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A B S T R A C T

Understanding the responses of local forests to the gradually rising atmospheric CO2 concentrations (ca) and
changing environment is critical for appropriate management activities. This work used tree ring width measures
(i.e. basal areal increment, BAI) and carbon (C) and nitrogen (N) signals to explore the intrinsic water use
efficiency (iWUE) and tree growth dynamics of three major tree species (Pinus massoniana, P.tabuliformis and
Larix gmelinii) in the Miyun Reservae Basin (MRB) of Beijing. The results indicate that ca was a primary con-
tributor to tree growths, especially at the remote site where rising ca accounted for 92% and 74% of BAI changes
for P. tabuliformis and L. gmelinii, respectively. N deposition was found to have a positive effect on BAI at this site.
The controlling effect of ca on tree growth at the close-to-city site was smaller (52% and 44% of the contributions
for P. tabuliformis and P. massoniana, respectively), while the negative influences of N deposition on BAI tends to
be intensified. iWUE showed consistent increase during the entire growth period at all sites. Quadratic re-
lationships between iWUE and BAI were observed, which indicated that the rising ca stimulated photosynthesis,
contributing to the initial BAI and iWUE increase. However, the intensified water stress resulting from reduced
precipitation and increased temperature led to a reduction in tree stomatal conductance causing the subsequent
increase in iWUE but decrease in BAI. Of the site- and species-related responses of tree growth to ca, climatic and
environmental changes in the MRB, the site-related variation dominated. The non-linear relationship between
BAI and ca combined with the quadratic relationship between BAI and iWUE indicate a decreased ability of
forests to capture atmospheric CO2 once the CO2 tipping point has passed.

1. Introduction

Forests play a vital role in maintaining the Earth as a habitable place
through absorbing carbon dioxide (CO2) and releasing oxygen (O2).
This is especially important under the current circumstances with rising
atmospheric CO2 concentrations (ca), where carbon (C) assimilation in
global forests has helped to relieve the greenhouse effect over the past
several decades (Fu et al. 2015; Zhu et al. 2016). However, the elevated
ca results in temperature increase and more frequent extreme weather
events, which are likely to outweigh the temporary benefits resulting
from CO2 assimilation (Sun et al., 2010). In addition, the changing
environment, such as increased nitrogen (N) deposition (Shi et al.
2015), air pollution (Kwak et al. 2016) and disturbances (e.g. fire or
management activities) (Hyvönen et al. 2007), further complicate the
situation through their effects on tree growth. Therefore, knowledge on
how trees would respond to the changing climate and environment at

local scales is critical for understanding their adoption mechanisms and
potential for assimilating global CO2 in the next few decades.

An increasing number of studies have adopted tree ring technologies
to investigate the mechanisms about tree growth respond to rising ca
and environmental changes. Tree rings are formed annually and tree-
ring width measurements can be used to study tree growth at scales
from years to decades, or even centuries, in seasonally distinct regions
(Schöngart and Arieira, 2011; Xu et al. 2009). Literature has repeatedly
reported the significant correlation between inter-annual tree-ring
width variations and C stock variations at the stand level (Babst et al.
2013; Liu et al. 2012; Schöngart and Arieira, 2011), indicating that
tree-ring analysis is valuable for retrospective studies assessing long-
term tree growth. Early studies have drawn conclusions of increased
photosynthesis rates and therefore tree growths with thickened inter-
annual tree rings in response to the elevated ca (i.e. fertilization effect).
While recent tree ring studies argued that tree growth had stagnated, as
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elevated ca lead to increased water use efficiency, instead of translating
into thicker rings (van der Sleen et al. 2014). Besides the impacts of
elevated ca, the tree ring width records are also determined by en-
vironmental conditions including radiation, temperature, precipitation
and humidity (Bowers et al. 2013; García-Suárez et al. 2009;
Scharnweber and Manthey, 2011). For instance, the wide tree rings
were normally related to years with sufficient water supply, high hu-
midity and moderate temperatures which favour fast biomass accu-
mulations. Whereas small tree rings showing less biomass production, it
was usually corresponded with extreme temperature or drought.
Therefore, tree-ring width measurements reflecting inter-annual growth
rate cannot be applied exclusively to evaluate the potential driving
factors, since photosynthesis and transpiration vary in response to not
only ca but also environmental variables such as N deposition and
temperature.

Carbon and nitrogen stable isotopes also have been widely tested for
retrospective analysis of tree growth, as the isotope signals are con-
sidered as effective indicators of tree physiological responses to en-
vironmental conditions (Sun et al. 2010; Xu et al. 2014; Xu et al. 2009).
For instance, trees assimilate CO2 via plant photosynthesis, during
which several physical and biochemical processes within the leaf favour
the assimilation of 12C-rich CO2, which will result in a lower δ13C ratio
than that in the atmosphere. Environmental stimulations (solar input,
elevated CO2 concentrations, and water deficit) will cause stomatal
opening so that a greater proportion of 13C moves through the pathway
to be stored in carbohydrate and finally locked in lignin and cellulose in
tree rings (Farquhar et al. 1989; Xu et al. 2000). This preserved record
of δ13C presents a measure of past fluctuations in internal concentration
of CO2 (Gagen et al. 2006) and has been widely used to establish
changes in the intrinsic water-use efficiency (iWUE) (McCarroll and
Loader 2004). Meanwhile, tree-ring N isotope composition (δ15N) has
been also introduced to study the effects of increased N deposition in
vicinity of urban regions subjects to intensive nitrogen emissions
(Leonardi et al. 2012; Sun et al. 2010). The nature of these isotope
signals provided the potential to isolate different source of impacts on
tree growths.

Over the past two decades, both ring width measures and isotope
techniques have been used for tree growth studies to reveal the di-
versified responses and sensitivity to climatic and environmental
changes. However, it is still a challenge to draw conclusions about the
underlying physiological mechanisms using tree ring based informa-
tion. Two major reasons contributed to this situation: first is the site-
and species-specific responses obtained in distinct climate regions
characterized with different environment factors make it virtually im-
possible to directly transfer and apply the findings; the second is the
understanding about the coupled impacts of the candidate driving
factors (e.g. elevated ca, water availability, pollution etc.), which are
usually compounded with the site and species conditions, are still in-
sufficient. This is especially true when comes to the forest system in this
study which located in the vicinity of the fast-growing Beijing City. It is
a secondary forest, characterized with few tree species, relative young
trees and likely experiencing the substantial changes of the city over the
past three decades.

Therefore, the goal of this study was to check the responses of major
tree species to rising ca, as well as climate change and environmental
change in the Miyun Reservoir Basin (MRB), Beijing China, using both

tree-ring width and isotope metrics. The specific objectives of this study
were to: (1) quantify long-term tree growth dynamics using tree-ring
width-based metrics, (2) determine the intrinsic changes over the entire
growth period using the stable C isotope analysis method, and (3) ex-
amine the impacts of elevated ca, changing climate (i.e. temperature,
precipitation and humidity) and environmental (N deposition) condi-
tions. The outcome of this study is expected to identify the key factors
controlling tree growth in the MRB and the responses of different tree
species, and therefore further guide forest management practice in the
areas.

2. Materials and methods

2.1. Study area

The study was carried out in the MRB located to the north of Beijing,
China (Fig. S1). It is the catchment area of the Miyun Reservoir, which
is the major drinking water source of Beijing. Therefore, the forest
ecosystem in the area is protected to reduce local soil erosion, as well as
non-point source pollution for water safety purposes. The region is
characterized by a typical warm temperate, semi-humid monsoon cli-
mate. According to the long-term records of two meteorological stations
nearby (details provided below), the mean annual temperature over the
past three decades is 10.5 °C. Annual precipitation is averaged at
669mm year−1, with substantial inter-annual variations from about
300 to over 700mm year−1. Most rainfall events are concentrated in
the wet months, with over 70% of rainfall between June and Sep-
tember. The terrain in the north-western part of the MRB is dominated
by a mountainous area, while the south-eastern part is mainly hilly and
partially plain. Accordingly, the elevation decreases from about
1,800m a.s.l. in the northwest to about 150m a.s.l. in the southeast.

The region has experienced fast urbanization since the 1970 s,
especially in the southern part, where Miyun county and Beijing City
are located. Benefiting from a series of ecological projects, e.g. the
Northwest-North-Northeast shelterbelts Project which commenced in
the 1980 s, the forests in the MRB are well protected from the city ex-
pansion. Trees in the MRB are relatively young, with the majority
ranging from 20 to 40 years. The tree major tree species in the MRB are
Chinese Pine (Pinus tabuliformis), Masson Pine (Pinus massoniana) and
Larch (Larix gmelinii). Other tree species in the region include Black
Locust (Robinaia pesudoacacia), Aspen (Populus) and White Birch (Betula
papyrifera).

Two sites (Fig. S1) were selected for a comparison purpose: a remote
site (hereafter referred as the northern site) which would have experi-
enced less environmental changes due to the Beijing City development
(e.g. less transportation and industry induced N deposition); and a
close-to-city site (hereafter referred as the southern site) which is lo-
cated closer to the Miyun County Beijing City centres. Both sites have
similar soil texture (brown forest soil). Coniferous tree species dominate
the two selected study sites: the major tree species at the northern site
are P. tabuliformis and L. gmelinii, while the southern site is dominated
P. tabuliformis and P. massoniana. The two sites are about 120 km apart;
potentially differing tree responses to climatic and environmental
changes were expected considering the marked differences in their
environments. Table 1 lists the details of the sites and their character-
istics.

Table 1
Soil properties and sampling details of the two selected study sites.

Site Elevation
(m a.s.l.)

Aspect
(°)

TN
(%)

TC
(%)

TP
(mg kg−1)

AP
(mg kg−1)

pH Number of trees sampled

Northern 1301 310 0.30 2.90 453.5 4.8 6.5 P. tabuliformis 5
L. gmelinii 5

Southern 195 112 0.10 1.30 438.0 4.4 7.6 P. tabuliformis 4
P. massoniana 3
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2.2. Sampling and dendrochronological procedures

Tree-ring sampling was carried out at the selected two sites
(Table 1) in March 2015. Five P. tabuliformis and five L. gmelinii trees
were selected at the northern site, while four P. tabuliformis, and three
P. massoniana trees, without obvious abrasions and of similar size and
ages were selected at the southern site. Three of the five L. gmelinii trees
(northern site) were relatively young (14–15 years) as no old trees of
this species were present at the site. Two increment cores were ex-
tracted from each tree at breast height (1.3 m) in two inter-perpendi-
cular directions, using an increment borer. The cores were then pro-
cessed (air dry, polish etc.) and cross dated according to the procedures
developed by previous studies (Sun et al. 2010; Xu et al. 2014). Ring
widths were then measured on a LINTAB digital positioning table
(Rinntech, Heidelberg, Germany) fitted with a Leica MS5 stereoscope
(Leica Microsystem, Germany).

Previous studies have found that tree-ring width declined biologi-
cally with increasing tree age or size (Sun et al. 2010). Such variations
would confound the changes induced by environmental factors if ring
width alone were used to detect the trend in tree growth (Phipps and
Whiton 1988). To solve this problem, ring width was converted into
tree basal area increment (BAI) as follows:

= −
−

π r rBAI ( )n n
2

1
2 (1)

where r is the tree radius at breast height, and n is the year of tree-ring
formation. For each tree, measurements of the two cores resulted in
four replications (two sets of ring-width measurements for each core)
and the BAI results were averaged to minimize uncertainties caused by
physiological impacts.

2.3. Stable carbon isotope composition analysis

For the purposes of getting sufficient weight of sample for the
analysis, as well as cost control, we pooled every three rings/years from
the outer edge to the pith for individual trees before the isotopic ana-
lysis. Each core was carefully separated into blocks (each one re-
presenting 3-year increments) under a binocular microscope. All wood
samples were ground to a fine powder using a ring grinder. Then
amounts of 2–3mg of powder was weighed and put into tin capsules,
and δ13C values were analysed using a Sercon Hydra 20–22 isotope
ratio mass spectrometer coupled with a Europa EA GSL sample prep
system. All analyses were performed at the Stable Isotope Laboratory,
Griffith University, Brisbane, Australia. The mass spectrometer for δ13C
analysis was calibrated with sucrose (IAEA-CH-6) supplied by the
Australian National University, and 0.16‰ was used as the mean
standard deviation of δ13C analysis of the sucrose reference standards.
The δ13C (‰) was calculated as (Farquhar and Sharkey (1982):

= − ×δ R RC ( / 1) 100013
sample standard (2)

where Rsample and Rstandard are the 13C/12C ratios of the tree-ring
sample, and the standard used was the Vienna Pee Dee Belemnite
(VPDB) standard.

2.4. Calculation of 13C discrimination and iWUE

The carbon isotope discrimination (Δ13C) in C3 plants can be ex-
pressed as follows (Farquhar and Sharkey 1982):

= − +δ δ δΔ C ( C C )/(1 C /1000)13 13
air

13
plant

13
plant (3)

where δ13Cair is the carbon isotope ratio of atmospheric CO2, and
δ13Cplant is the carbon isotope ratio of the product. The long-term
δ13Cair was calculated as follows (Feng (1999):

= − − −δ tC 6.429 0.0060exp[0.0217( 1740)]13
air (4)

where t is time in AD. To make it physiologically relevant, Δ13C is

expressed as:

= + −a b a c cΔ C ( )( / )i a
13 (5)

where a is the discrimination that occurs during 13CO2 diffusion
through the stomata (4.4‰), b is the net discrimination during car-
boxylation (27‰), and ci and ca are the intercellular and atmospheric
CO2 concentrations, respectively. The long-term ca used in this study
was the CO2 mean annual data from Mauna Loa produced by Dr Pieter
Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/) and Dr
Ralph Keeling, Scripps Institution of Oceanography (scrippsco2.ucs-
d.edu/).

The intrinsic water-use efficiency (iWUE) is described in units of
μmol CO2 mol−1 H2O and calculated as (Farquhar and Sharkey (1982):

= = × −iWUE A g c c c/ [(1 / )/1.6]s a i a (6)

where A is the rate of net photosynthesis, gs is the rate of leaf stomatal
conductance, and ci and ca are as defined in equation (5).

2.5. Auxiliary datasets

Climate data of temperature (T), precipitation (P) and atmospheric
humidity (H) recorded at Fengning and Miyun meteorological stations
were collected to present different climate conditions at the northern
and southern sites, respectively. Records at Fengning station were
available since 1956, which covers the entire period of tree growth at
the northern site (33 years old maximum), whereas Miyun station only
had records from 1989. To reconstruct the data to cover the entire time
scale at the southern site (from 1973), we established linear regression
models for T, P and H based on the significant correlations between the
two stations from 1989 to 2014. The models were applied to extend the
existing dataset of Miyun station to the previous years (1973–1989).

In addition, concentrations of dust deposition, N deposition and
sulphur (S) deposition were collected with a view to probing any pos-
sible impacts from air pollution. Data on pollutant concentration levels
(since the 1990 s) were mainly extracted from published articles (Chan
and Yao 2008), while the Institute of Atmospheric Physics, Chinese
Academy of Sciences provided the most recent monitoring results (after
2006). To create a long-term record covering the entire study period,
the environmental Kuznets Curve (EKC) theory was adopted; this as-
serts that the environmental quality deteriorates initially and then
improves as the economy develops. The EKC theory has been approved
in many other studies (Dinda 2004; Dinda et al. 2000). The relationship
between pollutant concentrations and per capita GDP (gross domestic
product) was established based on the acquired records through re-
gression analysis. It was then applied to estimate previous pollutant
concentrations using GDP series derived from the Statistical Yearbook
of Beijing.

2.6. Statistical analysis

Regression analysis was carried out to establish significant re-
lationships of BAI, δ13C, ci and iWUE with ca, climatic (T, P and H) and
environment-related variables (total N, δ15N, dust, and N and S de-
position) for three different coniferous tree species. Multiple linear re-
gression analysis was used to quantify the relationship of BAI with
iWUE, ca, P, T and environmental factors. All statistical analyses were
performed in the IBM SPSS Statistics software package (version 20).

3. Results

3.1. Tree-growth variations

Tree growth, as indexed by BAI chronologies, showed certain dif-
ferences between the sites and between the tree species (Fig. 1). At the
northern site (Fig. 1(a)), the BAI series for both L. gmelinii and P. ta-
buliformis present an overall increasing trend before 1990, but the rate
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for L. gmelinii was much higher (4.7 cm2 year−1) than that for P. tabu-
liformis (0.21 cm2 year−1). After 1990, a marked decreasing trend for L.
gmelinii was observed (–2.8 cm2 year−1) until 2002 when it started to
increase again (0.39 cm2 year−1). For P. tabuliformis at this site, BAI
showed a continuous increase, with a rate of 0.76 cm2 year−1. How-
ever, BAI records for P. tabuliformis at the southern site showed a dif-
ferent trend (Fig. 1(b)). Although there was a similar increase at the
early stage of tree growth before 1984 (0.18 cm2 year−1), BAI de-
creased after 1984 (–0.22 cm2 year−1). Pinus massoniana at the
southern site presented a similar BAI chronology.

3.2. Carbon isotope (δ13C and Δ13C) variations

As shown in Fig. 2, there was no clear linear trend in raw δ13C for
both the northern site (from the 1980 s) and the southern site (from the
1970 s). This phenomenon suggests a possible juvenile effect; it was
reported that during this stage trees do not show any age-related δ13C
trend and the phase normally lasts for about 50 years (Liu et al. 2014;

Urrutia-Jalabert et al. 2015). Overall, at the northern site, the average
δ13C value for P. tabuliformis was –25.97‰, while that for L. gmelinii
was –25.39‰. The temporal profile of δ13C for P. tabuliformis presents
an initial decrease from 1984 to 1994, followed by a relatively flat level
after 1994; L. gmelinii showed a similar temporal variation in δ13C. At
the southern site, average δ13C for P. tabuliformis was about 0.65‰
higher than that at the northern site and P. massoniana presented lower
δ13C values over the entire period. No decrease was observed at the
early phase of tree growth at the southern site. When the atmospheric
effect on plant carbon isotopic ratios was excluded, the discrimination
(Δ13C) record presented an overall decreasing trend throughout the
chronologies, corresponding to P. tabuliformis, P. massoniana and L.
gmelinii at both sites.

3.3. Changes in ci, ci/ca, ca – Ci and iWUE

As shown in Fig. 3, over the time scale of tree growth, different tree
species at both sites presented a slight upward trend in ci, with

Fig. 1. Temporal variations of basal areal increment (BAI) for: (a) the northern site (L. gmelinii and P. tabuliformis) from 1982 and (b) the southern site (P. massoniana
and P. tabuliformis) from 1973.

Fig. 2. Temporal variations of tree-ring δ13C and Δ13C for different tree species at (a, c) the northern site and (b, d) the southern site.
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substantial inter-annual variations: ci for P. tabuliformis slightly in-
creased from 214 to 240 ppm at the northern site and from 211 to
229 ppm at the southern site. For L. gmelinii (at the northern site), an
overall increase in ci was observed, with a rate of 0.76 ppm year−1,
while for P. massoniana (southern site), it slightly increased by 6% with
short-term variations. The minor increase in ci (Fig. 3) was generally
parallel with the strong increase in atmospheric CO2 concentration in
the study area, which resulted in relatively constant values of the ratio
of ci/ca and a strong increase in the values of ca – ci between sites and
between species.

A similar increasing trend in iWUE was found throughout the
chronologies between species and between sites. Specifically, at the
northern site, iWUE of P. tabuliformis increased from about 80.6 to
106.4 umol mol−1 between 1984 and 2014, and that of L. gmelinii

increased from about 96.1 to a similar level of 107.9 umol mol−1.
However, at the southern site, the iWUE of P. tabuliformis increased
from 74.6 to 104.3 umol mol−1 between 1975 and 2014, and P. mas-
soniana presented a similar increasing rate (0.88 umol mol−1 year−1)
for the same period.

Different tree species at both sites presented similar correlations of
Δ13C with atmospheric CO2 concentrations, ca, annual average tem-
perature (T), precipitation (P), humidity (H) and total N (TN) (Fig. 4(a,
b)). Specifically, no statistically significant correlations were observed
at the northern site, whereas, at the southern site, the correlation of
Δ13C with ca was significant for P. massoniana (r= –0.851, p < 0.001)
and P. tabuliformis (r= –0.821, p < 0.001). Temperature is also ne-
gatively correlated with Δ13C for P. massoniana (r= –0.643, p=0.013)
and P. tabuliformis (r= –0.645, p=0.013). Both P (r=0.771,

Fig. 3. Temporal variations in (a, b) intercellular CO2 concentration (ci), (c, d) 13C discrimination ratio (ci/ca), (e, f) ca – ci, and (g, h) intrinsic water-use efficiency
(iWUE) of different tree species, at (a, c, e, g) the northern site and (b, d, f and h) the southern site.
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p=0.001) and H (r=0.721, p=0.004) showed strong positive in-
fluence over Δ13C for P. tabuliformis, while only H showed a significant
positive impact on Δ13C for P. massonianas (r=0.681, p=0.007).

The ci was positively correlated, although not significantly, with ca,
climatic and environmental variables (Fig. 4(c, d)). A significant cor-
relation between ci and rising ca was observed only for L. gmelinii at the
northern site (Fig. 4(c)).

The iWUE was significantly correlated with ca for all species at the
northern site (L. gmelinii: r=0.783, p=0.004; P. tabuliformis,
r=0.790, p=0.004) and at the southern site (P massoniana: r=0.936,
p < 0.001; P. tabuliformis, r=0.866, p < 0.001) (Fig. 4(e, f)). The
impact of temperature was positive as well, and significant correlations
were observed at the southern site for P. massoniana (r=0.661,
p=0.01) and P tabuliformis (r=0.719, p=0.004). Annual precipita-
tion and humidity associated with water availability present negative
correlations with iWUE, especially at the southern site, where P exerted
a significant impact on the iWUE of P. tabuliformis (r= –0.643,

p=0.013) and H exhibited significant correlation with both P. tabuli-
formis (r= –0.682, p=0.007) and P. massoniana (r= –0.614,
p=0.019). Total N levels, indicating nitrogen availability, show posi-
tive contributions to iWUE changes.

For BAI, the correlation analysis obtained contrasting correlations
with several variables for P. tabuliformis at the northern and southern
sites. For instance, the BAI of P. tabuliformis was positively correlated
with the rising ca (r=0.947, p < 0.001) at the northern site but ne-
gatively correlated (r= –0.574, p=0.032) at the southern site; TN at
the northern site showed positive (r=0.679, p=0.022) impacts on P.
tabuliformis BAI, but negative (r= –0.615, p=0.019) impacts at the
southern site. Correlations of P. tabuliformis BAI with climatic variables
presented similar results (Fig. 4(g, h)). Meanwhile, BAI for L. gmelinii at
the northern site and P. massoniana at the southern site presented si-
milar correlations (both negative or both positive) with most listed
variables.

ci

iWUE

BAI 

*
**

** ** *

**

*

** *
**

*
**

** ***

** **

* *

**
*

* * *

(a) (b)

(c) (d)

(e) (f)

(g) (h)

****

**
**

Fig. 4. Relationships of tree-ring variables: (a, b) carbon discrimination rate (Δ13C), (c, d) intercellular CO2 concentration (ci), (e, f) intrinsic water-use efficiency
(iWUE) and (g, h) basal area increment (BAI) with changes in atmospheric CO2 concentration (ca), annual average temperature (T), precipitation (P), humidity (H)
and environmental variables indicated by total N (TN) and stable N isotope ratios (15N), at the northern site (left panels) for L. gmelinii (blue) and P. tabuliformis (red),
and at the southern site (right panels) for P. massoniana (green) and P. tabuliformis (red). * and ** indicate statistical significance at p < 0.05 and p < 0.01,
respectively.
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4. Discussion

In this study, we examined P. massoniana, P. tabuliformis and L.
gmelinii growths at two separate sites in the MRB in response to chan-
ging ca, climatic and environmental conditions using den-
drochronological analysis. Overall, although the iWUE and Δ13C for all
trees presented similar temporal variations, different patterns of BAI
development were observed for trees located at the two sites.

4.1. Changes in Δ13C, iWUE and BAI

Over the past four decades, iWUE increased by 32% and 12% for P.
tabuliformis and L. gmelinii, respectively, at the northern site, and 40%
and 46% for P. tabuliformis and P. massoniana, respectively, at the
southern site. These results provide further evidence of increased iWUE
in temperate forest ecosystems during the last century, and the in-
creasing rates agree well with previous results (Battipaglia et al. 2013;
Penuelas et al. 2008). Meanwhile, the discrimination (Δ13C) showed the
opposite (decreasing) trend. This is also consistent with the overall
increase in δ13C, for which previous studies have concluded that a more
negative δ13C would result in higher Δ13C and lower iWUE (Tognetti
et al. 2014).

Although Δ13C and iWUE showed similar types of variation, in-
dicating similar mechanisms of adaption to the changing environment,
the changes in BAI, especially inter-site BAI changes, exhibited con-
siderable differences. At the northern site, P. tabuliformis exhibited an
upward trend; if one neglects the initial variance, a similar trend may
be seen for L. gmelinii (Fig. 1). Numerous studies have also reported
stimulated tree growth under rising ca with resulting increased photo-
synthesis rates (Xu et al. 2014). The possible explanation for the initial
increase in L. gmelinii at the northern site is likely due to early stage
management of the young plants, which might include irrigation and
application of base fertilizer. In contrast, at the southern site, P. mas-
soniana and P. tabuliformis presented similar “first increase and then
decrease” trends. A similar phenomenon was also observed by Sun et al.
(2010), Penuelas et al. (2008) and Kwak et al. (2016); it is suggested

that the non-linear relationship between BAI and ca is due to the
combined impacts of additional factors, including drought, temperature
(Maseyk et al. 2011) and pollution (Rinne et al. 2010). Therefore, the
contrasting trend in BAI changes over time at both sites (with similar
Δ13C and iWUE trends) indicates that tree growth in different parts of
the study area were affected by different factors.

4.2. Effects of ca, and climatic and environmental variables on Δ13C and
iWUE

The changes in Δ13C and iWUE in response to climatic and en-
vironmental variations could help in examining the acclimatizion me-
chanism of trees. In this study, Δ13C presented a decreasing trend in
response to the rising ca, whereas a positive relationship was observed
between iWUE and ca. This agrees well with the findings reported in
temperate forest ecosystems (Battipaglia et al. 2013; Penuelas et al.
2008). Saurer et al. (2004) proposed a three-scenario theory for inter-
preting gas exchange in response to ci. The iWUE trend in the MRB lies
in-between the ‘constant ci scenario’, which assumes a strong response
to ca, and the ‘ci/ca scenario’ (see Fig. 2). Both scenarios indicate that
iWUE would positively respond to rising ca, together with decreasing
Δ13C rates (Liu et al. 2014; Wu et al. 2015). This could be explained by
stomatal closure (reduction in stomatal conductance, or gs) induced by
the rising ca, or an increased photosynthesis rate (A) with constant gs
(Kwak et al. 2016). The significant role of ca can be further confirmed
by the strong relationship between ca and iWUE, as revealed by the
correlation analysis (Fig. 4). However, climatic variables were shown to
exert relatively smaller effects on Δ13C and iWUE, which might indicate
that the effects of temperature and precipitation are much smaller than
that of ca, as trees can acclimatize to temperature changes more quickly
(Kwak et al. 2016).

4.3. Tree growth (BAI) in response to ca, and climatic and environmental
changes

The impacts of environmental and climatic changes on tree growth

Fig. 5. Non-linear correlations (a, b) between BAI and ca, and (c, d) between BAI and iWUE at the northern site (L. gmelinii and P. tabuliformis) (left) and at the
southern site (P. massoniana and P. tabuliformis) (right).
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may be further confirmed by means of the direct quadratic relationships
between BAI and the studied variables at both sites (Fig. 5). At the
northern site, P. tabuliformis and L. gmelinii present an initial BAI in-
crease before it decreased annually under the rising ca conditions. Ac-
cording to the regression models, the BAI of P. tabuliformis and L.
gmelinii at the northern site would peak at ca levels of around 415 and
412 ppm, respectively, in the next several years. As shown in Fig. 5(c),
the quadratic relationships between BAI and iWUE for these two species
at the northern site have passed the tipping point already. Such a
phenomenon is even more evident at the southern site, where the re-
gression model revealed that BAI for P. tabuliformis and P. massoniana
peaked at about ca=350 ppm and 358 ppm, respectively (Fig. 5(b)). In
contrast, a negative correlation between BAI and iWUE was observed
after passing an iWUE level of around 85 umol mol−1. This might in-
dicate a two-stage tree growth in the area: at the first stage, water was
sufficient and trees grew quickly responding to the rising ca (fertilizer
effect); the increasing iWUE during this stage could be attributed to the
significant increased assimilation rates. Then, as ca continued to in-
crease, higher temperatures and less precipitation would have in-
tensified water stress for tree growth. Under such circumstances, leaves
would increase stomatal closure, leading to higher iWUE levels but
decreased assimilation rates (Urrutia-Jalabert et al. 2015). This trend is
consistent with observations in previous studies, which reported that an
increase in iWUE was not always accompanied by positive changes in
tree growth (Brienen et al. 2011; Franks et al. 2013; Hyvönen et al.
2007; Long et al. 2006; Sun et al. 2010). The decreasing annual BAI
corresponding to the rising ca and increasing iWUE indicate the reduced
ability of forests to capture atmospheric CO2 into the forest ecosystem
once the CO2 tipping points have passed. Meanwhile, increasing iWUE
and decreasing photosynthetic rates induced by water stress also sug-
gests that alleviating water shortage through engineering measures may
be a viable way to recover the carbon capture abilities of a forest
ecosystem.

In addition, the differences in regression models (model coefficients,
predictors and statistics) add evidence that different tree species may
respond to external changes differently and that trees at the two study
sites were affected by different sets of variables (Fu et al. 2015; Gruber
and Galloway 2008; Heimann and Reichstein 2008). In particular, at
the northern site, ca is the primary contributor, where it alone could
explain about 92% and 74% of the stimulated tree growth (Table 2).
Introducing additional variables into the model did not significantly
increase its accuracy. The high elevation, low temperature and abun-
dant precipitation at the northern site provided sufficient water for
forest development, while the location is away from intensive human
activities and pollutants did not have significant impacts. At the
southern site, although ca still plays a key role in determining tree
growth (52% and 44% of the contributions for P. tabuliformis and P.
massoniana, respectively), other variables present significant

contributions (Table 2). For P. tabuliformis, N deposition might have
contributed an additional 9% of the total growth, while temperature
showed a negative impact (about 12%). For P. massoniana, precipita-
tion, annual average temperature, N deposition and dust deposition all
showed certain levels of impact (about 7–11% in addition to rising ca)
on growth. In addition, the more apparent decrease in annual BAI
against increasing iWUE at the southern site (Fig. 5) might also be as-
cribed to the higher pollution levels in the area, which led to further
stomatal closure and thus reduced assimilation rates. This agrees well
with the assumption that the contribution of other climatic or en-
vironmental variables is the factor causing inconsistent variations be-
tween BAI and iWUE (Andreu-Hayles et al. 2011; Lévesque et al. 2014).

ĒThe impacts of pollutants can be further inferred from the sig-
nificant correlations between BAI and TN levels in tree-ring woods
(Fig. 4). Theoretically, photosynthesis stimulated by elevated ca would
require additional N and other nutrients to maintain the growth. There
is no record of large-scale N application in the area of the MRB, and
fertilizer application for agricultural activities is restricted in the upper
catchments for water conservation. Thus, atmospheric N deposition
compromises an important N input in this area. Soil N levels are rela-
tively low (Table 1); therefore, the increased N deposition indicated by
TN might have provided the required N and had a positive effect on CO2

assimilation and the resulting tree growth. This is supported by the
significant positive correlation between TN and BAI of P. tabuliformis at
the northern site. The positive effect of N deposition has also been
observed in Oceanic spruce forests by (Hyvönen et al. 2007); the au-
thors believe that N deposition increased foliar N concentration with a
positive effect on photosynthetic rates and C sequestration. However,
trees at the southern site in our study showed negative correlations with
total N, indicating a negative effect of N fertilization. This might be
ascribed to the relatively higher N deposition rate in this region, as
reported by Shi et al. (2015). Accumulation and saturation of N in a
forest ecosystem will alter soil N transformation, cause soil acidification
and nutrient imbalance, and ultimately cause growth reduction
(Hyvönen et al. 2007; Sun et al. 2010) and even tree mortalities (Magill
et al. 2004).

Although trees showed certain adaptive mechanisms through
changing Δ13C and iWUE, responding to changing climatic variables
such as T, P and H, the overall tree radial growth (represented by BAI)
did not show a meaningful relationship with the listed climatic vari-
ables. Nevertheless, relatively consistent correlations for all species
were observed at the two sites. The negative effect of temperature
might be attributed to high respiration rates associated with high
temperature (Atkin and Tjoelker 2003). The possible positive effect
(low and insignificant correlation coefficients) from warmer and drier
climate (decreasing precipitation and atmospheric humidity) might
stem from their positive impacts on iWUE. It is widely accepted that
increasing water deficit leads to further stomatal closure; thus C

Table 2
Multiple regression analysis for basal area increment (BAI) of different tree species at the two sites with ca and available environmental
datasets. P, T, N, S and D are precipitation, annual average temperature, nitrate deposition, sulphur deposition and dust deposition, re-
spectively.

Species Model Statistics

Northern site
Pinus tabuliformis BAI= –0.0044ca2+ 3.66ca – 737.65 r2= 0.92, p < 0.001
Larix gmelinii BAI= –0.0048ca2+ 3.96ca – 801.25 r2= 0.74, p=0.133

Southern site

Pinus tabuliformis BAI= –0.0024ca2+ 1.68ca – 284.35 r2= 0.52, p=0.017
BAI= –0.001ca2+ 0.94ca+0.093N – 183.63 r2= 0.61, p=0.020
BAI= –0.004ca2+ 2.52ca – 2.88 T – 410.22 r2= 0.64, p=0.013

Pinus massoniana BAI= –0.0037ca2+ 2.65ca – 458.94 r2= 0.44, p=0.039
BAI= –0.005ca2+ 3.47ca – 0.005P – 3.13 T – 574.92 r2= 0.51, p=0.130
BAI= 0.19ca+0.19S – 0.40N – 24.75D –26.47 r2= 0.55, p=0.095
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assimilation rates decline and offset the fertilization effect of rising ca.
Since iWUE in the MRB still shows a continuous increase (no tipping
point observed yet) stimulated by the elevated ca, the negative impacts
of increasing water stresses might have been counteracted. However,
this effect is likely to diminish once iWUE enters the constant ca – ci
scenario (no iWUE improvement or even iWUE decrease).

5. Conclusions and implications for future studies

This study added evidence about the power of combined use of tree-
ring width and isotopes for understanding long term tree growth and its
responses to climate and environmental changes. C and N isotopes
worked effectively in the study to reveal the tree water use efficiency
and impacts from N depositions, which supported the searching for
tipping points response to the elevated ca along the tree growth tra-
jectories and analysing of the underlying mechanisms. The analysis
demonstrated substantial different growth responses to environmental
and climatic changes between the sites, which, again highlighted the
necessity of conduct localized research for appropriate assessment of
local forests.

The observed overall tree radial growth may help to identify ne-
cessary forest management activities within the MRB. For instance, at
the northern site, P. tabuliformis and L. gmelinii still have the potential to
grow under rising ca in combination with the current climatic and en-
vironmental settings. However, at the southern site, P. tabuliformis and
P. massoniana have shown signs of decreasing growth rate, which might
have been induced by the long-term heavy N deposition, as well as by
the drier weather conditions. Measures to mitigate the stress should be
considered in the near future.

The study also has several limitations. Firstly, no direct long-term
observational data on air pollution are available, and the pollution data
obtained from monitoring in Beijing city used in this analysis might
cause uncertainties in the derived results. Secondly, the different tree
species composition of the two selected sites limited the analysis of the
tolerance levels of different tree species to climate change and different
levels of pollutants, even though different levels of correlation with the
listed variables were detected. Future studies should consider the gra-
dient of multiple pollutant distribution over the study area to accurately
assess the impacts of climate change and air pollution on tree growth in
the MRB.
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