re-
sult in markedly different diversity patterns compared with the true 
distributions. Remedying these biases by conducting traditional 
field inventories capable of informing decision- making at regional 
scales would require substantial capital inputs, which are notably 
limited in plant and arthropod conservation especially (Balding & 
Williams, 2016; Cardoso et al., 2011). Such limitations thus offer op-
portunities for the mining sector to improve their social licence to 
operate by contributing to the conservation and research of under- 
resourced taxa, particularly in an area urgently requiring such atten-
tion as the Brazilian Amazon's highly diverse yet poorly inventoried 
lowland tropical forests (Corlett, 2016).

Mining areas had considerably higher sampling effort than areas 
more than 70 km from a mining lease (Figure 2), and these biases 
were directly addressed in analysing biodiversity metrics (Figure 3, 
Figure S1). Although mining companies are required to report on en-
vironmental impact assessments, the results are rarely made pub-
lic, meaning biodiversity data were not expected to be any more 
or less abundant in mining areas. However, greater accessibility to 
mining areas (due to infrastructure development, potentially driven 
by mining) may explain sampling biases (Oliveira et al., 2016). While 
this underlines the importance of addressing such biases in analys-
ing mining risk to biodiversity, it has also been shown that diver-
sity values are more similar in areas closer to access routes (Oliveira 
et al., 2016), somewhat correcting for bias in regional diversity 
estimates. Nonetheless, mining areas, particularly in the eastern 
Amazon, are poorly sampled overall, with many containing less than 
20 occurrence records per sampling unit (Figure 1). Furthermore, 
no mining leases had more than 10 records per km2, and our da-
tabase lacked species occurrence records for 80% of all leases. 
Consequently, many other unknown species may be at risk from 
mining (Stropp et al., 2020).

Low sampling effort in mining leases may reflect the inadequa-
cies of environmental impact assessments in collecting and assess-
ing biodiversity data within proposed mining sites (Dias et al., 2017; 
Ritter et al., 2017), particularly for angiosperms and, to a greater 
degree, arthropods. However, it may also be partly due to a lack of 
reporting on mining company survey data for more commonly sur-
veyed taxonomic groups such as vertebrates. If the latter is the case, 
minor policy changes requiring impact assessors to upload their data 
from comprehensive surveys to online open- access repositories 
prior to leasing decisions could substantially expand biodiversity in-
ventories. Such a change would aid conservation efforts as well as 
improve the transparency of mining impact assessments and licens-
ing decisions. Given the relatively higher arthropod endemism, plant 
diversity and phylogenetic uniqueness found in mining areas, re-
gional planning, impact and risk assessments should consider these 
diversity components explicitly and urgently. Updating evidence- 
based guidelines on selecting sites for mineral exploitation and 

managing risk throughout the mining life cycle— as well as beyond 
lease boundaries— will be crucial to ensuring no further diversity is 
lost. Mining companies and financiers are thus in a unique and criti-
cal position to influence leadership on maintaining and regenerating 
biodiversity values in one of the last ecologically intact strongholds 
of terrestrial biodiversity globally.
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