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Abstract

Influence of long-term changes in climate and CO2 concentration on intrinsic water-use effi-

ciency (iWUE), defined as the ratio between net photosynthesis (A) and leaf conductance

(g), and tree growth remain not fully revealed in humid subtropical China, which is distinct

from other arid subtropical areas with dense coverage of broadleaf forests. This study pre-

sented the first tree-ring stable carbon isotope (δ13C) and iWUE series of Pinus massoniana

from 1865 to 2013 in Fujian province, humid subtropical China, and the first tree-ring width

standard chronology during the period of 1836–2013 for the Niumulin Nature Reserve

(NML). Tree-ring width growth was limited by precipitation in July-August (r = 0.40, p <
0.01). The tree-ring carbon isotope discrimination (Δ13C) was mainly controlled by the sun-

shine hours (r = -0.66, p < 0.001) and relative humidity (r = 0.58, p < 0.001) in September-

October, a season with rapid latewood formation in this area. The iWUE increased by

42.6% and the atmospheric CO2 concentration (ca) explained 92.6% of the iWUE variance

over the last 150 years. The steady increase in iWUE suggests an active response with a

proportional increase in intercellular CO2 concentration (ci) in response to increase in ca.

The contribution of iWUE to tree growth in the study region is not conspicuous, which points

to influences of other factors such as climate.

Introduction

Global warming and increase in CO2 concentration have profound influences on forests

growth by directly modulating their physiological processes, e.g. photosynthesis, and indirectly

by changing the forests structures. These changes can in turn feedback climate change via

modulating carbon cycles since forests are important carbon sink [1–3]. Interactions among

temperature, CO2 concentration and forests growth vary from region to region, which is
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largely because of the important roles of regional factors. This is largely because that global

increase in temperature and CO2 concentrations can lead to regionally different changes in

hydrological patterns, which cause varying degrees of water stress [4, 5]. Meanwhile, it can also

lead to regionally different changes in intrinsic water-use efficiency (iWUE). For example, the

increase in CO2 concentration in the arid region is expected to facilitate tree growth because

that the increase in iWUE in response to an increase in CO2 concentration can alleviate the

drought stress for tree growth [6]. However, the climate-iWUE-tree growth linkages can be

complex in humid and hot regions due to the relatively “satisfied” environments for tree

growth. For example, in Brazil, tree growths in some tropical regions are enhanced in

responses to increase in temperature and CO2 concentration, while tree growths in other trop-

ical regions such as Bolivia and Thailand are not insensitive to changes temperature and CO2

concentration [5, 7–8].

The study region is located in southeastern China, which holds the world’s largest subtropi-

cal evergreen broadleaf forests due to its humid subtropical climate, which is distinct from

other arid regions of the subtropics [9]. Although annual precipitation is abundant for this

area, previous studies revealed summer drought stress for tree growth in this area due to the

relatively hot and dry climate in that season [10–12]. However, little is not known about the

variations of iWUE and its potential influence on tree growth in this region. This study

attempts to improve our understandings of the linkages among climate-iWUE-tree growth in

the humid subtropical China.

Monitoring studies, such as laboratory, free-air CO2 enrichment (FACE) experiments

and process-based simulations, frequently suggested promotion of tree growths in response

to an increase in CO2 concentration [13, 14]. However, other study revealed that trees may

adapt to the high CO2 concentration environments over a long period, thus becoming insen-

sitive to CO2 increase [6]. Therefore, it is crucial to not only understand the short-term

responses of forests growth to environmental change but also to study their long-term adap-

tions to environmental stress. Tree-ring width is an invaluable indicator to infer radial tree

growth in a long period of decades to centuries, which has been widely used to study the

responses of forests growth to climate change [15, 16]. Due to the high sensitivity of tree-ring

data to climate change, tree-ring proxy records of precipitation and temperature are one of

our best indicators for how past climate change has impacted ancient human societies. The

stable carbon isotope ratio (δ13C) represents the ratio of carbon assimilation to water costs

through transpiration, which is can be used to infer the iWUE changes [17–19]. Thus tree-

ring δ13C has been widely used to study iWUE changes and their relationships with tree

growth and environmental factors [14, 18, 20, 21]. In addition, relative to the tree-ring width

data, tree-ring δ13C data have higher signal to noise ratio and are less influenced by age

related growth trends [22]. Thus tree-ring δ13C data have been widely used to reconstruct

long-term changes of various environmental factors including sunshine, temperature and

humidity [23–25].

Currently, most of the tree-ring based climate studies in China concentrated in the arid and

cold northwestern parts [24, 26–35]. Although there were some tree-ring based reconstruc-

tions conducted in the humid subtropical China [36–38], the tree-ring network for the humid

subtropical China in the southeast is still much sparser than the northwest [39], particularly

for the tree-ring based isotopic studies. For example, for our study region in Fujian province,

there is currently only one tree-ring oxygen isotopic series published in its west [40]. This

study presents the first tree-ring δ13C series of Pinus massoniana trees for Fujian province and

the first tree-ring width chronology for Niumulin Nature Reserve (NML). The newly devel-

oped tree-ring and iWUE data will be compared with changes in climate and atmospheric

CO2 concentration to explore their relationships.
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Materials and methods

Study region

Tree-rings were sampled in NML (25˚25’N, 117˚56’E) Nature Reserve of Quanzhou area,

southeastern Fujian province of China, which is western to the Taiwan Strait (Fig 1). The

NML is a branch mountain of Daiyun Mountain range, the major mountain range of central

Fujian province [11]. The study region is mainly covered by relatively acidic red and yellow

soil with a thick humus layer on its top. The area is characterized by a hot and humid monsoon

climate with the mean monthly temperature ranging from 9.4˚C in January to 28.3˚C in July.

The mean annual temperature is 19.4˚C over the period of 1955–2013 according to instrumen-

tal data from the nearest meteorological station of Yong’an (25˚58’N, 117˚21’E, 206 m a.s.l.).

The annual total precipitation is 1556 mm, and 87% of the precipitation concentrates in the

Fig 1. Locations of the tree-ring sampling site, the meteorological station and the close city in eastern Fujian province. The maps were

derived from Geographic Information Resources Service (http://www.webmap.cn/mapDataAction.do?method=forw&resType=5) and produced

using ArcMap 10.0 software.

doi:10.1371/journal.pone.0172045.g001
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growing season from March to November (Fig 2a). Different from other monsoonal areas of

China, precipitation in the hottest July does not correspond to the highest precipitation due to

the control of the western Pacific High in this season [11, 12]. The annual mean temperature

shows a significant increasing trend during the period of 1955–2013 (Fig 2b), while relative

humidity and sunshine hours significantly decrease during study period (Fig 2d and 2e). The

annual precipitation has no obvious trend (Fig 2c). The study area is dominated by evergreen

broadleaf forest, although some sites, including our sampling site, have relatively pure Pinus
Massoniana forests mixed with bamboo. The tree-ring cores were taken from the old-growth

Pinus Massoniana trees with diameter of ~2–3 meters at the breast height.

Tree-ring width data

According to standard dendrochronological methods [15], we sampled 72 cores at 1.3m breast

height from 40 dominant living Pinus massoniana trees from NML Nature Reserve using

5-mm diameter increment borer. The sampling work was conducted under the permission of

the administrators of the natural reserve. The cores were air-dried and polished by a series of

sand-paper until the cellular structure is clearly visible [41]. Calendar years were assigned to

each ring by checking the matches of the tree-ring patterns following cross-dating procedure,

which were further checked by COFECHA program for quality control [42]. The cross-dated

series were measured to a 0.001mm precision using a LINTAB 6.0 measuring station. Age

related growth trends of the raw measurements were removed by fitting a smoothed cubic

spline curves with two-thirds of the mean lengths of each series. The detrended tree-ring indi-

ces were then averaged to produce the tree-ring chronology following the biweight robust

mean methods using ARSTAN program [43]. We selected standard chronology (STD) because

we are interested in both low- and high-frequency variations and the STD contains more low-

frequency signal than residual chronology. To account for the decreased sample number in the

early period of the chronology, we used the statistic of the Expressed Population Signal (EPS)

over 0.85 to determine the reliable portion of STD [44].

Tree-ring δ13C, Δ13C and iWUE

We selected twelve cores from twelve trees without absent rings and obvious growth distur-

bance for stable isotopes analysis, covering the period of 1844–2013. The whole wood of each

ring was pooled to extract their α-cellulose following standard methodology [21, 45]. The

pooled samples of the same year were dried for 72 hours at 75˚C in the oven and then milled

in a grind bowl (Pulv-erisette 23, Fritch, Germany) until the samples can pass through the

60-mesh sieve. We then treat the dried out samples to [46, 47]: (1) remove lipid by organic sol-

vents (“Acetone” and “Toluene/Ethanol 2:1”); (2) remove lignin by sodium hypochlorite and

acetic acid solutions; (3) remove hemicellulose and decomposed lignin by sodium hydroxide

solutions. To obtain highly homogeneous α-cellulose, an ultrasound machine (JY92-2D,

Ningbo Scientz Biotechnology, Ningbo, China) was used to break the cellulose fibers [48].

We packed 0.10–0.12 mg of α-cellulose in tin capsules for stable isotope measurement

using the Flash Elemental Analyzer (Flash 2000) coupled with a Thermo Scientific MAT 253

(Thermo Electron Corporation, Bremen, Germany). Each sample was repeatedly measured for

two to four times. The Charcoal Black (standard sample, δ13C = -22.43‰) was used to calibrate

the values of δ13C gained from tree-ring α-cellulose. For convenience, the rate of stable carbon

isotope (13C/12C) was defined in delta (δ) according to the Vienna Pee Dee Belemnite (VPDB)

standard [49], in parts per thousand (‰):

d
13C ¼ ½ðRsample=RstandardÞ � 1� � 1000 ð1Þ

Climate, iWUE and tree growth in humid subtropical China
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Fig 2. (a) Monthly climatic diagram at the Yong’an meteorological station (25˚58’N, 117˚21’E, 206 m a.s.l.)

near the sampling site. Time series of the (b) mean temperature, (c) precipitation, (d) relative humidity and (e)

sunshine hours for the period of 1955–2013. The red dashed line indicates the significance level (p < 0.001)

for linear regression.

doi:10.1371/journal.pone.0172045.g002
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where Rsample and Rstandard represent the 13C/12C ratios of tree-ring α-cellulose sample and

VPDB standard, respectively. Our isotopic measurements were stable with a low standard

deviation of 0.07‰.

The stable carbon isotopes discrimination (Δ13C) in C3 plants indicates the isotope changes

between atmosphere and plants (i.e. leaf gas-exchange), which can be expressed as the follow-

ing equation [1]:

D
13C ¼ ðd13Ca � d

13CpÞ=ð1þ d
13Cp=1000Þ ¼ aþ ðb � aÞðci=caÞ ð2Þ

where413C is the stable carbon isotope discrimination; δ13Ca and δ13Cp are the stable carbon

isotopic ratios (13C/12C) of ambient air and plant cellulose; a (� 4.4‰) represents the isotope

discrimination of atmospheric CO2 entering in the intercellular space; b (� 27‰) represents

the isotope discrimination value due to the carboxylation; ci and ca are the intercellular and

ambient CO2 concentrations, respectively. We assumed that the values of ca and δ13Ca at the

sampling site are equal to the atmospheric CO2 concentration and its carbon isotope, respec-

tively, as previous studies revealed.

The intrinsic water-use efficiency (iWUE) is defined as the ratio of the fluxes of net photo-

synthesis and conductance for water vapor, which indicates the cost of assimilation per unit of

water, expressed in the units of umol mol-1 [17]:

iWUE ¼ A=gs ¼ ðca � ciÞ=1:6 ¼ cað1 � ci=caÞ=1:6 ð3Þ

where A is the rate of CO2 assimilation and gs is the rate of leaf stomatal conductance.

Climate data and analytical methods

We employed the instrumental data of monthly mean temperature, sunshine hours, monthly

total precipitation and monthly mean relative humidity from the Yong’an meteorological sta-

tion. The Pearson correlations among climate, tree-ring width, tree-ring Δ13C and iWUE were

calculated using both the raw and the first-order differenced data. The first-order differenced

data were calculated as the residual between the tree-ring data of successive years. The correla-

tions based on the first-order differenced data are used to highlight the interannual variability

of tree rings. All the correlation analyses between tree-ring data and climate variables were cal-

culated from the start of previous growing season (i.e. previous February) to the end of the cur-

rent year (current December). Apart from the calculations of the Pearson correlations, we

calculated the response function analysis using the program DendroClim2002, which employs

the bootstrap procedure to evaluate the significance level [50].

Results

Tree-ring width chronology and climate-growth relationship

It is expectable to observe a lapsing trend for the tree-ring width from NML site over the

period of 1836–2013 due to the increase in tree diameter. However, increasing trends are also

observed in the 1940s-1970s period and the recent 10 years (Fig 3a). After removing the age-

related growth trend (Fig 3b), the tree-ring width standard chronology (STD) were relatively

stable before 1910s with weak interdecadal variability. The interdecadal variability of the STD

enhanced after the 1910s with a peak in the 1970s and a growth decline from 1980s to 1990s.

As shown in Fig 4a, the STD was significantly negatively correlated with temperature in

previous October, but there was no significant correlation with precipitation. Significant posi-

tive correlations between STD and relative humidity were seen in previous November and cur-

rent November. The STD was positively and significantly correlated with sunshine hours in

Climate, iWUE and tree growth in humid subtropical China

PLOS ONE | DOI:10.1371/journal.pone.0172045 February 9, 2017 6 / 19



previous February, July, September, as well as current August. The first-order differenced STD

was positively and significantly correlated with temperature in previous March (Fig 4b). The

first-order differenced STD was significantly negatively correlated with precipitation in previ-

ous August and significantly positively correlated with precipitation in current July and

August. Significant negative correlations with relative humidity were found for first-order dif-

ferenced data in previous February and current August. Positive correlations with sunshine

hours are observed for the first-order differenced data in previous February and negatively

correlated with sunshine hours in current February were also seen in the correlations. The

highest response for the first-order differenced data was found with monthly total precipita-

tion in current July-August (r = 0.40, p< 0.01).

Fig 3. Time series of the (a) raw tree-ring width chronology and (b) tree-ring standard chronology (STD) and the sample size from Pinus

massoniana of the Niumulin Nature Reserve (NML) for the period of 1836–2013. The reliable period of the chronology with over 13 cores is

determined with the static of Expression Population Signal (EPS) greater than 0.85. The red lines represent the result of FFT filtering using a

10-year window to emphasize the low-frequency variations.

doi:10.1371/journal.pone.0172045.g003
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Fig 4. Correlations between climate variables and (a) the tree-ring standard chronology (STD), and (b) the first-order

differenced STD from the start of previous growing season (previous February) to the end of current growing season

(current December) for the period of 1955–2013. JA represents the mean between July and August. The black (green)

horizontal dash lines represent the 95% (99%) confidence level.

doi:10.1371/journal.pone.0172045.g004
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Tree-ring δ13C and response of Δ13C to climate change

The tree-ring δ13C (δ13Cp) chronology spans 170 years from 1844 to 2013. An increasing trend

in δ13Cp was observed over the first 20 years of the chronology from 1844 to 1864, which may

be caused by the “juvenile effect” (Fig 5a). Juvenile trees tend to assimilate more CO2 from soil

respiration and can cause an increase in δ13Cp [2]. To avoid the juvenile effect, we discarded

the data over first 20 years and only selected the δ13Cp data from the time interval from 1865

to 2013 for further analyses. Human activities such as fossil fuel burning and deforestation,

referred to as “Suess effect”, have resulted in significantly decreasing trend in δ13C of atmo-

sphere, leading to a decreasing trend in δ13Cp since the industrial era [2, 51, 52]. The δ13Cp

series showed an obvious decreasing trend (a slop of linear regression: -0.006) over the study

period. This indicates that the decreasing trend is likely due to the trend caused by the decrease

in atmospheric δ13C since the beginning of the industrial era. However, the conspicuous

decreasing trend is not observed in tree-ring Δ13C series (Fig 5).

The tree-ring413C has significantly positive correlation with precipitation in current Sep-

tember (Fig 6a). Peak correlation between the413C and relative humidity was found in Octo-

ber (r = 0.50, p< 0.001). In addition, the413C was also significantly and negatively correlated

with sunshine hours in October and November. Correlations among the413C and climate

factors based on first-order differenced data were similar to those derived from the raw data

Fig 5. (a) Tree-ring carbon isotope ratio (δ13Cp) for the Pinus massoniana in Niumulin Nature Reserve (NML) during 1844–2013 and

atmospheric carbon isotope ratio (δ13Ca) from 1900 to 2013, and (b) tree-ring carbon isotope discrimination (413C) during 1865–2013.

The values of δ13Ca were derived from Francey et al [52].

doi:10.1371/journal.pone.0172045.g005

Climate, iWUE and tree growth in humid subtropical China
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Fig 6. Correlations between climate variables and (a) the series of tree-ring carbon isotope discrimination (413C), and (b) the

first-order differenced413C from the start of previous growing season (previous February) to the end of current growing

season (current December) for the period of 1955–2013. SO represents the combination of data from September to October. The

black (green) horizontal dash lines represent the 95% (99%) confidence level.

doi:10.1371/journal.pone.0172045.g006
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(Fig 6b). The correlations with relative humidity and sunshine hours in September-October

were higher than those derived from the raw data (Fig 6).

Trends in ca, ci, ci/ca and iWUE

Overall, the ca rose from 287.2 ppm to 395.3 ppm from 1865 to 2013. The ci calculated from

tree-ring δ13C ranged from 151.5 ppm in 1875 to 209.2 ppm in 2010, showing a slightly

increasing trend than ca (Fig 7a). Accordingly, the ratio between ci and ca showed a significant

decreasing trend (Y = −0.0002X + 0.54, R2 = 0.30, p< 0.001, X is the order of year) during the

study period (Fig 7b). The iWUE increased by about 42.6% during the study period (Fig 7c).

The ca explained 86.9% and 92.6% of the increase in ci and iWUE during the period of 1865–

2013 based on the regression analysis, respectively. It suggested that the increased atmospheric

CO2 concentration was the major contributor to the ci and iWUE increases. There was a grad-

ual increase in ci, ca and iWUE before ~1960s, while the increasing trend became more con-

spicuous afterwards. Since both ci and ci/ca had slightly increasing trends, a relative constant

iWUE since 2003 was observed (Fig 7). The iWUE had significant (p< 0.05) and positive cor-

relations with tree growth in ~1890s and ~1950s but negative correlations in ~1970s-90s (Fig

8). Significant (p< 0.05) and negative correlations are only seen in ~1880 and ~1950s-60s (Fig

8) for the first-order differenced data.

Discussion

Summer drought stress and tree-growth

The correlation analysis for the first-order difference data revealed a drought stress in summer

in July and August on tree growth in our site, which is not conspicuous for the correlations

using raw data (Fig 4). We considered that the correlations using the first-order difference

data should be more robust as they are less affected by the trends and often have a higher effec-

tive degree of freedom due to their high-frequency variability. In addition, correlations with

the first-order difference data often have more significant correlations with precipitation but

less so with temperature, compared with the raw data. This is likely because the precipitation

tends to have more conspicuous high-frequency variability while the temperature tends to

have relatively strong low-frequency variability [53]. The summer drought stressed growth

patterns have also been revealed in nearby regions of eastern Fujian province. For example, Li

et al. [12] revealed that the growths of tree-rings of Pinus massoniana were mainly controlled

by the July-September precipitation in Fuzhou area in the eastern of Fujian province. Chen

et al. [11] also demonstrated that the July-August precipitation is the major limiting factor for

tree-ring growth of Pinus taiwanensis in Daiyun Mountain of Quanzhou area, southeastern of

Fujian province. The presence of the summer drought stress is due to the fact that the peak

temperature in July and August was accompanied by relatively low precipitation in this period

(Fig 2a). The hot climate in summer may lead to stomatal closure and an increase in evapora-

tion from soil, causing a decrease in water supply for tree growth. In such conditions, a rela-

tively low precipitation can be a limiting factor for tree growth.

This study did not reveal significant positive response to winter temperature as other stud-

ies in southeastern China [38]. This may be because our sampling site is not located at the high

altitude sites as Chen et al. [11], where the winter temperature are too low to limit tree growth.

The summer drought stressed growth patterns in humid subtropical China are different from

the drought stressed pattern in arid western China [16], where a significant and negative

response to summer temperature was often the case. This is because that warming induced

evapotranspiration in the arid region can be more stressful for vegetation growth than the

humid region with relatively abundant precipitation.

Climate, iWUE and tree growth in humid subtropical China
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Fig 7. Variations in (a) leaf intercellular CO2 concentration (ci) and ambient CO2 concentration (ca), (b) 13C discrimination ratios (ci/ca)

and (c) intrinsic water-use efficiency (iWUE) calculated from three scenarios as a baseline for interpreting the gas exchange in response

to increasing ca over the period of 1865–2013. The atmospheric CO2 were derived from McCarroll and Loader [2].

doi:10.1371/journal.pone.0172045.g007
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Modulations of insolation and relative humidity on tree-ring Δ13C

Both the raw and first-order differenced tree-ring Δ13C have negative correlations with insula-

tion and positive correlations with relative humidity in September-October (Fig 6). This is

likely due to a tradeoff between photosynthetic rate and stomatal conductance in tree-ring

Δ13C [1]. McCarroll and Loader [2] found that the direct control of carbon isotope discrimina-

tion was photon flux, which modulates the photosynthetic rate. The ci decreased when the

amount of photosynthesis strengthened, leading to the decrease of trees stable carbon discrimi-

nation. This accounts for the negative correlations between Δ13C and sunshine hours (Eq 2)

[1]. The tree-ring Δ13C has also been found to be sensitive to insulation in northwestern Nor-

way and the Slovenian Alps [23, 54]. Temperature is another factor modulating photosynthesis

and thus sensitive to carbon isotope discrimination revealed in some other studies [2, 24].

Relative to temperature, insulation and photon flux have more direct influences on photosyn-

thesis and tree-ring Δ13C [2, 23]. As for this hot and humid area, the temperature may be suffi-

cient for photosynthesis while the insulation can be insufficient due to prevailing of cloudy

days. For example, a study in Taiwan, neighboring to our study region, also found that sun-

shine may be the key limiting factor for tree growth [55].

On the other hand, precipitation and relative humidity indirectly modulates the tree-ring

carbon isotope discrimination by decreasing stomatal conductance in response to moisture

stress [18, 56]. The low relative humidity will induce the decrease of stomatal conductance for

trees to keep alive. Then ci decreased, to induce the decrease of tree-ring Δ13C. This accounts

for the positive responses of tree-ring Δ13C to relative humidity at our site (Eq 2) [1]. Another

study in western Fujian found limitation of precipitation on tree-ring oxygen stable isotope,

which may reflect the stomatal conductance [40]. We also observed the influences of precipita-

tion and relative humidity on the growths of tree-ring widths in this area.

Fig 8. Running correlations based on a 31-year window of the tree-ring standard chronology and intrinsic water-use efficiency (iWUE).

The study viewed intermediate point as a starting year. The black (green) horizontal dash lines represent the 95% (99%) confidence level.

doi:10.1371/journal.pone.0172045.g008
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Both of the responses of tree-ring widths and Δ13C are sensitive to relative humidity/precip-

itation. However, the response of tree-ring Δ13C has a more conspicuous delayed response to

moisture in autumn instead of in summer for tree-ring width. Different responses of the two

parameters may be because of the different processes determining the tree-ring width and car-

bon isotope discrimination, which are mainly modulated by photosynthesis and respiration

and by photosynthesis and stomatal conductance [1, 2, 18]. In autumn, the sunshine hours are

only secondary to the summer (July and August) (Fig 2a). The season has high photosynthesis

rate due to the high sunshine hours and moderately high temperature, while the stomatal con-

ductance may not be high due to the relatively low precipitation. This may result in a high

ratio between photosynthesis rate and stomatal conductance, which can cause high tree-ring

Δ13C. High tree-ring Δ13C in autumn may contribute to its high sensitivity to climate in this

season. This period was also found to be associated with a rapid growth of latewood of Pinus
massoniana in this area [57]. Our hypothesis needs to be tested by interannual monitoring

studies on tree growth and isotopic discrimination.

Responses of iWUE to CO2 increase and its relationships with tree-

growth

Our study suggested a dominant control of ca on iWUE. Three scenarios were proposed by

Saurer et al. [18] to account for the responses of iWUE to changes of ca as follows (Eq 3): (1) ci

remains constant with an intense decrease in ci/ca and increase in iWUE; (2) ci and ca increase

in the same proportion, i.e. a constant ci/ca, and iWUE increase, representing an active

response of an increase in iWUE to ca increase; (3) ci and ca increase in the same amount, i.e. a

constant ca-ci, representing a passive response with no changes in iWUE. The second scenario

was significantly related to iWUE in the NML site, which indicated that the trees actively

responded to ca before 1970s (Fig 7c). Similarly active responses were found from the high lati-

tudes, tropical and arid areas [8, 20, 21]. The increase in iWUE in response to ca may have

been caused by the ca induced increase in CO2 assimilation and/or stomatal closure which

were the major control factors in influencing the variation of iWUE, according to its definition

[1, 2]. This has been evidenced by some control experiments [13, 14]. iWUE became close to

the ci scenario from 1980s to 2003, representing strongest response to ca increase (Fig 7c). Sim-

ilarly, the physiological response of trees switched to a near ca-ci constant scenario with con-

stant iWUE after 2003, representing a passive response to ca, which has also been revealed in

previous studies [14, 19, 58] (Fig 7c). The ca accounts for the centennial trends of the iWUE,

while the interannual and decadal variations of iWUE may have been caused by other factors

such as climate. Previous studies suggested that trees may switch to passive response when

water stress becomes significant [19, 22]. The relative constant iWUE since 2003 may have

resulted from the relative low water stress as the relative humidity increased in recent years

(Fig 2d). This can cause an increase of ci, and thus a constant ca-ci and iWUE. It may also be

related to other factors such as air pollution [14], which can increase the ci via increased stoma-

tal conductance in relatively clean region [59]. In addition, ca may have reached a threshold in

causing in iWUE since 2003 [60]. Over the whole period, the iWUE showed slightly increasing

trend before ~1960s (slop of linear regression: 0.13) and rapidly increasing trend afterwards

(slop of linear regression: 0.53), indicating that iWUE of the NML site was mainly influenced

by rapidly increased ca since 1960s [61].

The iWUE and tree-ring Δ13C are negatively related according to their definitions (Eqs 2

and 3), and iWUE has positive correlations with sunshine hours and negative correlations

with relative humidity (S1b Fig). Although there are periods with positive correlations between

iWUE and tree growth, significant (p< 0.05) correlations have not been found between them
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based on the first-order difference data (Fig 8). Thus, it is still not reliable to confirm the posi-

tive correlations between iWUE and tree growth during those periods since these positive cor-

relations may be due to the similarly interdecadal trends caused by interdecadal climate

change. Although there were studies revealing contribution of the increase in iWUE on tree

growth [18, 20], numerous studies revealed no promotions of iWUE on tree growth in various

regions. For example, Penuelas et al. [62] showed that increased iWUE for the major forest

biome types from 47 sample sites all over the word did not lead to enhanced tree growths. Fur-

ther, Levesque et al. [63] found that increased iWUE did not promote tree growth under xeric

regions in Italy and mesic areas in Switzerland. Sleen et al. [5] also suggested that increased

iWUE did not stimulate tree growth in tropical forests at Bolivia, Cameroon and Thailand. In

arid northwest China, some studies also demonstrated that increased iWUE did not always

enhance the tree growth [52, 64, 65].

The insignificant contributions of changed iWUE on tree growth may be due to the limited

role of water use in tree growth and/or the strong influence of other factors, such as climate,

that dominates tree growth. For example, current long term tree-ring width series have still

been most widely used to reconstruct past climate change, suggestive of that climate other than

iWUE is the major limiting factor for tree growth. It is expected that the influence of iWUE on

tree growth can be enhanced when it is coupled with the influences of other climate factors,

but weakened when it contradicts with the influences of other factors. In this humid area, the

growth of tree-ring width is mainly limited by drought stress that exists in summer. But the

iWUE is sensitive to autumn climate, which has limited contribution to ring-width formation.

It is also possible that the changed iWUE has contributed to the increase in density of tree-

rings as the autumn climate is often sensitive to latewood formation with high density.

We also observed negative correlations between iWUE and tree growth in, e.g. ~in the

1950s-60s for the first-order difference data, which may be due to their contrary responses to

stomatal conductance changes (Fig 8). However, the iWUE has a negative response to relative

humidity/precipitation instead of a positive one for tree-ring width (S1 Fig and Fig 4b). A dry

condition can cause decrease in stomatal conductance and thus low tree growth due to poten-

tially decrease in photosynthesis, which can cause an increase in iWUE according to their

definitions (Eq 3). Together, the dominant influences of stomatal conductance can result in

negative correlations between tree growth and iWUE. In the 1960s, the sunshine hour was the

highest during the past decades (Fig 2e). This may alleviate the limitation of sunshine hours

on photosynthesis rate and allows the stomatal conductance to play a more limiting role on

iWUE in that period. As both tree growth and iWUE are positively related to photosynthesis,

positive relationships between iWUE and tree growth may be due to the control of photosyn-

thesis on both iWUE and tree growth.

Conclusions

This study presented the first tree-ring width chronology in NML over the period of 1836–

2013 and first tree-ring δ13C series from 1865 to 2013 in the humid subtropical area in Fujian

province, southeast China. Growth of the tree-ring width was mainly limited by summer

drought due to the peak temperature and relatively low precipitation. The tree-ring carbon iso-

tope discrimination responded negatively to sunshine hours and positively to relative humid-

ity/precipitation in autumn. The iWUE showed an active response to ca before 1970s and a

negative response after 2003, resulting in a steady increase/stable in iWUE. The iWUE trends

were mainly driven by ca, and climate factors may be play crucial role in modulating the inter-

annual and decadal variations of iWUE. Our study found the instable relationships between

iWUE and tree growth, and concluded that the contribution of iWUE to the tree growth is not
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significant in most periods. This may be due to the influences of other factors. Our study pro-

vided preliminary results on the long term relationships among climate, iWUE and tree

growth over the past 150 years for a region in humid subtropical China.
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S1 Fig. Correlations between climate variables and (a) intrinsic water-use efficiency
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black (green) horizontal dash lines represent the 95% (99%) confidence level.
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16. Fang K, Frank D, Zhao Y, Zhou F, Seppä H. Moisture stress of a hydrological year on tree growth in the

Tibetan Plateau and surroundings. Environmental Research Letters. 2015; 10(3):034010.

17. Ehleringer JR, Cerling TE. Atmospheric CO2 and the ratio of intercellular to ambient CO2 concentrations

in plants. Tree Physiology. 1995; 15:105–111. PMID: 14965982

18. Saurer M, Siegwolf RTW, Schweingruber FH. Carbon isotope discrimination indicates improving water-

use efficiency of trees in northern Eurasia over the last 100 years. Global Change Biology. 2004; 10

(12):2109–2120.

19. Waterhouse JS, Switsur VR, Barker AC, Carter AHC, Hemming DL, Loader NJ, et al. Northern Euro-

pean trees show a progressively diminishing response to increasing atmospheric carbon dioxide con-

centrations. Quaternary Science Reviews. 2004; 23(7–8):803–810.

20. Linares JC, Camarero JJ. From pattern to process, linking intrinsic water-use efficiency to drought-

induced forest decline. Global Change Biology. 2012; 18(3):1000–1015.

21. Liu X, Wang W, Xu G, Zeng X, Wu G, Zhang X, et al. Tree growth and intrinsic water-use efficiency of

inland riparian forests in northwestern China: evaluation via δ13C and δ18O analysis of tree rings. Tree

physiology. 2014; 34(9):966–980. doi: 10.1093/treephys/tpu067 PMID: 25145697

22. Loader NJ, Mccarroll D, Gagen M, Robertson I, Jalkanen R. Extracting climatic information from stable

isotopes in tree rings. Terrestrial Ecology. 2007; 1(1):25–48.

23. Young GHF, Mccarroll D, Loader NJ, Kirchhefer AJ. A 500-year record of summer near-ground solar

radiation from tree-ring stable carbon isotopes. Holocene. 2010; 20(3):315–324.

24. Liu Y, Wang Y, Li Q, Song H, Linderholm HW, Leavitt SW, et al. Tree-ring stable carbon isotope based

May–July temperature reconstruction over Nanwutai, China, for the past century and its record of 20th

century warming. Quaternary Science Reviews. 2014; 93(6):67–76.

25. Haupt M, Weigl M, Grabner M, Boettger T. A 400-year reconstruction of July relative air humidity for the

Vienna region (eastern Austria) based on carbon and oxygen stable isotope ratios in tree-ring latewood

cellulose of oaks (Quercus petraea Matt. Liebl.). Climatic Change. 2011; 105(1):243–262.

26. Gou X, Deng Y, Chen F, Yang M, Fang K, Gao L, et al. Tree ring based streamflow reconstruction for

the upper Yellow River over the past 1234 years. Chinese Science Bulletin. 2010; 55(36):4179–4186.

27. Shao X, Xu Y, Yin Z, Liang E, Zhu H, Wang S. Climatic implications of a 3585-year tree-ring width chro-

nology from the northeastern Qinghai-Tibetan Plateau. Quaternary Science Reviews. 2010; 29

(17):2111–2122.

28. Sheppard PR, Tarasov PE, Graumlich LJ, Heussner KU, Wagner M, sterle H, et al. Annual precipitation

since 515 BC reconstructed from living and fossil juniper growth of northeastern Qinghai Province,

China. Climate Dynamics. 2004; 23(7):869–881.

29. Yang B, Qin C, Wang J, He M, Melvin TM, Osborn TJ, et al. A 3,500-year tree-ring record of annual pre-

cipitation on the northeastern Tibetan Plateau. Proceedings of the National Academy of Sciences.

2014; 111(8):2903–2908.

Climate, iWUE and tree growth in humid subtropical China

PLOS ONE | DOI:10.1371/journal.pone.0172045 February 9, 2017 17 / 19

http://dx.doi.org/10.1098/rstb.2003.1432
http://dx.doi.org/10.1098/rstb.2003.1432
http://www.ncbi.nlm.nih.gov/pubmed/15212095
http://www.ncbi.nlm.nih.gov/pubmed/15805094
http://www.ncbi.nlm.nih.gov/pubmed/14965982
http://dx.doi.org/10.1093/treephys/tpu067
http://www.ncbi.nlm.nih.gov/pubmed/25145697


30. Zhang Q, Evans MN, Lyu L. Moisture dipole over the Tibetan Plateau during the past five and a half cen-

turies. Nature Communications. 2015; 6:8062 doi: 10.1038/ncomms9062 PMID: 26293214

31. Li J, Gou X, Cook ER, Chen F. Tree-ring based drought reconstruction for the central Tien Shan area in

northwest China. Geophys Res Lett. 2006; 33:L07715. 07710.01029/GL025803.

32. Yu Y, Wang J, Li Q. Spatial and temporal distribution of water vapor and its variation trend in atmo-

sphere over northwest China. J Glaciology and Geocryology. 2003; 25:149–156 (in Chinese).

33. Liang E, Shao X, Qin N. Tree-ring based summer temperature reconstruction for the source region of

the Yangtze River on the Tibetan Plateau. Global and Planetary Change. 2008; 61(3):313–320.

34. Liu X, An W, Treydte K, Shao X, Leavitt S, Hou S, et al. Tree-ring δ18O in southwestern China linked to

variations in regional cloud cover and tropical sea surface temperature. Chemical Geology. 2012;

291:104–115.

35. Liu H, Park Williams A, Allen CD, Guo D, Wu X, Anenkhonov OA, et al. Rapid warming accelerates tree

growth decline in semi-arid forests of Inner Asia. Global Change Biology. 2013; 19(8):2500–2510. doi:

10.1111/gcb.12217 PMID: 23564688

36. Chen F, Yuan Y, Wei W, Yu S, Zhang T. Tree ring-based winter temperature reconstruction for Changt-

ing, Fujian, subtropical region of Southeast China, since 1850: linkages to the Pacific Ocean. Theoreti-

cal & Applied Climatology. 2011; 109(1–2):141–151.

37. Duan J, Zhang Q, Lv L, Zhang C. Regional-scale winter-spring temperature variability and chilling dam-

age dynamics over the past two centuries in southeastern China. Climate Dynamics. 2012; 39(3–

4):919–928.

38. Duan J, Zhang Q, Lv L. Increased variability in cold-season temperature since the 1930s in Subtropical

China. Journal of Climate. 2013; 26(13):4749–4757.

39. Cook ER, Krusic PJ, Anchukaitis KJ, Buckley BM, Nakatsuka T, Sano M. Tree-ring reconstructed sum-

mer temperature anomalies for temperate East Asia since 800 CE. Climate Dynamics. 2013:1–16.

40. Xu C, Zheng H, Nakatsuka T, Sano M. Oxygen isotope signatures preserved in tree ring cellulose as a

proxy for April-September precipitation in Fujian, the subtropical region of Southeast China. Journal of

Geophysical Research: Atmospheres. 2013;

41. Stocks MA, S TL. An introduction to tree ring dating. University of Chicago Press, Chigaco, Illinois.

1968.

42. Holmes RL. Computer-assisted quality control in tree-ring dating and measurement. Tree-Ring Bull.

1983; 44(3):69–75.

43. Cook ER. A time series analysis approach to tree ting standardization (dendrochronology, forestry, den-

drochronology, autiregressive process). The University of Arizona, Tucson, USA. 1985.

44. Wigley TML, Briffa KR, Jones PD. On the average value of correlated time series, with applications in

dendroclimatology and hydrometeorology. Journal of Climatology & Applied Meteorology. 1984; 23

(2):201–213.

45. Leavitt SW. Tree-ring isotopic pooling without regard to mass: No difference from averaging δ13C val-

ues of each tree. Chemical Geology. 2008; 252(1):52–55.

46. Green JW. Methods in carbohydrate chemistry. New York, N Y: Academic Press. 1963;9–21.

47. Loader NJ, Robertson I, Barker AC, Switsur VR, Waterhouse JS. An improved technique for the batch

processing of small wholewood samples to α-cellulose. Chemical Geology. 1997; 136(3):313–317.

48. Laumer W, Andreu L, Helle G, Schleser GH, Wieloch T, Wissel H. A novel approach for the homogeni-

zation of cellulose to use micro-amounts for stable isotope analyses. Rapid Communications in Mass

Spectrometry. 2009; 23(13):1934–1940. doi: 10.1002/rcm.4105 PMID: 19504486

49. Coplen TB. Discontinuance of SMOW and PDB. Nature. 1995; 375(6529):285–285.

50. Biondi and Waikul. DENDROCLIM2002: A C++ program for statistical calibration of climate signals in

tree-ring chronologies. Computers & Geosciences. 2004; 30(3):303–311.

51. Feng X. Long-term ci/ca responses of trees in Western North America to atmospheric CO2 concentra-

tion derived from carbon isotope chronologies. Oecologia. 1998; 117(1):19–25.

52. Francey RJ, Allision CE, Etheridge DM, Trudinger CM, Enting IG, Leuenberger M, et al. A 1000-year

high precision record of δ13C in atmospheric CO2. Tellus. 1999; 51B:170–193.

53. Fang K, Gou X, Levia DF, Li J, Zhang F, Liu X, et al. Variation of radial growth patterns in trees along

three altitudinal transects in north central China. IAWA Journal. 2009; 30(4):443–457.

54. Hafner P, Mccarroll D, Robertson I, Loader NJ, Gagen M, Young GH, et al. A 520 year record of sum-

mer sunshine for the eastern European Alps based on stable carbon isotopes in larch tree rings. Climate

Dynamics. 2014; 43(3–4):971–980.

Climate, iWUE and tree growth in humid subtropical China

PLOS ONE | DOI:10.1371/journal.pone.0172045 February 9, 2017 18 / 19

http://dx.doi.org/10.1038/ncomms9062
http://www.ncbi.nlm.nih.gov/pubmed/26293214
http://dx.doi.org/10.1111/gcb.12217
http://www.ncbi.nlm.nih.gov/pubmed/23564688
http://dx.doi.org/10.1002/rcm.4105
http://www.ncbi.nlm.nih.gov/pubmed/19504486


55. Wright WE, Guan BT, Tseng YH, Cook ER, Wei KY, Chang S T. Reconstruction of the springtime East

Asian Subtropical Jet and Western Pacific pattern from a millennial-length Taiwanese tree-ring chronol-

ogy. Climate Dynamics. 2014; 44(5–6):1645–1659.

56. Andreu-Hayles L, Planells O, Gutiérrez E, Muntan E, Helle G, Anchukaitis KJ, et al. Long tree-ring chro-

nologies reveal 20th century increases in water-use efficiency but no enhancement of tree growth at

five Iberian pine forests. Global Change Biology. 2011; 17(6):2095–2112.

57. Zhang Y, Fang K, Zhou f, Dong Z, Gan Z, Li D. A Study on the Inter-annual Latewood Growth of pinus

massoniana in Fuzhou. Journal of Subtropical Resources and Environment. 2016; 11(1):59–64(in

Chinese).

58. Wang W, Liu X, An W, Xu G, Zeng X. Increased intrinsic water-use efficiency during a period with per-

sistent decreased tree radial growth in northwestern China: Causes and implications. Forest Ecology &

Management. 2012; 275(4):14–22.

59. Darrall NM. The effect of air pollutants on physiological processes in plants. Plant Cell & Environment.

1989; 12(1):1–30.

60. Gagen M, Mccarroll D, Loader NJ, Robertson I, Jalkanen R, Anchukaitis KJ. Exorcising the ‘segment

length curse’: summer temperature reconstruction since AD 1640 using non-detrended stable carbon

isotope ratios from pine trees in northern Finland. Holocene. 2007; 17(4):435–446.

61. Tei S, Sugimoto A, Yonenobu H, Ohta T, Maximov TC. Growth and physiological responses of larch

trees to climate changes deduced from tree-ring widths and δ13C at two forest sites in eastern Siberia.

Polar Science. 2014; 8(2):183–195.

62. Peñuelas J, Canadell JG, Ogaya R. Increased water-use efficiency during the 20th century did not

translate into enhanced tree growth. Global Ecology & Biogeography. 2011; 20(4):597–608.
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