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Abstract
Key message Increased intrinsic water use efficiency enhances tree growth of native species, but not that of non-native 
species under warming and drying climates in Northeast China.
Abstract Climate change significantly affects forest ecosystems. However, little is known about whether non-native and 
native tree species show similar responses to global warming. We found different trends in the basal area increment (BAI) and 
tree-ring stable carbon isotope ratio (δ13C) of two non-native (Pinus sylvestris var. mongolica and Populus × xiaozhuanica) 
and two native (Pinus tabuliformis and Ulmus pumila) tree species during the warming and drying periods from 1985 to 
2014. The BAI of non-native tree species was stable, whereas that of the native tree species exhibited a significant increase. 
A significant increase in tree-ring δ13Ccorr (corrected for atmospheric changes in δ13C) for non-native tree species indicated 
increasing water stress. The intrinsic water use efficiency (iWUE, derived from tree-ring δ13C) of both non-native and native 
tree species increased significantly. However, the magnitude of the increase in iWUE was higher in non-native tree species 
than in native tree species, indicating that non-native tree species suffered stronger water stress. Increasing iWUE but no 
increase in BAI for non-native tree species suggested that water stress reduced stomatal conductance and, consequently, 
reduced carbon uptake. In contrast, increased iWUE accompanied by an enhanced BAI for native tree species indicated an 
increase in photosynthetic capacity induced by  CO2 fertilization. These findings suggest that non-native tree species would 
experience greater mortality under extreme drought conditions once water stress passes a physiological threshold. However, 
native tree species would suffer only slightly due to benefiting from  CO2 fertilization.

Keywords Tree ring · Carbon isotope composition · Water stress · Dieback

Introduction

Water is the most important limiting factor for tree growth 
and survival in arid and semiarid regions (Cao et al. 2011). 
Climate models predict that most arid and semiarid regions 
will experience warming and drying conditions, espe-
cially in Northeast China (IPCC 2013; Wang et al. 2016). 
Consequently, increasing water stress is expected to have 
negative impacts on tree growth and physiological status 
(Altieri et al. 2015). As shown by recent studies, global-
change-induced drought is associated with forest dieback 
and mortality worldwide (Anderegg et al. 2013; Zhang et al. 
2017; Song et al. 2017), altering the composition, structure 
and biogeography of forests (Allen et al. 2010; Walker et al. 
2015). Therefore, it is essential to investigate the response 
of trees to climate variations (especially changes in water 
availability) (Battipaglia et al. 2009; Pellizzari et al. 2016), 
which contributes to the understanding of the mechanisms 
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of drought-induced mortality and the prediction of altered 
vegetation dynamics in arid and semiarid regions (Barbeta 
et al. 2015; Song et al. 2016; Feichtinger et al. 2017; Zhang 
et al. 2018).

Trees respond to environmental changes (e.g., changes in 
water availability) by adjusting their stomatal conductance 
and photosynthetic assimilation rates, which translate into 
changes in growth (Feichtinger et al. 2017; Martínez-San-
cho et al. 2017). These adjustments at the tree level interact 
with and influence the transpiration and carbon assimilation 
rates from the stand level to the landscape level (Levesque 
et al. 2017). Long-term data about physiological and envi-
ronmental processes at annual time scales can be obtained 
through features such as tree-ring width and stable carbon 
isotope composition (δ13C) (McCarroll and Loader 2004). 
Tree-ring width is an invaluable indicator for inferring tree 
radial growth over long periods, from decades to centuries, 
which has been widely applied to study the responses of 
trees to environmental changes (Martin-Benito et al. 2017). 
Moreover, the stable carbon isotope composition (δ13C) in 
tree rings is the result of discrimination against the heavier 
13CO2 during carboxylation and diffusion through the sto-
mata, which are linearly related to the ratio of intercellular 
and atmospheric  CO2 (Ci/Ca) during the period in which the 
carbon was fixed (Farquhar et al. 1982; Farquhar et al. 1989). 
Therefore, tree-ring δ13C has been widely used to reflect the 
balance between the assimilation rate and the stomatal con-
ductance or intrinsic water use efficiency (iWUE) (Dawson 
et al. 2002).

The temporal dynamics in iWUE depend largely on water 
availability through its influence on the stomatal regula-
tion of gas exchange in arid and semiarid regions (Warren 
et al. 2001; Ferrio et al. 2003), which can be used to assess 
how stomatal conductance and photosynthesis respond to 
changes in the soil water availability. Therefore, standard 
dendrochronological methods combined with a carbon iso-
tope analysis offer a physiologically based tool to reveal the 
long-term growth and ecophysiology of tree responses to 
changes in the water availability (Newberry 2010; Silva et al. 
2010). Although most studies have focused on the response 
of different tree species to drought in arid and semiarid 
regions (Anderegg et al. 2013; Brito et al. 2016; Song et al. 
2017), little attention has been given to comparisons of the 
responses of non-native and native tree species to changes 
in water availability, especially in semiarid sandy regions.

The Keerqin Sandy Land is one of the most severe deser-
tification areas in Northeast China (Song et al. 2015, 2016). 
To control the spread of desertification, a variety of non-
native tree species, e.g., Pinus sylvestris var. mongolica (P. 
mongolica) and Populus spp., have been planted, as well as 
native tree species, such as Pinus tabuliformis (P. tabuli-
formis) and Ulmus pumila (U. pumila), in the Keerqin Sandy 
Land since the 1950s (Jiang et al. 2002). Although these 

non-native tree species were selected for drought tolerance, 
dieback often occurs in some non-native tree species, such 
as P. mongolica and Populus × xiaozhuanica (P. xiaozhuan-
ica), during extreme drought years (Zhu et al. 2008; Song 
et al. 2016). In contrast, native trees (P. tabuliformis and U. 
pumila) rarely suffer from such problems under the same 
water conditions (Jiang et al. 2002; Jiao 2006). The causes of 
such growth differences between the non-native and native 
tree species remain unclear. Previous studies have indicated 
that water deficiency was the main reason for the dieback 
of non-native tree species (Zhu et al. 2006, 2008; Song 
et al. 2016). However, the previous studies were short term. 
Knowledge about the long-term growth and ecophysiologi-
cal responses of trees (e.g., water use efficiency) to changes 
in water availability is still lacking, especially regarding the 
differences between non-native and native tree species. This 
lack of knowledge confines our understanding of the mecha-
nisms underlying the dieback of non-native tree species in 
semiarid sandy land.

To determine the differences in tree growth and intrin-
sic water use efficiency responses to global warming between 
non-native and native tree species growing in a semiarid 
sandy region of China, radial growth (basal area increment, 
BAI) and tree-ring carbon isotope composition (δ13C) in two 
non-native tree species (P. mongolica and P. xiaozhuanica) 
and two native tree species (P. tabuliformis and U. pumila) 
over the past 30 years (1985–2014) were measured and com-
pared in combination with observations of environmental 
factors (air temperature, precipitation, the Palmer Drought 
Severity Index and the groundwater level). The objectives 
of this study were to (1) determine the differences in BAI 
and iWUE (calculated from tree-ring δ13C) between the 
non-native and native tree species and (2) clarify how the 
non-native and native tree species respond to changes in the 
water availability based on the BAI and iWUE. This study 
contributes to understanding the mechanism underlying non-
native tree species dieback and provides insight for forest 
management in semiarid sandy regions.

Materials and methods

Study site

This study was conducted in the Zhanggutai region 
(42°35′–42°47′N, 122°23′–122°40′E, 226 m a.s.l.), Liaon-
ing Province, China, which is located in the southeastern 
part of Keerqin Sandy Land (Fig. 1a). This region belongs to 
the semiarid climatic zone. The mean annual temperature is 
approximately 6.7 °C, with minimum and maximum air tem-
peratures of − 29.5 °C and 37.2 °C, respectively. The mean 
annual precipitation is 478 mm (1954–2015), and approxi-
mately 67% of rainfall occurs between June and August. 
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The mean pan evaporation is approximately 1700 mm. The 
growing season comprises the months from April to Octo-
ber (Jiang et al. 2002). The major soil type is classified as 
belonging to the Semiaripsamment taxonomic group, which 
is developed from sandy parent material through the action 
of wind (Zhu et al. 2008). The soil salinity, soil texture, and 
soil structures were distributed homogeneously in the study 
region (Zhu et al. 2007). The groundwater level is approxi-
mately 5.0 m at present (Song et al. 2016). Tree species 
in the study region included P. sylvestris var. mongolica, 
Populus × xiaozhuanica, P. tabuliformis, and U. pumila. P. 
sylvestris var. mongolica and P. tabuliformis belong to the 
genus Pinus, whereas Populus × xiaozhuanica and U. pumila 
belong to the genera Populus and Ulmus, respectively. The 
understory was composed of annual herbaceous plant spe-
cies. Three geomorphological features were present in the 
study area: dunes, low aeolian land and gentle sand slopes.

Sampling

In March 2015, two non-native (P. mongolica and P. 
xiaozhuanica) and two native (P. tabuliformis and U. 
pumila) tree species were selected for sampling. The P. 
mongolica and P. tabuliformis samples came from the same 
site, whereas P. xiaozhuanica and U. pumila were sampled 

from different sites. The distance between the sampling 
sites of P. mongolica (or P. tabuliformis) and U. pumila 
was approximately 8.4 km, while the distance between the 
sampling sites of P. mongolica (or P. tabuliformis) and P. 
xiaozhuanica was approximately 7.1 km (Fig. 1b). There had 
been no logging activity during the past 30 years for any of 
the studied tree species in the study sites. The ages of the 
studied tree species were over 50 years in 2015, except for 
P. xiaozhuanica, whose age was over 40 years. According 
to standard dendrochronological methods, 19, 16, 17 and 16 
trees of P. mongolica, P. xiaozhuanica, P. tabuliformis, and 
U. pumila were sampled, respectively (Table 1). Addition-
ally, the diameter at breast height and the height of the sam-
pled trees were measured (Table 1). For each sampled tree, 
two cores (north and south) were extracted at breast height 
(approximately 1.3 m above ground) using 5.15 mm diam-
eter increment borers.

Tree‑ring width measurement and basal area 
increment calculation

The core samples were dried, mounted, and surfaced with 
progressively finer grade sandpaper until the rings were 
visible. Cores were visually cross-dated under a binocular 
microscope. The core samples were then measured with 

Fig. 1  Locations of the study region (a) and tree-ring sample sites (b)
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a precision of 0.001 mm using LINTAB 6 measurement 
equipment (Frank Rinn, Heidelberg, Germany) fitted with 
a Leica MS5 stereoscope and were analyzed with the TSAP 
software package (Frank Rinn, Heidelberg, Germany). The 
COFECHA program was used to control the quality of the 
cross-dating (Holmes 1983). Then, all of the tree-ring series 
were detrended to remove the non-climatic signals and to 
maximize the climatic information in the series using a neg-
ative exponential function or linear curves in the ARSTAN 
program. Several descriptive statistics commonly used 
in dendrochronology were also calculated (Table 1). The 
higher first-order autocorrelation values for P. mongolica, 
P. xiaozhuanica and P. tabuliformis indicated that the radial 
growth of these tree species was most strongly influenced 
by conditions in the preceding year (Table 1). The mean 
sensitivity values ranged from 0.20 to 0.37, which indicated 
that the tree-ring widths for the studied tree species were suf-
ficiently sensitive to climatic variability (Table 1). All of the 
expressed population signal (EPS) values of the studied tree 
species exceeded the suggested threshold of 0.85 (Wigley 
et al. 1984), indicating a strong climate signal in chronolo-
gies, which was also supported by high signal-to-noise ratio 
values (Table 1). The raw tree-ring width (TRW) was con-
verted into basal area increment (BAI) to remove variations 
in radial growth that are attributable to increasing circumfer-
ence according to the following formula (Silva et al. 2010):

where R is the radius of the tree inside the bark and n is the 
year of the tree-ring formation. BAI was used as a surrogate 
for tree growth (Linares and Camarero 2012). To examine 
the mean growth trend, the BAI in the same year for all 
individuals in each tree species was averaged. The BAI data 
were not standardized to preserve the long-term growth rate 
over the study period (Tiwari et al. 2017).

Carbon isotope composition measurement

After dating and ring width measurements, six trees (two 
cores per tree) of each species with similar growth trends were 

(1)BAI = �(R2
n
− R2

n−1
),

selected for isotopic analysis. The sampled cores were stripped 
from the channelled wood, and then the surfaces of the tree 
core samples were cleaned by means of an ultrasonic bath to 
remove remaining wood dust and glue (Schollaen et al. 2015). 
To prevent and weaken juvenile effects on isotopic tree-ring 
signatures, only the past 30 years (1985–2014) of ring forma-
tion were sampled for each species. Under a binocular micro-
scope, the wood cores were carefully cut year by year using 
a razor blade. Several recent studies have tested and proven 
the representativeness of the pooled isotopic series for the 
tree-ring δ13C compared to individual isotopic series (Szym-
czak et al. 2012; Lu et al. 2018). Therefore, the material from 
the annual ring of six trees for each species in each year was 
pooled and ground in a ball mill. Stable isotope analysis was 
performed without further cellulose extraction in the present 
study because cellulose extraction is not required for tree-ring 
δ13C analysis (Gori et al. 2013; Jansen et al. 2013), and most 
recent research has shown that whole wood might be a better 
integrator for climatic signals than cellulose (Weigt et al. 2015; 
Brito et al. 2016). Homogenized wood samples transferred into 
tin capsules were combusted (carbon) using a Thermo-Finni-
gan Flash HT elemental analyser. Sample gas was flushed via 
a ConFlo III into a Delta V Advantage isotope ratio mass spec-
trometer (Thermo-Scientific, Bremen, Germany). The isotopic 
values are expressed in delta notation (in ‰ units) relative to 
VPDB (Vienna Pee Dee Belemnite). Repeated measurements 
of laboratory standards revealed a measurement precision bet-
ter than 0.1‰.

where Rsample and Rstandard represent the 13C/12C ratios of the 
sample and the VPDB international standard, respectively 
(Farquhar et al. 1982).

Intrinsic water use efficiency (iWUE) calculation

The tree-ring δ13C was corrected for the progressive decline 
in atmospheric δ13C by calculating 13C discrimination 
(Δ13C):

(2)δ13C (‱) = (Rsample∕Rstandard − 1) × 1000,

Table 1  Statistics of developed tree-ring width chronologies

DBH diameter at breast height, RW ring width, BAI basal area increment, autocorr first-order autocorrelation, MS mean sensitivity, SD standard 
deviation, SNR signal-to-noise ratio, EPS expressed population signal
a Calculated on the basis of standardized chronologies

Origin Tree species Tree no. DBH (cm) Height (m) Mean RW 
(mm year−1)

Mean BAI 
 (cm2 year−1)

Autocorra MSa SDa SNRa EPSa

Non-native P. mongolica 19 28.2 ± 0.5 10.2 ± 0.3 3.2 19.2 0.68 0.24 0.32 78.55 0.99
P. xiaozhuanica 16 34.0 ± 1.0 20.2 ± 0.8 3.7 29.3 0.64 0.20 0.32 10.80 0.92

Native P. tabuliformis 17 20.1 ± 0.6 7.5 ± 0.2 2.2 13.5 0.71 0.31 0.41 79.76 0.99
U. pumila 16 36.5 ± 1.9 10.5 ± 0.4 3.7 29.5 − 0.01 0.37 0.33 17.52 0.95
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where δ13Catm and δ13Csample are the 13C/12C ratios in the 
atmospheric  CO2 and in the tree rings, respectively. Follow-
ing Farquhar et al. (1982), the iWUE was calculated using 
the following equation:

where A is the rate of net photosynthesis, g stomatal con-
ductance to  H2O, Ca the ambient air  CO2 concentration, 1.6 
the ratio between the diffusivities of water vapor and  CO2 
in the air, a the diffusion fractionation across the boundary 
layer and the stomata (4.4‰), and b is the Rubisco enzy-
matic biologic fractionation (27.0‰). The long-term Catm 
and atmospheric δ13C from 1985 to 2003 were obtained 
from McCarroll and Loader (2004). The atmospheric δ13C 
for 2004–2014 was estimated by the near-linear decline in 
atmospheric δ13C over the last decades (Song et al. 2017). 
Catm data (2004–2014) were obtained from Mauna Loa 
observatory (available online at http://www.esrl.noaa.gov/
gmd/obop/mlo/).

Environmental data

Annual air temperature and precipitation during 1985–2014 
were obtained from the Zhanggutai weather station (Fig. 1b). 
To reflect the moisture status of the study region, annual 
Palmer Drought Severity Index (PDSI) data from 1985 to 
2014 were obtained from the KNMI Climate Explorer (avail-
able online at http://clime xp.knmi.nl/). A value of PDSI 
below zero indicates a moisture deficit. The groundwater 
level data were collected from Zheng et al. (2012) and Song 
et al. (2017).

Statistical analyses

The raw δ13C data were corrected for the decline in δ13C 
in atmospheric  CO2 due to fossil fuel emissions following 
the method of McCarroll and Loader (2004) (henceforth 
referred to as δ13Ccorr) as below:

The significant temporal trends in environmental fac-
tors, TRW, BAI, δ13Ccorr and iWUE, were analyzed using 
regression analyses. ANCOVA was used to test for sig-
nificant differences among regression lines in temporal 
trends of tree-ring δ13Ccorr and iWUE for the studied tree 
species. Correlation analyses between BAI and iWUE 
were performed to investigate how the changes in iWUE 
affected tree growth. The correlations between the tree-
ring index and the monthly climatic variables (temperature 
and precipitation) from August of the previous year until 

(3)
Δ13C = (δ13Catm − δ13Csample)∕[1 + (δ13Csample∕1000)],

(4)iWUE = A∕g = Catm(b − Δ13C)∕[1.6(b − a)],

(5)δ13Ccorr = δ13Csample − (δ13Catm + 6.4).

August of the current year were calculated using Dendro-
Clim 2002 software (Biondi and Waikul 2004). Addition-
ally, to investigate the relationships between the tree-ring 
δ13Ccorr, iWUE, BAI and environmental variables (tem-
perature, precipitation and PDSI), all annual series were 
detrended using the first differences (one year minus the 
previous year) method (Battipaglia et al. 2009). Linear 
regression analysis was performed using the first-differ-
enced data. The ANCOVA was used to test for signifi-
cant differences among regression lines between tree-ring 
δ13Ccorr, iWUE, BAI and environmental variables for the 
studied tree species. All of the statistical calculations and 
analyses were conducted using the SPSS software package 
(Version 16.0, SPSS. Inc., Chicago, IL, USA).

Results

Climate and groundwater level

The annual mean air temperature increased from 5.3 °C 
in 1985 to 8.7 °C in 2014 and showed a statistically sig-
nificant increase during the past 30 years (1985–2014) 
(Fig. 2a). The annual precipitation during the past 30 years 
ranged between 285.9 and 772.6 mm, and revealed no sta-
tistically significant long-term trend (Fig. 2b). The grow-
ing season PDSI varied from − 3.7 to 3.6 and showed a 
significant decrease over the past 30 years (Fig. 2c). The 
groundwater level decreased significantly from 3.8 m 
in 1985 to 5.2 m in 2014, at a rate of 0.05 m per year 
(Fig.  2d). These results indicate warming and drying 
trends over the past 30 years in the study region.

Tree‑ring width and basal area increment

The two non-native tree species (P. mongolica and P. 
xiaozhuanica) and two native (P. tabuliformis and U. 
pumila) tree species showed different annual variations in 
tree-ring width (TRW) and basal area increment (BAI) over 
the past 30 years (1985–2014) (Fig. 3). The TRW of the two 
non-native tree species showed a significant decrease over 
the past 30 years, but no significant changes in TRW were 
observed for the two native tree species (Fig. 3a). However, 
when the TRW was converted into BAI, the BAI of the two 
non-native tree species showed no significant changes over 
the past 30 years, whereas the BAI of the two native tree 
species exhibited a significant increase (Fig. 3b). The mean 
BAI of P. mongolica and P. xiaozhuanica was 19.2 and 
29.3 cm2 year−1, respectively, whereas the mean BAI was 
13.5 and 29.5 cm2 year−1 for P. tabuliformis and U. pumila, 
respectively (Table 1).

http://www.esrl.noaa.gov/gmd/obop/mlo/
http://www.esrl.noaa.gov/gmd/obop/mlo/
http://climexp.knmi.nl/
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Tree‑ring δ13Ccorr and iWUE

The tree-ring δ13Ccorr ranged from − 24.84 to − 23.6‰ 
and from − 26.58 to − 24.86‰ for P. mongolica and P. 
xiaozhuanica, respectively, with mean values of − 23.45‰ 
and − 25.62‰. However, the tree-ring δ13Ccorr varied 
between − 25.13 and − 23.36‰ for P. tabuliformis and 
between − 26.53 and − 25.51‰ for U. pumila, with mean 
values of − 24.15‰ and − 26.08‰ (Fig. 4a). In addition, 
tree-ring δ13Ccorr exhibited a significant increase for P. mon-
golica, P. xiaozhuanica and U. pumila over the past 30 years 
(1985–2014), but the magnitude of the increase in tree-ring 
δ13Ccorr was higher in P. mongolica and P. xiaozhuanica than 
in U. pumila (Fig. 4a, ANCOVA, F = 3.3, P < 0.05). In con-
trast, no significant trend in tree-ring δ13Ccorr was found for 
P. tabuliformis (Fig. 4a).

Intrinsic water use efficiency (iWUE, calculated from 
tree-ring δ13C) ranged from 82.46 to 118.11 μmol mol−1 
for P. mongolica and from 65.26 to 91.09 μmol mol−1 for 
P. xiaozhuanica, with mean values of 101.96 μmol mol−1 
and 79.80 μmol mol−1, whereas the iWUE varied between 
88.14 and 107.88  μmol  mol−1 and between 65.92 and 
84.36  μmol  mol−1 for P. tabuliformis and U. pumila, 
respectively, with mean values of 94.65 μmol mol−1 and 
74.96 μmol mol−1 (Fig. 4b). Additionally, iWUE exhibited 
a significant increase for all of the studied tree species over 
the past 30 years. The magnitude of the increase in iWUE 
during 1985–2014 for P. mongolica and P. xiaozhuanica was 

Fig. 2  Temporal variation in annual mean temperature (a), annual 
precipitation (b), growing season PDSI (c) and groundwater level (d) 
in the study region over the past 30 years (1985–2014)

Fig. 3  Temporal variations 
in tree-ring width (a) and 
basal area increment (b) for 
the non-native and native tree 
species over the past 30 years 
(1985–2014)
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42.1% and 42.8%, respectively, whereas it was only 17.5% 
and 29.5% for P. tabuliformis and U. pumila, respectively 
(Fig. 4b). Furthermore, changes in iWUE over time differed 
among the studied tree species, with higher slope responses 
in P. mongolica and P. xiaozhuanica than in P. tabuliformis 
and U. pumila (Fig. 4b, ANCOVA, F = 9.8, P < 0.001).

Relationships between iWUE and BAI 
and between tree‑ring index and climate

A significant positive relationship between iWUE and BAI 
was observed for U. pumila, but there were no significant 
relationships between iWUE and BAI for the other tree spe-
cies (Fig. 5).

The tree-ring index for P. mongolica was positively cor-
related with the temperature in August and October of the 
previous year, whereas it was negatively correlated with the 
temperature in November of the previous year (Fig. 6a). In 
addition, the tree-ring index for P. mongolica was positively 

Fig. 4  Temporal variations 
in tree-ring carbon isotope 
composition (δ13Ccorr, a) and 
intrinsic water use efficiency 
(iWUE, b) for the non-native 
and native tree species over the 
past 30 years (1985–2014)

Fig. 5  Basal area increment (BAI) relationships with intrinsic water 
use efficiency (iWUE) for the non-native and native tree species
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correlated with precipitation in September of the previ-
ous year and February of the current year (Fig. 6b). For 
P. xiaozhuanica, the tree-ring index was negatively corre-
lated with temperature in January, February, June, July and 
August of the current year and negatively correlated with 
precipitation in October of the previous year (Fig. 6). How-
ever, the tree-ring index for P. tabuliformis was positively 
correlated with the temperature in October of the previous 
year and August of the current year, and was positively cor-
related with precipitation in February of the current year 
(Fig. 6). The tree-ring index for U. pumila was positively 
correlated with temperature in April and July of the current 
year, whereas it was negatively correlated with precipitation 
in October of the previous year (Fig. 6).

Tree‑ring δ13Ccorr, iWUE and BAI relationships 
with annual mean temperature, precipitation 
and growing season PDSI

There was a significant positive relationship between 
detrended tree-ring δ13Ccorr and detrended temperature, 
and a negative relationship between detrended tree-ring 
δ13Ccorr and detrended precipitation for P. tabuliformis 
(Fig. 7a, b). In addition, significant negative relationships 
between detrended tree-ring δ13Ccorr and detrended PDSI 
were found for P. mongolica, P. xiaozhuanica and U. pumila 
(Fig. 7c). However, the slope of detrended tree-ring δ13Ccorr 
against detrended PDSI was higher in P. mongolica and 

P. xiaozhuanica than in U. pumila (ANCOVA, F = 4.7, 
P < 0.05).

A significant positive relationship between the detrended 
temperature and detrended iWUE, and a negative relation-
ship between detrended precipitation and detrended iWUE 
were observed for P. tabuliformis (Fig. 7d, e). Additionally, 
significant negative relationships between detrended PDSI 
and detrended iWUE were found for P. mongolica and P. 
xiaozhuanica (Fig. 7f).

There was a significant positive relationship between the 
detrended temperature and detrended BAI for U. pumila 
(Fig. 7g), whereas no significant relationships between the 
detrended BAI and detrended temperature, precipitation or 
PDSI were observed for the other tree species (Fig. 7g–i).

Discussion

Differences in tree growth between non‑native 
and native tree species

Significant differences in the basal area increment (BAI) pat-
terns between two non-native and two native tree species 
suggest that the ecophysiological mechanism response to 
warming and drying differed among the studied tree spe-
cies. The constant BAI over time of non-native tree species 
(Fig. 3b) indicates that the growth of the non-native tree 
species had been limited by some stress factors during the 

Fig. 6  Correlations of tree-ring 
index with temperature (a) 
and precipitation (b) for the 
non-native and native tree 
species over the past 30 years 
(1985–2014). Asterisks indicate 
P < 0.05
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last 30 years, which offset the expected  CO2 fertilization 
effect on growth (Peñuelas et al. 2011; van der Sleen et al. 
2015). Since the atmospheric  CO2 concentration is increas-
ing, forests should theoretically display increased growth 
as a result of the  CO2 fertilization effect (Wang et al. 2012; 
Drake et al. 2017; Zhang et al. 2018). In fact, most studies 
have suggested that tree growth has not been stimulated as 
expected in response to the  CO2 increase and it has thus 
remained stable or even declined in some areas, which 
indicates that other factors (e.g., drought stress) offset or 
override the expected  CO2 fertilization effect (Martínez-
Vilalta et al. 2008; Linares and Camarero 2012). In the pre-
sent study, although no responses of BAI to temperature, 
precipitation and PDSI were observed for the non-native 
tree species (Fig. 7), a significant increase in the tree-ring 
δ13Ccorr and its sensitivity to PDSI (Figs. 4a, 7c) indicate that 
the non-native tree species suffered from increasing water 
stress induced by drying, thus leading to limited growth. 
The δ13C of plants has been widely used as a proxy for water 

stress because plants discriminate less against 13C when 
under stress (Oltean et al. 2016). When water availability 
decreases, stomatal conductance is known to be reduced to 
minimize water loss, thus leading to an increase in tree-ring 
δ13C (Feichtinger et al. 2017). This was also partly supported 
by a significant negative relationship between the tree-ring 
index and temperature during winter (January and February) 
and summer (June, July and August) for P. xiaozhuanica 
(Fig. 6a). High temperatures, especially in the summer, 
increase evapotranspiration, thereby exacerbating water 
stress; high temperatures are often associated with reduced 
tree growth (Battipaglia et al. 2009). In addition, in the study 
region, groundwater has been an important water source for 
tree growth (Jiang et al. 2002). For example, Song et al. 
(2016) reported that P. mongolica had to utilize groundwa-
ter in addition to soil water after approximately 30 years of 
growth, and groundwater was the primary water source for 
pine trees during the years of extremely low rainfall in the 
study region. Gao et al. (2013) reported that 11-year-old 

Fig. 7  Tree-ring carbon isotope composition (δ13Ccorr), intrinsic water use efficiency (iWUE) and basal area increment (BAI) relationships with 
annual mean temperature (a, d, g), annual precipitation (b, e, h) and growing season PDSI (c, f, i)
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Populus spp. utilized both soil water and groundwater during 
the growing season in sandy land. However, the groundwa-
ter level has significantly declined over the past 30 years 
(Fig. 2d). Therefore, the decreasing groundwater level may 
also contribute to water stress for non-native tree species 
such as P. mongolica and P. xiaozhuanica. Conversely, the 
increasing BAI with time for the native tree species sug-
gests that the  CO2 fertilization effect on growth has overrid-
den the concomitant negative effects of the environmental 
stressors (Granda et al. 2014). This finding was consistent 
with an expected growth increase under elevated  CO2 con-
centration since photosynthesis was stimulated and thus led 
to enhanced carbon uptake (Urrutia-Jalabert et al. 2015). 
For example, Lu et al. (2018) reported that Platycladus 
orientalis increased its growth over time, suggesting that 
the growth of P. orientalis benefited from the elevated 
atmospheric  CO2 concentrations in the semiarid region of 
China. In the present study, an increase in BAI with time 
for the native tree species may be associated not only with 
increasing tree size and age (Stephenson et al. 2014) but also 
with enhanced photosynthetic capacity accompanied by an 
increased atmospheric  CO2 concentration. In addition, the 
elevated temperature also contributed to boosting growth for 
the native tree species (Way and Oren 2010; Peñuelas et al. 
2011; Flexas et al. 2012; Zhang et al. 2018). This was dem-
onstrated by significant positive relationships between the 
tree-ring index and temperature in October of the previous 
year and in August for P. tabuliformis and in April and July 
for U. pumila (Fig. 6a). Similar to our findings, Peñuelas 
and Filella (2001) suggested that accelerated tree growth 
throughout Europe is caused by global warming.

Differences in intrinsic water use efficiency (iWUE) 
between non‑native and native tree species

The non-native and native tree species increased their iWUE 
over the past 30 years, and the magnitude of the increase in 
iWUE ranged from 17.5 to 42.8%, which was within the 
iWUE increase range observed around the world (Wang 
et al. 2012; Brito et al. 2016; Huang et al. 2017; Lu et al. 
2018). For example, Granda et al. (2014) reported that the 
iWUE of Quercus faginea, Pinus nigra and Juniperus thurif-
era in forests of central Spain increased by 18.6%, 21.3% and 
15.0%, respectively, from the 1970s to the 2000s. Hietz et al. 
(2005) found that the iWUE increased 34% for Cedrela odo-
rata L. and 52% for Swietenia macrophylla King in Brazil. 
Many studies have reported the increasing trend of iWUE 
in different forests around the world during recent decades 
(Peñuelas et al. 2011; Silva and Anand 2013; Frank et al. 
2015).

We found that the magnitudes of the increase in iWUE 
with time for the non-native tree species (42.1% and 42.8% 
for P. mongolica and P. xiaozhuanica, respectively) were 

significantly higher than those for the native tree spe-
cies (17.5% for P. tabuliformis and 29.5% for U. pumila) 
(Fig. 4b). Since the iWUE is the ratio of the carbon assimi-
lation rate to the stomatal conductance for water vapor, a 
higher iWUE increase could be due to either greater car-
bon assimilation in response to increased atmospheric  CO2 
or lower stomatal conductance in response to water stress 
(Silva et al. 2010). However, atmospheric  CO2 has increased 
similarly at all of the sampling sites, and the higher increase 
in the iWUE for the non-native tree species compared 
with the native tree species seems attributable to reduced 
water availability and corresponding stronger water stress 
(Peñuelas et al. 2011; Song et al. 2017). This was also sup-
ported by a steeper slope of increase in tree-ring δ13Ccorr 
for the non-native tree species compared with the native 
tree species (Fig. 4a). Similar results have been reported in 
other regions. For example, González-Muñoz et al. (2015) 
reported a higher increase in the iWUE for exotic trees than 
for native tree species in inner Spain riparian forests, sug-
gesting that the exotic trees suffered from higher drought 
stress. In the present study, the higher increase in the iWUE 
for non-native tree species compared with native tree spe-
cies is likely to result from higher climatic sensitivity of the 
iWUE for non-native tree species (i.e., the response to PDSI 
in the non-native tree species) (Fig. 7f).

Relationships between iWUE and BAI 
for the non‑native and native tree species

The increased iWUE for the non-native tree species did not 
translate into increased radial growth (Figs. 3b, 4b), which 
agreed with previous findings of increases in the iWUE but 
no increases (or even a decrease) in the tree radial growth 
(Linares and Camarero 2012; Gómez-Guerrero et al. 2013; 
van der Sleen et al. 2015). Generally, tree growth (BAI) 
has not increased as the atmospheric  CO2 and iWUE have 
increased, which suggests that other factors (e.g., warming-
induced stress) have stimulated stomatal closure and con-
sequently reduced carbon uptake and growth, over-riding 
the potential CO2 fertilization effect (Peñuelas et al. 2011; 
Silva and Anand 2013; Lévesque et al. 2014). Therefore, 
our results suggest that water stress-induced stomatal clo-
sure resulting from warming and drying has prevented the 
non-native species from taking advantage of the increased 
atmospheric  CO2 for faster growth.

In contrast to the non-native tree species, we found that 
the native tree species significantly increased their radial 
growth (BAI) over the last 30 years (Fig. 3b), which is asso-
ciated with increasing iWUE (Fig. 4b) and suggests that an 
increment in the photosynthetic rate induced by the increas-
ing atmospheric  CO2 concentration overrides a decrease 
in stomatal conductance by warming and drying (Tognetti 
et al. 2014). The growth of native tree species increased as 
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the iWUE increased in the semiarid sandy region of China, 
possibly due to high drought tolerance and high temperature 
resistance (Zhang et al. 2005; Hu and Wang 2015). Although 
the responses of tree-ring δ13Ccorr and iWUE to temperature 
and precipitation for P. tabuliformis and of tree-ring δ13Ccorr 
to PDSI for U. pumila were observed, no response of tree-
ring δ13Ccorr and iWUE to PDSI for P. tabuliformis (Fig. 7c, 
f) and the positive response of BAI to temperature for U. 
pumila (Fig. 7g) partly supported our explanation.

In addition, the absence of relationships between BAI and 
iWUE for P. mongolica, P. xiaozhuanica and P. tabuliformis 
(Fig. 5) may be because tree growth is often disconnected 
from carbon assimilation caused by variable allocation to 
other tissues and remobilization of carbohydrate reserves 
(Urrutia-Jalabert et al. 2015). Moreover, increases in tem-
perature also induce higher rates of photorespiration, which 
would lower the net primary productivity and thus contribute 
to BAI disconnecting from carbon assimilation (Peñuelas 
et al. 2011).

Conclusions

In this study, the standard dendrochronological methods 
combined with a carbon isotope analysis were used to study 
the BAI and iWUE of the non-native and native tree spe-
cies in response to warming and drying in the semiarid 
sandy land. Divergent growth and intrinsic water use effi-
ciency responses to warming and drying climates between 
native and non-native tree species were found. The iWUE 
increased, but the lack of increase in BAI for the non-native 
tree species suggests that water stress reduced stomatal 
conductance and, consequently, reduced carbon uptake. In 
contrast, increased iWUE accompanied by enhanced BAI 
for the native tree species indicates that an increase in the 
photosynthetic capacity induced by elevated levels of atmos-
pheric  CO2 overrode a decrease in the stomatal conductance 
by warming and drying, and thus increased carbon uptake. 
These findings suggest that non-native tree species such as 
P. mongolica and P. xiaozhuanica would be more susceptible 
to dieback under extreme drought years once water stress 
passes a physiological threshold, whereas the native tree 
species (e.g., P. tabuliformis and U. pumila) would suffer 
only slightly because they benefit from  CO2 fertilization in 
the semiarid sandy land. Consequently, forest management 
for relieving water stress (e.g., thinning and maintaining a 
stable groundwater level) will be necessary to protect the 
increasingly vulnerable forests of non-native tree species, 
such as P. mongolica and P. xiaozhuanica, in the semiarid 
sandy region.
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