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Introduction: The primary source of anthropogenic atmospheric mercury (Hg)
emissions globally is artisanal and small-scale gold mining (ASGM). Estimates of
Hg emissions from ASGM are poorly constrained due to a lack of monitoring data
and the informal, generally unregulated nature of this industry. Trees accumulate
atmospheric gaseous elemental mercury (GEM) in bolewood following stomatal
uptake and thus have the potential to be used as biomonitors to quantify the
spatial and temporal footprint of Hg emissions from ASGM.

Methods: We collected tree cores from Ficus insipida at three mining-impacted
and two remote, unimpacted sites in the Peruvian Amazon (n = 4 trees per site).

Results: We show that tree ring Hg concentrations were higher near ASGM
activity located near mining towns (6.0 ng g−1) compared to remote sites
(0.9 ng g−1) and recent tree rings were strongly linearly correlated with
atmospheric GEM concentrations across all sites (p < 0.0001, r2 = 0.64),
especially in the dry season when there is enhanced ASGM activity (p <
0.0001, r2 = 0.76), highlighting the potential for tree rings to be used as
biomonitors for GEM. At the most impacted sites, tree-ring Hg increased over
time in response to intensification of ASGM.

Discussion: Thus far, applications of dendrochemistry to quantify Hg pollution
have been largely restricted to coniferous species in temperate regions, but this
study shows that tropical species also quantify Hg pollution. We conclude that
Ficus insipida is a suitable biomonitor and powerful tool for characterizing the
spatial, and potentially temporal footprint of GEM emissions from ASGM in the
neotropics.
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1 Introduction

Mercury (Hg) can cause neurological, cardiovascular,
reproductive, and behavioral impairment when inhaled as Hg
vapor or consumed as methyl Hg (MeHg) in food (Weis, 2009;
Evers et al., 2012; Ha et al., 2017). The primary source of
anthropogenic Hg emissions to air globally is artisanal and small-
scale gold mining (ASGM) (UNEP, 2012). ASGM occurs in over
70 countries throughout the world – primarily in South America,
southeast Asia, and sub-Saharan Africa – and is estimated to involve
over 10 million people (Telmer and Veiga, 2009; Schmidt, 2012)
releasing over 600 tons of Hg to the atmosphere annually (UNEP,
2018; Cheng et al., 2023). Miners add Hg to dredged soil and
sediment containing gold, resulting in the formation of an
amalgam that can be readily separated. Once the amalgam is
recovered, the Hg is burned off, releasing gaseous elemental Hg
(GEM or Hg0) into the air, which can lead to contamination of
terrestrial and aquatic ecosystems. Due to the severe impacts of high
Hg exposure, reducing anthropogenic Hg emissions, including from
ASGM, has been a primary target of local, national and international
health and environmental agendas, including more recently the
UNEP Minamata Convention on Mercury (UNEP, 2018).

ASGM has occurred in Peru for centuries, particularly in the
Madre de Dios region, where over 30,000 illegal and informal gold
miners (Fraser, 2009) are responsible for most of the country’s gold
production. In this Western Amazonia region, there has been an
estimated 400% increase in geographic extent of ASGM between
1999 and 2012 (Swenson et al., 2011; Asner et al., 2013), a rate of
expansion that is expected to continue as gold prices remain high.
This region also has the highest annual fluxes of Hg of any studied
site globally (Gerson et al., 2022). Recent increases in Hg pollution in
areas of the Peruvian Amazon affected by ASGM are a major
concern to both human and wildlife health.

Estimates of Hg emissions from ASGM are poorly constrained
due to a lack of monitoring data and the informal, unregulated
nature of this industry (Bruno et al., 2023; Keane et al., 2023).
Mercury released from ASGM can be converted to toxic MeHg, then
bioaccumulated and biomagnified through aquatic food webs,
reaching concentrations in fish that may be harmful to the health
of consumers (Diringer et al., 2015; Eagles-Smith et al., 2018). To
better understand the potential impact of increasing Hg deposition
to local wildlife, humans, and the environment, further research is
needed on the spatial and temporal dynamics of Hg from ASGM in
the Madre de Dios basin.

Once released into the atmosphere, GEM can be taken up into
leaves and subsequently oxidized (Liu et al., 2021; Yamakawa et al.,
2021; Gustin et al., 2022; McLagan et al., 2022). This oxidized Hg
(Hg2+) is then transported via phloem transport to bolewood, where
it is archived over time, though the exact mechanism of transport
within trees is not fully understood (Zhou et al., 2021; McLagan
et al., 2022; Gačnik and Gustin, 2023). Uptake of Hg from soils into
bolewood and leaves is minimal (Fleck et al., 1999; Ericksen et al.,
2003; Stamenkovic and Gustin, 2009; Arnold et al., 2018). Tree-ring
Hg records from northern and temperate regions have been used to
reconstruct long-term changes in local atmospheric GEM at both
pristine (Clackett et al., 2018; Peckham et al., 2019; Eccles et al., 2020;
Ghotra et al., 2020) and polluted sites near industrial point sources
(Abreu et al., 2008; Maillard et al., 2016; Navrátil et al., 2017; 2018;

Schneider et al., 2019; Clackett et al., 2021; Nováková et al., 2022).
Although many tree-ring records appear to preserve temporal Hg
trends, some softwoods and hardwoods are likely prone to
translocation and diffusion of Hg across ring boundaries, which
could distort the apparent timing and amplitude of Hg signals in tree
rings (Nováková et al., 2021; Wang et al., 2021). Regardless of
temporal uncertainty in tree-ring Hg due to translocation, average
bolewood Hg concentration offers a powerful and cost-effective
proxy for investigating spatial variability in atmospheric Hg at local
to regional scales (Siwik et al., 2010; Odabasi et al., 2016; Wright
et al., 2014; Eccles et al., 2020).

This study is the first to examine neotropical tree-ring Hg
concentrations as a biomonitoring tool to quantify the spatial
and temporal footprint of Hg exposure related to ASGM activity
in the Amazon. We analyzed tree-ring total Hg concentrations at
sites near and remote from ASGM activity, capturing the pre-
(1941–1999) and post-mining expansion (2000–2019) eras.
Specifically, we asked: 1) How do tree-ring Hg concentrations
differ between mining-impacted and remote sites; 2) How do
tree-ring Hg concentrations compare to GEM and leaf Hg
concentrations; and 3) What histories of Hg emissions can be
traced using tree-ring analysis in the Peruvian Amazon?

2 Materials and methods

2.1 Study sites and sample collection

We established five study sites along a 200 km reach of the
Madre de Dios River (see Gerson et al., 2022; Figure 1) based on
proximity to intense ASGM activities. Each site was located
approximately 50 km from each other and was accessible by boat
along the Madre de Dios River. Three sites were adjacent to ASGM
activity (hereafter, “mining sites”): Boca Colorado and Laberinto
located in secondary growth forest near (i.e., within 5 km) to mining
towns where Hg-gold amalgams are frequently burned, and Los
Amigos located in primary growth protected forest. The exact
distance of these sampling sites from mining activity is unknown,
since these activities are generally illegal and clandestine. Two sites,
Boca Manu and Chilive, were located in primary growth forest but
were far from ASGM activity (approximately 100 and 50 km from
ASGM activity, respectively; hereafter, “remote sites”). In Madre de
Dios, mining occurs in rivers and Hg amalgamation occurs on both
land and in waterbodies. ASGM activity in Madre de Dios is
seasonal, with higher intensity of mining occurring during the
dry season. While ASGM has occurred in the Madre de Dios
region for several decades, ASGM activity has expanded
drastically since 1999 (Asner et al., 2013; Swenson et al., 2011;
Espejo et al., 2018).

The Madre de Dios region has a relatively equitable thermal
regime (~3°C range in average monthly temperatures from
2001 to 2018) with mean monthly temperatures peaking in
October (25.2°C) and reaching a minimum in July (21.8°C).
However, the precipitation regime (2001–2018 mean annual
precipitation of 2,550 mm) has a distinct seasonal cycle with
over 70% of annual precipitation delivered in September-March
(Supplementary Figure S1). Note that all climate data are
collected as part of the monitoring program at Los Amigos
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Biological Station (available from Conservación Amazónica
upon request).

Tree cores were collected in July-August 2019 at each of the five
study sites using a 12 mm diameter, 30 cm long increment borer
(Haglöf). All cores were collected according to the “clean hands-
dirty hands” protocol (EPAMethod 1669), ensuring that only “clean
hands” came in contact with samples while “dirty hands”
manipulated the cores and opened sample bags and containers.
Cores were obtained as close to the study plots as possible from three
prominent tree species in the area – Ficus insipida, Bertholletia
excelsa, and Cedrelinga catenaformis – as potential targets for tree-
ring Hg analysis. Four individual trees were sampled per species per
site. Corers were cleaned with milliQ water between each sample
collection. In all but one case, tree cores did not reach the tree pith,
suggesting both that we sampled mature trees and that the rings do
not correspond to juvenile growth. We therefore do not anticipate
age effects to be a confounding factor in our analysis.

To use Hg concentrations in tree cores as a proxy for historical
ASGM Hg emissions, trees must exhibit annual growth rings.
While annual rings are common in temperate forests, they are
less common in the tropics due to an equitable year-round climate.
Nevertheless, annual rings can occur in tropical trees that
experience a robust dry season, which triggers cambial
dormancy and the formation of annual tree ring boundaries
during the wet season (Worbes, 1989; Worbes, 1995). Three
tree species that previous studies have found to produce annual
growth rings were targeted for sampling: F. insipida, B. excelsa, and
C. catenaformis (Worbes, 2002; Brienen and Zuidema, 2006;
Schöngart et al., 2007; Schöngart et al., 2015). However, after a
visual inspection of the core samples under magnification, F.
insipida was the only species with discernible growth rings and
was therefore selected for our tree-ring Hg analysis. Note that F.

insipida trees range from Mexico to northern South America. The
seasonally dry climate of this area (Supplementary Figure S1) is a
likely driver of the F. insipida growth bands, which are defined in
transverse section by an alternating pattern of parenchyma and
fiber cells, a pattern that is common to other trees in the Moraceae
family (Schöngart et al., 2007). All F. insipida trees sampled were
from within forested areas and were not located in edge habitats or
clearings. Cores were transported on ice and stored at −4°C until
processing.

2.2 Tree-ring dating and dissection

Prior to ring dissection, cores were mounted to wood blocks
using a small amount of wood glue, which was later removed with a
scalpel prior to Hg analysis. The mounted cores were lightly sanded
to allow for macroscopic ring identification and a hand-held vacuum
was used to remove dust and prevent contamination. Most samples
showed relatively clear growth increments, defined by alternating
patterns of parenchyma and fiber cells, that are assumed to represent
the annual cycle of cambial dormancy triggered by the dry season
(Supplementary Figure S1), as found in other F. insipida studies
(Schöngart et al., 2007).

Calendar years were assigned to each identifiable ring counting
back in time from the outermost ring, representing the year of
sampling (2019). For each tree, a clean scalpel was used to dissect
growth rings in 5-year blocks (e.g., 2019–2016, 2015–2011,
2010–2006, 2005–2001, etc) back to 1941, except for one tree
that had a pith age of 1946, and to shave the outer surface to
remove any potential surficial contamination that accumulated since
the time of collection. The scalpel was wiped with ethanol between
dissections.

FIGURE 1
Sampling sites in Madre de Dios, Peru. Two sites are remote from ASGM activity, and three sites are located near to ASGM activity. Sites shown in
green circles have old-growth primary forests, and sites shown in grey circles have young secondary growth forests. Blue triangles represent mining
towns where Hg-gold amalgams are burned.
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The series of ring widths for the sample trees can be described
as complacent, lacking any clear pointer rings; thus, standard
tree-ring cross-dating methods (e.g., skeleton plotting) could not
be used to confirm calendar year ages. Although each ring is
counted as a calendar year, we cannot exclude the possibility that
some rings are missing from the total ring sequence due to the
well-known issue of ring-wedging in tropical trees related to
irregular trunk geometry and understory-canopy growth
dynamics (Worbes, 2002). This issue can be largely mitigated
if full cross-sections are collected (Worbes, 2002), but was not
possible in this study due to the large diameter of the trees
(generally >1 m). Therefore, ring dates assigned to the juvenile
growth rings (towards the pith) in this study may slightly
underestimate the true age of those particular rings.
However, dating error is likely negligible in the recent
decades of the ring record. Dating uncertainty in complacent
ring series can further complicate direct comparison of
temporal trends in tree-ring Hg and may explain some
minor differences. However, considering the distinct seasonal
climate regime of this area (Supplementary Figure S1), it is
likely that most growth increments represent a full growth
season and that dating uncertainty is small (e.g., less
than ±10 years) since the start of the record.

2.3 Laboratory analysis of tree-ring samples
for Hg

Quantification of total Hg concentrations in tree-ring
samples was carried out in the Environmental and Aquatic
Biogeochemistry Lab at the University of Toronto–Mississauga
following previously described protocols (Ghotra et al., 2020;
Clackett et al., 2018; Clackett et al., 2021). Prior to analysis,
dissected 5-year blocks of increment tree-ring samples were
oven-dried for 48 h at 65°C (Yang et al., 2017) to remove
adsorbed and interstitial water. Dried tree-ring samples were
weighed to determine dry mass and stored in an airtight jar
containing desiccant until Hg analysis, which was carried out
within 24 h of the drying process. Total Hg concentrations were
quantified using a Milestone tri-cell Direct Mercury Analyzer
(DMA-80) by thermal decomposition, reduction, amalgam pre-
concentration, and atomic absorption (US EPA Method 7473)
(Supplementary Table S1). A certified aqueous Hg standard
(High Purity Standards 1,000 μg/mL Hg, 2% HCl) was used to
produce a 10-point Hg dilution series to generate the quadratic
calibration curve encompassing the range of Hg concentrations
measured in the tree-ring samples. Analytical performance was
evaluated before and during each sample run using two different
Standard Reference Materials (SRMs): NIST 1575a Pine Needle
Standard, for which we obtained a mean (± standard deviation) of
36.7 ± 0.5 ng g−1 (n = 37, %RSD = 1.5), corresponding to a 92.0%
recovery of the certified concentration (39.9 ± 0.7 ng g−1); and
NIST 1547 Peach Leaves Standard, 30.1 ± 0.6 ng g−1 (n = 30, %
RSD = 1.9%), corresponding to a 94.8% recovery of the certified
concentration (31.7 ± 4.3 ng g−1). Blanks and SRMs (and/or an
independent calibration liquid standard) were evaluated every
ten samples. All blanks were below the detection limit, and all
reported concentrations are for dry mass.

2.4 Field measurements of gaseous
elemental mercury (GEM) and leaves

We also collected GEM using passive air samplers (developed by
McLagan and colleagues (McLagan et al., 2016); University of
Toronto) at each of the five sites for 2 months during the dry
season (July–August 2018; n = 1 per site) and 1 month in the wet
season (December 2018–January 2019; n = 2 per site). Passive air
samplers were transported to and from the field in double resealable
plastic bags and sealed with parafilm. They were deployed
approximately 1 m above the ground using plastic cable ties.
Field blanks and trip blank passive air samplers were also
collected. The passive air sampler contains a Radiello© diffusive
barrier, which allows GEM to pass through and sorb onto a sulfur-
impregnated carbon sorbent (HGR-AC) while preventing the
passage of gaseous organic Hg species. More details on the
passive air samplers, deployment locations, calculation of GEM
concentrations, laboratory quality assurance/quality control (QA/
QC), and interpretation are described in Gerson et al., 2022.

We collected canopy leaves from F. insipida using a Notch Big
Shot slingshot during the 2018 dry season, 2018 wet season, and
2019 dry season. This method was deployed to ensure that leaves
were collected from the tops of the tree canopy, representing the first
leaves that intercept air masses. Since total Hg concentrations in
leaves and foliar Hg uptake rates vary by height and density of the
canopy (Wohlgemuth et al., 2020), this method ensures that leaves
collected were comparable by site. Leaves were collected using clean-
hands dirty-hands protocol, stored and shipped frozen, rinsed with
ultrapure water, and lyophilized prior to analysis in duplicate on a
Milestone tri-cell DMA-80 by thermal decomposition, reduction,
amalgam pre-concentration, and atomic absorption (US EPA
Method 7473). Leaves were collected with a SERFOR collection
permit and imported frozen to the United States with a USDA
import permit. More details on leaf collection, processing, and
analysis QA/QC are described in Gerson et al., 2022.

2.5 Data analysis

We compared average total Hg concentrations in 5-year
increments of F. insipida tree rings between sites and between
years (1941–1999 vs 2000–2019) using an ANOVA followed by
Tukey’s post hoc analysis. We also compared average total Hg
concentrations in tree rings across the entire time interval
(1941–2019) and most recent time interval (2016–2019 for
4 sites; 2011–2019 for Chilive) to GEM concentrations and F.
insipida leaf concentrations from the same sites using a linear
regression. We evaluated temporal trends in 5-year increments of
tree-ring Hg concentrations by site using break point analysis
(segmented package in R) and an ANOVA with Tukey’s post hoc
analysis comparing pre- and post-2000 Hg concentrations. The year
2000 was chosen due to the general intensification of ASGM activity
in the Peruvian Amazon around this time (Swenson et al., 2011;
Gerson et al., 2020); ASGM activity increased by ~400% between
1999 and 2012 and has continued to increase in the past decade
(Swenson et al., 2011; Asner et al., 2013; Gerson et al., 2020). Finally,
we calculated the variability among individual trees at each site and
compared this inter-tree variability between sites. All analyses were
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performed in R version 4.2.2, and significance was evaluated at an
alpha value of 0.05.

3 Results and discussion

3.1 Spatial patterns in tree ring Hg
concentrations

Mean total Hg concentrations in tree rings differed across the
study sites and were indicative of spatial variability in Hg
exposure and proximity to Hg point sources. Across the
entire time interval (1941–2019), Hg concentrations were
highest at the two mining-impacted sites located near mining
towns (i.e., closer to ASGM activity and larger amounts of Hg
burned; Laberinto: 5.4 ± 3.2 ng g−1 and Boca Colorado: 6.6 ±
4.3 ng g−1), compared to the mining-impacted site located
adjacent to protected forest (Los Amigos: 2.4 ± 1.4 ng g−1)
and the two remote sites (Boca Manu: 0.99 ± 1.4 ng g−1 and
Chilive: 0.74 ± 0.78 ng g−1) (p < 0.0001; Figure 2). This same
trend of elevated Hg concentrations at the two mining-impacted
sites near mining towns was apparent when restricting the
analysis to the period between 2000 and 2019 (p < 0.05). In
contrast, Hg concentrations at Los Amigos – the mining-
impacted site located in a protected forest – were only
marginally higher than the remote sites of Boca Manu (p =
0.078) and Chilive (p = 0.060). This suggests that bolewood Hg
concentrations are primarily driven by proximity to mining
towns where Hg-gold amalgams are burned – thus releasing
GEM to the air in a constant and concentrated manner – rather

than simply the presence of mining activity in the area – where
amalgam burning may occur but in a more dispersed manner.

Indeed, across all sites, Hg concentrations in the most recent tree
rings (2016–2019) were strongly correlated with atmospheric GEM
concentrations (p < 0.0001, r2 = 0.64; Figure 3A). This pattern was
particularly apparent for the dry season GEM when most ASGM
activity occurs due to the favorable meteorological conditions for
mining activity (Gerson et al., 2022), most tropical tree growth is
estimated to occur (Zuidema et al., 2022), and thus uptake of GEM
by vegetation is likely highest (p < 0.0001, r2 = 0.76; Figure 3B). This
relationship ([2016–2019 Tree core total Hg (ng g−1)] = 0.0011* [Dry
season GEM ng m−3] – 0.000009) can then be used as a quantitative
and predictive model for F. insipida bolewood Hg concentrations.
This relationship also held when considering the larger time interval
of the full tree ring record for the dry season (p < 0.0001, r2 = 0.69;
Figure 3D) and for both seasons (p = 0.0011, r2 = 0.43; Figure 3C).

Using previously reported total Hg concentrations in F. insipida
leaves for the five sites (Gerson et al., 2022), we find that tree-ring Hg
concentrations were also significantly correlated to F. insipida leaf
Hg concentrations. This relationship was stronger using the most
recent tree rings (p < 0.0001, r2 = 0.60 for all leaf data; p < 0.0001, r2 =
0.62 for dry season leaf data; Figures 4A, B) compared to average
values for all tree-ring data (p = 0.0021, r2 = 0.39 for all leaf data; p =
0.0015, r2 = 0.41 for dry season leaf data; Figures 4C, D). This pattern
likely reflects similar uptake pathways of GEM by the leaves and
bolewood (Gačnik and Gustin, 2023). It is also possible that
variation between the height the passive air samplers were
deployed (~1 m) and the height the leaves were collected (tree
canopy) influenced the relationship between leaf Hg concentrations
and tree core Hg concentrations; however, we expect impacts of

FIGURE 2
Concentration of total Hg in Ficus insipida tree cores from all five sites (n = 4 trees per site) from before (pre-2000: 1941–1999) and after (post-
2000: 2000–2019) ASGM intensification. Sites are shown from most remote to most mining-impacted, with Boca Manu and Chilive as remote sites (to
the left of the dotted line) and Los Amigos, Laberinto, and Boca Colorado, asmining-impacted sites (to the right of the dotted line). Additionally, Laberinto
and Boca Colorado are located near mining towns where Hg amalgams are burned to recover gold. Each site is located ~50 km from each other. In
the boxplots, the line represents the median value, the box shows Q1 and Q3, and the whiskers denote 1.5 times the interquartile range.
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passive air sampler deployment height to be minimal and lead to
consistent bias between sites.

3.2 Temporal patterns in tree ring Hg
concentrations

The presence of temporal trends in tree-ring Hg concentrations
at each site was evaluated using two different approaches, a break
point analysis and an ANOVA comparing pre- and post-2000 Hg
concentrations. Significant increases in Hg concentrations over time
were identified at the two sites adjacent to mining towns where
amalgams are burned, Laberinto and Boca Colorado. A significant
breakpoint occurred in 2005 in the Laberinto time-series (r2 = 0.42,
p = 0.0004), after which tree-ring Hg concentrations increased. At
Boca Colorado, tree-ring Hg concentrations were higher post-2000
(8.6 ± 6.0 ng g−1) relative to pre-2000 (6.0 ± 3.4 ng g−1; p = 0.030;
Figure 2), but no breakpoints or differences in Hg concentrations
pre- and post-2000 were observed at the other sites (p > 0.05). While
temporal trends were not consistent across all sites, or even detected
at all sites, at the mining-impacted sites of Boca Colorado and
Laberinto, the maximum Hg concentration (0.0057–0.025 ng g−1)
occurred after 2006 in 7 of the 8 sampled trees, likely due to
increased Hg emissions from ASGM (Figure 5). By contrast, at
the other three sites, the maximum Hg concentration occurred after
2006 in only 58% of sampled trees (7 of 12). These shifts in Hg
concentrations in tree rings could be due to various factors,

including changes in ASGM activity patterns or intensity as well
as socio-political events (e.g., completion of the Interoceanic
Highway, policy changes, political office changes) that affect
Hg emissions.

The absence of an increase in tree-ring Hg concentrations over
time in response to increased ASGM activity at Los Amigos (the
mining-impacted site located in primary growth protected forest) is
consistent with the lower GEM concentrations (2.6 ng m−3)
measured there in 2018 relative to the other two mining-
impacted sites [~10 ng m−3, though ~2.5 times typical South
Hemisphere background concentrations (Sprovieri et al., 2016)],
suggesting that any potential temporal increase in GEM at Los
Amigos may have been more modest. Los Amigos has less intense
mining activity compared to the other two mining-impacted sites. It
is also likely that ASGM-related Hg emissions at Los Amigos are
primarily in the form of particulate Hg and/or gaseous oxidized
Hg2+, which is supported by the high Hg concentrations in
throughfall measured at this site by Gerson et al. (2022). Any
potential increase in particulate or gaseous oxidized Hg is not
expected to be reflected in the tree-ring Hg record, due to the
specificity of tree-ring Hg as a proxy for GEM. Similarly, the absence
of a significant temporal trend at the two remote sites is not
unexpected. While the tree-ring Hg record at the remote sites
may be expected to follow temporal trends in global or regional
background tropospheric GEM concentrations, the length of the
tree-ring timeseries and the high degree of inter-tree variability
(Figure 5; Supplementary Table S2) suggest that there was

FIGURE 3
Comparison of gaseous elemental mercury (GEM) concentrations [reported in Gerson et al. (2022)] to tree core total Hg concentrations for all five
sites in Madre de Dios, Peru. (A) GEM concentrations for the 2018 dry season, the season with the majority of ASGM activity, for the most recent
(2016–2019) tree-ring Hg record. (B)GEM concentrations averaged across the dry (2018) and wet (2018–2019) seasons for themost recent (2016–2019)
tree-ring Hg record. (C) GEM concentrations for the 2018 dry season, the season with the majority of ASGM activity, for the entire tree-ring Hg
record. (D) GEM concentrations averaged across the dry (2018) and wet (2018–2019) seasons for the entire tree-ring Hg record.
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insufficient statistical power to detect more subtle temporal trends
from changes in background GEM concentrations and that this
question could potentially be resolved by sampling more trees per
stand in future studies to confirm spatial patterns.

Another factor to consider when analyzing temporal trends in
tree-ring Hg is the potential for inward translocation of xylem Hg.
While the physical processes driving inward redistribution of xylem
Hg via diffusion and advection are not well understood, the degree to
which a tree-ring Hg record is affected appears to be highly species
dependent (Scanlon et al., 2020; Gustin et al., 2022) and thereforemay
be related to wood anatomy. For example, a recent study (Nováková
et al., 2022) found that some species of Larix with a narrow sapwood
zone were relatively unaffected by translocation compared to some
Pinus species with a large sapwood zone. This study lays the
foundation for the use of F. insipida as a spatial indicator of Hg in
trees. Further studies comparing Hg in tree rings at sites with known
histories of atmospheric Hg emissions or concentrations are required
to determinewhetherHg in F. insipida xylem is prone to translocation
or suitable for evaluating temporal trends.

3.3 Inter-tree variability in tree ring Hg
concentrations

Consistent with previously published records of Hg in tree rings,
inter-tree variability was relatively high, and individual trees did not

always exhibit consistent temporal trends (Figure 5; Supplementary
Table S2). Studies from open-canopy Picea glauca stands in northern
Canada – where large numbers (up to 20 trees) of tree-ring Hg
replicates were examined – have demonstrated systematic differences
in mean Hg concentration among trees growing at the same site and
exposed to the same atmosphere (Clackett et al., 2018; Clackett et al.,
2021; Eccles et al., 2020; Ghotra et al., 2020). As a result, tree-ring Hg
series typically have high variability and a low signal-to-noise ratio
(Clackett et al., 2018). We found similar evidence of high inter-tree
variability in tree-ring Hg concentrations, particularly at the mining-
impacted site of Boca Colorado (p < 0.00001; Supplementary Table S1).
At Boca Colorado and Laberinto, tree-ring Hg concentrations from
some individual trees were elevated by as much as 10 ng g−1 relative to
neighboring trees, mirroring patterns of intra-site variance found in
leaves from the same trees (Gerson et al., 2022). In contrast, the other
sites had 15%–60% lower inter-tree variability. This observation of
increased tree-ringHg variability at sites with highGEM in the Peruvian
Amazon is consistent with previous studies from gymnosperms and
angiosperms that show higher tree-ring Hg variability during periods of
enhanced industrial GEM emissions (Abreu et al., 2008; Navrátil et al.,
2018; Scanlon et al., 2020; Clackett et al., 2021; McLagan et al., 2022;
Nováková et al., 2022). It is also possible that inter-tree variability was
driven by variability in distance to amalgamation source. Given the high
inter-tree variability ofHg concentrations in tree rings, it thus important
that individual tree replicates are used when employing F. insipida tree
rings as biomonitors.

FIGURE 4
Comparison of leaf total Hg concentrations (reported in Gerson et al., 2022) to tree core total Hg concentrations for all five sites in Madre de Dios,
Peru. (A) Leaf total Hg concentrations for the 2018 dry season, the season with the majority of ASGM activity, for the most recent (2016–2019) tree-ring
Hg record. (B) Leaf total Hg concentrations averaged across the dry (2018) and wet (2018–2019) seasons for the most recent (2016–2019) tree-ring Hg
record. (C) Leaf total Hg concentrations for the 2018 dry season, the seasonwith themajority of ASGM activity, for the entire tree-ring Hg record. (D)
Leaf total Hg concentrations averaged across the dry (2018) and wet (2018–2019) seasons for the entire tree-ring Hg record.
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3.4 Conclusion

Taken together, the observations of i) higher tree-ring Hg
concentrations at sites closer to ASGM emissions sources of
GEM, ii) significant positive correlation between atmospheric
GEM concentrations and tree-ring Hg concentrations, and iii)
significant positive correlation between tree-ring Hg
concentrations and leaf Hg concentrations are consistent with
stomatal uptake of GEM and subsequent incorporation of Hg
into bolewood (Ericksen et al., 2003; Fay and Gustin, 2007;
Arnold et al., 2018; Liu et al., 2021; Gustin et al., 2022). These
results show that Hg in tree rings can be used a proxy specific to
GEM, independent of other forms of atmospheric Hg, such as
dry-deposited particulate Hg, though Hg isotopes are important
for inferring the source of the Hg. Furthermore, the strong linear
relationship between bolewood Hg concentrations and GEM
suggests GEM is indeed the major driver of bolewood Hg
variation and that F. inspida tree rings could be calibrated to
produce quantitative estimates of GEM concentrations to
evaluate spatial gradients in ASGM Hg emissions. This is one
of only a few studies to report a quantitative and predictive
relationship between tree-ring Hg and GEM concentrations
(Arnold et al., 2018; Navrátil et al., 2018) and shows that F.
inspida is a useful biomonitor for determining spatial patterns of
GEM in the neotropics.

Most published tree-ring Hg studies focus on temperate and
subarctic regions of the Northern Hemisphere (Gačnik and Gustin,
2023). This study is the first to evaluate the potential of neotropical
hardwood as a GEM biomonitor. The use of Hg in ASGM occurs in
over 70 countries globally, with the majority of Hg emissions occurring
within the Amazon, followed by tropical areas in southeast Asia and
sub-Saharan Africa (UNEP, 2018). Currently, GEM from ASGM is

monitored through passive air samplers (Gerson et al., 2022; McLagan
et al., 2018), which capture GEM concentrations over a one- or two-
month deployment period and thus do not aggregate GEM
concentrations across longer time scales. Trees therefore provide a
much more widely distributed – and cheaper – network of
biomonitoring, archiving a record of Hg in bolewood across greater
periods of times (decades). We demonstrate here that concentrations of
Hg in tree rings correlated strongly with atmospheric GEM
concentrations and leaf total Hg concentrations, especially in the dry
season when there is more active ASGM activity. Thus, F. insipida is a
promising biomonitor to evaluate the spatial, and potentially temporal,
footprint of GEM emissions from ASGM in the neotropics.

4 Implications

The findings of this study may have important implications for
global Hg regulation efforts, particularly under the UNEPMinamata
Convention, which aims to reduce Hg emissions and mitigate health
and environmental risks. Tree-ring analysis can provide valuable
insights into the historical and ongoing impacts of Hg pollution,
making it a useful tool for evaluating the effectiveness of Hg
reduction policies, such as the adoption of Hg-free technologies
and improved regulatory enforcement. Additionally, integrating
tree-ring biomonitoring into broader environmental monitoring
programs could improve the establishment of regional baselines
of Hg contamination. By leveraging tree-ring data alongside other
environmental indicators, policymakers can gain a more
comprehensive understanding of the cumulative impacts of Hg
emissions and refine intervention strategies accordingly.
Including tree-ring analysis in policy evaluations also enables the
monitoring of both localized and transboundary Hg pollution,

FIGURE 5
Concentration of total Hg in Ficus insipida tree rings over time at all five sites. Sites are shown from most remote to most mining-impacted, with
Boca Manu and Chilive as remote sites and Los Amigos, Laberinto and Boca Colorado as mining-impacted sites. Colors represent tree cores taken from
different individual trees within the site (n = 4 per site). The dark gray line at the year 2000 indicates the approximate time when ASGM activity intensified.
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which is crucial for countries like Peru, where ASGM activities can
have far-reaching environmental impacts.
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