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HIGHLIGHTS GRAPHICAL ABSTRACT

e The increasing surface soil mercury
accumulation is observed along lat-
itudinal gradient.

e Terrain and climate are main factors to
drive the spatial distributions of tropical
Hg.

e Microbial reduction mainly contributes
to tropical Hg loss and isotopic
fractionation.

e Atmospheric mercury net sink in trop-
ical forests is likely much smaller than
in other forests.

ARTICLE INFO ABSTRACT

Editor: Dr. C. LingXin Tropical forest contributes to > 50% of global litterfall mercury (Hg) inputs and surface soil Hg storage, while
with limited understanding of Hg biogeochemical processes. In this study, we displayed the 5—m resolution of Hg

Keywords: spatial distribution in three 1-ha tropical forest plots across the latitudinal gradient in Southwest China, and

Mercury isotope determined Hg isotopic signatures to understand factors driving Hg spatial distribution and sequestration pro-
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cesses. Our results show that tropical forest at the lowest latitude has the highest litterfall Hg input (74.95 versus
34.14-56.59 pg m2 yr'! at higher latitude plots), but the smallest surface soil Hg concentration (2—3 times
smaller than at higher latitude sites). Hg isotopic evidence indicates that the decreasing climate mediated mi-
crobial Hg reduction in forest floor leads to the increasing Hg accumulation along the latitudinal gradient in
three tropical forests. The terrain induced indirect effects by influencing litterfall Hg inputs, soil organic matters
distribution and interplays between surface and deep soils drive the heterogeneity of surface soil Hg distribution
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within each sampling plot. Our results highlight though the elevated litterfall Hg inputs, the distinct post-
depositional reductions induced Hg loss would remarkedly decrease atmospheric Hg net sink in tropical forest.

1. Introduction

Ecological risks have aroused widespread concern, specifically the
environmental pollution of organic pollutants and heavy metals (Lv
et al., 2020; Yin et al., 2019). As a global pollutant, mercury (Hg) is
emitted directly into the atmosphere from geogenic and anthropogenic
sources and previously deposited Hg in natural surfaces (Driscoll et al.,
2013; Obrist et al., 2018; Pirrone et al., 2010). There are three major
forms of Hg speciation in the air, including gaseous element mercury
(GEM), reactive gaseous mercury (RGM) and particulate bound mercury
(PBM). RGM and PBM can deposit locally and quickly through precipi-
tation and dry deposition into terrestrial ecosystems with a short at-
mospheric residence time of several days to weeks (Lindberg and
Stratton, 1998; Lindqvist et al., 1991). Atmospheric GEM can transport
long distance via the global atmospheric circulation with 0.5- to 1.5-year
residence time (Lindberg et al., 2007; Lindberg and Stratton, 1998;
Lindqvist et al., 1991; Obrist et al., 2018). Atmospheric Hg0 uptake by
vegetation then through litterfall deposition into the global terrestrial
ecosystem is up to 1000-1200 Mg annually (Wang et al., 2016a). Recent
studies suggested that using litterfall Hg deposition would underesti-
mate the total atmospheric Hg® fluxes in the forests (Obrist et al., 2021;
Wang et al., 2020b; Zhou and Obrist, 2021). Therefore, tracing Hg de-
positions and post-depositional sequestration in terrestrial ecosystems is
critical for a complete understanding of global Hg cycling.

Mercury stable isotopes, which are quantified as mass dependent
fractionation (MDF, reported as 52°2Hg), even mass independent frac-
tionation (even-MIF, reported as A2°Hg and A20*Hg) and odd mass
independent fractionation (odd-MIF, reported as A'°°Hg and A2'Hg),
have been applied as useful tools to trace Hg sources and processes in
forest ecosystems. In contrast to the Hg-MDF occurring during most of
biogeochemical processes (Bergquist and Blum, 2007; Blum et al., 2014;
Kritee et al., 2008, 2007; Sun et al., 2016), Hg odd-MIF can only take
place in specific reactions, such as photoreduction (Bergquist and Blum,
2007; Sherman et al., 2010; Zheng and Hintelmann, 2009, 2010a), dark
redox reaction and photo-oxidation (Sun et al., 2016). Distinct Hg
even-MIF signatures, which are only observed in precipitation, are likely
caused by photo-oxidation in the troposphere and relatively insensitive
to other Hg biogeochemical processes (Chen et al., 2012; Demers et al.,
2013; Gratz et al., 2010; Li et al., 2019). Therefore, tracing soil Hg
sources by Hg stable isotopes has been accomplished in various forest
ecosystems, and almost highlighted the vegetation uptake of atmo-
spheric Hgo as the dominant source in forest floors (Guedron et al., 2018;
Jiskra et al., 2015; Wang et al., 2017; Yuan et al., 2020; Zheng et al.,
2016).

Tropical forests which account for 45% of the global forest areas
(FAO, 2021) play an important role in global Hg cycles. Models estimate
that tropical forests contribute to more than half of global litterfall Hg
deposition and surface soil Hg storage (Wang et al., 2016a, 2019a).
Several studies in Brazilian tropical forests have quantified the elevated
atmospheric Hg depositions and soil Hg pool sizes (Carpi et al., 2014;
Fostier et al., 2000, 2015; Melendez-Perez et al., 2014; Teixeira et al.,
2012), however limited understanding in its biogeochemical processes
and associated ecological risk remains. High temperature and humidity
in tropical forest enhance an elevated biodiversity and nutrient turnover
(Cavanaugh et al., 2014; Strassburg et al., 2010), thus likely leading to
tropical Hg accumulation and sequestration different from Hg cycles in
temperate and boreal forests. Wang et al. (2021) summarizes that the
forest organic soil Hg pool size shows a logarithmic decrease with the
increasing precipitation intensity across the globe, further suggesting a
fast nutrient return that limits Hg accumulation in tropical forest soil. To
current, few studies have conducted a comprehensive observation of Hg

mass balance in tropical forests. Results identified by Hg isotopes in
subtropical evergreen forests highlight that climate, vegetation and
terrain factors shape Hg accumulation in forest floor (Lu et al., 2021;
Yuan et al., 2021, 2020). However, the impacts of these issues on at-
mospheric Hg inputs through litterfall and Hg sequestration in tropical
forests are still with large knowledge gaps.

In this study, we hypothesize that the climate mediated fast nutrient
return and vegetation biodiversity in tropical forest would significantly
influence Hg depositions and accumulation along the latitudinal
gradient. In addition, Hg isotopic signatures in tropical forests would
provide a useful tool to trace the Hg post-depositional processes, and to
understand the variation of Hg accumulation in tropical forest floor.
Therefore, we chose three typical tropical forests which located in the
transection region of tropical to subtropical zone in Southwest China to
demonstrate the variation of Hg accumulation in soils in response to the
change of climate and vegetation. This is because meteorological factors
and vegetation structures in the transection region are sensitive to the
latitudinal shift. Given the elevated biodiversity in tropical forests, using
several random sampling points to represent the Hg spatial distribution
likely induces a distinct sampling bias. Herein, we used 1-ha sampling
plot, which as the most widespread method for forest inventory, to
assess Hg spatial accumulation in tropical forests. Finally, we discussed
implications of tropical Hg biogeochemical processes in global Hg
cycles.

2. Materials and methodology
2.1. Site description

We selected three tropical forests namely as Bu-Beng Forest Dy-
namics Plot (BB, 21° 36’ 42.05" N, 101° 34’ 57.72" E), P55 Forest Dy-
namics Plot (P55, 21° 57’ 40" N,101° 12’ 1.08" E), and Na-Ban-He Forest
Dynamics Plot (NBH, 22° 7’ 38.35" N, 100° 39* 39.96" E) in Xishuang-
banna, Yunnan Province (Fig. 1). Although located in the transection
region of tropical to subtropical zone, our selected forests are still as the
tropical lowland rainforest since their typical tropical forest layers (i.e.,
emergents, the main canopy, under canopy and shrub layer) and typical
tropical forest tree species (e.g., Parashorea chinensis, Pometia pinnata,
Cyclobalanopsis rex and Litsea pierrei). The weather is as the tropical
monsoon climate that up to 80% of total precipitation in rainy season
(May—October). The mineral soil is oxisol soil with pH of 4—6, which
comes from the weathered siliceous rocks (Cao et al., 2006). The BB has
the elevation of 711-737 m, with a mean annual temperature of 22.5 °C
and precipitation of 1650 mm (data from the Mengla meteorological
station), and is dominated by tree species of Parashorea chinensis and
Litsea pierrei. The P55 has the elevation of 725-766 m, with a mean
annual temperature of 22.6 °C and precipitation of 1350 mm (data from
Menglun meteorological station), and dominated by tree species of
Pometia pinnata and Barringtonia fusicarpa. The NBH has the elevation of
751-806 m, with a mean annual temperature of 21.5 °C and precipita-
tion of 1250 mm (data from Nabanhe Natural Reserver meteorological
station), and dominated by species of Pometia pinnata, Cyclobalanopsis
rex and Litsea pierrei. Given the warmer and wetter condition, the forest
canopy height at BB is up to 60—65 m, while at P55 and NBH ranges
between 30—45 m. Hence, the BB has the highest annual litterfall
deposition flux with 1458 + 367 gm™2 yr'! (Mean+SD, n = 60), and then
1364 + 272 g m™? yr'! at NBH, and finally 820 + 78 g m™2 yr'! at P55.

2.2. Sampling collection and pretreatment

We set a 1-ha sampling plot at BB, P55 and NBH (Fig. 1),
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respectively. We collected litterfall samples in every 2-week starting
from May 2018 to April 2019. The litterfall samples included litters of
foliage, twigs and other detritus (e.g., flowers, seeds and mosses). The
collection methodology has been documented in our earlier studies
(Wang et al., 2016b, 2019b; Xia et al., 2015). Briefly, litterfall samples
were collected by 1 m x 1 m nylon nets hanging 1 m above ground at 60
random locations in each sampling plot (Fig. 1). Litterfall samples were
placed in paper bags and dried at 50 °C in an oven for 72 h. Our earlier
studies have shown that this drying process would not lead to Hg loss
from vegetation (Wang et al., 2016b). After being dried, litterfall sam-
ples were ground in an electric grinder and sieved with a 200-mesh
(74 pm) sieve, and the fraction passed through the sieve was placed in
Hg-free plastic bags for chemical analysis.

For surface soil samples, we set 100 subplots in our sampling plot
(10 m x 10 m). In each subplot, four 1-m? sampling points within 5-m
intervals were set (100 x4 =400 surface soil samples, Fig. 1). Three
replicate 0—10 cm depth soil cores were collected at each 1-m? sampling
point, and mixed to produce a composite sample (1-2 kg in mass). In
addition, 25 soil profiles were uniformly distributed (with ~25 m in-
tervals between each, Fig. 1) in 1-ha sampling plot. We sampled the soil
profile samples of 0-10, 10-20, 40-60, 60-80, 80-100 cm depth and
deep rocks. All soil samples were stored in polythene bags, and then
transferred to Soil Ecology Laboratory of the Xishuangbanna Tropical
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Botanical Garden. The soil samples were air dried and sieved following
the same approach as the vegetation samples, and the < 74 um fractions
were placed in Hg-free plastic bags for chemical analysis.

2.3. Measurements

To display the impact of vegetation type on litterfall Hg concentra-
tion, we identified the tree species of collected litterfall samples in each
sampling net. Then, we used the Direct Analysis Measurement 80 (DMA-
80, detection limit: 1 ngg™') to analyze the vegetation and soil Hg
concentrations. Standard reference materials of GBW07405 (GSS-5, soil,
Hg = 290 + 40 ng g'l) and GBW10020 (GSB-11, vegetation, Hg =
150 + 20 ng g'}) were used for Quality Assurance/Quality Controller
(QA/QC) and measured every 9 samples with a recovery of 95-105%. In
addition, we utilized the Walkley-Back method (i.e., using Cry0,% to
oxidize soil organic carbon, and then FeSOy4 to reduce the excess Cr,0,%)
to determine soil organic carbon (SOC) content (Walkley, 1947).

We examined the Hg isotopic compositions of 3 high Hg concentra-
tion and 3 low Hg concentration surface soil samples in each forest plot
to explore the relation between Hg concentrations and their isotopic
compositions (Table S1-S4). We also measured the associated soil
samples of 100-cm depth and rock samples to display the Hg isotopic
signatures of geogenic Hg sources. Six litterfall sampling nets near the
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Fig. 1. Locations of three tropical forests and the methodology of sampling. We set a 1-ha sampling plot (central 100 m x 100 m in 1.44-ha plot) at BB,

(100 m x 100 m) P55 and NBH.
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selected soil sampling points in each forest were chosen and seasonal
litterfall samples were mixed to produce 6 composite samples. We
measured the Hg isotopic compositions of these composite samples to
represent the average isotopic signatures of atmospheric litterfall Hg
depositions.

The pre-concentration and Hg isotope measurements followed our
previous works (Wang et al., 2017; Yuan et al., 2019), and were carried
out at the State Key Laboratory of Environmental Geochemistry, Insti-
tute of Geochemistry, Chinese Academy of Sciences. Briefly, all samples
were processed by double-stage heating pyrolysis in a tube muffle
furnace with 5-mL oxidizing trapping solution of 40% mixture of
concentrated nitric and hydrochloric acid (“reverse aqua regia”, HNOs:
HCl = 2:1, v/v). The Hg concentration in trapping solution was analyzed
by cold vapor atomic fluorescence spectrometry (Model 2500, Tekran®
Instruments, Canada) following the protocol of US-EPA method 1631.
The pre-concentration recovery was 98.2 + 3.0% (n = 3) for a lichen
standard reference material (BCR-482, 480 + 20 ng g'l) and
105.6 + 3.5% (n = 3) for a certified soil reference material (GSS-4,
590 + 50 ng g'1). The Hg isotope compositions were measured by
multi-collector inductively coupled plasma mass spectrometer
(MC-ICPMS, Neptune II, Thermo Scientific, USA). The diluted trap so-
lutions with 0.5 ng mL* and 3% SnCl, were introduced into a cold vapor
phase separator, consistent with our laboratory earlier system (Fu et al.,
2019). From Bergquist and Blum (2007), the MDF is reported as:

§*2Hg(%0) = [(ZOZHg/ 198Hg)sample/(zozHg/ 198Hg)ref _ 1} % 1000 )

MIF is calculated as:

A™Hg(%0) = §**Hg — 8*?Hg x f,, 2
where f,,, is 0.252 for 1%Hg, 0.502 for 2°°Hg and 0.752 for 2°'Hg,
respectively.( 2°2Hg/ 19Hg), ., represents the isotopic ratio in the stan-
dard sample (i.e., NIST-3133). BCR-482 and GSS-4 were combusted in
the oven-enrichment system after every 10 samples were reproduced to
assess whether the non-unity recoveries resulting from the double-stage
offline combustion-trapping technique induced discernible isotopic bias.
The Hg isotopic signatures for BCR-482 were measured as
5292Hg= —1.49 + 0.03%0 , A'®°Hg= —0.62 + 0.09%0 , A2°°Hg= 0.05 -
+ 0.08%0 and AZ°'Hg= —0.58 + 0.12%o ( + 26 , n = 3), and for GSS-4
as 8522Hg= —1.60 + 0.05%0 , A1%°Hg= —0.46 + 0.03%0 , AZ°Hg= 0.
00 + 0.06%0 and A?®'Hg= —0.42 + 0.06%0 ( + 26 , n = 6). The NIST-
8610 was also analyzed for every 10 samples during the Hg isotope
measurements, with isotopic signatures of 6202Hg: —0.50
+ 0.04%0 , A'°Hg= —0.02 + 0.04%0 , A2°°Hg= 0.02 + 0.08%, , A%V
Hg= —0.03 £ 0.05%o ( + 26 , n = 7). The measured Hg isotopic signa-
tures of these certified reference materials were consistent with
recommended values, suggesting the validity of pre-concentration by
using double-stage offline combustion-trapping.

2.4. Methods for statistical analysis

We used Nonparametric One-Way ANOVA, Independent Samples T-
test and Paired Samples T-test to analyze statistical differences among
the mean of Hg concentrations and their isotopic signatures in three
tropical forests. The linear regression was used for statistical analysis
among soil Hg concentration, soil organic matter, and Hg isotopes. To
better understand the impacts of canopy structure on litterfall Hg con-
centration, we divided all tree species into three categories, as trees of
canopy, understory and undergrowth. The canopy tree species is meg-
aphanerophyte occupy which forms the emergent layer and canopy
layer. The understory tree species is middle-size species occupy sub-
canopy layer, and undergrow layer tree includes dungarunga and
shrubby species. In addition, we used the conceptual structural equation
model to construct the interplays among terrain, litterfall Hg input, SOC,
100-cm depth soil Hg and surface soil Hg in three tropical forests.
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Structural equation model was developed by using y? tests with
maximum likelihood estimation, and more detailed information can be
found in our earlier study (Wang et al., 2019a). Briefly, model fitting was
performed by using SPSS version 17 and the Amos software version 24.
The criteria for model optimization are based on the p-values (at least >
0.05), Xz values, and the Akaike information criterion (AIC). From the
structural equation model path network, the standardized path coeffi-
cient (B) represents the direct effect of one variable on another, and the
indirect effect is calculated by multiplying each associated f.

3. Results
3.1. Variations of litterfall Hg concentration and flux

The average Hg concentration in twig litter was 23.03 + 11.58 ng g’
at BB, 19.27 + 3.97 ng g! at P55 and 10.48 + 4.03 ng g at NBH. The
Hg concentration in debris (e.g., flowers, seeds and moss) was
61.29 + 5.83ng g! at BB, 53.73 +10.11ng g at P55 and 21.28 +
3.51 ng g at NBH. These Hg concentrations at NBH were significantly
lower than those at the other two forest sites (p < 0.05, by Nonpara-
metric One-Way ANOVA test, 2 =16.54 & 22.77, respectively). The
total litterfall Hg concentration (including leaf litter, twig and debris)
was 64.59 + 2.56 ng g for BB, 76.95+ 3.04ngg! for P55 and
72.94 + 2.32 ng g’! for NBH, with significant difference among each site
(p < 0.05, by Nonparametric One-Way ANOVA test, y? = 138.29). We
observed the remarked inter-tree variabilities. The median litterfall Hg
concentration was 68.72 ng g'! with an IQR (i.e., interquartile range) of
51.48-84.90ng g' at BB, and 87.79ngg' with an IQR of
62.13-106.10 ng g’ at P55, and 76.48ngg! with an IQR of
63.69-90.37 ng g’} at NBH (Fig. S1). In addition, the litterfall Hg con-
centration from canopy tree species was significantly lower than values
from the understory layer and undergrowth layer tree species at BB and
P55 (p < 0.05, by Nonparametric One-Way ANOVA test, Xz =2245&
14.64, respectively; Fig. 2), but without significant difference at NBH.
The litterfall Hg concentration at the three sites displayed insignificant
seasonal variations (Fig. S2).

The litter Hg deposition flux was comparable between the dry and
rainy seasons at BB (39.17 + 10.34 pug m2 versus 36.98 + 10.99 ug m?
p > 0.05, Paired sample T-test) and P55 (15.40 + 3.05 pg m2 versus
18.74 + 3.32 yg m'%; p > 0.05, Paired sample T-test), but higher flux
during dry season at NBH (36.84 +9.44 ugm? versus
19.76 + 5.91 pg m’%, p < 0.05 by Paired sample T-test). The litterfall Hg
deposition flux from the canopy tree species was significantly higher
than those from the other layers because of elevated biomass production
(p < 0.05, by Nonparametric One-Way ANOVA test, X2 =53.63, 94.38,
24.15 for BB, P55, NBH, respectively; Fig. 2). Fig. 3a—c displayed the
spatial distribution of litterfall Hg deposition. The litterfall Hg flux
displayed a distinct spatial heterogeneity among three forests. The BB
plot showed the highest spatial heterogeneity, and its litterfall Hg flux
ranged between 4.48—-118.81 pg m2 yr'l, followed by the NBH plot
with a litterfall Hg flux of 33.83—90.80 pg m™2 yr'!, and finally at P55
plot with 21.83—46.87 pg m yr'l. In addition, the high litterfall Hg flux
point at the three sites almost scattered among the relatively slow slope
and flat areas. The foliage Hg flux was the main fraction of total litterfall
Hg depositions, accounting for 86% + 7% of total depositions in dry
season and 73% =+ 9% in rainy season (Fig. 3d).

3.2. Variations of soil Hg distribution

Fig. 4a—c showed the spatial distribution of surface soil Hg in three
tropical forests. The highest surface soil Hg concentration was at NBH,
with a mean of 114.44 + 27.68 ng g'' (Median: 115.36 ng g’ and IQR:
94.06-133.31 ng g'1), followed by P55, with 79.53 & 16.53 ng g™
(Median:78.58 ng g and IQR: 69.07 —87.74 ng g'1), finally at BB, with
70.88 + 15.98 ng ¢! (Median: 70.63 ng g and IQR: 62.18—79.24 ng g’
1). The Hg concentrations between BB and P55 were comparable, but
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Fig. 2. Variations of Hg concentrations and fluxes among the canopy structures in three tropical forests. We used the letter (e.g., a, b, ¢) to represent the significant

difference among three layers within each plot at the 95% confidence.

both were significantly lower than those at NBH (p < 0.01, Nonpara-
metric One-Way ANOVA test, 2 =497.06; Fig. 4d). NBH and P55 had
similar trend of spatial heterogeneity, that various high soil Hg points
were mainly scattered among the slow slope and flat areas. The high soil
Hg region at NBH distributed contiguously in the slow slope areas.
The Hg concentration showed a decreasing trend along with soil
depth in the three tropical forests (Fig. S3). For the depth of 100-cm, the
Hg concentration at BB was 1-fold lower than its surface soil Hg con-
centration (Figs. 5a-5d), with a mean of 32.89 + 10.36 ng g'1 (Median:
34.79ng g and IQR: 26.04—39.31 ng g}). The Hg concentration of
100-cm depth soil was 58.55 =+ 17.15 ng g (Median: 55.69 ng g* and
IQR: 47.97—68.63 ng g'\) for P55, and 54.01 + 27.42 ng g (Median:
44.26 ng g’ and IQR: 39.86—51.89 ng g'!) for NBH. The soil Hg con-
centration at 100-cm depth showed a significantly positive correlation
with the surface soil Hg concentration (R? =0.23, p < 0.05, Fig. S3d).
Hence, the high Hg concentration regions in deep soils were consistent
with surface soil Hg spatial distributions. In addition, all soil Hg

concentrations showed a significant correlation with SOC (R2 =0.38,
p < 0.05, Fig. 54).

3.3. Variations of Hg isotopic signatures

The Hg isotopic compositions in litterfall showed comparable results
in three tropical forests (Fig. 6a), as 62°?Hg= —2.31 + 0.13%. and
AY°Hg= —0.32 + 0.05%o for BB (n = 6), §2°?Hg= —2.40 + 0.15%0 and
A Hg= —0.23 + 0.05%o for P55 (n = 6), and
5292Hg= —2.17 + 0.14% and A*°Hg= —0.35 + 0.06% for NBH
(n = 6). Although the surface soil Hg concentration was significantly
higher than that in deep soil, the Hg isotopic signatures were compa-
rable between surface and 100-cm depth soils. The Hg isotopic signa-
tures were as 5202Hg= —0.98 + 0.27%. and A'®°Hg= —0.35 =+ 0.05%o
for surface soil versus 5292Hg= —0.94 + 0.25%0 and
A Hg= —0.34 + 0.10%o for deep soil at BB; §2°2Hg = —1.13 + 0.14%o
and A'°Hg= —0.37 £ 0.06% for surface soil  versus



S. Xia et al.

(a)

litterfall Hg flux
21
705 (HEMZYTY)

BB plot

690 120.0
110.0
100.0
90. 00
80. 00
70. 00
60. 00
50. 00
40. 00
30. 00
20. 00
10. 00

T
21°37' 06" N
101°34'56.87" E

X (m)

NBH plot (c)

litterfall Hg flux
(ng m?yr)

120.0
110.0

100. 0

=
©
S

Altitude (m)

90. 00

~
)
o

80. 00
70. 00

-
o
=1

60. 00
50. 00
40. 00
100 730 30.00
20. 00

715 10. 00

Litterfall Hg flux (ug m2yr?)

Y (m)

60
0 40
0 2 X (m)

22°7'38.35"N
100° 39'39.94" E

Journal of Hazardous Materials 429 (2022) 128295

(b)

litterfall Hg flux
(ng m?yr)

P55 plot

120.0
110.0
100.0
90. 00
80. 00
70.00
60. 00
50. 00

Altitude (m)

40. 00
30. 00
20. 00
10. 00

20

0 X (m)
21°57'40" N
101°12' 1.08" E
so4 ™ Foliage = Branch Debris (d)
70 ] o Median |i] Mean + SD
60
504 | %
104 L 2 ¢
30
20 l
10 !
0 -
dry rain dry rain dry rain
BB plot P55 plot NBH plot

Fig. 3. Spatial distribution of litterfall Hg flux at BB (a), P55 (b) and NBH (c), and litterfall flux in dry and rainy seasons (d). The longitude and latitude of (0,0) in

each sampling plot are marked in the figures.

5292Hg= —1.19 + 0.14%0 and A'°°Hg= —0.44 + 0.07%. for deep soil at
P55; 5202Hg= —1.24 + 0.22%0 and A'°°Hg= —0.43 + 0.08%o for surface
soil versus §20?Hg= —1.32 + 0.11%0 and A'®°Hg= —0.48 + 0.10%o for
deep soil at NBH. The deep rock samples had the highest MDF and odd-
MIF signatures, with 2°2Hg of — 0.22 4+ 0.66% and A'°°Hg of
—0.07 + 0.02%o (n = 6). For A2°°Hg, all samples showed close to 0.00%o
values (—0.04 £ 0.03%o). The Hg odd-MIF signatures in soils showed a
negative correlation with soil Hg concentration (R? =0.21, p < 0.05,
Fig. 6b).

4. Discussion
4.1. Factors influencing litterfall Hg input

Our litterfall Hg concentration is comparable to the value reported in
other tropical forests (50 —90 ng g1), but significantly higher than that
in temperate deciduous forests (30 —50 ng g!) (Blackwell and Driscoll,
2015; Demers et al., 2007; Fostier et al., 2015; Richardson and Fried-
land, 2015; Teixeira et al., 2017, 2012). This is attributed to the longer
foliage lifespan and greater stomatal conductance of evergreen broad-
leaf facilitating a stronger Hg uptake rate (Wang et al., 2016b). The
significantly negative odd-MIF signatures in our litterfall samples
(A'Hg: —0.23 ~ —0.35%0) are comparable to the global average

odd-MIF signatures in litterfall (—0.30 + 0.16%o, n = 123) and atmo-
spheric HgO (—0.16 £ 0.11%o0, n = 343) (Wang et al., 2021). This sug-
gests that the tropical litterfall Hg is mainly derived from atmospheric
Hg® uptake, consistent with that in other forest ecosystems (Jiskra et al.,
2015; Wang et al., 2017, 2020a, 2021, 2020b; Zheng et al., 2016).

Site BB has the highest canopy height (60—65 m) and biodiversity
(166 tree species) due to the warm and wet climatic condition, when
compared to P55 and NBH which with the canopy height of 30—45 m
and 110—130 tree species. The litterfall Hg concentration of the same
tree species among three sites shows insignificant differences
(p = 0.06 —0.34, all p > 0.05 by Paired T-test). This suggests that a
comparable atmospheric Hg® concentration at these remote tropical
sites. However, the average of litterfall Hg concentration for all tree
species at BB is significantly lower than other two sites, likely attributed
to the tree-specific induced difference in atmospheric Hg® uptake.

Interestingly, litterfall Hg concentrations of canopy tree species are
lower than values of other layer trees at BB and P55, but comparable Hg
concentrations among different canopy layers at NBH (Fig. 2). We sug-
gest that the climate induced the competitive regime could have con-
sequences for different atmospheric Hg® uptake among canopy layers at
BB and P55 (Ericksen et al., 2003; Frescholtz et al., 2003; Obrist et al.,
2012; Rea et al., 2002; Teixeira et al., 2018). For tropical tree growing in
a competitive regime (e.g., a warmer and wetter environmental
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Fig. 4. Spatial distribution of surface soil Hg concentration at BB (a), P55 (b) and NBH (c), and box charts (d). The longitude and latitude of (0,0) in each sampling

plot are marked in the figures.

condition at BB), strategies which maximize light efficiency or water
efficiency will result in distinctly different structural and nutrient par-
titioning strategies (Kenzo et al., 2015; Lowry et al., 2021), thus influ-
encing physiological parameters related to the atmospheric Hg uptake.
We recommend further studies to verify the correlation between phys-
iological parameters and foliage Hg concentration among each layer tree
species in tropical forests.

The mean litterfall Hg deposition flux (55.23 + 21.96 pg m™2 yr'l,
IQR: 37.2 —69.97 pg m2 yr'!) is smaller than values in Amazon Basin
tropical forests (84 + 48 ug m2 yr'!, IQR: 47 —120 pg m2 yr'!) because
of the smaller biomass production at our sites (Fostier et al., 2000, 2015;
Silva et al., 2006; Teixeira et al., 2018). Though the litter Hg concen-
tration of each tree species is diverse, the mixed litterfall Hg concen-
tration in each sampling net does not exhibit consistent spatial
distribution because of the mixing effect caused by high biodiversity of
tropical forests. The elevated litterfall Hg deposition point is almost
located at the slow slope or flat regions due to the terrain shaped the tree
spatial distribution (Fig. 3). We observed the highest litterfall Hg
deposition at BB, which is caused by much elevated litterfall biomass
production (1458 + 367 g m2 yr'! at BB, 820 & 78 g m2 yr'! at P55 and
1364 + 272 g m2 yr'! at NBH).

No seasonal trends of litterfall Hg deposition are at BB and P55,

except NBH with a distinct seasonal trend that 45% higher deposition
occurs in dry season. Given the leaf Hg deposition accounting for > 70%
of total deposition, we suggest that the seasonal variation of leaf biomass
is the key factor to determine such seasonal trend at NBH. Noteworthy, a
trend of higher deposition in dry season is commonly observed in sub-
tropical regions, due to the colder temperature and less precipitation
provoking the leaf senescence (Liu et al., 2002; Lu et al., 2016). The NBH
plot is located in the north areas of tropical to subtropical zone, thus
exhibiting a similar seasonal trend of litterfall deposition observed in
subtropical forests. The difference of seasonal variations among three
sites mainly reflects the adoption strategies for tree species in response
to the tropical to subtropical climatic transition.

4.2. Factors influencing tropical Hg spatial distribution

Our surface soil Hg concentrations are comparable to values in
Amazon rainforests (106 + 47 ng ¢!, Median: 93ngg’ and IQR:
83-131 ng g'l) (Almeida et al., 2005, 2009; Melendez-Perez et al., 2014,
Roulet et al., 1999, 1998). In this study, the elevated surface soil Hg
points in each forest were not always associated with the high litterfall
Hg input (Figs. 3 and 4). The spatial distribution of litterfall Hg input
cannot solely explain the distribution of surface soil Hg (Figs. 3 and 4).
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Fig. 5. Spatial distribution of 1-m depth soil total Hg concentration at BB (a), P55 (b) and NBH (c), and statistical frequency diagram (d). The longitude and latitude

of (0,0) in each sampling plot are marked in the figures.

Specifically, the lowest latitude site (BB) has the highest litterfall Hg
deposition, but the lowest surface soil Hg concentration; instead, the
most north site (NBH) has the highest surface soil Hg concentration. To
better explain the soil Hg spatial distribution, we used the structural
equation model to quantify the contribution of litterfall Hg input, deep
soil Hg (potential impacts from geogenic Hg sources or surface soil Hg
leaching processes), and post-depositional processes.

Our structural equation model results can explain 55-60% of the
variances in surface soil Hg concentrations at BB and NBH but 37% at
P55, suggesting other unknown factors that need to be quantified by
further research. Herein, we mainly discussed structural equation model
results for BB and NBH. We used the elevation and TPI (topographic
position index) to represent the impacts of terrain. This is because the
value of elevation represents sample point absolute position, and TPI
represents relative position against surrounded points. Table S5 and S6
further summarize that elevation, TPI, SOC, and deep soil Hg are the
most important factors to shape surface soil Hg spatial distribution at BB
and NBH.

The variation of terrain plays an important role in shaping the spatial
distribution of litterfall biomass and Hg deposition (Fig. 7a—c). The
standardized path coefficient () between TPI and litterfall biomass
reaches the significant level at three sites, same for  between elevation

and litterfall biomass at BB. These suggest the vertical elevation shift
and variation of altitude against the neighbor point both influence the
litterfall biomass production. Additionally, up to 0.5—0.9 of p values
between litterfall biomass and Hg deposition flux at the three sites
suggest the importance of biomass production to explain the variances in
litterfall Hg deposition. Hence, the terrain has an indirect effect on lit-
terfall Hg deposition by influencing biomass production.

For the surface soil Hg distribution, we found significant terrain
impacts at BB, with p of —0.31 for elevation and 0.35 for TPI. This
suggests the elevated surface soil Hg points were located in the low
altitude and relatively slow slope regions at BB. It is noted that close to
0 for p between litterfall Hg input and surface soil Hg at BB, while ~0.2
at NBH. This indicates that despite the highest litterfall Hg inputs at BB,
the elevated nutrient turnover induced the greatest Hg loss in forest floor
(Lu et al., 2021; Wang et al., 2019b) likely leads to a smaller Hg accu-
mulation at BB (more discussion in Section 4.3). The strong correlation
between SOC and soil Hg concentration (Fig. S4d) reflects the
complexation of Hg?" with naturally occurring organics in soil (Obrist
et al., 2009; Skyllberg et al., 2006). The § between SOC and surface soil
Hg can represent the complicated effects of long-term litter decompo-
sition. The highest p value (0.68) at BB suggests the residual Hg com-
plexed with soil organic matters is more obvious at the wetter and
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warmer site. The significantly positive p values along the path of
elevation, SOC to surface soil Hg at NBH demonstrate the indirect
impact of terrain on surface soil Hg distribution via influencing soil
organic matter spatial distribution. Additionally, the significant p values
along the path of TPI, deep soil to surface soil Hg at NBH suggest the
distinct terrain mediated interplays between surface soil Hg and deep
soil Hg (e.g., Hg leaching, geogenic Hg mixing), which further verified
by using Hg isotopes. However, the negligible § values between deep soil
and surface soil Hg at BB and P55 suggest few impacts from deep soil Hg.

Overall, we suggest the indirect effects of terrain on spatial distri-
butions of litterfall Hg input and surface Hg concentration in each forest
by influencing litterfall biomass, soil organic matters distribution, and
interplays between surface and deep soil Hg. The latitudinal gradient of
surface soil Hg distribution among three forests is likely controlled by
the climate induced differences of Hg post-depositional processes, which
discussed in detail by Hg isotopes in the following section.

4.3. Isotopes showing Hg sequestration in tropical forest soils

We used Hg isotopic signatures to display post-depositional Hg
processes in soils. Three source endmembers have been identified for
surface soil Hg, including atmospheric Hg® depositions, atmospheric
Hg2+ depositions, and geogenic sources (i.e., weathering processes
induce rock Hg release into soils). Given the significantly positive odd-

MIF (A'®°Hg=0.44 + 0.23%0 and A2°’Hg=0.42 + 0.23%0) and even-
MIF (AZOOHg:0.25 + 0.19%0) in precipitation globally (Wang et al.,
2021), the distinctly negative odd-MIF (—0.60%0 to —0.30%o) and the
average of — 0.04%o for even-MIF signatures in soils suggest that the
atmospheric Hg?" depositions have insignificant contribution.
Compared to soil Hg, the rock exhibiting much positive Hg isotopic
signatures (52°2Hg=—0.22 + 0.66%0, A°°Hg=—0.07 + 0.02%0 and
A2%0Hg=—0.01 + 0.04%0) suggests the rock weathering is not the main
source for soil Hg accumulation. The soil Hg concentration in the
100-cm depth shows a significantly positive correlation to the surface
Hg concentration (Fig. S3d), specifically at NBH. Such correlation can be
attributed to the surface soil Hg leaching into the deep soil based on the
Hg isotopic evidence. Fig. 6a clearly displays that the soil Hg odd-MIF
signatures are close to values of litterfall, indicating the vegetation up-
take of atmospheric Hg® dominating surface soil Hg sources. In addition,
the throughfall Hg which also contains Hg derived from atmospheric
HgO sources (Wang et al., 2020b) can contribute to the tropical soil Hg
accumulation. Finally, the previously deposited Hg re-emission is likely
another important source for Hg accumulation in surface soil and
litterfall.

The Hg reductive pathways induced enrichment factor of MDF
(SZOZngroduct/reactant = 6202ngroduct - 62021'Igreactant) have been well
documented. The ezozngroduct/reactam during microbial reduction of
Hg?* is — 2.0%0 to — 1.2%o, and in organic matter dark-reduction is
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— 1.5%0 to — 1.7%0, and in photo-reduction is — 1.4%0 to — 0.6%o
(Bergquist and Blum, 2007; Kritee et al., 2008; Kritee et al., 2007; Rose
et al., 2015; Zheng and Hintelmann, 2010a, 2010b). The microbial re-
ductions have been regarded as the main cause for MDF in soils (Lu
et al., 2021; Wang et al., 2019b). Fig. 6a exhibits the distinctly positive
62°2Hg shift between surface soil and litter (8202Hg5urfacesoil/litter =
6202Hgsurfacesoﬂ - 6202Hglmer), suggesting that the undergoing litter
decomposing with the lighter isotope escaped preferentially. The high-
est £292Hg facesoil litter 15 1.33 & 0.22%o at BB, then 1.27 + 0.22%o at
P55, and 0.94 + 0.14%o at NBH. Given the e2°Hgproduct/reactant Of mi-
crobial reductions, 55—65% of Hg loss at BB can lead to the similar value
of 8202Hgsurfacesoi1/]itter, ~55% at P55, and 40—50% at NBH based on the
Rayleigh fractionation model (Jiskra et al., 2015). This can explain why
the higher litterfall Hg depositions at BB but with lower soil Hg con-
centrations. The warmer and wetter environment at BB leads to the
elevated decomposition rate which enhances the Hg loss via microbial
reductions. The litterfall decomposition in subtropical forest has verified
that higher decomposition rate would significantly increase the Hg loss
(Li et al., 2022). The SOC and soil Hg contents in surface soil both
decrease from NBH to BB, confirming the fastest litterfall decomposition
and highest Hg loss at BB (Fig. S4). Additionally, the wetter and warmer
condition at BB induced the higher Hg runoff and leaching are other
possible causes for the Hg loss.

The microbial reduction of Hg?" in soils would not induce the MIF (i.
e., E¥°Hgproduct /reactant = 0.00%o) (Kritee et al., 2008, 2007). The close
to 0.00%o of ElggHgsurfacesoil/litter (AlggHgsurfacesoil - AlggHg litter) at BB
(—0.02 + 0.06%o) further confirms the microbial reduction dominating
the contribution of Hg loss. However, a small negative ElggHgsurface_
soil/liter Vvalue is found at P55 (—0.14 +0.08%0) and NBH
(—0.08 + 0.09%0), indicating the additional Hg reduction pathways
occurred. The organic matter induced dark-reduction can produce of
< —0.3%o shift in residuals (Zheng and Hintelmann, 2010b). Given
— 0.1%0 of A'®°Hg shift in such dark-reduction with a 0.6 — 0.8%o of
5292Hg shift (Fig. 6a), We suggest the organic matter induced
dark-reduction cannot solely explain the El99Hg5urface50ﬂ/htter. This can
be supported by several causes. One is that the occurring of organic
matter induced dark-reduction could yield more positive 8202Hgsurface_
soil/litter at NBH and P55, however szozHgsurfacesoﬂ/lmer at two sites is
significantly smaller than at BB. In addition, the slope of 1.1 between
A'9°Hg versus A2’ Hg (Fig. S5) also suggest the small contribution from
the organic matter induced dark-reduction which with a slope of 1.6
(Zheng and Hintelmann, 2010b). Moreover, the organic matter induced
dark-reduction mainly occurs in the alpine and boreal forests (Jiskra
et al., 2015; Yuan et al., 2020) due to the abundant organic matters
caused by slow litter decomposition rate (several years to decades
turnover). However, several months of litter decomposition induces a
low organic matter level in tropical forest (Tuomi et al., 2009), thus
likely limiting such dark-reduction.

Given atmospheric Hg® direct deposition occurring in forest floor,
Hg vapor dark oxidation by organic matter, which was observed with
more negative MIF for products in the laboratory, has been suggested to
cause E199Hgsurfacesoﬂ/mer < 0 (Zheng et al., 2019). However, the cur-
rent filed measurements suggest the insignificant difference of Hg-MIF
signatures during atmospheric Hg® deposition (Yuan et al., 2021). In
addition, we did not observe distinct E199Hgsurfacesoi1/mter at BB,
although Hg® vapor dark oxidation by organic matter should occur
commonly at three sites. Therefore, we suggest that Hg® vapor dark
oxidation by organic matter would not significantly contribute to
El99Hgsurfacesoil/litter~

The slope of 1.1 between A'*°Hg versus A2°'Hg in soils suggests that
MIF signatures are mainly derived from the photoreduction of Hg?*
(Fig. S5) (Bergquist and Blum, 2007). Upon UVB photolysis, Hg?*
complexed to thiol ligands in organic matter can yield a negative MIF in
reactants (Motta et al., 2020; Zheng and Hintelmann, 2010a). Such
photo-reduction processes can lead to 0.3-3.3ngm™? hr! Hg
re-emission fluxes from subtropical forest floors (Yuan et al., 2021). The
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photoreduction of Hg2+ induced 8202ngmduct/reactant can be much
smaller than the values from microbial reduction (Fig. 6a), consistent
with a smaller 8202Hgsurfacesoil/[itter at NBH and P55. Hence, we suggest
the photo-reduction would contribute to such MIF shift in soils.

We observed the insignificant differences of Hg isotopic signatures
between surface and deep soils in Fig. 6a, suggesting that Hg redoxes
mainly occur in surface soils. This is different from another tropical
study showing that the soil 52°2Hg signatures displayed a negative shift
(—1%o) along with depth, which was attributed to a distinct MDF during
Hg sorption and complexation onto iron oxides (Guedron et al., 2018).
In addition, the soil Hg concentration showed a significant anti-
correlation between the soil Hg concentration and A'°°Hg signatures
(Fig. 6b). This can be attributed that the slower turnover of nutrient
leads to the higher residual Hg concentration at NBH and P55, and the
following abiotic reductions (i.e., photo-reduction) to induce a small
negative A'°°Hg shift.

Our litterfall Hg deposition is 2—5 time higher than the documented
depositions in temperate and boreal forests (10—20 pg m2 yr'!) (Wang
et al., 2016a), however much shorter nutrient mineralization in tropical
forests (Tuomi et al., 2009) leads to the elevated Hg loss during accu-
mulation processes. This suggests that though much elevated litterfall
Hg inputs, the net sink of atmospheric Hg in tropical forest would be
much smaller than in other forests. Climatic factors significantly influ-
ence the tree physiological characteristics and nutrients turnover to
control atmospheric Hg inputs and sequestration processes in forest
floor. This indicates that the undergoing climate change would distinctly
increase the unpredictability in assessing the effectiveness of Minamata
Convention in controlling Hg pollution.

5. Conclusions

Along the latitudinal gradient of three tropical forests in Southwest
China, this study comprehensively shows that the tropical forest at the
lowest latitude has the highest litterfall Hg input but the smallest surface
soil Hg concentration because of the elevated microbial reduction pro-
cesses induced Hg loss. In addition, the slower turnover of nutrients in
high latitude tropical forests would enhance the Hg abiotic reductions
which inducing a small negative MIF shift in soils. The climate induced
nutrient return and vegetation biodiversity dominantly drive the lat-
itudinal gradient of Hg accumulation in forest floor. The terrain induced
indirect effects on litterfall Hg inputs, soil organic matters distribution
and interplays between surface and deep soils drive the heterogeneity of
surface soil Hg distribution within each tropical forest. Our study sug-
gests that fast nutrient cycles in tropical forests possibly lead to a smaller
atmospheric Hg net sink than in other forests. We recommend further
studies to quantify the tropical Hg mass balance and isotopic fraction-
ation which offering a new insight in understanding tropical Hg cycling.
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