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20 Abstract

21 1. Anthropogenic aerosols could alter multiple meteorological processes such as radiation regime 

22 and air temperature, thereby modifying plant transpiration. However, the lack of field 

23 observations at leaf- and plant-level hinders our ability to understand how aerosols could affect 

24 plant water use. 

25 2. Aerosol concentrations in northern China fluctuates periodically over a wide range. Taking 

26 advantage of this unique natural experiment opportunity, we conducted a full series of 

27 supporting physiological and environmental measurements to explore aerosols' effect on leaf 

28 transpiration and sap flow in the field using poplar trees (Populus × canadensis Moench).

29 3. We found that high aerosol concentrations suppressed sun-leaf transpiration by reducing leaf-

30 to-air vapor pressure deficit (VPDleaf), while had no effect on shade-leaf transpiration mainly 

31 because the negative effect of reduced VPDleaf on transpiration offset the positive effects of the 

32 increased stomatal conductance (gs). As aerosol concentration increases, the gs of both sun and 

33 shade leaves decreased more rapidly with an increase in VPDleaf, which caused their 

34 transpiration rates to become less sensitive to VPDleaf. Similarly, aerosols reduced sap flow 

35 density and its sensitivity to VPD. 

36 4. Synthesis. Our study provided observational evidence on aerosols' effects on plant transpiration 

37 at the leaf and canopy scales. The reduced transpiration and stronger stomatal control indicated 

38 that plant water use becomes more conservative under elevated aerosol concentrations.
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44 Introduction

45 Heavy aerosol pollution occurs widely in rapidly developing regions (such as East and South-East 

46 Asia), as well as regions under the influence of desert dust (such as the Sahara) or biomass burning 

47 (such as the Amazonia) (Yoon et al., 2014, Mehta et al., 2016). By scattering and absorbing solar 

48 radiation, aerosols reduce total radiation but enhance diffuse radiation, and thereby generally cool 

49 the atmosphere (Gu et al., 2003, Niyogi et al., 2004, Xia et al., 2007, Lu et al., 2017, Rap et al., 

50 2018). Since both radiation regimes and air temperature have profound effects on stomatal 

51 behavior (Steiner and Chameides, 2005, Greenwald et al., 2006, Knohl and Baldocchi, 2008, Wang 

52 et al., 2018), aerosol induced changes in meteorological conditions could have complex impacts 

53 on leaf and canopy transpiration and thus plant water use. However, because few studies have been 

54 conducted with a full series of supporting physiological and environmental measurements, 

55 aerosol's effect on plant transpiration remains poorly understood. 

56 The rate of plant transpiration is proportional to the leaf-to-air vapor pressure deficit (VPDleaf) 

57 and the stomata conductance (gs) (Pieruschka et al., 2010, McElrone et al., 2013, McDowell and 

58 Allen, 2015). Aerosols could decrease VPDleaf due to its cooling effect and the accompanying high 

59 air humidity (Wang et al., 2018). The response of gs to increased aerosol concentrations is likely 

60 more complicated due to potential variation in processes that mediate plant photosynthesis. 

61 Aerosols could stimulate the gs of shade leaves as more diffuse light could illuminate the shade 

62 leaves and enhance their photosynthesis (Gu et al., 2003, Knohl and Baldocchi, 2008, Mercado et 
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63 al., 2009). Aerosols may also stimulate the gs of sun leaves because their photosynthesis rate could 

64 be enhanced by decreasing leaf temperatures (Tleaf) and alleviating the midday depression caused 

65 by supra-optimal Tleaf (Steiner and Chameides, 2005). The lower VPDleaf under high aerosol 

66 loadings could reduce plant transpiration; alternatively, the higher gs could stimulate it. These two 

67 processes simultaneously mediate plant water use, making it difficult to predict the response of 

68 plant transpiration to elevated aerosol concentrations. 

69 Aerosol exposure may also alter the sensitivity of plant transpiration to atmospheric demand 

70 for water (usually characterized by VPD). The majority of anthropogenic aerosols are highly 

71 hygroscopic. The deliquescence of hygroscopic aerosols could establish a saturated water film 

72 connection between the leaf surface and the stomatal walls. The osmotic potential of the water film 

73 drives liquid water to the leaf surface and then evaporates into the atmosphere, which has been 

74 characterized as hydraulic activation of the stomata (HAS) (Burkhardt, 2010, Burkhardt et al., 

75 2018). This HAS effect induced by aerosols could reduce stomatal control over plant water loss, 

76 and increase the minimum leaf conductance (Burkhardt, 2010, Burkhardt et al., 2018, Grantz et 

77 al., 2018), thereby reducing the tolerance of plants to meteorological drought (Burkhardt, 2010). 

78 However, as mentioned above, aerosol induces marked changes in radiation regime, VPD, and 

79 Tleaf, which could cause a faster and more substantial impact on plant transpiration (Steiner and 

80 Chameides, 2005, Knohl and Baldocchi, 2008, Kanniah et al., 2012, Wang et al., 2018), thereby 

81 counteracting or masking any effects of HAS. Even so, less attention has been paid to whether the 
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82 increase in aerosol concentrations could affect the sensitivity of gs and thus transpiration to 

83 meteorological drought. Climate changes will likely cause more frequent and severe 

84 meteorological drought in large areas of the world (Spinoni et al., 2020). Therefore, filling this 

85 knowledge gap is critical towards understanding plant water use efficiency in the future, 

86 considering the importance of meteorological drought in regulating stomatal behavior (Novick et 

87 al., 2016, Sulman et al., 2016, Yuan et al., 2019).

88 Furthermore, the direction and magnitude of aerosols' effect on plant transpiration rate could 

89 vary throughout the day. The diurnal patterns of transpiration rate depend upon a dynamic 

90 interaction between the endogenous physiological activities of the plant and the exogenous 

91 environmental conditions. Water transport within the plant root–xylem–leaf system has its 

92 endogenous diurnal rhythms (Du et al., 2011, Mallick et al., 2016). The effect of aerosols on 

93 radiation varies with the solar zenith angle (SZA). Compared to high SZA, aerosols cause a steeper 

94 decline in total radiation and a greater rise in diffuse radiation at low SZA conditions (Gu et al., 

95 1999, Xia et al., 2007, Zhang et al., 2011). In other words, the effect of aerosols on the 

96 photosynthetically active radiation (PAR) received by leaves, and thus leaf gs and transpiration, 

97 could be different as SZA varies from sunrise to sunset. Field observations are still needed to 

98 explore how aerosols could alter the dynamics of environmental factors and the responses of leaves 

99 and canopies over the day.
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100 To investigate the effects of aerosols on plant water use under field conditions, we intensively 

101 measured meteorological conditions, leaf gs, transpiration rate, and sap flow density of poplar trees 

102 (Populus × canadensis Moench) under natural in-situ aerosol exposure in Beijing, China, where 

103 the exceptionally wide range of aerosol fluctuations provided a unique opportunity to capture the 

104 response of plant transpiration to different aerosol concentrations (Guo et al., 2014, Wang et al., 

105 2018). To avoid the confounding effects of seasonal variations in radiation, air temperature, plant 

106 phenology, and cloud cover, we only used the data measured during July and August under cloud-

107 free skies. The strictly selected conditions ensured our study could effectively capture how 

108 aerosols affect leaf transpiration and sap flow density under natural conditions. We aimed to 

109 answer the following questions: How do elevated aerosol concentrations affect the meteorological 

110 conditions at different times of the day? How changes in meteorological conditions caused by 

111 elevated aerosol affect the diurnal course of transpiration of sun and shade leaves? Will aerosol 

112 exposure alter the sensitivity of leaf transpiration and sap flow density to changes in VPD? 

113 Materials and Methods

114 Site description 

115 The experimental site is located at the Forestry Experimental Station of the Institute of Botany, 

116 Chinese Academy of Sciences (39.98° N, 116.20° E, 74 m a.s.l.), Beijing, China. Climat at the site 

117 is temperate semi-humid monsoon, with a mean annual temperature of 13 C and a mean annual 
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118 precipitation of 600 mm. Figure S1 shows the annual variations of PAR, air temperature (Tair), 

119 precipitation, and relative humidity (RH) during the study period.

120 The high anthropogenic emissions and variation in atmospheric stability together cause the 

121 periodic fluctuations of aerosol concentrations in our study region (Guo et al., 2014, Fan et al., 

122 2018). The aerosol optical depth (AOD), a measure of the extinction of solar radiation by aerosol 

123 particles (Ramanathan et al., 2001), ranged from 0.047 to 1.8 at our site during the study period.

124 Plant materials and experimental conditions

125 Poplar is the most widely planted deciduous tree species in China, with land area planted with 

126 poplars amounting to approximately 7.0 million hm2 (Fang, 2008). Poplar is sensitive to 

127 atmospheric pollution and climate drought, making it an ideal study species to detect physiological 

128 responses to variations in aerosol concentrations (Karnosky et al., 2003, Wang et al., 2018, Wang 

129 et al., 2020). In this study, we chose a commonly planted hybrid poplar (Populus×canadensis 

130 Moench) as the model plant. We planted one P×canadensis Moench stand in 2011 with one-year-

131 old seedlings and another stand in 2015 with two-year-old seedlings. The poplar seedlings of the 

132 two stands had the same provenience and were planted on the open ground with a spacing of 1m 

133 × 1m. The seedlings were watered during the first growing season after planting to ensure their 

134 survival. 

135 During the study period, we measured tree height using an altimeter, the diameter of the stem 

136 at the breast height (DBH, 1 m above the ground) using an electronic vernier caliper, and the leaf 
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137 area index (LAI) using an AccuPAR Ceptometer (LP80, Decagon Devices, Inc., Pullman WA, 

138 USA). We also used an increment borer to take the increment cores and used an electronic vernier 

139 caliper to measure the depth of the sapwood. The average height, DBH, LAI, and sapwood 

140 thickness of the studied trees during each measurement year were shown in Table S1. 

141 Measurements of aerosol concentration and meteorological conditions 

142 Particulate matter less than 2.5 m in aerodynamic diameter (PM2.5, g m-3) is the main 

143 component of the anthropogenic aerosols in our study area, and is highly correlated with AOD (R2 

144 = 0.73, Figure S2). In this study, we used the level of AOD at 500 nm and PM2.5 concentration as 

145 the indicators for aerosol loading. The AOD at 500 nm was manually measured each hour from 

146 08:00 to 17:00 by a hand-held sun photometer (MICROTOPS II, Solar Light Company, Glenside, 

147 PA, USA) during cloud-free days in 2014 and 2015. The PM2.5 concentration was automatically 

148 measured every hour by Tapered Element Oscillating Microbalances (TEOM, RP1400a, Thermo 

149 Electron Corp., Beverly, MA, USA) at the air quality monitoring station of the Beijing Municipal 

150 Environmental Monitoring Center (BJMEMC, www.bjmemc.com.cn), located 1 km away from 

151 our study site. 

152 A weather monitoring system (EM50, Decagon Devices Inc., Pullman WA, USA) was 

153 mounted on the open ground at a height of 2 m to continuously monitor meteorological variables, 

154 including precipitation (measured using a High Resolution Rain Gauge, ECRN-100, Decagon 

155 Devices Inc., Pullman WA, USA), PAR (measured using a sensor with leveling plate, SP-110, 
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156 Apogee Instruments Inc., Logan UT, USA), air temperature and relative humidity (measured using 

157 a Temperature & Relative Humidity sensor, VP-3, Decagon Devices Inc., Pullman WA, USA), 

158 and soil moisture at depths of 15 cm and 40 cm (measured using a Water Content and Temperature 

159 sensor, 5TM, Decagon Devices Inc., Pullman WA, USA). All these variables were measured every 

160 30 seconds, and were recorded as 30-minute averages by a data logger. We also monitored the 

161 total, diffuse and direct radiation (W m-2) received by the land surface of the site using a Sunshine 

162 Pyranometer (SPN1, Delta-T Devices Ltd, Burwell Cambridge, UK), which were sampled every 

163 10 seconds and recorded as 30-minute averages. VPD was calculated using the measured air 

164 temperature and relative humidity. 

165 Measurements of leaf transpiration rate, gs, and microclimate

166 Leaf transpiration rates were measured hourly from 08:00 to 17:00 during cloud-free days using a 

167 Portable Photosynthesis System (LI-6400, LICOR Inc., Lincoln NE, USA) in 2014 and 2015 at 

168 the poplar stand planted in 2011. Three healthy sun and shade leaves with similar size and 

169 phenology stages located in different branches were randomly selected. The sun leaves were 

170 recently matured, located in the third to the fifth position from the apex of the branch. The shade 

171 leaves were fully matured and completely shaded inside the canopy. During each measurement 

172 date, the selected leaves were measured every hour in a fixed order. Measurements usually 

173 stabilized in 3 minutes after clamping the leaf in the chamber, and the data were logged when 

174 fluxes were stable over 10 seconds. 
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175 PAR received by the leaves, VPDleaf, Tleaf, and air vapor content (AVC) were simultaneously 

176 measured by self-contained sensors of LI-6400 when measuring leaf transpiration rates. Sun leaf 

177 transpiration rates were measured in 2014 and 2015, but shade leaf transpiration rates were only 

178 measured in 2015. To minimize the effects of leaf phenology, we only used the data collected 

179 during July and August. The dynamics of daily AOD, PAR, air temperature, and RH during cloud-

180 free days from July to August in 2014 and 2015 were shown in Figure S3. 

181 Measurements of stem sap flow density 

182 We selected 5 healthy trees with similar DBH and height from the stand planted in 2015, and 

183 measured their sap flow density using the thermal dissipation probe method (TDP) in 2017 and 

184 2018. For each selected tree, a pair of TDP probes with a diameter of 2 mm (TDP30, Dynamax 

185 Inc., Houston TX, USA) were inserted into the sapwood of the north side of the stem. The sapwood 

186 thickness of the studied trees ranged from 34.4 to 37.6 mm (Table S1). The TDP probes we used 

187 were 30 mm long, which ensured the sap flow density of the sapwood could be effectively captured. 

188 The upper probe was heated with a constant power of 0.20 W, and the lower probe served as a 

189 temperature reference. The temperature difference between the two probes is influenced by the 

190 heat dissipation of the sapwood due to water flux. When the water flux in the sapwood is high, the 

191 heat dissipation cools the heat source in the upper probe, reducing the temperature difference 

192 between the two probes. When the sap flow density is zero or minimal in the nighttime, the 

193 temperature difference between the two probes is maximal (Granier, 1987). Because we used 
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194 needles with smaller diameters than previous studies, we installed the paired probes with a shorter 

195 distance (4 cm) than these studies (10-15 cm) (Granier, 1987, Clausnitzer et al., 2011). The shorter 

196 distance reduced the natural thermal gradient, but could result in the heating of the up probe 

197 diffuses to the down one, especially during nighttime. Because aerosols’ impact on sap flow 

198 mainly occurred during noontime, this short distance should have a small impact on our findings. 

199 Both probes contained a copper-constantan thermocouple (T-type thermocouple) in the 

200 middle to detect the temperature around the probes. An aluminum box covered the sensor to 

201 prevent the disturbances of radiation, rainfall, and physical damages. The temperature difference 

202 between the two probes was measured every 30 seconds, and 30-minute averages were recorded 

203 by a data logger (DT80, Thermo Fisher Scientific, Waltham, MA, USA). Sap flow density was 

204 calculated with the Granier empirical equation: 

205 ,

206 where SFD (g m-2 s-1) is the sap flow density, TM (K) is the maximal temperature difference, and 

207 T (K) is the measured temperature difference. The relationship between SFD and temperature 

208 difference is conversed by an empirical coefficient of 11910-6 (Granier, 1987). Granier (1987) 

209 assumed that TM occurs every night when the sap flux reached zero. However, many studies have 

210 proved that the sap flow can continue throughout the night (Fisher et al., 2007, Zeppel et al., 2010). 

211 To improve the estimation of TM, we adopted the commonly used empirical moving window 

212 approach, which assumes that zero flux occurs only once within the selected time window (Moore 
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213 et al., 2008, Clausnitzer et al., 2011, Rabbel et al., 2016). In our study, we used a five-day moving 

214 window to determine TM so that the nocturnal sap flow could be effectively captured and the 

215 influence of data drift would be reduced. 

216 Statistical analysis

217 Diurnal dynamics of meteorological factors and leaf transpiration under different AOD 

218 conditions 

219 According to the Environmental Protection Control Standard of China, air quality can be broken 

220 down into different categories by the air quality index (AQI) scores (Hu et al., 2015). Based on 

221 these scores, the daily mean AOD at our study site during cloud-free days fell within three 

222 categories: excellent (0.1-0.3), good (0.3-0.6), and lightly polluted (0.6-1.6). It should be noted 

223 that the true "zero level" of AOD is hard to monitor in the field because anthropogenic and natural 

224 sources continue to emit gaseous precursors and aerosol particles into the atmosphere. To illustrate 

225 the diurnal course of meteorological variables and leaf transpiration under different aerosol 

226 conditions, we grouped the observations for each hour by three intervals (0.1-0.3, 0.3-0.6, and 0.6-

227 1.6) according to their AQI categories. The interval of AOD in 0.3-0.6 was absent for shade leaves 

228 because there was only one cloud-free day with AOD falling within the range of 0.3 to 0.6 in 2015. 

229 Before proceeding with further statistical analysis, data were tested for normality of 

230 distribution and homogeneity of variance using the Shapiro-Wilk test and Bartlett test, respectively. 

231 The non-normally distributed data were log-transformed to ensure normality. One-way analysis of 
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232 variance (ANOVA) was used to test whether aerosol concentrations had a significant impact on 

233 radiation, air temperature, PAR received by leaves, VPDleaf, Tleaf, AVC, and leaf transpiration for 

234 each hour from 8:00 to 17:00 of the day. 

235 The response of gs and leaf transpiration to changes in aerosol concentrations

236 We further explored the underlying mechanisms that drove the changes in transpiration of sun 

237 and shade leaves. We only used observations around noontime (11:00–14:00 with SZA less than 

238 40 degrees) for these analyses to reduce the confounding influence of the diurnal rhythm of leaf 

239 water potential. Linear regression was used to reveal the effect of aerosol loading on leaf 

240 transpiration rate, VPDleaf, and gs, respectively. Structural equation modeling (SEM) is a useful 

241 statistical procedure for assessing inter-relationships among observed variables (Grace, 2006). We 

242 conducted SEM to examine the causal pathways via which aerosol concentrations affected 

243 meteorological factors (PAR, Tair, and VPDleaf) and thus Tleaf and gs. 

244 The sensitivity of leaf water use to VPD under different aerosol conditions

245 To test whether aerosol loading can alter the sensitivity of leaf water use to VPD, we regressed 

246 transpiration and gs against VPDleaf for each AOD interval around noontime. We then conducted 

247 ANCOVA using the 'HH' package in R (Heiberger, 2016) to compare the slopes of the regressions 

248 between different AOD intervals. To further test whether changes in the meteorological condition 

249 under different aerosol loading could contribute to the changes in sensitivity of water use to VPD, 

250 we partitioned the range of the PAR and Tleaf level into 4 to 6 intervals of equal width. We then 
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251 regressed gs against VPDleaf for each PAR/Tleaf interval and test the statistical difference of 

252 regression slopes between different intervals by ANCOVA.

253 The response of sap flow density to changes in aerosol concentrations

254 To explore the effect of aerosol loadings on sap flow density, we selected the sap flow data 

255 collected during cloud-free and windless days from June and August in 2017 and 2018. Because 

256 it was difficult to match the high-frequency sap flow data with manually measured AOD, we 

257 matched the sap flow data with the automatic monitored PM2.5 concentration since it was highly 

258 correlated with AOD at our site (Figure S2). We calculated the averages of sap flow density, PM2.5 

259 concentration, and VPD for 24 hours (00:00–24:00). The first-order difference was used to remove 

260 the influence of seasonal trends in PM2.5 concentrations, sap flow density, VPD, and radiation 

261 (Wang et al., 2018). To investigate the difference of sap flow among different aerosol conditions, 

262 we further partitioned the range of daily PM2.5 concentrations (g m-3) into 4 intervals (0-20, 20-

263 40, 40-60 and 60-80 g m-3) and regressed sap flow density against VPD for each PM2.5 interval. 

264 We then assessed whether aerosol exposure altered the sensitivity of canopy water use to VPD by 

265 comparing the slopes at different PM2.5 intervals using ANCOVA.

266 All analysis was conducted in the software R 3.6.1 (R Core Development Team, 2019).

267

268 Results

269 Meteorological conditions under different aerosol loadings
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270 When analyzing the meteorological data on an hourly basis during the daytime (from 08:00 to 

271 17:00), the total radiation and direct radiation decreased significantly with increasing AOD in most 

272 hours. In contrast, the diffuse radiation increased substantially with increasing AOD at all hours 

273 (Figure 1a-c). Except for 08:00 and 12:00, air temperature at all other hours decreased significantly 

274 with the increase of AOD (Figure 1d). 

275 As AOD increased, PAR received by sun leaves decreased throughout the day (Figure 2a), 

276 but PAR received by shade leaves increased except for the late afternoon (Figure 2b). Leaf 

277 temperature (Tleaf) for sun leaves decreased with AOD except for morning hours (Figure 2c), but 

278 Tleaf for shade leaves was less affected by AOD (Figure 2d). High AOD was accompanied by high 

279 AVC (Figure S4). Together, these changes in Tleaf and AVC decreased VPDleaf under elevated 

280 aerosol concentrations for both sun and shade leaves (Figures 2e-f, S5). 

281 Aerosol effects on leaf transpiration rate and gs

282 Aerosol exposure reduced sun leaves' transpiration rate throughout the day, with the most 

283 considerable suppression around midday (Figures 3a, S6a). High AOD tended to increase the 

284 transpiration rate of shade leaves, but the effect was significant only at noon (Figures 3b, S6b). 

285 The transpiration rate of sun leaves around midday decreased by 0.23 mmol H2O m-2 s-1 for 

286 every 0.1 increase in AOD (Figure 4a). The reduced sun-leaf transpiration rate corresponded to a 

287 decrease in VPDleaf, while gs did not change (Figure 4c,e). With the increase in AOD, the VPDleaf 

288 of shade leaves decreased, but gs increased (Figure 4d,f). No significant correlation between the 
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289 transpiration rate of shade leaves and AOD was observed (Figure 4b). During our measurements, 

290 soil moisture did not vary with AOD and had no significant influence on transpiration (Figure S7).

291 The effects of aerosols on the sensitivity of leaf transpiration and gs to VPDleaf

292 The ANCOVA demonstrated that microclimate (PAR, Tleaf, and VPDleaf) showed similar responses 

293 to changes in aerosol concentrations under different AOD conditions (Figure S8). However, 

294 aerosol exposure altered the sensitivity of sun-leaf transpiration to VPDleaf, with a positive 

295 response to VPDleaf under low aerosol conditions, but no response under medium and high aerosol 

296 conditions (Figure 5a). The response of shade-leaf transpiration to VPDleaf was not significantly 

297 different between the low and high aerosol conditions (Figure 5b). As aerosol concentration 

298 increases, the gs of both sun and shade leaves became more responsive to VPDleaf. Compared to 

299 low aerosol conditions, sun leaf gs declined more rapidly with increasing VPDleaf under medium 

300 and high aerosol conditions (Figure 5c). Similar trends were observed for shade leaves, although 

301 the ANCOVA indicated that their responses were not statistically different under different aerosol 

302 conditions (Figure 5d).

303 Sun leaves received less PAR and had lower Tleaf under higher aerosol conditions (Figure 2a,c). 

304 The gs of sun leaves showed a negative response to VPDleaf when PAR was less than 1800 μmol 

305 m-2 s-1, but had no response to VPDleaf when PAR exceeded 1800 μmol m-2 s-1 (Figure 6a). The 

306 sensitivity of sun-leaf gs to VPDleaf decreased with an increase in Tleaf (P < 0.001). When Tleaf 

307 exceeded 37 ℃, sun-leaf gs no longer responded to changes in VPDleaf (Figure 6c). Shade leaves 
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308 received more PAR under high aerosol conditions (Figure 2b). The ANCOVA demonstrated that 

309 the sensitivity of shade-leaf gs to VPDleaf was enhanced significantly with the increase in PAR (P 

310 < 0.001, Figure 6b), but was not affected by changes in Tleaf (P = 0.88, Figure 6d). 

311 Aerosol effects on sap flow density

312 There was a significant negative correlation between detrended daily sap flow density and 

313 detrended daily PM2.5 concentrations (Figure 7a). In contrast, detrended sap flow density 

314 increased with detrended VPD. However, the sensitivity of sap flow density to VPD declined under 

315 higher PM2.5 conditions, as the ANCOVA demonstrated that the slopes between sap flow density 

316 and VPD decreased at higher PM2.5 (Figure 7b). 

317

318 Discussion

319 In this study, we monitored leaf transpiration, sap flow density, and meteorological conditions 

320 in the field under a wide range of aerosol concentrations during cloud-free days. Consistent with 

321 previous studies (Mercado et al., 2009, Doughty et al., 2010, Kanniah et al., 2012), we found that 

322 aerosols significantly reduced air temperature and PAR received by sun leaves, but increased PAR 

323 received by shade leaves because of the diffuse radiation fertilization effect (Figures 1, 2). The 

324 changes in canopy light condition and air temperature could greatly alter the microclimate of sun 

325 and shade leaves (Steiner and Chameides, 2005, Knohl and Baldocchi, 2008, Wang et al., 2018). 

326 Indeed, our SEM analyses indicated that aerosol's cooling effect on air temperature indirectly 
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327 reduced Tleaf for both sun and shade leaves (Figures S9, S11). An increase in aerosol concentration 

328 also altered the transpiration rates of sun and shade leaves and thus indirectly affected their Tleaf. 

329 However, the standardized total effect of Tair on Tleaf was much greater than that of leaf 

330 transpiration (Figure S9), suggesting that Tleaf was mainly affected by the exchange of sensible 

331 heat flux between leaf and air, rather than the cooling effect of transpiration.

332 Both VPDleaf and PAR could greatly influence leaf gs (Jarvis, 1976, Gao et al., 2002, Medlyn 

333 et al., 2011). The decrease in Tleaf and the accompanying high air humidity resulted in a significant 

334 reduction in VPDleaf for both sun and shade leaves under high aerosol conditions (Figures 2, S5). 

335 For the sun leaves, aerosol exposure did not alter their gs because the positive effect caused by 

336 lower VPDleaf offset the negative effect caused by the decrease in PAR received by sun leaves 

337 (Figure S10a). For the shade leaves, due to the dual positive effects of reducing VPDleaf and 

338 increased leaf received PAR, aerosol exposure increased the gs of shade leaves (Figure S10b). 

339 Since gs of sun leaf was not changed, the decrease in VPDleaf under high aerosol conditions 

340 significantly reduced sun-leaf transpiration (Figure 4a,c,e); Whereas the lack of response in shade 

341 leaf transpiration was due to the negative effect of lower VPDleaf offsetting the positive effect of 

342 enhanced shade leaf gs (Figure 4b,d,f). In addition to VPD, soil moisture is another critical factor 

343 regulating gs (Emanuel et al., 2007, Novick et al., 2016). However, as the study was conducted 

344 during the rainy season, soil moisture was maintained at a relatively stable level (0.15-0.20 m3 m-

345 3) and had no significant influence on transpiration (Figure S7). 
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346 Furthermore, we also found that aerosols' effect on transpiration was largest around midday 

347 (Figures 3, S6). This was mainly because the effect of aerosols on radiation was larger when the 

348 solar zenith angle was low (Gu et al., 1999, Xia et al., 2007, Zhang et al., 2011), and thus induced 

349 more significant changes in leaf micro-climate conditions, such as PAR, Tleaf, and VPDleaf (Figures 

350 2, S3). Because sun leaf transpiration decreased throughout the day, while shade leaf transpiration 

351 only increased around midday, we expected that aerosol loading would reduce canopy 

352 transpiration, rather than increase it as predicted by most model studies (Steiner and Chameides, 

353 2005, Knohl and Baldocchi, 2008, Liu et al., 2014, Lu et al., 2017). Indeed, our observations of 

354 stem sap flow confirmed this expectation: as aerosol loading increased, the daily average sap flow 

355 density decreased (Figures 7a, S12). However, the decrease in sap flow density could be because 

356 our young poplar trees have a relatively simple canopy structure, and sun leaf response played a 

357 dominant role in driving the whole tree transpiration (Knohl and Baldocchi, 2008, Lu et al., 2017). 

358 Unlike the young poplar plantation in our study, the natural forests are composed of trees with 

359 diverse ages and species and thus have a more complex canopy structure. As our field observation 

360 revealed that sun and shade leaf transpiration showed different response to increase in aerosol 

361 concentrations, we believed that improving the model representation of the sun and shade leaf 

362 fraction along the canopy vertical profile (Wu et al., 2017) should significantly improve the 

363 simulation of natural forest transpiration under elevated aerosols.
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364 In addition, our field observations further found that aerosol loading enhanced stomatal 

365 sensitivity to VPDleaf for both sun and shade leaves around midday (Figure 5c,d). The more 

366 effective stomatal control could be because aerosol loading altered micro-meteorological 

367 conditions within the canopy. For sun leaves, high aerosol loading resulted in a rapid decline in 

368 PAR received by the leaf surface, thereby reducing Tleaf (Figure 6a,c). Previous works suggested 

369 that stomata have a slow response to environmental stimuli when leaf temperature is between 35 

370 and 50°C (Wang et al., 2007, Weston and Bauerle, 2007, Ameye et al., 2012). In our study, we 

371 found that when temperature was higher than 35.5 ℃, sun leaf photosynthesis began to decline 

372 (Figure S13). The reduced stomatal control under high Tleaf (>35.5 ℃) could be due to the 

373 combined effects of the reduced carboxylation capacity and the accompanied low VPD (Lloyd, 

374 1991, Medlyn et al., 2011, Novick et al., 2016). High aerosol loading mitigated the heat stress for 

375 sun leaves and thus increased the sensitivity of gs to changes in VPDleaf. For shade leaves, where 

376 gs is usually strongly limited by the low light inside the canopy, the increased sensitivity of gs to 

377 VPDleaf appeared mainly because the aerosol-induced diffuse fertilization effect stimulated 

378 stomatal opening (Knohl and Baldocchi, 2008, Mercado et al., 2009, Wang et al., 2018). The 

379 enhanced blue light under aerosol loadings may also contribute to the stomatal response by 

380 regulating aperture (Urban et al., 2007, Dengel and Grace, 2010), although we did not test that 

381 here. The increased stomatal control under high aerosol loading weakened the response of leaf 

382 transpiration to VPDleaf, although the impact was significant only for sun leaves (Figure 5a,b). 
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383 Similarly, at the canopy level, sap flow density was less sensitive to increased VPD under high 

384 aerosol loadings (Figure 7b). 

385 Previous research suggested that by establishing a saturated water film on the leaf surface, the 

386 aerosol-induced HAS effect could cause an increase in plant water loss (Burkhardt et al., 2001, 

387 Burkhardt, 2010, Grantz et al., 2018). Instead, we found that aerosol loading actually reduced sun 

388 leaf transpiration and sap flow (Figures 4a, 7a). Also, the HAS effect is expected to cause a 

389 weakened response of stomata to changes in VPD by decoupling leaf transpiration from stomatal 

390 aperture (Burkhardt et al., 2001, Grantz et al., 2018). However, our observation showed that under 

391 high aerosol loadings, gs was more sensitive to changes in VPDleaf (Figure 5c,d), implying stronger 

392 stomatal control of transpiration under meteorological drought. Our findings indicate that plants 

393 have more conservative water use under high aerosol concentrations, which contradicts the 

394 predictions of the HAS effect (Grantz et al., 2018). This difference could be because aerosol-

395 induced radiation regime changes greatly alter meteorological conditions, such as reducing Tleaf 

396 and VPDleaf during the day time. These changes in meteorological conditions predominantly drive 

397 the response of gs and transpiration, thereby masking the impacts caused by HAS. The strength of 

398 HAS on plant water loss also depends on plant water-use strategies, such as isohydric and 

399 anisohydric stomata regulation (Burkhardt and Pariyar, 2016), as well as leaf traits such as 

400 trichomes, epicuticular wax, and the morphology and orientation of the leaves (Burkhardt, 2010). 
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401 All these factors could alter the impact magnitude of HAS on plant transpiration but were beyond 

402 the scope of this work. 

403 Conclusions

404 In summary, our study provided observational evidence on the effects of aerosols on plant 

405 water use at the leaf and canopy scales. Although aerosol-induced changes in meteorological 

406 conditions increased leaf and canopy photosynthesis at our site (Wang et al., 2018), the increased 

407 photosynthesis was accompanied by more conservative water use by plants, suggesting that 

408 elevated aerosol concentration might increase plant water use efficiency. Our empirical 

409 observations of the diurnal dynamics of the transpiration of sun leaves, shade leaves, and the 

410 canopy should be useful for improving models of plant transpiration under elevated aerosols. 

411 Meanwhile, the responses of plant transpiration to aerosol concentrations are determined by a 

412 combination of various environmental stimuli and hydrological functional properties of plants. 

413 Changes in radiation regime, canopy microclimate, and HAS could induce different impacts in 

414 different species or ecosystems. Furthermore, high aerosol pollution is usually accompanied by 

415 high nitrogen deposition (Huang et al., 2014), and nitrogen deposition can alter gs and thus 

416 transpiration by changing leaf nutrient status (Liang et al., 2020). More experimental studies in 

417 natural forests are needed, integrating leaf-, canopy-, and ecosystem-scale observations to better 

418 reveal how aerosols and their interactions with climate changes and other air pollutants could affect 

419 plant water use.
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629 Figures

630

631 FIGURE 1 Diurnal course of (a) total radiation, (b) direct radiation, (c) diffuse radiation and (d) 

632 air temperature under natural variation in aerosol optical depth (AOD) values, binned into three 

633 intervals (0.1<AOD≤0.3, 0.3<AOD≤0.6, 0.6<AOD≤1.6). The data points represent the averaged 

634 observations for the given AOD bin under cloud-free skies. Error bars show the standard error of 

635 the mean. ANOVA test was used to assess the influences of AOD conditions on meteorological 

636 variables. Significance of differences between AOD bins for each hour is indicated by asterisks 

637 (*** P < 0.001; ** P > 0.001 & P < 0.01; * P > 0.01 & P < 0.05).
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638

639 FIGURE 2 Diurnal course of photosynthetically active radiation (PAR), leaf-to-air vapor pressure 

640 deficit (VPDleaf), and leaf temperature (Tleaf) for (a, c, e) sun leaves under natural variation in 

641 aerosol optical depth (AOD) values, binned into three intervals (0.1<AOD≤0.3, 0.3<AOD≤0.6, 

642 0.6<AOD≤1.6), and for (b, d, f) shade leaves under different AOD values binned into two intervals 

643 (0.1<AOD≤0.3, 0.6<AOD≤1.6). The data points represent the averaged observations for the given 

644 AOD bin under cloud-free skies. Error bars show the standard error of the mean. ANOVA test was 

645 used to assess the influences of AOD conditions on leaf micrometeorological conditions. 

646 Significance of differences between AOD bins for each hour is indicated by asterisks (*** P < 

647 0.001; ** P > 0.001 & P < 0.01; * P > 0.01 & P < 0.05).
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648
649 FIGURE 3 Diurnal course of transpiration rates of (a) sun leaves and (b) shade leaves under 

650 different aerosol-loading conditions. The data points represent the averaged observations for the 

651 given aerosol optical depth (AOD) bin under cloud-free skies. Error bars show the standard error 

652 of the mean. ANOVA test was used to assess the influences of AOD conditions on leaf 

653 transpiration. Significance of differences between AOD bins for each hour is indicated by asterisks 

654 (*** P < 0.001; ** P > 0.001 & P < 0.01; * P > 0.01 & P < 0.05).
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655

656 FIGURE 4 Response of leaf transpiration rate, leaf-to-air VPD and stomatal conductance of (a, c, 

657 e) sun and (d, e, f) shade leaves to AOD. Each circle represents the midday (solar zenith angle less 

658 than 40) average of the observations under cloud-free skies. Error bars show the standard error of 

659 the mean. Linear regression lines indicate significance (solid, P < 0.05; dashed P > 0.05). The 

660 results of the statistical test of linear regression are given in each panel.
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661

662

663 FIGURE 5 The response of leaf transpiration rate to VPDleaf varies with aerosol loadings. 

664 Scatterplots of the relationship between (a, b) transpiration rate and VPDleaf and (c, d) gs and 

665 VPDleaf at different aerosol bins for sun and shade leaves. Each point represents the hourly 

666 observation under a cloud-free sky with solar zenith angle <40. Linear regression lines indicate 

667 significance (solid, P < 0.05; dashed P > 0.05). Results for an ANCOVA of different slopes among 

668 aerosol optical depth (AOD) bins are displayed on each panel.

669
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670

671 FIGURE 6 Sensitivity of gs to VPDleaf varies with PAR and Tleaf. The response of gs to VPDleaf of 

672 sun and shade leaves under different (a, b) PAR bins and (c, d) Tleaf bins. Bars represent the slopes 

673 of the linear regression of gs against VPDleaf, and error bars indicate the 95% confidence intervals 

674 for each slope. The dots indicate the mean of each aerosol optical depth (AOD) value of each bin. 

675 Results of ANCOVA for different slopes among PAR or Tleaf bins are shown in each panel.
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676
677 FIGURE 7 Aerosol effects on canopy transpiration and its response to air vapor pressure deficit. 

678 (a) Scatterplot of the relationship between sap flow density and PM2.5 concentration, the sap flow 

679 density, and PM2.5 concentration were both trend-decomposed using first-order difference. (b) 

680 Scatterplot of relationship between detrended sap flow density and detrended vapor pressure 

681 deficit under different PM2.5 bins. The data represented the first-order difference of daily average 

682 sap flow density, PM2.5 concentration, and vapor pressure deficit in cloud-free days. The inserted 

683 bar plot shows the slope of the regression between sap flow density and vapor pressure deficit, and 

684 the error bars were the standard error of the slope. ANCOVA results for different slopes among 

685 PM2.5 bins (VPD*PM2.5) are shown in the panel.
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17

18 FIGURE S1 The mean monthly variations of (a) photosynthetically active radiation 

19 (PAR), (b) air temperature (Tair), (c) precipitation and (d) relative humidity (RH) during 

20 2014 to 2018 in the study site. Error bars show the standard error of the mean.
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22  

23 FIGURE S2 Relationship between PM2.5 concentration measured at the Beijing 

24 Municipal Environmental Monitoring Center and aerosol optical depth at 500 nm 

25 measured at the study site in July and August in 2014 and 2015. Each point represents 

26 an hourly observation under a clear sky. R2, P-value, and equation of the linear 

27 regression are shown on the panel.
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28

29 FIGURE S3 Dynamics of daily mean aerosol optical depth (AOD), photosynthetically active radiation (PAR), air temperature (Tair) and relative 

30 humidity (RH) during cloud-free days from July to August in 2014 and 2015.
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31

32 FIGURE S4 Diurnal dynamics of air water content (AVC) during measuring the 

33 transpiration of (a) sun and (b) shade leaves under different aerosol concentration 

34 conditions. The data points represent the averaged observations for the given aerosol 

35 optical depth (AOD) bin under cloud-free skies. Error bars show the standard error of 

36 the mean. ANOVA test was used to assess the influences of AOD levels on AVC. 

37 Significance of differences between AOD bins for each hour is indicated by asterisks 

38 (*** P < 0.001; ** P > 0.001 & P < 0.01; * P > 0.01 & P < 0.05).
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39

40 FIGURE S5 Aerosol effects on VPDleaf. Response of VPDleaf, Tleaf and AVC of (a, c, 

41 e) sun and (d, e, f) shade leaves to AOD. Points represent the observations around noon 

42 time (solar zenith angle less than 40, 11:00-14:00) under cloud-free skies. Linear 

43 regression lines indicate significance (solid, P < 0.05; dashed P > 0.05). The results of 

44 statistical test of linear regression are given in each panel.
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45

46 FIGURE S6 Changes of leaf transpiration under natural variation in aerosol optical 

47 depth (AOD) in a diurnal course for (a) sun and (b) shade leaves. The data points 

48 represent the observations under cloud-free skies. Linear correlation was used to assess 

49 the relationships between AOD and leaf transpiration. The solid lines indicate 

50 significance at P < 0.05 level, and the dashed lines indicate non-significant relationships 

51 (P > 0.05). The colors from red to blue indicate the hours from 08:00 to 17:00.
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53   

54

55 FIGURE S7 Effects of soil water content on leaf transpiration rate under different 

56 aerosol concentrations. Relationship between soil water content and AOD during 

57 observations for (a) sun and (c) shade leaves. Relationship between transpiration rate 

58 and soil water content for sun (b) and (d) shade leaves. Each point represents daily 

59 averaged observations during the measurement of leaf transpiration rate. Error bars 

60 show the standard error of the mean. 
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61  

62  

63 FIGURE S8 Aerosol effects on leaf surface PAR, Tleaf and VPDleaf. Analysis of 

64 covariance (ANCOVA) was used to compare the slopes of AOD vs microclimate (PAR, 

65 Tleaf and VPDleaf) under three AOD intervals. The P values of AOD*AOD interval 
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66 indicate that the microclimate variables show similar response to changes in AOD under 

67 three different AOD conditions. 
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68

69 FIGURE S9 Structural equation models of aerosol effect on leaf temperature of (a) sun 

70 and (b) shade leaves. Standardized total effects of aerosol optical depth (AOD), 

71 meteorological factors and leaf transpiration on (c) sun and (d) shade leaf temperature. 

72 Blue and red lines indicate significantly positive and negative relationships between 

73 two factors. The effect size of the relationship indicated by standardized path 

74 coefficients (numbers adjacent to line) and represented by the width of lines. The model 

75 goodness of fits was suggested by X2 and P-values (a: X2=1.13, P=0.29; b: X2=0.74, 

76 P=0.39). Variable abbreviations: AOD: aerosol optical depth; PAR: leaf received 

77 photosynthetically active radiation; Tair: air temperature; Transp.: leaf transpiration rate; 

78 Tleaf: leaf temperature.
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79

80 FIGURE S10 Structural equation model of aerosol effect on gs of (a) sun and (b) shade 

81 leaves. Standardized total effects of aerosol optical depth (AOD) and meteorological 

82 factors on (c) sun and (d) shade leaf gs. Blue and red lines indicate significantly positive 

83 and negative relationships between two factors. Dash lines indicate non-significant 

84 relationships (P>0.05). The effect size of the relationship indicated by standardized path 

85 coefficients (numbers adjacent to line) and represented by the width of lines. The model 

86 goodness of fits was suggested by X2 and P-values (a: X2=1.44, P=0.49; b: X2=9.30, 

87 P=0.06). Variable abbreviations: AOD: aerosol optical depth; PAR: leaf received 

88 photosynthetically active radiation; Tleaf: leaf temperature; VPDleaf: leaf to air vapor 

89 pressure deficit; gs: stomatal conductance for water.
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91

92 FIGURE S11 Correlations among aerosol optical depth (AOD), photosynthetically 

93 active radiation (PAR), air temperature (Tair), leaf temperature (Tleaf) and stomatal 

94 conductance (gs) during the midday for (a) sun and (b) shade leaves. The numbers 

95 indicate the correlation coefficient for a given pair of variables. The statistical 

96 significance of the correlation is indicated by asterisks (*** P < 0.001; ** P > 0.001 & 

97 P < 0.01; * P > 0.01 & P < 0.05).

98

99

100

101

102

103
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105  

106 FIGURE S12 Diurnal dynamics of sap flow density under different aerosol 

107 concentration conditions. The data points represent averaged observations for given 

108 PM2.5 bins under cloud-free skies. Error bars show the standard error of the mean.

109
110
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111

112 FIGURE S13 The relationship between leaf temperature and photosynthesis of sun 

113 leaves.
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TABLE S1 The climate conditions and characteristics of poplar trees during the measurements of leaf transpiration and sap flow density. Precipitation indicates the accumulated precipitation, 

air temperature (Tair), total radiation, relative humidity (RH), diameter at the breast height (DBH), sapwood thickness at DBH, tree height and leaf area index (LAI) are the means during the 

measurements (July-August). Numbers in parentheses indicate standard error of the mean.

Year Measurements Precipitation 
(mm)

Tair 
(℃)

Radiation 
(W m-2)

RH
 (%)

DBH
 (mm)

Sapwood thickness
 (mm)

Height 
(m)

LAI
 (m2 m-2)

Number of 
cloud-free 

days

2014
Sun leaf 

transpiration 186.2 26.63(0.42) 232.14(5.49) 72.97(2.15) 87.25 (3.67) 35.56 (2.29) 7.75 (0.24) 4.46 (0.12) 24

2015
Sun and shade 

leaf transpiration 260.5 25.64(0.27) 242.81(5.68) 67.99(1.42) 92.53 (4.34) 37.67 (2.56) 8.20 (0.27) 4.88 (0.16) 15

2017 Sap flow density 392.6 26.07(0.35) 202.40(5.08) 72.81(1.27) 84.44 (3.46) 34.44 (2.21) 7.26 (0.26) 4.08 (0.09) 17

2018 Sap flow density 379.8 27.07(0.28) 203.20(4.54) 78.11(1.33) 89.28 (4.12) 36.37 (2.47) 7.98 (0.22) 4.54 (0.10) 23
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