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ABSTRACT: Knowledge gaps in mercury (Hg) biomagnification
in forest birds, especially in the most species-rich tropical and
subtropical forests, limit our understanding of the ecological risks of
Hg deposition to forest birds. This study aimed to quantify Hg
bioaccumulation and transfer in the food chains of forest birds in a
subtropical montane forest using a bird diet recorded by video and
stable Hg isotope signals of biological and environmental samples.
Results show that inorganic mercury (IHg) does not biomagnify
along food chains, whereas methylmercury (MeHg) has trophic
magnification factors of 7.4−8.1 for the basal resource−
invertebrate−bird food chain. The video observations and MeHg
mass balance model suggest that Niltava (Niltava sundara)
nestlings ingest 78% of their MeHg from forest floor invertebrates, while Flycatcher (Eumyias thalassinus) nestlings ingest 59%
from emergent aquatic invertebrates (which fly onto the canopy) and 40% from canopy invertebrates. The diet of Niltava nestlings
contains 40% more MeHg than that of Flycatcher nestlings, resulting in a 60% higher MeHg concentration in their feather. Hg
isotopic model shows that atmospheric Hg0 is the main Hg source in the forest bird food chains and contributes >68% in most
organisms. However, three categories of canopy invertebrates receive ∼50% Hg from atmospheric Hg2+. Overall, we highlight the
ecological risk of MeHg exposure for understory insectivorous birds caused by atmospheric Hg0 deposition and methylation on the
forest floor.
KEYWORDS: subtropical forest, bird food chain, mercury accumulation, mercury isotopes, vivo-nest video recording

1. INTRODUCTION
Human activities have significantly increased mercury (Hg)
levels in the environment and led to widespread Hg
contamination in remote ecosystems,1−5 where microbiologi-
cally induced methylation of inorganic Hg (IHg) produces
highly toxic methylmercury (MeHg).6 The bioaccumulation
and biomagnification of MeHg in the food webs pose a threat
to the health of wildlife and humans.6−8 Assessment of Hg
levels, sources, biomagnification in wildlife, and the associated
impact is crucial for understanding the risk of Hg pollution and
for evaluating the effectiveness of control measured outlined in
the Minamata Convention on Mercury.9

Bacterial transformation of IHg to MeHg in the aquatic
system and MeHg exposures through the food chains,
including waterbirds and seabirds, have received extensive
research attention.2,6,10 Less understood is the MeHg exposure
of bird species in the terrestrial ecosystem.11−14 Recent studies
suggested that forest birds in remote background areas are
subject to ecological risks of MeHg exposure.15−19 Forest birds
account for over half of the world’s bird species,20 yet
observations on the Hg bioaccumulation in the food chains of

forest birds remain relatively scarce, especially in the bird-
species-rich tropical/subtropical forests.11,19,21,22

Diet and trophic position are key factors in controlling Hg
levels in birds.19,23−25 However, the complexity of forest food
chain structures (especially tropical/subtropical forests) poses
a challenge to determine the trophic niche (i.e., diet and
trophic level) of forest birds.26 The preys of forest birds mainly
consist of invertebrates, such as insects, which are diverse in
species, small in size, and thus difficult to categorize.26 Earlier
studies have utilized nutrient isotopic tracers (e.g., δ13C and
δ15N) to identify the diet compositions and trophic positions
of birds.19,23−25 However, δ13C and δ15N signals do not
directly indicate the sources of Hg in the food chains or the
specific Hg biogeochemical processes along the forest vertical
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structures (e.g., Hg methylation in the forest floor and Hg
accumulation in the canopy).27−29 Recently, the advancement
of high-resolution video recording provides a direct identi-
fication and quantification of the diet for forest bird
nestlings.22,30,31 Supplemented with a stable Hg isotope signal
of biological samples, it presents a new opportunity to
understand the exposure risks of forest birds to MeHg.32

The Hg isotopic fractionations exhibit three unique
dimensional characteristics: the mass-dependent fractionation
(MDF, expressed as δ202Hg), odd mass-independent fractio-
nation (odd-MIF, Δ199Hg, and Δ201Hg), and even mass-
independent fractionation (even-MIF, Δ200Hg, and
Δ204Hg).32,33 Hg-MDF is generated by most kinetics processes
and equilibrium exchange of Hg.32 However, the Hg odd- and
even-MIF are basically absent during Hg bioaccumulation in
food chains,34−36 thus, as a vivo tracer to identify the sources
and processes of Hg along the bird food chains.37,38 For
example, MIF signals of the MeHg in resident songbird
feathers have been identified as an efficient tool to reconstruct
MeHg sources in a Hg mining region.39

Overall, bird foraging microhabitat niche and diet
compositions likely determine Hg source and exposure risk
given differences in Hg biogeochemical processes among forest
vertical structures (i.e., forest floor to canopy).3,40,41 Thus, we
hypothesized that the Hg exposure risk for birds hunting on
the understory layer would be significantly different from that
for birds hunting on the canopy. Herein, this study aimed to
examine the source contributions and bioaccumulations of Hg
in the food chains of two sympatric forest insectivorous
passerines, the Rufous-bellied Niltava (Niltava sundara,
hunting on the understory layer primarily) and the Verditer
Flycatcher (Eumyias thalassinus, hunting in the upper canopy
layer), in a primary subtropical forest of Mt. Ailao. We used
video observations and an isotopic tool to determine Hg
exposure in forest birds and to quantify the contribution of Hg
sources in their food chains. Finally, we discussed the
implications of the relations of bird foraging niches to Hg
exposure risk in forests.

2. METHODS
2.1. Site Description. Our study site is located within the

experimental area of the Ailaoshan Station for Subtropical
Forest Ecosystem Research Studies (24°32′N, 101°01′E, 2500
m elevation), Mt. Ailao, Yunnan province, SW China. Detailed
information on Mt. Ailao has been described in our previous
studies.42−44 Briefly, Mt. Ailao has a subtropical monsoon
climate with an average annual temperature of 11 °C and an
average annual rainfall of 1682 mm. The vegetation is
dominated by subtropical forest tree species such as Fagaceae,
Theaceae, Lauraceae, and Magnoliaceae.4545 Mt. Ailao is a
National Nature Reserve with rich biodiversity including over
500 bird species and has been designated as an Important Bird
Area (IBA) by Birdlife International.46

2.2. Prey Composition of Nestling. We searched bird
nests along the transects and rechecked them every 1−4 days
to acquire breeding information and perform sampling of bird
feathers. We selected the nests with nestlings of known age to
record provisioning events and recognize prey composi-
tion.22,30 Additionally, we observed the foraging microhabitat
of adult birds (i.e., Niltava and Flycatcher, the dominant
species in Mt. Ailao with potentially different foraging
microhabitat niches) to ensure the subsequent prey sampling.
Additional details on bird-nest searching, rechecking, video

recording, and adult foraging behavior observation can be
found in Section S1, Supporting Information (SI).
2.3. Sampling. 2.3.1. Sampling for Basal Resources.

Based on the forest vertical structure, we selected three types
of microhabitats, namely, forest floor layer (i.e., the ground
surface layer containing humus and litterfall), water body layer
(i.e., small creeks and ponds), and canopy layer (referring to
the aboveground vertical structures of forest stands such as
leaves, branches, and stems). We collected five types of basal
resources, including litterfall, humus (highly decomposed
litterfall), litterfall-submerged (litterfall that was submerged
in a water body), detritus-submerged (highly decomposed
detritus that was submerged in a water body), and fresh leaves.
2.3.2. Sampling for Invertebrates. Based on the field

observations of adult birds’ foraging events and video
recordings of prey provisioning to nestlings, we collected
prey samples from the corresponding feeding microhabitats.
We employed sweep nets, beating trays, sieves, and light traps
to capture invertebrates and recorded their weight. The
invertebrates were categorized according to their original
habitat layer, including canopy invertebrates, forest floor
invertebrates, and emergent aquatic invertebrates from the
water body.
2.3.3. Sampling for Nestlings. To ensure consistency in our

sampling, we selected target species (i.e., Niltava and
Flycatcher) with known ages of nestlings and sampled three
nests of each species. More detailed information on sampling
procedures and sample preparations can be found in Section
S2, SI.
2.4. Chemical Analysis. 2.4.1. Hg Determination. THg

concentrations of the basal resources (i.e., litterfall, humus,
litterfall-submerged, detritus-submerged, and fresh leaves)
were measured by using a DMA-80 Hg analyzer.3,42,47−50 We
determined Hg concentrations of one certified reference
material (CRM) and one parallel sample in every four samples.
The CRM of GBW07404a (GSS-4a) and NIST 1515 was
utilized for quality assurance/quality control (QA/QC) with a
recovery of 98.1 ± 3.7% (n = 6). The bias between the parallel
samples was 1.8 ± 1.2% (n = 3). MeHg concentrations of the
basal resources were measured using gas chromatography
coupled with a cold-vapor atomic fluorescence spectrometer
(GC-CVAFS, Brooks Rand III) in accordance with the USEPA
Method 163019,22,51,52 (more details in Section S3). The ERM
CC580 (n = 4) and TORT-3 (n = 2) were utilized for QA/QC
with a recovery of 96.7 ± 6.9% (n = 6). The bias between the
parallel samples was 5.3 ± 2.2% (n = 3).

A modified method was applied to determine THg and
MeHg simultaneously in invertebrates and feathers.51,53,54

THg was determined using cold-vapor atomic absorption
spectrometry (CVAFS, Brooks Rand Model III), following the
USEPA method 1630E.51 MeHg was determined using the
GC-CVAFS method (more details in Section S3). For THg
measurements, we used the GBW07601a (n = 5) and TORT-3
(n = 7) for QA/QC with a recovery of 98.2 ± 9.1%. The bias
of the parallel samples was 3.9 ± 2.6% (n = 9). For MeHg
measurements, we used the TORT-3 (n = 7) for QA/QC with
a recovery of 88.5 ± 5.7%. The bias of the parallel samples was
5.3 ± 1.7% (n = 8).
2.4.2. Stable Isotope Analysis. δ13C and δ15N isotope ratios

were measured by using a gas mass spectrometer (MAT 253,
Thermo Scientific, Germany). The stable isotope ratios are
reported in per mill (δ) notation as follows
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where X represents 15N and 13C. Rsample and Rstd represent the
abundance ratios of 15N/14N and 13C/12C in samples and
standardized materials, respectively. The quality control of
δ13C and δ15N isotope measurements was performed using
certified recovery materials C-3 (δ13C = −24.750‰) and N-1
(δ15N = 0.417‰) of the International Atomic Energy Agency.
Variations in both δ13C and δ15N in CRMs were <0.1‰,
which confirms the accuracy of isotopic measurements.

For Hg isotopic compositions, litterfall, humus, litterfall-
submerged, and detritus-submerged samples were digested
with aqua regia (HNO3/HCl = 3:1). Other samples (e.g., fresh
leaves, invertebrates, and feathers) were digested with
ultrapure HNO3.

51,55 More details can be found in Section
S3 of the SI. THg was determined using the CVAFS method
with the recovery of CRMs (GSS-4, BCR-482, and TORT-3)
being 94.3 ± 8.8% (n = 6).

Prior to Hg isotope analysis, the digestion solution was
adjusted to ∼1 ng mL−1 and 10% acidity.55,56 The Hg isotopic
compositions were determined by a multicollector inductively
coupled plasma mass spectrometer (MC-ICP-MS, Nu-Plasma
II, Thermo Scientific). According to Bergquist and Blum,57 the
Hg-MDF is reported as

= × [

]

Hg (‰) 1000 ( Hg/ Hg )

/( Hg/ Hg ) 1

202 202 198
sample

202 198
NIST 3133 (2)

where (202Hg/198HgNIST‑3133) represents the isotopic ratio in
the standard sample (NIST-3133). The MIF is calculated as

= ×Hg(‰) Hg 0.2520 Hg199 199 202 (3)

= ×Hg(‰) Hg 0.5024 Hg200 200 202 (4)

= ×Hg(‰) Hg 0.7520 Hg201 201 202 (5)

To evaluate the potential isotopic composition bias during
preconcentration, we determined the Hg isotopic composi-
tions of BCR-482 (vegetation CRM), GSS-4 (soil CRM), and
TORT-3 (animal CRM) in every 10 samples. The Hg isotopic
signatures of BCR-482 were measured as δ202Hg = −1.36 ±
0.09‰, Δ199Hg = −0.61 ± 0.01‰, Δ200Hg = −0.06 ± 0.01‰,
and Δ201Hg = −0.61 ± 0.05‰ (mean ± 2SD, standard
deviation, n = 3); for GSS-4 as δ202Hg = −1.68 ± 0.17‰,
Δ199Hg = −0.43 ± 0.06‰, Δ200Hg = −0.04 ± 0.03‰, and
Δ201Hg = −0.40 ± 0.07‰ (n = 4); and for TORT-3 as δ202Hg
= 0.10 ± 0.10‰, Δ199Hg = 0.62 ± 0.08‰, Δ200Hg = 0.06 ±
0.07‰, and Δ201Hg = 0.51 ± 0.07‰ (n = 10). The NIST-
8610 was also analyzed for every 10 samples during the Hg
isotope measurements, with isotopic signatures of δ202Hg =
−0.51 ± 0.11‰, Δ199Hg = −0.01 ± 0.05‰, Δ200Hg = 0.00 ±
0.07‰, and Δ201Hg = −0.03 ± 0.06‰ (n = 21). The
measured Hg isotopic signatures of CRMs were consistent
with the recommended values.35,58,59

2.5. Data Analysis. Inorganic mercury (IHg) concen-
trations in the samples were calculated as the concentration
difference between THg and MeHg. All concentrations are
reported in dry weight. The trophic level (TL) was calculated
as60

= +TL ( N N )/3.4‰ 115
predator

15
basal resources (6)

where δ15Npredator represents the δ15N values of biota and
δ15Nbasal‑resources represents the δ15N value in the primary
producer (i.e., fresh leaves in our study). The trophic
magnification slope (TMS) was calculated as follows61

[ ] = × + alog XHg TMS N10
15

(7)

The biota-soil accumulation factor (BSAF)62 was utilized to
quantify the Hg biomagnification from basal resources to the
invertebrates, and it was calculated as follows62,63

=BSAF XHg /XHginvertebrates basal (8)

We used the apparent biomagnification factor (ABMF), which
is defined as the ratios of Hg concentrations among bird−prey
pairs according to previous research.63−65 The calculation of
ABMF is as follows

=ABMF XHg /XHgXHg predator prey (9)

where XHg represents the MeHg or IHg concentrations in bird
and prey (invertebrates) and basal resources, respectively. The
TMS > 0, BSAF or ABMF > 1 indicates the biomagnification
of Hg in the food chain. It is noted that the ABMF only reflects
the potential MeHg biomagnification due to the bird obtaining
food from a variety of sources.

Trophic magnification factor (TMF), which represents the
average biomagnification per TL through the entire food web,
was calculated as follows23

[ ] = × +B ALog XHg TL10 (10)

=TMF 10B (11)

Hg mass intake by nestlings is estimated by

=
× × ×

×
= f T m

F N
MassXHg

( XHg )i
n

i i i

i
bird(intake)

1

(12)

where XHg represents MeHg or IHg. MassXHgbird(intake) is the
Hg mass intake by each nestling (including MeHg and IHg). f i
is the proportion of invertebrates i in the total provisioning
trips, Fi is the total proportion of measured prey to the total
provisioning trips, T is the total numbers of provisioning trips
during a 15 day nestling period, mi is the average dry weight of
invertebrates i, XHgi is the Hg concentration of invertebrates i
(including MeHg and IHg), and N is the average nestling
number of the video-recorded nests (for Niltava is 3.2 and 4.2
for Flycatcher). In addition, combining the Hg mass intake by
nestlings and Hg isotope signatures of prey, we also predicted
the Hg isotopes of the nestlings (details in Section 4, SI).

Three source endmembers have been identified for the
initial Hg sources in forest ecosystems, including atmospheric
Hg2+ deposition, atmospheric Hg0 deposition, and geogenic
sources.4,50,66−68 The organisms in the forest food chain do not
feed on rocks. The Hg concentrations of basal resources
(excluding the fresh leaves) are more than 1 order of
magnitude higher than those of rocks (e.g., 161.2 ± 78.7
versus 4.2 ± 1.4 ng g−1).44 Hence, the contribution of geogenic
Hg to forest bird food chains can be neglected. Given the
absence of even-MIF (Δ200Hg) processes in forests,69,70 we
estimated contributions of atmospheric Hg2+ and atmospheric
Hg0 to the forest bird food chains using the Hg even-MIF
mixing model

+ =f f 11 2 (13)
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× + × =f fHg Hg Hg200
1 1

200
2 2

200
organisms (14)

where f1 is the atmospheric Hg2+ input contribution and f 2 is
the atmospheric Hg0 input contribution. Δ200Hg1 is the
signature of atmospheric Hg2+ inputs and obtained from our
previous results at Mt. Ailao (0.23 ± 0.04‰, 1SD).71 Δ200Hg2
is the signature of atmospheric Hg0 inputs (represented by the
foliage, −0.07 ± 0.04‰, 1SD). We used Monte Carlo
simulations to quantify uncertainties of the model results.4,50

These uncertainties are quantified by generating one million
groups of MIF signatures randomly ranging from mean − SD
to mean + SD to solve the Hg isotope mixing model. (The R
script can be found in Section S5, SI.)

Statistical analyses and linear fits were performed using
Origin Pro 2020 (Learning edition, Origin Lab). One-way
analysis of variance (ANOVA) was used for the significance
analysis when the data were normally distributed. Otherwise,
the Kruskal−Wallis test was used. The Pearson correlation
analysis was used to evaluate the correlation between the
variables. The significance levels were at P ≤ 0.05.

3. RESULTS
3.1. Analysis of Diet Composition of the Nestlings

from Video Recordings. We obtained high-resolution
recordings of 70 h from six Niltava nests with 1226 food
trips and 80 h from seven Flycatcher nests with 1550 food
trips. We identified 1126 of 1226 provisioning trips (91.8%) in
Niltava recordings and 1324 of 1550 provisioning trips in
Flycatcher recordings (85.4%). More details can be found in

Table S1. The prey mass was measured in 18 categories of prey
for Niltava (70.7% of total provisioning visits) and 15
categories of prey for Flycatcher (75.2%). The dry weight of
prey provided by adult birds to each nestling was estimated
based on visit frequency, nestling days, and prey dry weights
(Table S2). For the Flycatcher, the biggest dry mass estimation
(62.9%) came from canopy invertebrates (13.6 ± 12.4 g),
followed by emergent aquatic invertebrates (7.7 ± 1.9 g,
35.5%), and the lowest from forest floor invertebrates (0.3 ±
0.1 g, 1.6%). The Niltava had the largest dry mass estimation
(55.1%) from canopy invertebrates (16.1 ± 4.9 g), followed by
forest floor invertebrates (12.6 ± 1.0 g, 43.1%) and emergent
aquatic invertebrates (0.6 ± 0.1 g, 1.8%). More information on
bird ecological surveys is in Section S1, SI.
3.2. Hg Concentrations in the Forest Food Chains.

Figure 1A shows variations of MeHg and IHg in the food chain
components (Table S3). For the basal resources, the water
body (i.e., detritus-submerged) had the highest MeHg
concentrations (3.2 ± 1.5 ng g−1, n = 6), followed by the
forest floor (i.e., litterfall and humus) with the 0.5 ± 0.5 ng g−1

(n = 6), and then the canopy (i.e., fresh leaves) with a value of
0.02 ± 0.01 ng g−1 (n = 3). The IHg concentrations in canopy
fresh leaves (28.9 ± 6.1 ng g−1) were significantly lower than
those of forest floor (IHg = 178.8 ± 101.8 ng g−1) and water
body (IHg = 134.8 ± 54.2 ng g−1) (all P < 0.05), but there was
no significant difference between IHg concentrations in basal
resources of forest floor and water body (P > 0.05).

Invertebrates showed a similar pattern to basal resources.
The canopy invertebrates (MeHg = 5.7 ± 10.3 ng g−1, IHg =

Figure 1. Changes of methylmercury (MeHg) and inorganic mercury (IHg) (on dry weight basis, ng g−1) in the organisms along the forest bird
food chains (A). The arrows between birds and prey items indicate the transfer of Hg mass from invertebrates to bird nestlings (B). Boxplot
elements in panels (A−F) show the median (midline), mean (star), the interquartile range of 25 and 75% percentile (box boundaries), data points,
and standard deviation. The letter in (A1)−(A6) denotes the statistical difference at the 95% confidence level. CA is short for canopy, WB for water
body, and FF for forest floor.
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21.3 ± 11.5 ng g−1, n = 42; two spiders were excluded due to
outlier values) had the lowest concentrations compared to
those of the forest floor invertebrates (MeHg = 24.2 ± 15.4 ng
g−1, IHg = 680.5 ± 462.1 ng g−1, n = 9) and the emergent
aquatic invertebrates (MeHg = 116.2 ± 159.8 ng g−1, IHg =

373.9 ± 221.1 ng g−1, n = 8) (all P < 0.05). There was no
significant difference in the MeHg and IHg concentrations
between the forest floor and emergent aquatic invertebrates
(all P > 0.05). The IHg concentration was comparable in the
feather of Niltava and Flycatchers nestlings (224.9 ± 79.6

Figure 2. Linear regressions between log10[MeHg] or [IHg] and δ15N and trophic levels (TLs) for Flycatcher nestlings (A, B) and Niltava nestlings
(C, D); heatmap of the apparent biomagnification factors (ABMFs) for bird−prey pairs (E). Blank cells in panel (E) indicate that no instances of
predation between the bird−prey pairs were found. The heatmap displayed the computation of the mean values for each species/category, and
Table S5 includes the ABMFs based on min, max, and median.
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versus 275.6 ± 87.5 ng g−1, P > 0.05), but a significant
difference was in MeHg (426.5 ± 91.1 versus 260.1 ± 115.0 ng
g−1, P < 0.05).
3.3. Hg Transfer from Invertebrates to Birds. The

arrows in Figure 1B show the transfer of the Hg mass from
invertebrates to birds. Each Niltava nestling took up 712 ± 227
ng MeHg during 15 days of observations, with 78% of total
MeHg from forest floor invertebrates (557 ± 188 ng). Each
Flycatcher nestling took up 516 ± 383 ng MeHg with 59%
from emergent aquatic invertebrates (302 ± 167 ng) and 40%
from canopy invertebrates (207 ± 345 ng). For IHg, each
Niltava nestling took up 5497 ± 1396 ng with 90% of IHg
from the forest floor invertebrates (4930 ± 1387 ng). The
Flycatcher took up 4406 ± 1523 ng IHg with 86% from the
emergent aquatic invertebrates (3759 ± 1486 ng).
3.4. Hg Bioaccumulation in Forest Food Chains. We

observed a significant increase of δ13C and δ15N values from

basal resources of the canopy (i.e., fresh leaves) to those of the
forest floor (i.e., litterfall and humus) and the water body (i.e.,
litterfall-submerged and detritus-submerged) (R2 = 0.69, P <
0.01; Figure S1). The trophic levels (TLs) of the organisms
from the forest bird food chains ranged from 0.9 to 3.7 (Tables
S4 and S7).

Significant biomagnification of MeHg occurred in the two
food chains but not for the IHg. For the flycatcher’s food
chain, TMSMeHg was 0.26 ± 0.05 and TMFMeHg was 7.4 ± 1.4.
For Niltava, the food chain, TMSMeHg was 0.27 ± 0.05 and
TMFMeHg was 8.1 ± 1.5. The values of log10 IHg to δ15N
showed an insignificant correlation to the trophic levels (TLs)
in two food chains (Figures 2A−D and S3). We calculated the
apparent biomagnification factor (ABMF) based on the mean,
minimum, maximum, and median MeHg and IHg concen-
trations of each category. Ninety-nine percent of ABMFMeHg
and 81% of ABMFIHg were greater than 1 (Table S5). The

Figure 3. Hg isotopic signatures of basal resources and invertebrates (prey items) in panels (A) and (B). The Hg isotopic signatures of
precipitation were obtained from an earlier study at Mt. Ailao.71 The Hg isotopic fingerprints of bird nestlings and their prey items ((C) and (D)
for Flycatcher, (E) and (F) for Niltava). The filled boxes represent the measured Hg isotopes of the birds, while open boxes refer to the predicted
values (and SD). The error bar represents ±1 standard deviation (1σ). The shaded boxes in panels (A) and (B) indicate the SD range of the
isotopes of precipitation Hg2+, and panels (C)−(F) indicate the SD range of the Hg isotopes for the predicted and measured values of the nestlings.
Panels (A)−(F) share the same legend items.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c10972
Environ. Sci. Technol. 2024, 58, 6007−6018

6012

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10972/suppl_file/es3c10972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10972/suppl_file/es3c10972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10972/suppl_file/es3c10972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10972/suppl_file/es3c10972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10972/suppl_file/es3c10972_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10972?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c10972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ABMFMeHg exhibited higher values than the ABMFIHg, and the
highest ABMFs were found in bird−canopy prey pairs (e.g.,
ABMFMeHg up to 26 304 and ABMFIHg up to 39 for
Flycatcher), followed by bird−forest floor prey pairs (e.g.,
ABMFMeHg up to 19 and ABMFIHg up to 0.3 for Flycatcher),
and then bird−water body prey pairs (e.g., ABMFMeHg up to 8
and ABMFIHg up to 0.6 for Flycatcher) in Figure 2E.
3.5. Hg Isotopic Signatures in Forest Food Chains.

Figure 3 shows the Hg isotopic compositions (Tables S6 and
S8). The fresh leaves of the canopy exhibited average values of
δ202Hg = −3.21 ± 0.47‰, Δ199Hg = −0.39 ± 0.04‰, and
Δ200Hg = −0.07 ± 0.04‰ (n = 3). The litterfall and humus of
the forest floor exhibited average values of δ202Hg = −2.17 ±
0.34‰, Δ199Hg = −0.46 ± 0.04‰, and Δ200Hg = −0.04 ±
0.04‰ (n = 6). The litterfall-submerged and detritus-
submerged in water had average values of δ202Hg = −1.8 ±
0.26‰, Δ199Hg = −0.49 ± 0.10‰, and Δ200Hg = −0.02 ±
0.04‰ (n = 5).

The forest floor invertebrates showed average values of
δ202Hg = −2.28 ± 0.42‰, Δ199Hg = −0.49 ± 0.15‰, and
Δ200Hg = −0.02 ± 0.04‰ (n = 9), comparable to the values of
their food sources (all P > 0.05). The emergent aquatic
invertebrates showed average values of δ202Hg = −2.20 ±
0.74‰, Δ199Hg = −0.34 ± 0.09‰, and Δ200Hg = −0.02 ±
0.05‰ (n = 4). The Δ199Hg of the emergent aquatic insects
was 0.15 ± 0.13‰ higher than the values of their food sources
(P < 0.05). The canopy invertebrates showed a large range of
Hg isotopes, with an average δ202Hg of −1.23 ± 1.10‰,
Δ199Hg of 0.20 ± 0.44‰, and Δ200Hg of 0.01 ± 0.07‰ (n =
17). Both their δ202Hg and Δ199Hg were higher than the values
of their food sources (P < 0.05, by the Kruskal−Wallis test).
The canopy invertebrates also showed significantly higher
δ202Hg and Δ199Hg values than the forest floor invertebrates
and the emergent aquatic invertebrates (all P < 0.05). A
significant positive correlation existed between Δ199Hg and
Δ200Hg of the canopy invertebrates and leaves (Figures 3B and
S4).

The Hg isotopic signatures of nestling feathers of two bird
species were within the range of their preys. No significant
differences between the Hg isotopic compositions of the two
bird species were found (for Flycatcher: δ202Hg = −1.60 ±
0.19‰, Δ199Hg = −0.12 ± 0.07‰, Δ200Hg = −0.02 ±
0.04‰; and for Niltava: δ202Hg = −1.54 ± 0.14‰, Δ199Hg =
−0.02 ± 0.24‰, Δ200Hg = 0.01 ± 0.08‰).

4. DISCUSSION
4.1. MeHg Biomagnification from Basal Resources to

Invertebrates. The MeHg levels of basal resources follow the
descending order of water body > forest floor > the canopy.
The higher MeHg levels in the water body and forest floor
basal resources are caused by the higher IHg concentrations
and anoxic conditions favoring the microbial conversion of IHg
to MeHg.2,6,10 The positive shifts in δ13C and δ15N during the
litterfall decomposition process (R2 = 0.69, P < 0.01; Figure
S1) also indicate the degradation of litter by bacteria and/or
fungi.54 The higher shifts of δ13C than δ15N can be explained
by the much faster C mineralization than N during the litter
decomposition processes.72,73

We observed that the biota-soil accumulation factor of
MeHg (BSAFMeHg,) for the invertebrate−basal pairs was
highest in the canopy, followed by the forest floor and then
the water body (Table S6). The highest BSAFMeHg of
invertebrate−basal pairs in the canopy is due to the very low

MeHg concentration in fresh leaves, thus magnifying the value
of BSAFMeHg.

61,74 The forest floor invertebrates and the
emergent aquatic invertebrates have a MeHg concentration 5−
20 times higher than the value of the canopy invertebrates,
respectively (Figure 1A). The elevated MeHg concentrations
in forest floor invertebrates and emergent aquatic invertebrates
are contributed by two factors. One is the much higher MeHg
levels in basal resources of the water body and the forest floor.
The other is a longer food chain. The trophic levels depicted
by δ15N suggest that the canopy invertebrates have the shorter
food chain lengths than the emergent aquatic invertebrates
(2.3 ± 0.7 versus 3.3 ± 0.2, P < 0.05; Figure S2). MeHg
concentrations in emergent aquatic invertebrates span a large
range (Figure 1B), indicating the complexity of the food
chains. The earlier study showed that the detritus was initially
transformed into bacterial and fungal biomass, then consumed
by small predators (e.g., protists), and finally consumed by
invertebrates.75 Some invertebrates also directly consumed
detritus and litters.54,61 The longer food chain could lead to
greater MeHg biomagnification in invertebrates.
4.2. Foraging Microhabitat Niche Influencing the Hg

Biomagnification. The forest located at Mt. Ailao, SW
China, has been identified as a distinct atmospheric Hg sink
with an annual deposition of 50−80 μg m−2 year−1.72,76 Thus,
we speculated that forest birds at Mt. Ailao could face high
risks of MeHg exposure. The nestling feather MeHg levels
(426.5 ± 91.1 for Niltava and 260.1 ± 115.0 ng g−1 for
Flycatchers) in our study are significantly higher than previous
observations on typical insectivorous Tit nestlings from the
remote pine forest (Parus major, 79.1 ± 28.0 ng g−1)30,51 and
urban green parks (Parus monticolus, 115 ± 31 ng g−1)52 in
subtropical regions. Additionally, MeHg levels in our study are
comparable to those of Phoebe nestlings (Sayornis phoebe, 420
± 180 ng g−1) in a temperate forest highly impacted by the
agriculture load inputs.77 These comparisons confirm our
hypothesis of a high Hg exposure risk to forest birds at Mt.
Ailao.

Insectivorous songbirds are recognized to be highly
vulnerable to the adverse effects of mercury (Hg) expo-
sure.19,23,78 However, few studies discussed the impact of
foraging microhabitat niches on the risks of Hg exposure
among sympatric insectivorous songbirds. The sampling in this
work was conducted in the same habitats within a narrow
geographic region (the furthest sampling nest was less than 4
km away) using consistent tissues (feathers of 15 day old
nestlings). These allowed examination of the effect of the
species-specific foraging microhabitat niche on Hg exposure.

In both food chains, MeHg was biomagnified significantly,
with little biomagnification for IHg. The feather of Niltava
nestling had significantly higher MeHg levels than the feather
of Flycatcher nestling (426.49 ± 91.16 versus 260.07 ± 115.05
ng g−1, P < 0.05) due to the stronger MeHg biomagnification
of Niltava compared to that of Flycatcher (8.1 ± 1.5 versus 7.4
± 1.4 in per trophic level).

The difference in the foraging microhabitat niche is the main
cause for the elevated MeHg level in the feather of Niltava
nestling. Niltava hunts in the understory layer primarily (e.g.,
forest floor and lower canopy), while Flycatcher generally
hunts in the upper canopy layer (Section S1). Flycatcher
nestling food is primarily sourced from canopy invertebrates
and emergent aquatic invertebrates. In contrast, Niltava
nestling food is mainly sourced from lower canopy
invertebrates and forest floor invertebrates (Table S2). The
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MeHg levels in the forest floor invertebrates much higher than
those in the canopy invertebrates transfer more MeHg from
invertebrates to Niltava nestlings (Figure 1).

A distinct MeHg mass transfer from emergent aquatic
invertebrates to Flycatcher nestlings was also identified. This is
because the emergent aquatic invertebrates (e.g., Tipulidae
spp.) bloomed during the observation period and these
invertebrates flew to the upper canopy and were preyed on
by the Flycatcher. This study illustrates that MeHg can be
transferred from aquatic to terrestrial ecosystems. Earlier
studies also showed that the emergent invertebrates were the
primary cause of the elevated MeHg levels observed in
songbirds nearby the aquatic ecosystems.39,77,78

4.3. Hg Isotopic Signals in Forest Bird Food Chains.
We observed similar δ202Hg values in both forest floor
invertebrates and their basal resources as well as in the
emergent aquatic invertebrates and their basal resources. This
indicates that the insignificant MDF occurs during the transfer
of Hg at low trophic levels.34,36,38 It is noted that the
mechanisms of δ202Hg shift in the trophic level transfer or
internal metabolism in invertebrates are still poorly under-
stood.29,36

The insignificant difference in Δ199Hg between the forest
floor invertebrates and their basal resources also suggests that
the small odd-MIF occurs during the Hg trophic transfer. The
Δ199Hg values in the emergent aquatic invertebrates were
similar to those in forest floor invertebrates, rather than sharing
the positive value found in the rainfall (atmospheric Hg2+, 0.48
± 0.02‰).71 The original food and nutrient resources for
emergent aquatic invertebrates are from detritus-submerged
due to little plankton being found in these water bodies.
Another possible cause for the negative Δ199Hg value in the
emergent aquatic invertebrate is that the input of upland forest
runoff water is likely associated with the negative Δ199Hg
signals due to the forest organic soil Hg dissolution.79,80 Given
that Δ199Hg in emergent aquatic invertebrates is 0.15 ±
0.13‰ higher than those in detritus-submerged, a fraction of

atmospheric Hg2+ deposition was also possibly incorporated
into the food resources of emergent aquatic invertebrates.

The δ202Hg and Δ199Hg values in the canopy invertebrate
samples (δ202Hg = −1.23 ± 1.10‰, Δ199Hg = 0.20 ± 0.44‰,
n = 17) were much more positive than those of fresh leaves, as
well as of invertebrates from the forest floor and the water
body (all P < 0.05). A portion of invertebrate samples
exhibited positive Δ200Hg values (up to 0.09 ± 0.07‰, 2SD).
A significant positive correlation was found between Δ199Hg
and Δ200Hg in canopy invertebrates and leaves (R2 = 0.44, P =
0.001; Figures 3B and S4). These Hg isotopic shifts of canopy
invertebrates cannot be explained by microbial/photodegrada-
tion of MeHg (or reduction of Hg2+)27,38 or internal
metabolism of Hg by invertebrates,29,36 since these processes
do not induce an even-MIF. Given the positive values of
Δ199Hg and the positive Δ200Hg signals in atmospheric Hg2+81

and the elevated precipitation Hg2+ deposition flux (29.7 μg
m−2 year−1) at Mt. Ailao,82 we speculated that a fraction of
atmospheric Hg2+ was incorporated into canopy invertebrates,
causing the positive Δ200Hg and Δ199Hg values.

Two bird nestlings exhibit different dietary compositions,
MeHg sources, and levels. Nevertheless, their feathers exhibit
comparable total Hg isotopic signatures (Figure 3C−F). This
is because of the overlap of Hg isotopic compositions between
emergent aquatic invertebrates and forest floor invertebrates.
This is supported by the Hg isotopic mass balance during Hg
transfer from invertebrates to nestlings (Figure S5). The forest
floor invertebrates (>84%) are the primary contributor to the
δ202Hg and Δ199Hg values in Niltava, and the signal from
emergent aquatic invertebrates (>85%) dominates the δ202Hg
and Δ199Hg values in Flycatcher. Both emergent aquatic and
forest floor invertebrates shared similar Hg isotopic signals of
decomposed forest litter or litter-submerged invertebrates
(Figure 3A,B).

The predicted Hg isotopic values (except the Δ200Hg) were
calculated by Hg isotopic mass balance (Section S4), which did
not completely match the measured values in birds (Figure

Figure 4. Results of Hg isotopic mixing model showing source contribution of atmospheric Hg0 and precipitation Hg2+ to the organisms along the
forest bird food chains.
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3C−F). The predicted δ202Hg value is comparable to the
measured δ202Hg for Niltava (Figure 3E) but has a lower
predicted value for Flycatcher (Figure 3C). The predicted
Δ199Hg values for both species are lower than the measured
values. We attributed the discrepancy to several causes. One is
that the remaining ∼30% (percentage of total food trips) of
unknown food items might cause uncertainties in predicting
Hg isotopes of nestling feathers. Additionally, MeHg and IHg
may have individual Hg isotopic compositions,83,84 but the
model applies THg isotopic compositions for predicting the
Hg isotopes in feathers. Finally, the maternal transfer is an
additional cause51,85 since adult birds have a larger foraging
range, obtain different Hg isotopic signatures before
breeding,51 and then transfer these signals through egg-
laying.86

We suggest that the last two causes seem more important.
We compared the difference in %MeHg (i.e., the ratio of
MeHg over THg) across trophic levels and observed the
significant correlations between %MeHg and δ202Hg (or
Δ199Hg). These correlations indicate that MeHg and IHg
may have individual Hg isotopic compositions. However, %
MeHg only explained less than 20% variations of δ202Hg and
Δ199Hg across trophic levels (Figure S6). This suggests other
Hg transfer pathways (e.g., maternal transfer), which, with
different Hg isotopic signatures or fractionations, exist across
the trophic levels.
4.4. Quantifying Hg Sources in Forest Bird Food

Chains. Figure 4 shows that atmospheric Hg0 is the main Hg
source for most organisms in the food chains (15 out of 18 of
the total measured species/category organisms, with >68%
contribution from atmospheric Hg0), except for 3 categories of
canopy invertebrates (∼50% were from atmospheric Hg2+).
The higher contribution of atmospheric Hg2+ for the canopy
invertebrates can be explained by invertebrates’ direct or
indirect uptake of cloudwater and fog containing high MeHg
concentration87,88 and positive Δ199Hg and Δ200Hg signals.81

Our earlier work at Mt. Ailao has suggested that the moss and
lichen on the canopy samples show Δ199Hg and Δ200Hg
contributions from atmospheric Hg2+.89 Canopy invertebrates
fed on these canopy biomasses can inherit the contribution of
the atmospheric Hg2+ input. These observations indicate that
MeHg in precipitation and fog may shape the MeHg
biomagnifications in some canopy invertebrates and then
transferred into the canopy birds.

5. IMPLICATIONS
Previous studies have established that bird MeHg levels were
linked to their diets (with MeHg levels in the order of
carnivores/piscivores > insectivores > omnivores > herbivores)
and trophic position.11,14,23 This study shows that forest
insectivorous songbirds that forage on the forest floor (i.e., the
understory insectivorous songbirds) are more vulnerable to
MeHg exposure than songbirds that typically forage in the
canopy. Montane forests are often characterized by humid
conditions, high atmospheric Hg deposition loading through
foliage uptake, and therefore favorable for the methylation on
the forest floor.3,40,41 Our study highlights that deposited
atmospheric Hg is methylated into MeHg and then
biomagnified in birds fed on the forest floor. We recommend
further assessments on MeHg exposure for understory
insectivorous birds and its ecological implication. This enables
the understanding of how the change of atmospheric Hg

loading can influence the risk of remote wildlife subject to
global Hg pollution.

Given mainly MeHg elevated biomagnification in food
webs,19,22,61 the total Hg isotopes may not effectively elucidate
Hg transfer in food chains.83,84 The discrepancy between the
predicted and measured Hg isotopic values of birds in this
study confirms this hypothesis. We recommend further studies
to use the speciation Hg isotopes, specifically MeHg isotopes,
to trace the Hg transfer in forest bird food chains.
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