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Abstract  47 

Tree-ring intra-annual stable isotopes (δ13C and δ18O) are powerful tools for 48 

revealing plant ecophysiological responses to climatic extremes. We analyzed 49 

interannual and fine-scale intra-annual variability of tree-ring δ13C and δ18O in Pinus 50 

massoniana from southeastern China to explore environmental drivers and potential 51 

trade-offs between the main physiological controls. We show that wet season relative 52 

humidity (May-October RH) drove interannual variability of δ18O and intra-annual 53 

variability of tree-ring δ18O. Interannual variability of tree-ring δ13C was mainly driven 54 

by February-May temperature and September-October RH, whereas intra-annual 55 

variability was controlled by May-October RH. Furthermore, intra-annual tree-ring 56 

δ18O variability was larger during wet years compared to dry years, whereas δ13C 57 

variability was lower during wet years compared to dry years. As a result of these 58 

differences in intra-annual variability amplitude, process-based models (we used the 59 

Roden model for δ18O and the Farquhar model for δ13C) captured the intra-annual δ18O 60 

profile better in wet years compared to dry years, whereas intra-annual δ13C profile was 61 

better simulated in dry years compared to wet years. This result suggests a potential 62 

asymmetric bias in process-based models in capturing the interplay of the different 63 

mechanistic processes (i.e., isotopic source and leaf-level enrichment) operating in dry 64 

versus wet years. We therefore propose an intra-annual conceptual model considering 65 

a dynamic trade-off between the isotopic source and leaf-level enrichment in different 66 
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tree-ring parts to understand how climate and ecophysiological processes drive intra-67 

annual tree-ring stable isotopic variability under humid climate conditions. 68 

Keywords: 69 

phenology, intra-annual variability, leaf-level enrichment, stable carbon and 70 

oxygen isotopes in tree rings, ecophysiology, subtropical China, process-based model 71 

  72 
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1. Introduction 73 

The mechanisms through which plants respond to gradual climatic changes and 74 

climate extremes are critical for understanding the influence of anthropogenic climate 75 

change on vegetation (McDowell et al., 2010, Sternberg, 2009). Tree-ring stable carbon 76 

(δ13C) and oxygen (δ18O) isotopes are useful tools to study such plant functional and 77 

ecophysiological responses to climate change trends and climatic extremes (Farquhar 78 

et al., 1982, Timofeeva et al., 2017, Gessler et al., 2014, Scheidegger et al., 2000). 79 

The δ13C records fixed in tree rings contain information about the historical 80 

balance between carbon gain and water loss (Farquhar et al., 1982). Therefore, tree-81 

ring δ13C records are valuable to understand tree responses to increasing CO2 82 

concentrations, photosynthetic rates, stomatal conductance rates, and the long-term 83 

effects after extreme climate (Farquhar et al., 1982, Castagneri et al., 2018, Timofeeva 84 

et al., 2017, Szejner et al., 2020a).  85 

The isotopic fractionation during processes of gas exchange and carbon 86 

assimilation determines a large portion of what is fixed in tree-ring δ13C ratios. Both 87 

are controlled by physiological mechanisms driven by climate and site conditions 88 

(Farquhar et al., 1982). Under unlimited diffusion of CO2 (i.e., open stomata), the tree 89 

will discriminate more strongly to 13C compared to 12C because the Rubisco enzyme 90 

reacts faster with 12CO2 than 13CO2 (Farquhar et al., 1982). In response to drought stress, 91 

however, trees reduce stomatal conductance, which limits CO2 diffusion, reducing the 92 

intercellular CO2 concentrations (Ci), leading to more relative incorporation of 13C 93 



 

6 

 

during carbon fixation and thus higher tree-ring δ13C values (Farquhar et al., 1982, 94 

Castagneri et al., 2018). 95 

Tree-ring δ18O can unveil ecohydrological variability and plant responses to 96 

climate conditions (Song et al., 2014, Gessler et al., 2014, Treydte et al., 2014). The 97 

δ18O fixed in tree rings is mainly determined by isotopic content of the source water 98 

δ18O used by the tree and the degree of leaf water δ18O enrichment, which is negatively 99 

related to relative humidity (RH), and positively to water vapor pressure deficit (VPD) 100 

(Roden et al., 2000, Barbour et al., 2004, Kahmen et al., 2011, Treydte et al., 2014). 101 

When the soil evaporative enrichment is weak and no additional water source inputs 102 

(i.e., groundwater or snowmelt) exist, the source water δ18O used by the shallow-rooted 103 

tree species is likely very similar to precipitation δ18O (Treydte et al., 2014, Kahmen et 104 

al., 2011, Allen et al., 2019). Precipitation δ18O, in turn, is affected by temperature, 105 

precipitation amount, and original water source (Dansgaard, 1964), which may imprint 106 

a climatic signal in tree-ring δ18O (Treydte et al., 2014). Leaf water δ18O fractionation 107 

can be further modified by the Péclet effect (Farquhar & Lloyd, 1993, Barbour et al., 108 

2004), which is still difficult to measure and can be a species-specific parameter (Song 109 

et al., 2014, Gessler et al., 2013, Cernusak et al., 2016). In addition, Pex, the proportion 110 

of sugars that exchange with xylem water during cellulose synthesis, affects the δ18O 111 

value fixed in tree rings. Moreover, some evidence suggests that Pex can increase with 112 

drought (Cheesman and Cernusak, 2017, Szejner et al., 2020b). 113 

Interannual tree-ring δ13C and δ18O measurements have been used to explore plant 114 
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responses to climate variability (Kahmen et al., 2011, Roden & Siegwolf, 2012), forest 115 

dynamics (e.g., forest thinning) (Sohn et al., 2012), and environmental changes (e.g., 116 

Xu et al., 2020a, McCarroll & Loader, 2004). However, such annual-level isotopic 117 

measurements integrate information over the entire growing season and therefore limit 118 

our understanding on the intra-annual or seasonal ecophysiological responses (Helle & 119 

Schleser, 2004, Szejner et al. 2021, Belmecheri et al 2022). Fine-resolution (i.e., intra-120 

annual, seasonal, and subseasonal) measurements of stable isotopes in tree-ring may 121 

provide critical information about seasonal changes of source water uptake by trees 122 

(Treydte et al., 2014), as well as about interactions with prevailing climatic conditions, 123 

soil moisture variability, and adaptive physiological responses to drought (Schollaen et 124 

al., 2014, Rinne et al., 2015, Schubert & Jahren, 2015, Castagneri et al., 2018). For 125 

example, the seasonal variability of earlywood (EW) and latewood (LW) tree-ring δ13C 126 

and δ18O has provided valuable information about legacy effects within and between 127 

subsequent growing seasons (Szejner et al., 2018, Castagneri et al., 2018). In other 128 

cases, intra-annual tree-ring δ18O revealed the seasonal cyclic signal of source water 129 

δ18O and the influence of drought on leaf-water enrichment in different portions (i.e., 130 

EW and LW) (Belmecheri et al., 2018, Xu et al., 2020a), as well as the Pex and the 131 

peclet effect (Cernusak et al., 2016, Szejner et al., 2020b). In tropical and sub-tropical 132 

regions, intra-annual tree-ring δ13C and/or δ18O analyses have been used to explore El 133 

Niño Southern Oscillation signals (Evans & Schrag, 2004, Anchukaitis & Evans, 2010, 134 

Zhu et al., 2012a, Xu et al., 2016, van der Sleen et al., 2017), precipitation variability 135 
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(Schubert & Jahren 2011, Schubert & Timmermann, 2017), and seasonal climatic 136 

divergence (Xu et al., 2020a). 137 

Intra-annual measurements of tree-ring δ13C and δ18O can therefore broaden our 138 

understanding of the mechanisms orchestrating stable isotope signal transfers from the 139 

environment to the leaves and to tree rings, as well as tree responses to climate extremes 140 

(Gessler et al., 2014, Schollaen et al., 2014, Rinne et al., 2015). However, due to 141 

intrinsic methodological constraints (such as barriers of cost, difficulties in isolating 142 

intra-annual cellulose samples, and labor- and time-consuming procedures) (Schollaen 143 

et al., 2014, Castagneri et al., 2018, Belmecheri et al., 2022), most intra-annual tree-144 

ring δ13C and δ18O investigations have been limited to only a few years of analyses, 145 

limiting inference of the intra-annual profile and the study of interactions between 146 

climate variability and isotopic composition in tree rings at multiple time-scales (i.e. 147 

subseasonal to decadal). As a result, some questions remain unexplored, such as what 148 

additional information about climate extremes do we gain from understanding the intra-149 

annual variability in tree-ring stable isotopes compared to annual measurements of 150 

isotopes? Do existing process-based models capture the intra-annual tree-ring stable 151 

isotope variability and reproduce the main mechanisms during extreme climatic events?  152 

To address these questions, we used two 115-year-long (1900-2014 CE) intra-153 

annually resolved tree-ring δ13C and δ18O chronologies of Pinus massoniana (Chinese 154 

red pine) from southeastern China. Parts of these chronologies were previously used to 155 

detect the climatic signals in intra-annual δ18O extremes (Xu et al., 2020a). Here, we 156 
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aim to determine the climatic drivers, as well as the mechanisms governing interannual 157 

variability, as well as intra-annual profiles of tree-ring δ13C and δ18O. Our main 158 

hypotheses are: 1) interannual variability and intra-annual profiles of tree-ring δ13C and 159 

δ18O have different climatic drivers, 2) tree-ring δ13C and δ18O intra-annual profiles 160 

differ between dry and wet years, 3) these differences reflect the interplay between 161 

dynamic mechanisms governing intra-annual profiles in tree-ring δ13C and δ18O, such 162 

as changes in the strength of stomatal control or leaf-water enrichment, and 4) process-163 

based models can reliably reproduce the observed intra-annual profiles in tree-ring δ13C 164 

and δ18O, particularly in dry years when climatic constraints are stronger than in wet 165 

years.  166 

By testing these hypotheses, we propose an intra-annual conceptual model in 167 

which the main mechanistic process varies for each section of the tree ring (i.e., early-168 

EW and late-LW parts) in order to explain the mechanism governing intra-annul tree-169 

ring δ13C and δ18O responses in dry and wet years. This study will provide a benchmark 170 

for how tree-ring δ13C and δ18O process-based models can reproduce intra-annual tree-171 

ring δ13C and δ18O profiles during extreme climate events. 172 

2. Data and methods 173 

2.1 Sampling site and climate data 174 

The sampling site is located near Zhurong Peak (112.70°E, 27.27°N, 603 m a.s.l.) 175 

in the Hengshang Mountains in southeastern China (Figure 1), with a slope of about 20 176 
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degrees and with limited tree-to-tree canopy competition. The soil type is gleysols with 177 

a depth of 50 cm. As an East Asian monsoonal site (Ding & Chan, 2005), the study site 178 

is characterized by a wet season that lasts from March to October, which includes wet 179 

spring (March-May) and a relatively dry late-summer (July-August) and autumn 180 

(September-November) conditions (Figure 1; supplementary S1). Micro-coring studies 181 

on Pinus massoniana near our site revealed a xylem growth period spanning from late-182 

February/March to December, with semi-dormancy in December ( Huang et al., 2018, 183 

Huang et al., 2020). We therefore define the growing season as February to December. 184 

We obtained monthly meteorological data from the Nanyue station (112.75°E, 185 

27.25°N, 1130 m a.s.l.; 1953-2014) from the China Meteorological data service center 186 

(http://data.cma.cn/en). The climate variables we used in our analysis include mean 187 

(TEM), maximum (TMAX), and minimum (TMIN) temperature, monthly precipitation 188 

(PRE), relative humidity (RH), evaporation (EVP), and sunshine duration hours (SSD). 189 

We estimated the diurnal temperature range (DTR) as the difference between TMAX 190 

and TMIN.  191 

We further estimated monthly vapor pressure deficit (VPD) based on RH and TEM 192 

(Bolton, 1980) as follows: 193 

 
17.67 1( )
243.5 100VPD 6.11 exp

T RH
T

× −
×

+= × ,                (1) 194 

where the T is the mean monthly air temperature (°C) and RH (%) is the mean 195 

monthly relative humidity. 196 

http://data.cma.cn/en
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2.2 Crossdating and stable isotopes analysis 197 

We collected tree-ring cores (2 cores per tree) from 36 Pinus massoniana trees 198 

(70-210 years) with a 12-mm increment borer (Haglof, Sweden). We measured tree-199 

ring widths (TRW) using a LINTAB 6.0 platform (Rinntech, Heidelberg, Germany) and 200 

crossdated the samples using standard dendrochronological methods (Cook & 201 

Kairiukstis, 1990). We then selected cores from four mature (110 to 180 years in age) 202 

trees (one core per tree except for tree D, from which we used two cores in stable isotope 203 

analysis: core B for 1950-2006 and core A for six additional years: 2007-2010, 2013, 204 

and 2014; Figure S2) that displayed similar TRW variability (Figure S1) to establish 205 

sequential intra-annual isotope chronologies for the period 1900-2014. In addition to 206 

total TRW, we also visually distinguished EW and LW boundaries for these cores and 207 

measured EW and LW width separately. 208 

Each tree ring of the five selected cores was split into multiple sequential 200-µm 209 

thin sections using a rotary microtome (HM340, Themero Scientific, Waltham MA, 210 

USA). We used sections of 100 or 150 µm for some of the narrowest tree rings to obtain 211 

sufficient sub-annual samples (Xu et al., 2020a). We obtained 4 to 42 thin sections per 212 

tree ring and annotated for each thin section whether it was derived from the EW or LW. 213 

In total, we obtained 4611 thin-section samples (Figure S2). We then extracted α-214 

cellulose from each sample using the Teflon Filter-57 bag method (Leavitt & Danzer, 215 

1993) according to the procedures described by (Loader et al., 1997). We homogenized 216 
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the α-cellulose using an ultrasound machine (JY92-2D, Scents Industry, Ningbo, China) 217 

and then freeze-dried at -40°C for stable isotope measurement. 218 

For δ13C and δ18O measurements, we packed 160-190 µg of α-cellulose into silver 219 

capsules. We simultaneously measured δ13C and δ18O at a temperature of 1400°C for 220 

furnace and 65°C for gas chromatograph using a high-temperature-conversion 221 

elemental analyzer (TC/EA; Thermo Electron Corporation, Bremen, Germany) coupled 222 

to a MAT-253 mass spectrometer (Thermo Electron Corporation) at the State Key 223 

Laboratory of Cryospheric Sciences, Chinese Academy Sciences, Lanzhou, China. This 224 

method of simultaneous measurement of δ13C and δ18O has been used in many studies 225 

(Xu et al., 2018, Loader et al., 2014, Andreu-Hayles et al., 2018, Evans et al., 2016). 226 

More details such as reference materials (Sigma-Aldrich α-cellulose, IAEA-CH3 227 

standard, and benzoic acid IAEA 601), measurement conditions (1.2 bar for He carrier 228 

gas), and calibration method (two-point calibration) can be found in Xu et al. (2018). 229 

For samples for which the standard deviation was higher than 0.30‰ for δ18O and 0.15‰ 230 

for δ13C, we measured each sample twice or three times. The final uncertainties of the 231 

repeated sample measurements were approximately 0.2‰ for δ18O and 0.1‰ for δ13C. 232 

2.3 Intra-annual tree-ring δ13C and δ18O assignment 233 

Forty-five percent of the δ13C and δ18O measurements across all cores and years 234 

were EW measurements and 55% were LW measurements. Because different tree rings 235 

were sectioned into a different number of samples, we used the tracheidogram method 236 
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(Vaganov, 1990) to develop intra-annual time series using the R package “tgram” 237 

(DeSoto et al., 2011) (Figure 2a). Approximately 80% of the rings were sectioned into 238 

more than 10 samples and we therefore used a scale of 10 values (EW1 to EW5 and 239 

LW1 to LW5). We divided EW and LW measurements into an even number (5) of thin 240 

sections, to allow for comparison between years. This decision was further based on a 241 

study of pinus massinuana at Shimentai (24°23′53″N, 113°11′56″E, 261m a.s.l.), a site 242 

near our sampling site, which showed that the number of wall-thickening cells and the 243 

number of xylem cells varied little throughout the growing season (Huang et al., 2018). 244 

We evaluated coherency in the variability of intra-annual tree-ring δ13C and δ18O 245 

samples series between trees using a mean correlation between all pairs of series (Rbar; 246 

using 35-year lags over 15 years running windows) for the maximum period of overlap 247 

using the “dplR” package (Bunn, 2010). We then averaged tree-ring δ13C or δ18O values 248 

for the same section (EW1 to LW5) of the same year for the four trees to obtain a site-249 

level chronology for each of the 10 (EW1 to LW5) sections per year. 250 

2.4 Climate response and intra-annul tree-ring δ13C and δ18O profiles in dry and wet years 251 

To detect climate signals in tree-ring δ13C, we corrected raw intra-annual tree-ring 252 

δ13C series (δ13Craw) taking into account the decreases in atmospheric δ13C (δ13Catm) 253 

since 1850, also called the “Suess effect”, by adding the difference of δ13Catm into the 254 

δ13Craw (McCarroll & Loader, 2004). We corrected the intra-annual tree-ring δ13C data 255 

using the annual δ13Catm data due to lack of long-term intra-seasonal δ13Catm 256 
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measurements. Annual δ13Catm values for the correction were obtained from Belmecheri 257 

and Lavergne (2020) from 1900 to 2014. We refer to the corrected series as δ13Ccor.  258 

We evaluated the climate response of tree-ring δ13Ccor and δ18O by correlating each 259 

section (EW1 to LW5) chronology with various climate variables over the common 260 

period (1953-2014). We conducted climate response analyses for the time window 261 

spanning from February of the year previous to the growth year to December of the 262 

growth year in the R package “treeclim” (Zang & Biondi, 2015). 263 

We compared mean values and intra-annual profiles of tree-ring δ13Ccor and δ18O 264 

during dry, wet, hot, and cold years. We defined dry and wet years over the observation 265 

period (1953-2014) as the 10th (RH = 84.2%) and 90th (RH = 89.5%) percentile for the 266 

growing season RH, respectively, and defined cold and hot years as the 10th (TEM = 267 

14.3℃) and 90th (TEM = 15.7℃) percentile for the growing season temperature. We 268 

define dry and wet years based on the growing season RH because it combines the 269 

effects of both temperature and moisture conditions and thus generally shows strong 270 

climatic signals in tree-ring isotopes (Xu et al., 2020). Furthermore, we found that dry 271 

and wet years as defined based on the growing season RH are same as those years 272 

defined based on the growing season VPD (results not shown). Additionally, we tested 273 

differences in mean values of tree-ring stable isotopes between the two types of years 274 

(i.e., dry versus wet and hot versus cold) using a Wilcoxon test and compared the intra-275 

annual position of the minimum δ13Ccor and δ18O values between these two types of 276 

years. 277 
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2.5 Tree-ring δ13C and δ18O model simulations and sensitivity 278 

We simulated tree-ring δ13C variability using the Farquhar model (Farquhar et al., 279 

1982; Supplementary Methods S3). To maintain the seasonal patterns of δ13Catm, we 280 

used monthly δ13Catm values from the Mauna Loa station (155.6°E, 19.5°N, 3397 m 281 

a.s.l.; 1959-1990) and the Waliguan station (100.90°E, 36.28°N, 3810 m a.s.l.; 1991-282 

2014) (https://gml.noaa.gov/aftp/data/trace_gases/co2c13/flask/surface/) as input in the 283 

Farquhar model. We assumed that Ci/Ca is linearly related to leaf-air vapor pressure 284 

deficit (VPD) (Zhang & Nobel, 1996) (more details in Supplementary Methods S3). 285 

Tree-ring δ18O variability in α-cellulose was modeled using the Roden model 286 

(Roden et al., 2000) (Methods S3). For the Roden model, our simulation experiment 287 

was limited to the period of overlap between the climate data, precipitation δ18O, and 288 

water vapor δ18O data (1953-2010). We used growing-season δ18O values of 289 

precipitation and water vapor at the nearest grid point (112.5°E, 27.62°E) from the 290 

IsoGSM model (Yoshimura, 2015) as input data because the precipitation δ18O from 291 

the IsoGSM model showed coherent intra- and inter-annual variability with the 292 

observed precipitation δ18O at the Changsha station (113.1°E, 28.2°E) from the Global 293 

Network of Isotopes in Precipitation database (Methods S2; Figure S3). More details 294 

about the two process-based models and their parameterizations can be found in the 295 

supplement (Table S2; Methods S3 and S4). 296 

We tested to what extent the model output is sensitive to a particular parameter 297 
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(i.e., temperature and RH, Table 1) by changing each parameter and setting the other 298 

parameters as constants (i.e., mean value over the whole simulation period) and defined 299 

the simulation run as the contribution of the single parameter (Lavergne et al., 2017). 300 

These model simulations can help to explore the main processes (i.e., leaf-water 301 

enrichment) that drive variability of tree-ring δ13C and δ18O in dry years and wet years. 302 

We compared the variability of tree-ring δ13C and δ18O between observed and modeled 303 

results at annual and intra-annual (i.e., monthly) time scales (Methods S4). To make the 304 

intra-annual comparison possible, we assumed that the ten sections were evenly 305 

distributed from February to November and from March to December based on the 306 

limited variability in intra-growing season radial growth in pinus massinuana (Huang 307 

et al., 2018). Our selection of seasonality takes into account that the growing season 308 

and timing of xylem activities (xylogenesis) differ between years and between trees 309 

(Rossi et al., 2012). Thus, we conducted a seasonality sensitivity test to establish 310 

whether the growing season selection affected the intra-annual tree-ring δ13C and δ18O 311 

profiles (Method S3). The model results- obtained from the model being either fully 312 

parameterized with real-time climatic data (hereafter, full model) or partially 313 

parameterized by varying a single parameter- were compared against tree-ring stable 314 

isotopes measurements during dry and wet years to explore which processes or 315 

parameters exerted the largest influence on the intra-annual δ13C and δ18O profiles.  316 
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3. Results 317 

3.1 Intra- and inter-annual variability of tree-ring δ18O and δ13C 318 

The Rbar values for the annual mean, EW, and LW δ18O chronologies of the four 319 

trees ranged from 0.43 to 0.69 (Table S1). This result confirms that a limited number of 320 

trees can contain a strong enough common signal at intra-annual scales to develop site-321 

level tree-ring δ18O chronologies, which is supported by annual tree-ring δ18O studies 322 

(Liñán et al., 2011). δ18O series based on each of the 10 sections (EW1 to LW5) showed 323 

similarly strong interannual variability (Figure 2a, b; r = 0.2 to 0.87, p < 0.05, Figure 324 

S4a). 325 

The intra-annual tree-level and site-level δ18O profiles showed a coherent “V” 326 

pattern over the growing season and tracked precipitation δ18O variability: δ18O 327 

decreased from start to end of the EW (EW1 to EW5; early to mid-growing season) and 328 

increased from start to end of the LW (LW1 to LW5; mid- to late growing season; 329 

Figures 2c, 2d, S5). The most depleted (minimum) tree-ring δ18O value thus occurred 330 

at the center of the tree ring (Figure 2c). 331 

The Rbar values for the annual mean, EW, and LW δ13Craw chronologies of the 332 

four trees were low and ranged from -0.02 to 0.63, with a mean value of 0.42 for EW 333 

and 0.49 for LW (Table S1). Despite lower Rbar values in δ13Craw compared to δ18O, 334 

there was still evidence of a common signal in  δ13Craw from different trees and tree-335 

ring δ13Ccor series showed similarly strong interannual variability (Figure 3a, b; r = 0.53 336 
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to 0.87, p < 0.05, Figure S4b).  337 

The intra-annual δ13C profile of individual trees and their average showed an 338 

asymmetric inverse-V pattern (Figures 3c, S6): a gradual increase from the start of the 339 

growing season (EW1) to a maximum in the second half of the LW (LW3 and LW4) 340 

and a progressive decrease towards the end of the growing season (LW5) (Figures 3, 341 

S6). The intra-annual δ13Ccor profile showed a similar intra-annual pattern to that of 342 

VPD (Figure 1c) and growing-season δ13Catm from the Waliguan station, although the 343 

tree-ring δ13Ccor peak is time-lagged (Figure 3d). Specifically, δ13Catm and VPD peaks 344 

occurred in July-August, corresponding to a transition period from EW to LW (Huang 345 

et al., 2018), when the tree-ring δ13Ccor was not yet at its maximum.  346 

3.2 Climatic signals in interannual seasonal δ18O and δ13C variability 347 

Interannual variability in EW (EW1 to EW5) tree-ring δ18O series were primarily 348 

affected by moisture conditions of the previous year (Figure 4a-e). EW δ18O series were 349 

significantly (p < 0.05) positively correlated with VPD (r = 0.49 to 0.63), SSD (r = 0.45 350 

to 0.60), and EVP (r = 0.4 to 0.6) and negatively correlated with RH (r = −0.47 to −0.64) 351 

and PRE (r = −0.28 to −0.36) in October and November of the previous year.  352 

Moisture conditions during the growing season were also the main climatic drivers 353 

in LW (LW1-LW5) δ18O variability, but their influences were strongest in the current 354 

year (Figure 4f-j). Like EW δ18O series, LW δ18O series were significantly (p < 0.05) 355 

positively correlated with VPD (r = 0.28 to 0.64), SSD (r = 0.26 to 0.54), and EVP (r = 356 
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0.30 to 0.56) and negatively correlated with RH (r = −0.27 to −0.66) and PRE (r = 357 

−0.25 to −0.44) in August to October of the current year. We found no significant 358 

temperature signal in LW δ18O. Both EW and LW δ18O interannual variability showed 359 

weak correlations (r = 0.1 to 0.30) with monthly precipitation δ18O (not shown). 360 

Interannual variability in EW and LW δ13Ccor was influenced by both temperature 361 

and moisture conditions (Figure 5). Both EW and LW δ13Ccor were significantly (p < 362 

0.05) positively correlated with TMIN (r = 0.25 to 0.47), TMAX (r = 0.25 to 0.36), and 363 

TMEAN (r = 0.25 to 0.42) in October and November from the previous year, and 364 

February to May and October to November of the current year (Figure 5). Both EW and 365 

LW δ13Ccor showed weak correlations (|r| = 0.25) with climate variables of February to 366 

May of the previous year. EW δ13Ccor series were significantly (p < 0.05) correlated 367 

with PRE (rmin = −0.43) in October of the previous year and with VPD (rmax = 0.50) and 368 

RH (rmin = −0.45) in April of the current year (Figure 5a-e). LW δ13Ccor series were 369 

significantly negatively correlated with RH (r = −0.25 to −0.55) and positively 370 

correlated with VPD (r = 0.24 to 0.52) in September and October of the current year 371 

(Figure 5f-j). 372 

3.3 Climatic extremes affect intra-annual profile in observations and simulations  373 

Tree-ring δ18O values were significantly lower (0.5‰ to 2.3‰; p < 0.01) and the 374 

slopes of intra-annual variability were steeper during wet years compared to dry years 375 

(Figure 6a, 6b). The largest differences between wet and dry years occurred in the 376 
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central parts (EW5-LW2) of the ring, when tree-ring δ18O was at an annual minimum 377 

(Figures 6b, 2c). PRE, RH, and VPD significantly (p < 0.05) differed between wet years 378 

and dry years (Figure S7, supplementary S1). However, we found no significant 379 

differences in monthly precipitation δ18O profiles and mean values between wet and 380 

dry years (Figures 6c, S8). The tree-ring δ18O minima showed a normal distribution 381 

(Kurtosis = −0.17 and Skewness = -0.32) in wet years but a platykurtic normal 382 

distribution (Kurtosis = −1.0 and Skewness = -0.12) in dry years (Figure 6d). δ18O 383 

minima occurred in the central part of the tree-ring more often in wet years compared 384 

to dry years (Figure 6d). Temperature extremes affected intra-annual tree-ring δ18O 385 

profiles less than RH and tree-ring δ18O values were not significantly different between 386 

hot years and cold years (Figure S9a). Tree-ring δ18O was only 0.4‰ to 0.7‰ higher in 387 

the three middle sections (EW5-LW2) during hot years compared to cold years (Figure 388 

S9b). Minimum tree-ring δ18O values mostly occurred earlier in hot years compared to 389 

cold years (Figure S9d).  390 

Tree-ring δ13Ccor values throughout the ring were significantly lower (0.2‰ to 391 

0.9‰, p < 0.05) in wet years compared to dry years (Figure 7). Moreover, the intra-392 

annual δ13Ccor profile was more consistent among wet years than among dry years, with 393 

less pronounced increasing trends towards the LW. Differences between wet and dry 394 

years were particularly large in the late-LW (LW2-LW5) δ13Ccor, with the largest 395 

difference in LW5 (-0.9‰; Figure 7b). The δ13Ccor minimum occurred at the start of the 396 

ring (EW1-2) in dry years, but at the end of the ring (LW4-5) in wet years (Figure 7c). 397 
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δ13Ccor values were consistently 0.5 to 0.8‰ higher in hot years compared to cold years, 398 

but there was no difference in intra-annual profile patterns (Figure S9). As a result, in 399 

the following process-based analyses, we focus on the inter-annual variability and intra-400 

annual profile of tree-ring δ13C and δ18O in wet and dry years, rather than hot and cold 401 

years. 402 

Intra-annual and inter-annual tree-ring δ18O variability simulated by the Roden 403 

model showed similar variability to that in our measurements (rintra-annual = 0.42 and rinter-404 

annual = 0.53, p < 0.001, 1953-2010; Figure 8a, 8b). When selecting a March to December 405 

growing season (rather than February to November), the correlation coefficients were 406 

similar (Figure S11). The δ18O simulation driven only by leaf-water enrichment 407 

processes followed the observed intra-annual tree-ring δ18O profile, but simulations 408 

driven by source water only or by the full model diverged from the observed profile of 409 

tree-ring δ18O (Figure 8b). In dry years, the source water and full model simulations 410 

showed distinct V-shape intra-annual δ18O profiles, whereas observations showed more 411 

constant values (Figure 8c). The enrichment simulation was able to reproduce the 412 

observed intra-annual profile (r = 0.58, p < 0.01; Figure 8c, 8e). In wet years, both 413 

model simulations and observations showed comparable V-shape patterns (Figure 8d). 414 

The source water (r = 0.61, p < 0.01) and full model (r = 0.64, p < 0.01) simulations 415 

were strongly correlated with the observed tree-ring δ18O profile in wet years (Figure 416 

8f).  417 

When simulating tree-ring δ13C variability, the full Farquhar-model (considering 418 
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temperature, RH, and δ13Catm; Table 1) shows good skill (r > 0.5) (Figure 9a). For the 419 

single parameter simulation, δ13Catm leads to a long-term decreasing trend in tree-ring 420 

δ13C, whereas climate drives the year-to-year variability (Figure 9a). δ13C simulations 421 

based on temperature alone showed reduced inter-annual fluctuation compared to 422 

simulations based on RH or climate (temperature and RH). After removing the long-423 

term linear trend from the intra-annual simulated and measured δ13C time series, 424 

measurements were more similar to simulations when accounting for climate, 425 

temperature, and RH compared to simulations -accounting only for δ13Catm (Figure 426 

S11a). The intra-annual δ13C profile was consistent between observations and model 427 

simulations based on δ13Catm, climate, and the full model (Figures 9b, S11b), but 428 

measured and simulated values largely diverged at the start and end of the rings. The 429 

δ13C profiles were similar but with nearly constant offsets (0.2~0.3‰) between 430 

observations and model simulations based on δ13Catm in dry (r = 0.5; p < 0.01) and wet 431 

years (r = 0.74; p < 0.01) (Figures 9c-f): in dry years, observed δ13C was higher (Figures 432 

9c, S11c), whereas in wet years δ13Catm-based simulated δ13C was higher (Figures 9d, 433 

S11d). Both temperature and RH modified tree-ring δ13C, especially in dry years when 434 

climate-based simulations (r = 0.38) were similar to the observed δ13C profiles (Figures 435 

9c, 9e, S11c, S11e). However, climate modified δ13C values less in wet years compare 436 

to dry years (Figures 9d, 9f, S11d, S11f). 437 
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3.4 Conceptual model of intra-annual tree-ring δ13C and δ18O profiles 438 

Combining climate responses and intra-annual profiles, we propose a conceptual 439 

model of intra-annul δ13C and δ18O profiles in dry versus wet years to interpret the intra-440 

annual δ13C and δ18O and to illustrate how the leaf-water enrichment signal is 441 

transferred to the ring during the growing season in a subtropical humid site (Figure 442 

10). We considered that: 1) tree-ring δ13C is predominantly determined by stomatal 443 

control in dry years (more drought stress), but by photosynthetic rate in wet years; 2) 444 

the intra-annual tree-ring δ18O profile is more altered in dry years compared to wet 445 

years (Figure 8e, 8f); 3) minimum tree-ring δ18O occurs earlier in dry years compared 446 

to wet years. 447 

4. Discussion  448 

4.1 Climatic response in intra-annual tree-ring δ13C and δ18O  449 

Interannual variability in both thin-sectioned EW δ13Ccor and EW δ18O were 450 

affected by climate at the end of the prior dry season (October-November) (Figures 4, 451 

5), along with strong relationships between LW δ13Ccor of the previous year and EW 452 

δ13Ccor of the current year (Figure S4d), suggesting climatic legacy effects (Castagneri 453 

et al., 2018, Timofeeva et al., 2017, Treydte et al., 2014, Gessler et al., 2013, Kagawa 454 

et al., 2006). Legacy effects recorded in tree-ring δ13C in pine may be caused by the use 455 

of stored carbohydrates or remobilization of starch from the previous year in 456 

constructing current year EW cell walls (Castagneri et al., 2018, Timofeeva et al., 2017, 457 
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Schubert & Jahren, 2011, Offermann et al., 2011, Ogée et al., 2009, Kagawa et al., 458 

2006), and therefore tree-ring δ13C may record previous year’s climate conditions (Xu 459 

et al., 2020b, Szejner et al., 2018, Timofeeva et al., 2017). One of the mechanisms 460 

responsible for the EW δ18O reflecting previous year climate is the uptake by trees of 461 

soil water that contains precipitation from previous seasons (Allen et al., 2019, Treydte 462 

et al., 2014). Another possibility is that sugars from the previous year were used to build 463 

leaf and xylem in the early growing season (Gessler et al., 2013).  464 

Interannual variability in LW δ18O was driven primarily by RH in the current 465 

growth year, particularly from August to October (Figure 4). At our site, trees might 466 

suffer drought stress during this relatively dry period (Figure 1), which would strongly 467 

determine the enrichments of soil-water δ18O and leaf-water δ18O, compared to early 468 

summer (Figures 2d, 8b). As a result, LW δ18O values increased with SSD, EVP, and 469 

VPD from August to October, but decreased with PRE and RH (Figure 4). Increased 470 

18O in leaf water leads to heavier tree-ring δ18O during dry conditions (i.e., low RH and 471 

PRE) (Treydte et al., 2014, Gessler et al., 2013, Kahmen et al., 2011).  472 

Interannual variability in tree-ring δ13Ccor in all EW and LW sections of the ring 473 

increased with warming and decreased with higher RH and precipitation during the 474 

growing season (Figure 5). During EW formation in the early growing season 475 

(February-March), RH is relatively high, resulting in low stomatal limitation and low 476 

EW δ13Ccor, which in turn is positively correlated with February-May temperature 477 

(Figure 5). This evidence along with the positive (r = 0.2 - 0.5, p < 0.05) relationships 478 
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between LW δ13Ccor and LW δ18O (Figure S12), as well as significant correlations 479 

between LW δ13Ccor and RH and VPD in September and October (Figure 5), suggest 480 

that LW δ13Ccor was more influenced by stomatal conductance compared to EW δ13Ccor 481 

(Farquhar et al., 1982, Roden and Farquhar 2012, Scheidegger et al., 2000). Low RH 482 

(high VPD) causes hydraulic stress on the trees and this leads to a reduction in stomatal 483 

conductance and therefore a decrease in Ci (Farquhar et al., 1982). In the dry late-484 

growing season, high temperatures may enhance drought stress, which can in turn 485 

reduce stomatal conductance and therefore lead to reduced Ci/Ca and high δ13C values 486 

(Scheidegger et al., 2000, Farquhar et al., 1982).  487 

4.2 Intra-annual tree-ring δ13C and δ18O profiles and their drivers revealed by 488 

observations and models 489 

The V-shaped intra-annual δ18O profile in Pinus massoniana tracked the profile of 490 

growing season precipitation δ18O (Figure 2), which was confirmed by our tree-ring 491 

δ18O model simulations in wet years (Figure 8d, 8f), and agrees with results in other 492 

Asian monsoon areas (Zhu et al., 2012a, Xu et al., 2016). Pinus massoniana is known 493 

to mainly use superficial soil water (Yang et al., 2015) and its intra-annual tree-ring 494 

δ18O profile therefore reflects the profile of precipitation δ18O throughout the growing 495 

season in humid conditions (Allen et al., 2019). 496 

On the other hand, δ18O leaf-level enrichment can change the intra-annual tree-497 

ring δ18O profile (Roden et al., 2000, Treydte et al., 2014). Precipitation and RH 498 
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differences between wet and dry years did not lead to significant differences in growing-499 

season precipitation δ18O (Figures S7, S8). This suggests that source water δ18O alone 500 

cannot cause differences in intra-annual tree-ring δ18O profiles between wet and dry 501 

years, which is further confirmed by simulations based on source water δ18O (Figure 502 

8c-f). Compared to wet years, during dry years, a 6% (0.1% to 14%) decrease in 503 

growing-season RH (Figure S7) leads to a 2.4‰ (0.04‰ to 5.9‰) increase in the 18O 504 

enrichment at the leaf level. This translates into about 1.4‰ (0.02‰ to 3.4‰) increase 505 

in tree-ring cellulose δ18O assuming Pex ≈ 42% in the Roden model (Roden et al., 2000). 506 

These magnitudes are comparable with the differences observed in tree-ring δ18O 507 

between dry and wet years (Figure 6a). 508 

Intra-annual tree-ring δ18O shows a flat profile in dry years and a distinct V-shaped 509 

profile in wet years (Figure 6). In wet years, high RH leads to low leaf-level enrichment, 510 

especially for EW δ18O, and intra-annual tree-ring δ18O profiles predominantly follow 511 

precipitation δ18O profiles with a distinct “V” pattern (Figures 6b, 8d, 8f). In dry years, 512 

however, trees are faced with limited water availability, particularly low RH, and tree-513 

ring δ18O was strongly modified by leaf-level enrichment (Barbour et al., 2004, Treydte 514 

et al., 2014, Belmecheri et al., 2018, Roden et al., 2000), resulting in higher tree-ring 515 

δ18O values with lower variability and a flat V-shape profile compared to wet years 516 

(Figures 6, 8c, 8e). This explanation can be further supported by our model results that 517 

show that in dry years, the enrichment-based simulation better captured the tree-ring 518 

δ18O profile than other simulations (Figure 8). Furthermore, minimum δ18O can be 519 
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considered a biomarker for low δ18O in precipitation and/or low leaf-δ18O enrichment 520 

in monsoonal Asia (Zhu et al., 2012b, Xu et al., 2020a). Considering that precipitation 521 

δ18O in June-July-August does not differ significantly between dry and wet years 522 

(Figure 6c), the stronger and earlier leaf-level δ18O enrichment in dry years leads to a 523 

higher probability of minima δ18O in EW and late-LW compared to wet years (Figures 524 

6, 8). In addition to this, the later tree-ring δ18O minimum in wet years may be 525 

associated with higher RH and higher PRE in the late growing season (August-October) 526 

compared to dry years (Figures S7). Similarly, the transition from EW to LW usually 527 

occurs earlier in dry years compared to wet years (Gruber et al., 2010). 528 

The Roden full model prominent overestimated intra-annual tree-ring δ18O 529 

profiles during dry years (Figure 8c), which contradicts our hypothesis that the model 530 

will be more accurate in dry years. This larger decoupling in dry years may result from 531 

1) larger evaporative enrichment effects or the residence time in precipitation δ18O 532 

variability (Gessler et al., 2014, Treydte et al., 2014), 2) differences between air and 533 

leaf temperature in dry years (low RH), with leaf temperature typically lower than air 534 

temperature, resulting in leaf-enrichment overestimation, and 3) influences of post-535 

photosynthetic processes, such as assimilates storage and remobilization processes 536 

(Timofeeva et al., 2017, Offermann et al., 2011). These processes may dampen the 537 

variance of the source-water δ18O and result in a lack of short-term signals (i.e., week-538 

to-week variability in tree-ring δ18O) (Gessler et al., 2014, Treydte et al., 2014) and low 539 

variability in observed intra-annual tree-ring δ18O profiles (Figure 8c). 540 
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The asymmetrical inverse-V-shaped intra-annual δ13C profile followed 541 

atmospheric δ13C changes and VPD (Figures 3, 9). Tree-ring δ13C showed a lower value 542 

at the start and end of the tree ring compared to the middle sections, as has been 543 

described for other pine species (Fonti et al., 2018, Sarris et al., 2013). Tree-ring δ13C 544 

is mainly determined by the high photosynthetic rate in April-May because stomatal 545 

control does not impose limitations in wet spring (low VPD; Figure 1c), and therefore 546 

assimilates are depleted in δ13C. The tree-ring δ13C peak may be caused by high VPD 547 

(2.8-3.4 hPa in July-August), which leads to lower Ci/Ca compared to spring (Boyer & 548 

Kawamitsu, 2011, Jarman, 1974). 549 

We found reverse intra-annual profiles in wet versus dry years for tree-ring δ13C 550 

compared to δ18O, with δ13C showing a fairly constant intra-annual profile in wet years 551 

(Figures 7, 9), but steeper slopes from EW to the late LW in dry years. This increase in 552 

δ13C towards the late LW (LW2-5) in dry years can be attributed to a reduction in 553 

stomatal conductance because RH decreases and δ18O increase from middle to LW in 554 

dry years (Figures 1, 6c) according to the dual-isotope model (Roden and Farquhar 555 

2012, Scheidegger et al., 2000). EW δ13C values showed a constant offset (0.4‰) 556 

between wet and dry years (Figures 7b, 9), which evidences that stomatal conductance 557 

does not change profile pattern in EW. In the late-growing season, on the other hand, 558 

stomatal conductance strongly responded to low RH in dry years (Figure 9c) and 559 

resulted in enriched δ13C in leaf and LW (Farquhar et al., 1982). As a result, LW δ13C 560 

simulations based on climate followed the observed profiles, especially in dry years 561 
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(Figures 9c, 9e, S11c), suggesting the strong influence of temperature and moisture (i.e, 562 

precipitation and RH), as well as their interactions.  563 

Farquhar-modeled intra-annual δ13C profiles were more similar to observations in 564 

dry years, especially for simulations based on full, climate, and RH models (Figure 9c, 565 

9e), but δ13C profiles showed a larger divergence between these simulations and 566 

observations in wet years compared to dry years (Figure 9e, 9f). This divergence may 567 

be due to an overestimation of the contribution of climate (Figure 9c, 9d). The 568 

divergence (0.05~0.2‰) between simulated and measured δ13C in the early EW may 569 

result from different cambial activity onsets, legacy effects, and photosynthetic rates 570 

(Fonti et al., 2018, Huang et al., 2018, Offermann et al., 2011).  571 

The differences in intra-annual δ18O and δ13C profiles in dry and wet years suggest 572 

different predominant ecophysiological controls. As a result, separate interpretations of 573 

intra-annual δ18O and δ13C profiles in wet and dry years are needed in humid 574 

environments in general and at our site specifically.  575 

4.3 Conceptual model of intra-annual eco-physiological responses to dry and wet 576 

conditions 577 

Conceptual tree-ring δ18O models exist for the tropics at the seasonal scale 578 

(Schubert & Jahren, 2015, Managave & Ramesh, 2012, Evans & Schrag, 2004), but 579 

they do not consider intra-annual profiles or tree-ring δ13C. Our conceptual model 580 

(Figure 10) considers not only these factors, but also the position of the δ18O minimum 581 
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and provides a new perspective to interpret intra-annual tree-ring δ13C and δ18O profiles 582 

separately. 583 

In our conceptual model, the main mechanisms involved stomatal and 584 

photosynthetic rate controls are dynamic and complex and differ for different tree-ring 585 

sections: in dry years, due to drought stress, stomatal control overrides the control 586 

exerted by the photosynthetic rate at the beginning of the growing season, but at the end 587 

of the growing season stomatal control is reduced and goes to a new balance with the 588 

photosynthetic rate (Figure 10). On the other hand, stomatal control is balanced with 589 

photosynthetic rate at beginning of the growing season in wet years. Then, because of 590 

low drought stress, photosynthetic rate dominates the δ13C value until the 591 

photosynthetic rate reaches a maximum value. At the end of the growing season, the 592 

photosynthetic rate decreases again and reaches a new balance with stomatal control 593 

(Figure 10).  594 

By comparing Roden model simulations with our observations in wet and dry 595 

years (Figure 8), we found that the intra-annual tree-ring δ18O profile follows the 596 

precipitation δ18O profile in wet years, but in dry years leaf-water enrichment dominates 597 

the tree-ring δ18O and alters the profile (Figure 8c), resulting in higher tree-ring δ18O 598 

values from the end of EW to the end of LW. The strongest influence of leaf-water 599 

enrichment thus happens in the central part of the transition between EW and LW, when 600 

tree-ring δ18O shows the largest divergence between dry and wet years (Figures 6, S9). 601 

Our model indicates a stronger stomatal limitation on δ13C during the formation 602 
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of the early-LW compared to the period of EW formation, especially in dry years. Intra-603 

annual δ13C profile variability was larger in dry years due to high LW δ13C values 604 

caused by strong water limitation and a lower stomatal conductance (Roussel et al., 605 

2009). Our conceptual δ13C model suggests a plastic physiological response to drought 606 

throughout the growing season reflected in different tree-ring sections. Intra-annual 607 

δ13C variability is thus strongly related to stomatal control, particularly in the central 608 

and early-LW sections. Therefore, in a broader view, these sections of the tree ring are 609 

a better choice compared to the whole ring when exploring long-term drought responses 610 

and vegetation-climate interactions under increasing VPD scenarios (Kahmen et al., 611 

2011).  612 

Leaf water enrichment impacted the intra-annual δ18O profile, especially in dry 613 

years (Figure 8). Decreasing RH (Figures 1, 8) and increasing VPD (Monson et al., 614 

2018, Belmecheri et al., 2018, Szejner et al., 2021) changed the intra-annual δ18O 615 

profile by altering the intra-annual V-shape profile of the source-water δ18O. In wet 616 

years, on the other hand, the intra-annual tree-ring δ18O profile tracked the precipitation 617 

δ18O profile. In the monsoon region, δ18O from different sections of the tree ring may 618 

have varied climate signals (Xu et al., 2020a, Zhu et al., 2012b, An et al., 2012). Our 619 

results confirm this and the conceptual model further suggests that the EW-LW 620 

transition sections can be a better target when using δ13C to track drought responses and 621 

when using tree-ring δ18O to track climatic signal and precipitation δ18O. Again, our 622 

conceptual model illustrates the interplay of mechanisms governing tree-ring stable 623 
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isotopes within the ring, which helps extract stronger climatic signals using potential 624 

concrete sections of the tree ring and study the trade-off between source-water δ18O and 625 

leaf-water enrichment (Allen et al., 2019, Szejner et al., 2018).  626 

5. Conclusion 627 

We analyzed intra-annual tree-ring δ13C and δ18O profiles and their interannual 628 

variability, as well as their driving mechanisms. We found that interannual δ18O 629 

variability is related to moisture availability and its intra-annual profile tracks 630 

precipitation δ18O variations. Interannual δ13C variability, on the other hand, is mainly 631 

determined by early growing season (February-May) temperature and late growing 632 

season (September-October) moisture. The intra-annual δ18O profile showed larger 633 

variability following the magnitude of source water seasonal variations and delayed 634 

within-season minima in wet years compared to dry years, because there is a little 635 

evaporative leaf-level isotopic enrichment during wet years. The intra-annual δ13C 636 

profiles showed lower mean values and flatter slopes during wet years compared to dry 637 

years.  638 

The Roden process-based model shows skill in capturing intra-annual δ18O 639 

profiles in wet years, but not in dry years, which suggests that the process-based model 640 

shows some asymmetric bias in reproducing the difference in the dominant mechanistic 641 

processes in dry versus wet years, such as source-water δ18O signal and leaf-level 642 

enrichment controls. On the other hand, the Farquhar-model captured δ13C better in dry 643 
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years compared to wet years. This model outcome can be explained by differences in 644 

the controlling factors on ecophysiological processes and tree growth between dry 645 

(strong stomatal control) and wet (low stomatal control) years. We thus provided an 646 

intra-annual conceptual model to interpret intra-annual tree-ring δ13C and δ18O profiles 647 

in wet and dry years considering climate response, isotopic source, and 648 

ecophysiological mechanisms.  649 
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Table 914 

Table 1 Model parameters designed to detect the contribution of each process or parameter. 915 

The parameter values can be found in the supplemental table S2. 916 

Model 
model 

contributor 
Input fixed 
parameter 

Changing parameter 
Constant 

parameters 
Offset 
（‰） 

Farquhar 
full 

Model 
Full model 

a, b, c1, c2, 
offset pc 

temperature, RH, 
δ13Catm 

/ / 

Farquhar 
single 

parameter 
Model 

Climate 
contri 

a, b, c1, c2, 
offset pc 

temperature, RH δ13Catm / 

RH contri 
a, b, c1, c2, 

offset pc 
RH δ13Catm, 

temperature 
/ 

Tem contri 
a, b, c1, c2, 
offset_pc 

temperature δ13Catm, RH / 

δ13Catm 
contri 

a, b, c1, c2, 
offset pc 

δ13Catm temperature, RH / 
      

Roden 
full 

Model 
Full model 

εc, εk, ε*, Pex, 
gb, gs  

δ18O of 
precipitation, δ18O 

of water vapor, RH, 
temperature 

/ -0.09 

Roden 
single 

parameter 
Model 

Enrichment 
contri 

εc, εk, ε*, Pex, 
gb, gs 

RH, temperature 

δ18O of 
precipitation, 
δ18O of water 

vapor 

2.77 

Source 
water δ18O 

contri 

εc, εk, ε*, Pex, 
gb, gs 

δ18O of precipitation RH, temperature 3.07 
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Figures and Figure captions 918 

919 
Figure 1 (a) Location of the sampling site, Nanyue weather station, and precipitation 920 

δ18O (GNIP) station. (b) Walter and Lieth climatic diagram of the Nanyue station 921 

showing mean values for the period 1953-2014. The blue (red) line represents the mean 922 

monthly precipitation (mean air temperature). Blue shaded area indicates the wet period 923 

and vertical blue lines indicate the humid period. The dark (light) blue horizontal bars 924 

below the X-axis represent frost (likely frost) periods. (c) Monthly precipitation (> 0.1 925 

mm) days, vapor pressure deficit (VPD), and relative humidity (RH).  926 
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Figure 2 (a) Schematic figure for the intra-annual tree-ring section assignment 928 

following the tracheidogram method. The letter n and m represent the number of the 929 

EW and LW sections in a ring. In the example, a ring was split into 6 EW sections and 930 

7 LW sections. Variability of δ18O in each tree-ring section for (b) EW and (c) LW 931 

based on the method in panel a. (d) Mean values of tree-ring δ18O for subsequent 932 

sections follow a “V” pattern. Horizontal bars at the bottom of the panel (d) represent 933 

the growing season length based on micro-coring measurements inferred from another 934 

study (Huang et al., 2018): light grey for EW and dark grey for LW. (e) Intra-annual 935 

pattern of precipitation δ18O from ISOGSM model output and validated by the 936 

observational precipitation δ18O at the Changsha station (Fig S3). Shaded area in panel 937 

(e) corresponds to the growing season in our study area.  938 
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 939 

Figure 3 Variability of δ13Ccor in each tree-ring section for (a) Early-wood (EW) and 940 

(b) late-wood (LW) based on the method in Figure 2a. (c) Mean values of tree-ring 941 

δ13Ccor for subsequent sections follow an asymmetric inverse-V pattern. Bars at the 942 

bottom of panel c represent the growing season length based on micro-coring 943 

measurements inferred from another study (Huang et al., 2018): light grey for EW and 944 

dark grey for LW. (d) The intra-annual pattern of atmospheric δ13C (δ13Catm) at the 945 

Waliguan station from 1990 to 2014. Shaded area in panel (d) corresponds to the 946 

growing season in our study area. 947 

948 
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 949 



 

50 

 

Figure 4 Climate response of tree-ring δ18O for each EW and LW section. (a)-(e) 950 

correspond to EW sections EW1 to EW5, and (f)-(i) correspond to LW sections LW1 951 

to LW5. Only significant Pearson's correlation coefficients (p < 0.05) are shown. On 952 

the X-axis, lowercase (uppercase) letters indicate the month of the previous (current) 953 

year. The climate variables include mean (TEM), maximum (TMAX), and minimum 954 

(TMIN) temperature, monthly diurnal temperature range (DTR), monthly precipitation 955 

(PRE), monthly relative humidity (RH), monthly vapor pressure deficit (VPD), monthly 956 

diurnal evaporation (EVP), and monthly sunshine duration hours (SSD).  957 
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958 

Figure 5 Same as Figure 4 but for tree-ring δ13Ccor.  959 
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 960 

Figure 6 Intra-annual profile of tree-ring δ18O for each year (a). The insert figure in 961 

panel a is the comparison of the mean δ18O values for dry (red) and wet (blue) years, 962 

which are determined by the 10th and 90th percentile, respectively, of the growing 963 

season relative humidity during the period 1953-2014. Intra-annual mean tree-ring δ18O 964 

(b) and monthly precipitation δ18O (c) in dry versus wet years. Density diagram of the 965 

position of minimum tree-ring δ18O in dry versus wet years (d) and vertical lines 966 

represent maximum density. 967 
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 968 

Figure 7 Same as Figure 6 (a) and (b) but for tree-ring δ13Ccor. Density diagram of the 969 

position of minimum tree-ring δ13Ccor in atmospheric dry and wet years (c) and vertical 970 

lines represent maximum density.  971 
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972 

Figure 8 Comparison between modeled and measured tree-ring δ18O. (a) interannual 973 

variability (intra-annual scale: lighter color, year-to-year: dark color ) and (b) intra-974 

annual profiles. The inserted boxplot in panel (a) shows the offset (whiskers for the 1.5 975 

interquartile range, and the dot for the mean) between observations and model 976 

simulations. Significant Pearson correlations (p < 0.01) between observation and 977 

simulation are shown in panel (a). The details of the model (such as full name and inputs) 978 
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can be found in Table 1 and S2 and we defined February-November as the growing 979 

season in all model runs. Comparisons of the intra-annual profiles of tree-ring δ18O 980 

between measured and modeled δ18O during (c) dry years and (d) wet years. Scatter 981 

plot of measured and modeled tree-ring δ18O during (e) dry and (f) wet years. Pearson 982 

correlation coefficients between observations and model simulations and significance 983 

level are shown. Diagonal dashed lines in (e) and (f) are 1:1 lines.  984 
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985 
Figure 9 Comparison between modeled and measured tree-ring δ13C for (a) interannual 986 

variability (intra-annual: lighter color, year-to-year: dark color) and (b) intra-annual 987 

profiles. Pearson correlation coefficients between observations and simulations are 988 

shown in panel a (bold type, p < 0.01; and regular type, insignificant). The modeling 989 

procedure consisted of varying one contributing parameter at a time with the other 990 

parameters remaining constant (the mean value for 1953-2010). The full model 991 

included all varying parameters. The details of the model (such as full name and inputs) 992 

can be found in Table 1 and S2 and we defined February-November as the growing 993 

season in all model runs. Comparison of the intra-annual profiles of measured and 994 
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modeled δ13C during (c) dry years and (d) wet years. Scatter plot of measured and 995 

modeled tree-ring δ13C during (e) dry and (f) wet years. The Pearson correlation 996 

coefficients between observations and model simulations and significance levels are 997 

shown. Diagonal dashed lines in (e) and (f) are 1:1 lines.  998 
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 999 
Figure 10 Schematic diagram of a potential main controlling process of intra-annual 1000 

tree-ring δ18O and δ13C profiles in wet and dry years. Left panel is for δ13C and right is 1001 

for δ18O.Diamonds and dots indicate the positive and negative effects, respectively. The 1002 

colored dashed lines indicate intra-annual profiles of tree-ring δ13C and δ18O in wet 1003 

years (blue) and dry years (red). The length of the vertical line above or below the mean 1004 

indicates the relative contributions of the main controlling processes: stomatal control 1005 

and photosynthesis rate for δ13C and leaf-water enrichment and source-water δ18O for 1006 

tree-ring δ18O. The X-axis represents the different sections of tree rings. The horizontal 1007 

arrows in the right panel indicate the probability of position of tree-ring δ18O minima 1008 

in wet (blue) and dry (red) years. 1009 
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