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21 ABSTRACT

22 The mechanism of elemental mercury (Hg0) re-emission from vegetation to the atmosphere is 

23 currently poorly understood. In this study, we investigated branch-level Hg0 atmosphere-foliage 

24 exchange in a pristine evergreen forest by systematically combining Hg isotopic composition, air 

25 concentration and flux measurements to unravel process information. It is found that the foliage 

26 represents a diurnally changing sink for atmospheric Hg0 and its Hg content increases with leaf age 

27 and mass. Atmospheric Hg0 is the dominant source of foliar Hg and the involvement of HgII is not 

28 supported by isotopic evidence. Upon Hg0 uptake, maturing foliage becomes progressively 

29 enriched in lighter Hg isotopes and depleted in odd mass isotopes. The measured isotopic 

30 composition of foliage Hg and isotopic shift caused by Hg0 evasion from foliage supports that Hg0 

31 emitted from foliage is derived from Hg previously metabolized and bound in the leaf interior then 

32 subsequently recycled after reduction, and not merely a retroflux of recently deposited Hg0 on the 

33 foliar gas-air interface. An isotopic differential mass balance model indicates that the proportion of 

34 foliar Hg0 efflux to uptake gradually increase from emergence to senescence with an average flux 

35 ratio of 30%.

36
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38 1. INTRODUCTION

39 Mercury (Hg) is a persistent pollutant that cause health and ecological concerns globally. 

40 Gaseous elemental mercury (Hg0), the primary form of Hg in the atmosphere, goes through 

41 deposition and re-emission cycles after it is released and is transformed in multiple 

42 environmental compartments 1. Globally, forest ecosystems emerge as a net sink of atmospheric 

43 Hg0 which may divert nearly ~20% of its total burden (5000 Mg) annually 2, 3. Nonetheless, a 

44 lack of understanding in spatial and temporal forest-soil-atmosphere Hg0 exchange causes large 

45 uncertainties for constraining Hg0 exchange over natural surfaces globally 4, 5. There remains 

46 considerable unknowns in the sources and sinks of Hg0 in forest vegetation, the extent of partial 

47 re-emission back to the atmosphere and its governing processes, and the effect of environmental 

48 controls on the magnitude and dynamics of Hg0 fluxes 6-10.

49 Previous investigations using enriched isotopic spikes and non-isotopic, total Hg measurements 

50 mainly focus on the quantification of air-foliage exchanges 6. These studies have limitation in 

51 separating the evasion and deposition fluxes. Recent advancements in stable Hg isotope 

52 techniques reveal that Hg translocation and transformation processes in forest ecosystems 

53 produce specific signals of mass-dependent fractionation [MDF, reported as δ202Hg 11] and 

54 mass-independent fractionation [MIF, reported as Δ199Hg/Δ200Hg/Δ201Hg 11] 12, 13, 14. It has been 

55 suggested that dry deposition of Hg0 to pristine biomes accounts for a substantial portion of 

56 atmospheric Hg deposition 15-18. Although isotopic data on bulk foliage and ambient air have 

57 been recently reported 8, 12, 13, 16, 19, information on the dynamic Hg0 flux components is largely 

58 unknown, in addition to the lack of understanding on the progression of Hg isotope ratios in 

59 forest foliage from emergence to senescence. It has been suggested that re-emission of Hg0 

60 from foliage is triggered by continuously photo-reduction of HgII previously retained by leaf 16, 

61 17, 19, since substantial odd-MIF signatures are primarily of photochemical origin 20. However, 

62 little is known about the isotopic shift caused by the re-emission of Hg previously deposited on 

63 natural surfaces. 

64 The objective of this study is to isotopically examine foliar air-surface exchange in ambient air 

65 Hg-free air exposures to understand the process of Hg0 uptake and re-emission by forest 

66 vegetation. Concurrent, temporally-resolved measurements of Hg0 concentration and foliage-

67 atmosphere Hg0 exchange in a pristine evergreen forest were conducted to discern the 

68 progression of Hg content and isotopic composition in leaf from emergence to senescence 

69 caused by the uptake and re-emission cycle. Selected experiments were also performed to 

70 understand the forms of atmospheric Hg deposited on foliage and the role of natural light in 
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71 facilitating the re-emission process. An isotope mixing model was constructed to understand 

72 the impact of the foliage uptake of elemental Hg vapor on the lifetime and isotopic shift of 

73 atmospheric Hg at a global scale.

74   

75 2. METHODS

76 2.1 Site description. The study site is located within the experimental area of the Ailaoshan Station for 

77 Subtropical Forest Ecosystem Research Studies (ASSFERS, 24°32′N, 101°01′E, 2476 m elevation), 

78 Yunnan province, China. The site description has been discussed in detail in in Section 1 of the 

79 Supplementary Information.  Briefly, the canopy level is dominated by old-growth (stand age > 300 yr) 

80 and evergreen beech species (canopy coverage ≥ 85%), such as Lithocarpus chintungensis, Lithocarpus 

81 xylocarpus (LX) and Castanopsis wattii (CW). Schima noronhae (SN), Rhododendron leptothrium and 

82 Manglietia insignsis in the sub-canopy. Our study focused on the foliage of the three dominant species 

83 LX, CW and SN, which cumulatively account for ~55% of the tree density (2728 ha-1).

84 2.2 Ambient air and flux measurement. The progression of foliar Hg0 uptake and gas 

85 exchange over the growing season was examined through field measurement incorporating 

86 branch enclosures 6-10 with analysis of regularly harvested plant leaves. Although the enclosure 

87 flux method has inherited limitations such as induced greenhouse effects and isolation from 

88 ambient air, it is regarded as one the most versatile approaches to quantify the air-surface 

89 exchange of Hg0 vapor due to its reliability, field applicability and its versatility for 

90 investigating environmental factors4, 21, 22. 

91 Branch-level foliar air-surface Hg0 exchange measurements were conducted using two Tedlar® dynamic 

92 flux bags (DFBs) coupled with an automated Hg vapor analyzer (Model 2537X, Tekran Instruments Corp., 

93 Canada) via a synchronized four-port sampling system (Tekran Model 1115) for sequential Hg analysis 

94 of air entering and exiting each of the DFBs. A detailed scheme of the experimental set-up (Fig. S1), a 

95 comprehensive description of the operating procedure, calculation of Hg0 fluxes, sampling of Hg0 vapor 

96 for subsequent measurements of mercury isotope, as well as the calibration of instrument and measures of 

97 quality control are presented in Section 2 of the Supplementary Information. The bi-directional air-foliage 

98 exchange fluxes were measured over the three predominating tree species. Hg0 vapor in the air near the 

99 inlet and from the outlet of the DFBs was also sampled using chlorine-impregnated activated carbon (ClC) 

100 traps23 for determination of stable Hg isotopes. Each ClC-trap sample represents an integrated signal for 

101 both daytime and nighttime processes during each experimental cycle (~4 days). The air sample 
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102 concentration and Hg mass sampled in each ClC trap are shown in Table S5-S8. The mean 

103 capture efficiency of atmospheric Hg0 by ClC traps was 100.1±10.4% (±1σ, n=62).

104 2.3 Foliage sample collection and preparation. Following an experiment, the enclosed foliage was 

105 harvested to determine the single-sided projected leaf area using a calibrated computer scanner and digital 

106 image processing software (NIH, USA). Independently, current-year leaves of the investigated species 

107 were collected in the community at approximately 10 m above ground level (~40% of the average canopy 

108 height) every month during March 2016 – March 2017 (~10 – >360 days age). The leaf area of each 

109 collection batch was determined as aforementioned. Subsequently, the leaves were air-dried and ground 

110 to a fine powder by a pre-cleaned blender. A portion of the sample was analyzed for total Hg content by a 

111 Lumex RA-915 analyzer (Lumex Ltd., Russia) equipped with a pyrolysis attachment (detection limit: 1 

112 ng g-1) 24. The method recovery was 97.6 ± 6.1 % (n = 4) using a BCR® certified reference material (BCR-

113 482, 480±20 ng g-1) and the uncertainty for all samples of replicates is <5%.

114 2.4 Sample pre-concentration and stable Hg isotope measurement. The exposed ClC traps (for 

115 ambient air and DFB outlet air with a Hg0 mass load > 10 ng) and foliage samples were processed using 

116 a double-stage offline combustion-trapping technique25 to pre-concentrate the captured Hg into 5-ml 

117 oxidizing trapping solution of 40% mixture of nitric and hydrochloric acid (“reverse aqua regia”, 

118 HNO3:HCl = 2:1, v/v). The Hg isotope composition were measured by MC-ICP-MS using a Nu II Plasma 

119 mass spectrometer (Nu Instruments, UK). A detailed scheme of the experimental set-up, a comprehensive 

120 description of the operating procedure, and reproducibility of isotope measurements can be found in 

121 Section 3 of the Supplementary Information. Following Blum and Bergquist11, MDF is reported as δ202Hg 

122 (‰) = 1000 × [(202Hg/198Hg)sample/(202Hg/198Hg)NIST3133 - 1] and MIF is calculated as ΔxxxHg = δxxxHg − 

123 δ202Hg · βxxx, where βxxx is 0.252 for 199Hg, 0.502 for 200Hg, and 0.752 for 201Hg, respectively.

124 2.5 Quality Assurance/Quality Control. Fig. S2 shows the effects of chamber heating and 

125 wall condensation during the measurement. Briefly, the temperature and RH inside the flux bag 

126 was 0.6±1.8 C higher and 3.1±6.1% lower than the values outside, respectively, indicating a 

127 mild greenhouse effect on the foliage under the high purging flow. After each experiment, there 

128 was no visual difference between enclosed and unenclosed plant materials. In addition, the 

129 measured fluxes are statistically different from the chamber blanks (average 0.009 ± 0.027 ng 

130 m-3, n = 72, Fig. S3). Furthermore, measurements made with empty flux bags show Hg isotopic 

131 composition of ambient air samples at the inlet were essentially identical to values found at the 

132 outlet (differences between the two ports: δ202Hg:0.03±0.05‰, Δ199Hg:0.00±0.02‰, 

133 Δ200Hg:0.02±0.00‰, Δ201Hg: -0.01±0.01‰, n=3, ±1σ, Table S1). Based on the data, the 
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134 influences caused by system artifacts (e.g., sorption-desorption, chamber heating and wall 

135 condensation) on the measured fluxes and isotopic compositions are negligible given the 

136 experimental conditions. The enclosed leaf area ranges from 0.124 to 0.565 m2 (0.36 m2 on 

137 average) during the entire experiments (details shown in Table 1). The difference of Hg 

138 concentration between the inlet and outlet air ranges from -2.2 to 0.3 ng m-3 (mean: -0.29 ng 

139 m-3, Figure S3). Such difference was up to 20 times higher than the lower measured limits of 

140 Tekran 2537X (0.1ng m-3). Given the -1 to -3 ‰ shift of δ202Hg during Hg0 uptake by foliage 

141 and distinct Hg0 uptake in flux bag, the signals of air-foliage flux and shifts of Hg isotopic 

142 compositions can confidently detected.

143

144 3. RESULTS AND DISCUSSION

145 3.1 Air-leaf Hg0 exchanges under ambient and treatment conditions. Eight Hg0 flux measurement 

146 campaigns were conducted for each of species Lithocarpus Xylocarpus (LX), Castanopsis Wattii (CW) 

147 and Schima Noronhae (SN) from April 2016 to January 2017. Three experiments were conducted using 

148 Hg free air for observing Hg0 re-emission from foliage. The other five campaigns observed the flux 

149 behavior under ambient air exposure. The experiments in two out of the five campaigns were performed 

150 by blocking the light from the foliage (dark treatment). The net Hg0 flux was negative in all but two 

151 campaigns (Table 1), indicating Hg0 uptake by leaves. Different flux values were observed for the 

152 species investigated. Cumulative foliar uptake decreases in the order CW > SN > LX (Table 1).

153 Air-foliage Hg0 exchange is controlled by many factors, such as the meteorological conditions 

154 (light, temperature, humidity, etc.), air Hg0 concentration (Fig. S4), and vegetation species 9, 26, 

155 27. The observed Hg0 fluxes in individual campaigns exhibited significant (p < 0.001, 2-tailed t-test) 

156 positive correlations with PAR (0.45 ≤ r ≤ 0.95) and air temperature (0.33 ≤ r ≤ 0.82), and anti-

157 correlations with air humidity (−0.88 ≤ r ≤ −0.21) and air Hg0 concentration (−0.61 ≤ r ≤ −0.18).

158 Air-surface exchange of Hg0 is bi-directional with alternating periods of emission and deposition 

159 being commonly observed during a day 28-30. The diurnal features shown in this study are based on 

160 the mean values measured in the sampling period and shown each subplot. The observed fluxes show 

161 small deposition at night and gradually shift to evasion at mid-day, then to deposition again in early 

162 evening (Fig. S5-S7). The dark treatment (Table 1 [#2 and #4], and Table S3) diminishes the mid-

163 day evasion originally observed under sunlight (significantly lower, p < 0.001, t-test), suggesting that 

164 the transient evasion is induced by light 6, 10.
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165 The study site locates in subtropical evergreen forest regions, and has distinct dry (November to May) 

166 and rainy seasons 2. The warmer and wetter climate in rainy season leads to rapid vegetation growth. 

167 Not surprisingly, the net flux in the rainy season (mean flux is -0.41± 0.28, -0.94 ± 0.13, and -1.60 ± 

168 0.41 ng m-2 h-1 for LX, CW and SN, respectively) is much more negative than the flux in the dry 

169 season (mean flux is 0.19± 0.34, -0.63 ± 0.89, and -0.38 ± 0.21 ng m-2 h-1 for LX, CW and SN, 

170 respectively). The stronger observed Hg0 sink caused by foliage uptake in rainy season is consistent 

171 with earlier studies. Earlier long-term whole-ecosystem Hg0 fluxes studies reveal growing-

172 seasonal trends of the flux direction and magnitude that are influenced by environmental and 

173 biological factors 29-32.

174 Experiments performed under controlled environment conditions provide process insights for 

175 air-foliage Hg0 exchange 33-35.  Consistent Hg0 re-emission from foliage is observed with Hg-free 

176 air as the purging gas (Fig. S8 – S10). The variation of such Hg0 re-emission is influenced by PAR. 

177 Peak fluxes were observed for all species in early afternoon (12–14 hrs) in good correlations with 

178 PAR (0.79 ≤ r ≤ 0.97, Table S4). The most positive fluxes were found in the dry season (Table 1) 

179 during which the magnitude of Hg0 evasion followed the order LX ⋍ CW (~2.5 ng m-2 h-1) >> SN 

180 (~0.7 ng m-2 h-1). During the moist June and July with diminished PAR levels, foliar Hg0 efflux from 

181 LX and CW was reduced to less than one-third of the original flux; while the flux for SN was 

182 moderately decreased.

183 A significant difference was found in Hg0 re-emission using Hg free air between the untreated and 

184 treated (washed) enclosed branches. The untreated group has approximately 30% greater fluxes 

185 compared to the treated group (Table 1). Presumably, the lowered net emission flux from washed leaves 

186 is presumably derived from the removal of deposited HgII species (particulate matters deposited on 

187 leaves prior to experiments) that otherwise may gradually undergo reduction and subsequent Hg0 

188 evasion. Another possible reason is that the leaf washing may change surface chemical properties, 

189 such as removal of waxes and associated sorption sites, which can possibly modify the uptake and re-

190 emission processes 36, 37.

191 3.2 Hg isotope signatures in air, dynamic flux components and foliage. It has been shown that 

192 Hg stored in foliage is derived primarily from atmospheric Hg0 uptake 15-17. Lighter Hg isotopes 

193 in air are preferentially accumulated in the foliage, causing a -3.0‰ to -1‰ δ202Hg shift (MDF) 

194 between air and foliage 12, 20, 38. Re-emission of Hg0 also tends to release lighter Hg isotopes. 

195 Atmospheric Hg0 oxidation has been proposed as the main cause for even-MIF 20, 39 based on 

196 the distinct ∆200Hg signatures (range: 0.08-1.18‰, mean: 0.25 ± 0.19‰, n=47, ±σ) observed in 
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197 precipitation at remote sites (p < 0.05, by one sample t-test), while most other environmental samples 

198 showed ~ 0 ∆200Hg. 16, 40-42. The odd-MIF is primarily explained by two mechanisms: magnetic isotope 

199 effect (MIE) 43 and nuclear volume effect (NVE) 44. The odd-MIF fractionation departs during HgII 

200 photo-reduction (MIE) depending on electron donor ligands that form complexes with HgII 45. Positive 

201 (+) odd-MIF is typically found in the re-emitted Hg0 from the reduction of Hg complexes containing 

202 reduced sulfur functional groups (e.g., Hg-SR), while HgII photo-reduction in an oxygen-donor 

203 environment typically yields (−) odd-MIF 16.

204 In this study, Hg isotopic composition differed substantially between investigated reservoirs and fluxes 

205 within the forested ecosystem as showed in the triple signature (δ202Hg−∆199Hg−∆200Hg). Air from the 

206 DFB inlet or outlet position and foliage of various ages showed insignificant values oscillating near 

207 zero in ∆200Hg (Tables S5 – S10). In the ∆199Hg- δ202Hg space, Fig. 1 depicts the characteristics of 

208 ambient air Hg0 samples collected at the forest site for the whole year (δ202Hg0 = 0.26 ± 0.39‰, 

209 Δ199Hg0 = −0.16 ± 0.12‰, n=27) and the isotopic data ranges for relevant pools reported in previous 

210 forest studies 8, 14, 16, 17, 19. This isotope signature of Hg0 overlaps with observations made in China8, 

211 19and US forests16 (all p>0.05, One-Way ANOVA). 

212 Examination of the isotope composition of juvenile leaves (10-15 days old sprouts with a total Hg 

213 content of 6.4 ± 0.8 ng g-1 representing pooled samples from several trees of each species; LX: δ202HgII 

214 = 0.50 ± 0.09‰, Δ199HgII = −0.24 ± 0.04‰; CW:  δ202HgII = -0.03 ± 0.11‰, Δ199HgII = −0.11 ± 

215 0.04‰; SN: δ202HgII = -0.22 ± 0.09‰, Δ199HgII = −0.23 ± 0.04‰) shows unanimously characteristic 

216 of ambient air Hg0 but differs substantially from that of open field precipitation with positive Δ199HgII  

217 (Fig. 1), implying foliar Hg uptake derives from stomatal uptake of Hg0. 

218 In contrast to the Hg pool in sprouts, Hg in current-year growing foliage shifts during the initial 

219 months rapidly towards distinctly negative δ202Hg-signatures (Fig. 1 & 2b). Concurrently, a slower 

220 progression towards negative odd-MIF is apparent (Fig. 2a). After approximately 2 – 4 months of age 

221 depending on species, the leaf MDF decline levels off at an average 2.7–3.1‰ lower δ202Hg than that 

222 of ambient Hg0. Such trend can be attributed to several causes. One is that the Hg concentration in 

223 the leaves is rising (Fig. 2c) and the assimilation rate is decreasing (Fig. 2d). Such trend of 

224 assimilation rate means the fraction involved in the reaction is decreasing, thus leading to a 

225 swiftly decreasing fraction and increasing MDF. Another possibility is that additional Hg uptake 

226 is “diluted” by existing Hg accumulated in foliage, thus results in a slower change in fractionation of 

227 202HgII. Furthermore, As the foliage matures, the gradually increased Hg re-emission sends 

228 (-)MDF back to ambient air and induces a (+)MDF in foliage, which is supported by the 
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229 experiments conducted using Hg-free. The reemission process can partly offset the (-)MDF 

230 caused by foliage uptake. Nevertheless, all species displayed a continued foliar Hg assimilation 

231 through the growing season (Fig. 2c & Table S11). In contrast to MDF shift, there is a continually 

232 augmented negative shift in odd-MIF (Fig. 2a). This can be explained by the different mechanisms 

233 causing MDF and MIF during foliage growth since MIF is merely triggered by photo reduction 

234 followed by Hg0 re-emission. The oldest leaves (~1-year age) before senescence exceeds a mean total 

235 Hg content of 50 – 80 ng g-1 (dry weight basis) and displays Δ199Hg from −0.47 to −0.34‰ depending 

236 on species. 

237 As a composite, the isotopic signature of the air samples from the DFB outlet (corresponding to −2.57 

238 ≤    ≤ 0.53 ng m-2 h-1, n = 36) during ambient air exposure of foliage represents a range (δ202Hg0 𝐹𝐻𝑔0

239 = 0.86 ± 0.74‰, Δ199Hg0 = −0.03 ± 0.12‰) complementary to that of maturing foliage in the δ202Hg–

240 ∆199Hg space (Fig. 1). Moreover, the enrichment of heavier isotopes (δ202Hg0 up to 2.49‰) in the 

241 outlet air (generally deficits in Hg0) displays a significant negative correlation (p < 0.001, two tailed 

242 t-test) with the Hg0 deposition flux. The associated Williamson-York bivariate regression fit in Fig. 

243 3a shows that the magnitude of MDF of Hg0 in exchanged ambient air decreased with weaker net 

244 flux. The MDF level increases in the order LX (δ202Hg0 = 0.33 ± 0.08‰, n = 12) < SN (δ202Hg0 = 

245 0.93 ± 0.38‰, n = 12) < CW (δ202Hg0 = 0.96 ± 0.64‰, n = 12) following the order of cumulative 

246 foliar uptake observed. The Hg0 efflux under Hg-free air displays δ202Hg at −2.47 ± 0.68‰ (n = 18), 

247 slightly more negative than that of foliage but not significant (an average of -0.15‰ shift, p=0.69, by 

248 two-tailed independent samples test, Table S6, S7 & S10). This shift is most likely caused by the dilution 

249 of the re-emission induced (+) MDF signal by the Hg stored in foliage, or by secondary transformation 

250 in foliage (e.g., Hg adsorption-desorption in leaf interior), and then offset by (-) MDF during Hg0 uptake 

251 process. 

252 On the other hand, there is a significant anti-correlation between odd-MIF (∆199Hg0 in Fig. 3a) and   𝐹𝐻𝑔0

253 , revealing the role of foliage as a bi-directional exchange surface where Hg0 uptake and re-emission 

254 take place simultaneously (i.e., Hg0 uptake rate positively correlates with Hg0 re-emission rate). The 

255 magnitude and range (~0.4‰) of ∆199Hg-values observed in ambient air exchange did not approach the 

256 positive odd-MIF observed in the uni-directional Hg0 flux using Hg free air as purging gas. Interestingly, 

257 the isotopic identity (in terms of positions in the Δ199Hg - δ202Hg space) of the efflux observed using 

258 Hg-free inlet air (i.e., Air modified by foliar Hg0 re-emission in Figure 1) is distinct from the signatures 

259 observed under ambient air (i.e., air modified by foliar Hg0 uptake in Figure 1). The efflux samples have 

260 positive odd-MIF signatures (Δ199Hg = 0.17 ± 0.20‰; Δ201Hg = 0.29 ± 0.25‰) in contrast to ambient 

261 air and leaf samples. Such (+) odd-MIF in Hg0 re-emissions is consistent with Hg complexes formed 
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262 with reduced sulfur functional groups (e.g., Hg-SR) 16. 

263 Associated with Hg-free air supply, in the range 0.06 - 0.91 ng m-2 h-1 is insignificantly correlated 𝐹𝐻𝑔0 

264 with δ202Hg (p = 0.21, two-tailed test in correlation analysis) but displays larger correlations with odd-

265 MIF (Δ199Hg & Δ201Hg, p = 0.01 & 0.03, two-tailed test in correlation analysis, Fig. 3b).  Meanwhile, 

266 we also found that such odd-MIF is also positively correlated to PAR (R2=0.63, p < 0.01, two-tailed test 

267 in correlation analysis, Fig. S11). These correlations hint that that increased intensity of PAR inducing 

268 more Hg0 released, the continuous photoreduction gradually increase more Hg0 release and the 

269 magnitude of MIF signatures in the smaller Hg pool remaining in the stomatal cavities. Meanwhile, 

270 there is a strong negative correlation between odd-MIF versus leaf area (Fig. S12). Such a correlation 

271 indicates that a larger leaf area facilitates stronger photoreduction and thus promotes re-emissions 

272 driving a more negative odd-MIF signature in leaf samples. The stronger photoreduction also imposes 

273 a greater influence on leaves containing smaller foliar Hg mass in same area. 

274 This isotopic evidence supports that Hg0 emitted from the foliage is predominantly derived from Hg 

275 previously metabolized (oxidized), bound in the leaf interior and then subsequently recycled upon 

276 reduction, instead of merely a retroflux of recently air-exchanged Hg0 by the foliar gas-air interface. 

277 This is supported by several observations. First, the Hg isotopic signatures of efflux samples under Hg-

278 free air differ from the signatures of ambient air samples. Specifically, the large shift in Δ199Hg0 of 

279 +0.45‰ compared to ambient air Hg0 suggests photo-reduction and then Hg0 re-emission from foliage. 

280 Second, foliar Hg odd-MIF shows a significant decreasing trend from leave emergence to 

281 senescence, suggesting that Hg0 emitted from leaf interior. This is because Hg0 re-emission from 

282 foliage surface alone cannot explain such a trend, as the bulk of leaf Hg was found in the tissue 

283 compartment (90−96%) with lesser amounts in the surface and cuticle compartments 27. Although the 

284 mobilization of the foliar internal Hg0 pool is accentuated with Hg-free air as the flushing gas, the action 

285 of this flux component under ambient conditions confirmed in this study helps explain the trend towards 

286 more negative Δ199Hg in maturing foliage. Finally, similar δ202Hg0 and Δ199Hg0 values were observed 

287 for washed and regular foliage (p>0.05, 2-tailed paired t-test). This is cannot solely explained by 

288 foliage surface chemistry change due to leaf washing 36, 37 and Hg0 emitted from newly deposited Hg 

289 on leaf surfaces because of washing leading to only 30% smaller Hg0 re-emission from wash foliage 

290 surface than regular foliage. It is more plausible that Hg0 re-emitted was from the leaf interior. 

291 3.3 Mechanism through specific diagnostic ratios of compartment odd-MIF. MIE and NVE 

292 have been shown to fractionate specific Δ199Hg/Δ201Hg ratios in the range of 1.0 - 1.3 and 1.6 20, 38, 

293 respectively, during reduction of HgII 46. The ∆199Hg vs. ∆201Hg plot of Fig. 4 shows the isotopic identity 
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294 of investigated forest ecosystem gas exchange components. The ambient air Hg0 samples fall within a 

295 narrow ∆199Hg - ∆201Hg space (−0.3 < ∆xHg < 0.0‰) and display a Δ199Hg/Δ201Hg slope from a 

296 Williamson-York regression of 1.16 ± 0.17 (n = 27) that aligns within uncertainties to that of a previous 

297 study of isotope composition of Hg0 in ambient air of rural China 19. In turn, forest ecosystem gas 

298 exchange Hg0 fractionates along a similar slope (1.08 ± 0.08, n = 36). In contrast, maturing foliage 

299 samples progress along a slope of 0.97 ± 0.08 (n = 34) on which also the identity of leaf sprouts overlays. 

300 The slope and negative shift in MIF (~–0.25‰) during this progression may serve as an indicator of the 

301 reduction pathway as it is characteristic of the reaction mechanism. The photo-reduced Hg0 pool coupled 

302 to the measured uni-directional Hg0 flux data (foliar re-emission from Hg-free air experiments) 

303 displays complementary positive ∆Hg-values. However, it intriguingly exhibits a slope of 0.79 ± 0.06 

304 (n = 18), divergent from that of foliage. Since a slope of Δ199Hg/Δ201Hg <<1 lacks the characteristics of 

305 any known elementary processes, the result may be considered as a net MIF combining various MIF 

306 effects in multiple pathways with MIE being the dominant process. 

307 Leaves are regarded as thin and well-mixed water pools 47. Nevertheless, the equilibration of in-vivo 

308 oxidized HgII with dominant Hg-binding groups of leaf tissue 16 may cause discernible MDF- and MIF-

309 shifts between the tissue-bound HgII and HgII in dissolved aqueous phase 48. Our observations prompt 

310 that the photo-reduction yields a net (–)MIE in the foliar HgII pool in contrast to, e.g., natural waters 49, 

311 50 , inferring that the key ligands of HgII in this system are -SH/-SR groups that form strong Hg-S bonds 

312 (log Ks > 20) 51. Photoreduction of HgII bound with extracellular thiol species, such as cysteine, 

313 glutathione and methionine, fractionates with a Δ199Hg/Δ201Hg-ratio of ~1.2 45. Another pathway 

314 potentially causing Hg-MIF in foliage is abiotic dark reduction by dissolved organic matter 52. Its odd-

315 isotope enrichment factor [ε199
product/reactant = –0.19 46] is smaller but of opposite sign to that of photo-

316 reduction [ε199
product/reactant = 0.69 46], making it isotopically traceable. However, no such evidence can be 

317 found in our data. In addition, if abiotic dark reduction dark reduced HgII would make up a considerable 

318 fraction of daily foliar Hg0 re-emission, the impact of NVE-driven MIF should shift the observed 

319 Δ199Hg/Δ201Hg-ratio towards 1.6. 

320 Zheng et al.  52 demonstrated that MDF shifts are typically associated with NVE. However, we found 

321 that the δ202Hg in the efflux gas under Hg-free gas supply is comparable to signals in foliage (p=0.69, 

322 by 2-tailed independent samples test). The observed δ202Hg changes in foliage cannot be solely 

323 attributed to the NVE process. As discussed previously, several causes can lead to the change of δ202Hg 

324 in foliage. The δ202Hg in foliage can be influenced by the atmospheric Hg0 assimilation rate in foliage, 

325 and dilution by large Hg reservoir in foliage. Specifically, atmospheric Hg0 uptake by mature 

326 foliage can induce (+) 1-2% shift in δ202Hg of efflux Hg0, thus largely offsetting the (-) MDF caused 
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327 by Hg0 re-emission.

328 To quantitatively understand the accumulation of Hg in foliage through atmospheric Hg uptake 

329 followed by re-emission, a differential mass accumulation model estimating the progression of foliar 

330 MDF and odd-MIF was developed. The formulation and solution of the model are detailed in Section 4 

331 of the Supplementary Information. The model results were compared to the observations of time-

332 resolved evolution of Hg isotopic composition for SN, LX and CW. The combined measurements of 

333 Hg concentration and isotopic composition in ambient air and Hg0 flux components collectively suggest 

334 that at any time the air-leaf Hg0 gas exchange is bi-directional as shown Fig. S13 that both uptake and 

335 emission occurred progressively over time, although foliar Hg0 re-emission gains incrementally Hg 

336 mass during day-time following insolation. Both Hg uptake and re-emission increase with the foliage 

337 growth. The model results suggest that the average of annual re-emitted Hg0 accounts for 29% of Hg0 

338 gross uptake by CW foliage, 26% for SN, and 42% for LX, respectively (Fig. 2d).  It should be noted 

339 that this model still has significant uncertainties (Fig. S14). Based on the variability of the 

340 observed data from the selected values for the isotopic endmembers, we estimated that the 

341 uncertainty to be in the rage of 25% to 83% (mean: 56%). The sources of uncertainty are primarily 

342 contributed from variable leaf mass and specific leaf area in a given forest ecosystem.

343 4. IMPLICATIONS

344 This study presents for the first-time direct evidence for perpetual foliar Hg0 re-emission that 

345 directionally counteracts on foliar Hg0 uptake and that carries an isotopic signature of (−) MDF and (+) 

346 odd-MIF distinguishable from those of the gas-exchange end members foliage and atmospheric Hg0. 

347 Our observations contradict the notion that Hg assimilated in the leaf interior (tissue) becomes 

348 withdrawn from current Hg0 interfacial gas exchange. Instead, the leaf metabolized Hg during the 

349 growing season is stored as HgII and becomes partially recycled to air by interior photo-reduction and 

350 subsequent evasion. The isotopic signature of ambient air where foliar Hg0 uptake occurs is 

351 complementary to the trend of δ202Hg–∆199Hg space of maturing foliage. Results from an isotopic 

352 differential mass balance model infers that the proportion of foliar Hg0 efflux to uptake gradually 

353 increase from emergence to senescence with an average flux ratio over 30%. 

354 Previous studies have suggested that foliage has a potential application as a passive biomonitor of 

355 atmospheric Hg 15, 53, 54. However, our study clearly demonstrates that foliar Hg content and its isotopic 

356 composition are dynamically shaped by bi-directional flux components influenced by the foliage age, 

357 species, and insolation level among other parameters. Caution is therefore warranted when using 

358 biomass as a proxy in assessing atmospheric Hg input to terrestrial ecosystems. Furthermore, results by 
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359 global Hg models 38 using isotopic fraction show discrepancies between the predicted odd-MIF in 

360 atmospheric Hg0 (substantially negative since oceanic photo-reduction is considered the primary MIF 

361 inducing process) and actual observations (near-zero values). Given the measured (+) odd-MIF in 

362 foliar re-emission and the massive scale of vegetation over the continents, it is conceivable that this 

363 atmospheric source of (+) odd-MIF caused by re-emission can make up for the model-estimated 

364 budget inconsistency. Moreover, if the similar degree of reemission occurs throughout global 

365 forest ecosystems, the actual gross of Hg0 by foliage would be greater than the sequestered Hg 

366 through litterfall (1000~1200 Mg) 2, 3. More measurements are needed to confirm whether the 

367 re-emission behavior is consistent at global forest sites.
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368 Table 1. Summary of air-leaf Hg0 fluxes measured by the DFB technique (including data within ±σ of the measured DFB blank, % of (significant) flux data outside 

369 this interval is listed below) with data deriving from washed foliage within parenthesis, ambient air Hg0 concentrations and auxiliary meteorological and 

370 environmental observations (presented as 40 min averages) during the eight campaigns for each of the species LX, CW and SN.

Species Variable Ambient #1 Ambient #2 (dark) Ambient #3 Ambient #4 (dark) Ambient #5 Zero #1 Zero #2 Zero #3

Date 7 – 10 April, 2016 11 – 14 April, 2016 25 – 28 Sept. 2016 29 Sept. – 2 Oct. 2016 26 – 31 Dec., 2016 3 – 7 April, 2016 1 – 5 July, 2016 26 – 30 July, 2016

Hg0 flux

(ng m-2 h-1)

0.53±0.24

 (0.30 ± 0.16)

0.13±0.17

(0.04 ± 0.13)

−0.41±0.28

(−0.36 ± 0.18)

−0.63±0.27

(-0.86 ± 0.27)

−0.16±0.10

(−0.39 ± 0.23)1

0.91±0.43

(0.41 ± 0.18)

0.27±0.12

(0.15 ± 0.05)

0.22±0.12

(0.20 ± 0.11)

Leaf concentrations (ng g-1)3 6.3± 1.7 6.3± 1.7 19.9± 6.2 19.9± 6.2 42.6 6.3± 1.7 10.3 ± 0.2 13.4 ± 0.2

% flux data > blank2 52 (39) 22 (14) 94 (95) 100 (100) 87 (95) 62 (50) 100 (100) 99 (97)

Air Hg0 conc. (ng m-3) 1.59 ± 0.06 1.66 ± 0.08 1.81 ± 0.31 1.89 ± 0.57 1.64 ± 0.21 0.01 ± 0.01 0.002 ± 0.004 0.002 ± 0.005

Leaf area (m2) 0.124(0.225) 0.124(0.225) 0.353(0.372) 0.353(0.372) 0.394(0.391) 0.124(0.225) 0.358(0.542) 0.530(0.435)

PAR photon flux (µE m-2 s-1) 126.7 ± 202.7 ⎯ 29.9 ± 41.2 ⎯ 24.5 ± 37.4 97.8 ± 153.7 25.9 ± 32.2 43.8 ± 66.3

Air temperature (oC) 14.3 ± 1.9 14.7 ± 2.2 15.6 ± 2.0 14.6 ± 2.9 6.6 ± 1.4 12.0 ± 1.5 15.2 ± 0.7 15.1 ± 1.6

Lithocarpus 

xylocarpus

Air humidity (%) 35.0 ± 5.9 52.0 ± 10.9 91.7 ± 7.8 91. 2 ± 9.2 90.1 ± 8.3 76.7 ± 9.4 98.5 ± 2.5 90.9 ± 6.8

Date 23 – 27 March, 2016 30 – 31 March, 2016 16 – 19 Sept., 2016 20 – 23 Sept. 2016 21 – 25 Dec., 2016 17 – 20 March, 2016 24 – 28 June, 2016 19 – 23 July, 2016

Hg0 flux

(ng m-2 h-1)

−0.57±0.81

(0.13 ± 0.44)

−0.37±0.16

(-0.19 ± 0.21)

−0.94±0.13

(−0.33 ± 0.29)

-2.57±0.24

(-1.46 ± 0.26)

−0.68±0.08

(−0.95 ± 0.11)1
0.60 ± 0.76

(0.49 ± 0.63)

0.16±0.09

(0.15 ± 0.09)

0.11±0.03

(0.06 ± 0.02)

Leaf concentrations (ng g-1)3 6.5 ± 0.7 6.5 ± 0.7 39.1 ± 8.9 39.1 ± 8.9 64.2 6.5 ± 0.7 21.1 ± 2.9 33.5± 8.5

% flux data > blank2 100 (100) 100 (100) 100 (92) 100 (100) 100 (99) 46 (39) 100 (100) 100 (53)

Air Hg0 conc. (ng m-3) 3.86 ± 1.41 1.52 ± 0.05 1.46 ± 0.15 3.32 ± 0.20 1.27 ± 0.07 0.01 ± 0.03 0.005 ± 0.006 0.000 ± 0.005

Leaf area (m2) 0.274(0.299) 0.274(0.299) 0.563(0.403) 0.563(0.403) 0.309(0.421) 0.274(0.299) 0.916(0.509) 0.435(0.482)

Castanopsis watii

PAR photon flux (µE m-2 s-1) 115.0 ± 174.5 ⎯ 22.9 ± 31.5 ⎯ 20.3 ± 30.8 115.3 ± 198.7 46.5 ± 69.1 16.0 ± 18.8

1 Refer to dark and not to wash treatment
2  > 0.027 ng m-3 (1σ of the measured DFB blank) |𝐶𝑜𝑢𝑡 ― 𝐶𝑖𝑛|
3 The accurate sampling time is shown in the Table S 11
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Species Variable Ambient #1 Ambient #2 (dark) Ambient #3 Ambient #4 (dark) Ambient #5 Zero #1 Zero #2 Zero #3

Air temperature (oC) 9.8 ± 3.1 12.6 ± 2.5 14.6 ± 1.5 11.8 ± 1.1 7.6 ± 1.0 10.9 ± 2.4 16.0 ± 1.4 13.7 ± 0.6

Air humidity (%) 71.4 ± 16.3 62.1 ± 11.2 91.9 ± 9.0 97.1 ± 3.7 88.7 ± 5.3 49.7 ± 10.3 95.8 ± 6.1 ⎯

Date 19 – 22 April 2016 25 – 28 April 2016 5 – 9 Sept., 2016 12 – 15 Sept. 2016 1 – 4 Jan., 2017 14 – 18 April, 2016 19 – 23 June, 2016 7 – 10 July, 2016

Hg0 flux

(ng m-2 h-1)

−0.16±0.04

(−0.12 ± 0.07)

−0.04 ± 0.05

(−0.06 ± 0.04)

−1.60±0.41

(−0.70 ± 0.33)

−0.65 ± 0.35

(−0.27 ± 0.18)

−0.60±0.17

(−0.84 ± 0.24)1
0.25±0.10

(0.19 ± 0.07)

0.12±0.04

(0.07 ± 0.02)

0.22±0.19

(0.14 ± 0.10)

Leaf concentrations (ng g-1)3 6.6 ± 0.6 6.6 ± 0.6 23.2 ± 5.2 23.2 ± 5.2 52.1 6.6 ± 0.6 11.6 ± 4.2 14.3 ± 1.6

% flux data > blank2 73 (68) 100 (100) 100 (100) 95 (92) 97 (98) 90 (48) 100 (100) 100 (100)

Air Hg0 conc. (ng m-3) 1.63 ± 0.07 1.51 ± 0.08 1.63 ± 0.21 2.11 ± 0.31 1.34 ± 0.20 0.01 ± 0.01 0.002 ± 0.004 0.002 ± 0.005

Leaf area (m2) 0.290(0.331) 0.290(0.331) 0.363(0.565) 0.363(0.565) 0.321(0.555) 0.290(0.331) 0.589(0.980) 0.523(0.681)

PAR photon flux (µE m-2 s-1) 86.2 ± 119.6 ⎯ 20.4 ± 26.6 ⎯ 17.5 ± 26.7 86.2 ± 119.6 18.8 ± 23.1 44.0 ± 83.1

Air temperature (oC) 11.8 ± 1.5 13.1 ± 2.4 15.1 ± 0.9 14.2 ± 2.1 6.6 ± 0.9 11.8 ± 1.5 14.2 ± 0.6 15.8 ± 1.7

Schima noronhae

Air humidity (%) 72.6 ± 4.6 68.8 ± 10.7 98.6 ± 1.9 91.8 ± 7.8 95.1 ± 4.5 72.6 ± 4.6 ⎯ ⎯
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372

373 Figure 1. Overview of observed Hg isotope composition in various aerial and aerial-influenced 

374 compartments of the ASSFERS forest ecosystem. Inlaid rectangles represent isotopic ranges 

375 reported in selected previous relevant studies which contain atmospheric Hg isotopic composition 

376 data from Fu et al. 8, open field precipitation Hg isotopic composition data from Demers et al. 16, 

377 and Chen et al. 40 and foliar Hg isotopic composition data from Demers et al. 16, Jiskra et al. 14, Yu 

378 et al. 19, and Zheng et al. 17. The filled arrows associated with “Maturing Foliage” and “Decreasing 

379 air Hg0” indicate the direction of δ202HgII (leaf) during foliage growing and δ202Hg0 in forest air 

380 during foliage Hg0 uptake process, respectively. The points marked “Air modified by foliar Hg0 re-

381 emission” in red and “Air modified by foliar Hg0 uptake” in green are the efflux observed using Hg-

382 free inlet air and ambient air inlet, respectively.

383
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384  

385

386 Figure 2. Mercury isotopic variations (a: ∆199Hg and b: δ202Hg) in leaves during foliage maturing in 

387 relation to surrounding ambient air.  Mercury content (c) and assimilation rate (d) variations in leaves 

388 during foliage maturing. Error bars indicate ± 2 and ±1 standard deviation for a & b and c & d, 

389 respectively. In addition, simulated assimilation rates (Supplementary Section 4) are inlaid in Panel 

390 2d. 
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391

392 Figure 3. (left panel, a) Scatterplots of δ202Hg and Δ199Hg signatures versus Hg0 flux from all DFB 

393 experiments using ambient air purging and (right panel, b) scatterplots of Δ199Hg and Δ201Hg signatures 

394 versus Hg0 flux from all DFB experiments using Hg free air purging. Error bars represent ± 2 standard 

395 deviation. The lines represent Williamson-York bivariate regression fitting. Each slope is given with one 

396 standard error of the mean and below the square of Pearson correlation coefficient (R2) and p-value 

397 ( two-tailed t-test) are added. 
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398

399 Figure 4. Mass-independent fractionation of odd isotopes (∆199Hg vs. ∆201Hg) of Hg0 in ambient air (blue 

400 filled triangles), in ambient air modified by foliar uptake (yellow filled crosses), Hg0 re-emissions (red filled 

401 stars) and HgII in maturing foliage (green filled diamonds). Linear fits are obtained from Williamson-York 

402 bivariate regression method. Each slope is given with one standard error of the mean. 
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