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Fig. 6. (a) Leaf intercellular CO, concentration (¢;) and ambient CO, con-
centration (c,), (b) ¢:c,ratio; dashed line: linear fit for this period, (c) differ-
ent scenarios of intrinsic water-use efficiency (iWUE) in response to in-
creasing c,, 1876-2015. Atmospheric CO, concentrations derived from
McCarroll & Loader (2004). (d) Basal area index (BAI), 1857-2015

In addition, A®C was positively correlated with
previous May sunshine hours, but significantly and
negatively correlated with sunshine hours in cur-
rent October. The correlations based on the first-
order differenced data between the tree-ring A*C
and climate factors were similar to those derived
from the raw data.

3.3. Trends in iWUE and BAI

As expected, the ¢ generally increa-
sed with rising ¢, ranging from
152.7 ppm to 205.3 ppm (Fig. 6a). The
cj:c, ratio has a clear decreasing trend
(Y = -0.0001X + 0.528, R? = 0.120, p <
0.001, where X = yr) during the studied
period (Fig. 6b). The iWUE increased
markedly by about 40.9 % from 1876 to
2015 (Fig. 6¢). Long-term variations in
stem BAI did not reveal an overall linear
trend (Fig. 6d). In the early phase of the
sampled period (1857 to 1904), BAI
increased steadily, from initial values
well below the long-term mean to a
value greater than the mean. From 1905
to 1960, BAI gradually decreased with
some fluctuations. This was followed by
a rapid decrease to a value smaller than
the long-term mean: 26.8 % from 1960
to 2015. The 31 yr moving correlations
revealed negative correlations between
BAI and iWUE under increasing atmos-
pheric CO, (Fig. 7). Significant negative
correlations between BAI and iWUE are
found in the 1930s-40s and 1970s-90s
(raw).

4. DISCUSSION

4.1. Effects of precipitation of a
hydrological year on tree growth

Tree growth of our sampling site is
mainly limited by precipitation during a
hydrological yr from previous November
to current October. Moisture limitation of
tree growth for a hydrological yr is wide-
ly found in arid and semi-arid regions
surrounding the Tibetan Plateau (Fang et
al. 2015), but has not been reported for
humid subtropical China. In arid regions,
ring width formation often ends in Au-
gust and subsequent precipitation is
used for tree growth of the next yr (Fang et al. 2012, X.
Gou et al. unpubl.). Tree growth integrates precipita-
tion of the non-growing and growing seasons, usually
showing the highest correlation with precipitation of a
hydrological yr from previous August to current July
(Li J et al. 2017). In the warm subtropical region of
southeastern China, the growing season is longer than
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further north, and ring width formation can continue
until October (Zhang et al. 2016). This would explain
why tree growth seen in this study had its strongest re-
sponse to precipitation from previous November to
current October.

Post growing season precipitation can be retained
in the soil and facilitate tree growth for the coming yr
(Fang et al. 2012). Li et al. (2012) speculate that this
could be the case for arid regions surrounding the
Tibetan Plateau, because snow in the cold regions
can be retained for a long period. In addition, precip-
itation in the early-growing season in these areas is
low, causing a need for retention of moisture from
before the growing season (Fang et al. 2015). How-
ever, this may not be the case for our study region,
since precipitation in the non-growing season is less
likely to be retained for a long period, and the precip-
itation in the early growing season is high. Instead,
the influence of the non-growing season precipita-
tion likely exists because sufficient precipitation
before the growing season can produce sufficient
nutrients or carbohydrates (X. Gou et al. unpubl.),
which can be used for tree growth during the grow-
ing season.

The absence of the strongest responses to hydro-
logical year precipitation in the tree-ring data from
Fujian province may be because tree growth at these
sites is less sensitive to drought. To our knowledge,
tree growth at FGY showed higher correlations with
precipitation relative to other tree-ring data of Fujian
province (Chen et al. 2012, 2015, Li et al. 2016). A
drought-stressed condition may exist due to the shal-
low soil at FGY, which is not able to retain precipita-

0.6

tion well. The soil depth at the sampling points
ranges from 20 cm (some roots grew on bare stones)
to 130 cm. The soil water storage of the mountains
in the north Fujian province is from 225.28 to
398.56 mm yr~! (Han et al. 2011). Tree rings at FGY
show high correlations with precipitation in early
growing seasons in May and June, which is not ob-
served in other nearby sites with deeper soil (Cao et
al. 2016, Li D et al. 2017). This is probably because
moisture of the early growing season is crucial for
ring width formation, and the shallow soil at FGY is
not able to retain precipitation well, even though
precipitation in this season is high (Li D et al. 2017).
Our study highlights that moisture limitation of a
hydrological yr for tree growth is not only a common
feature in arid regions but can also been seen in a
humid region if the site has a low ability to retain soil
moisture.

4.2. Limitation of autumn relative humidity
on tree-ring A3C

The mean §°C value at FGY (-23.95%o) is lower
than that from a nearby site in Quanzhou area
(—22.95%0; 25°25'N, 117°56"E; Li D et al. 2017). The
strongest correlation observed between FGY tree-
ring ABC records and relative humidity in autumn
(September to October) is in agreement with previ-
ously published tree-ring carbon isotopic series from
the Quanzhou area, about 110 km southwest of FGY
(Li D et al. 2017). This indicates that the influence of
autumn relative humidity on tree AC might be a
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Fig. 7. Running correlations based on a 31 yr window of the basal area index (BAI) and intrinsic water-use efficiency (iWUE).
Black (green) horizontal dashed lines: 95 % (99 %) confidence levels



Guo et al.: Tree growth unaffected by water-use efficiency 125

common feature of the western bank of the Taiwan
Strait. High tree-ring A'®*C means more 2C uptake by
trees as a result of a high rate of photosynthesis and
high stomatal conductance (Farquhar et al. 1982,
McCarroll & Loader 2004). Stomatal activity was
reduced to prevent excessive water loss, leading to
reduced influx of CO, into the intercellular space, a
lower ¢; and a decrease in !'3C-discrimination. This
explains the positive response of tree-ring A*C to
relative humidity in autumn at FGY. Similar results
have been reported for other subtropical areas (Lv et
al. 2002). Precipitation also played a role in tree-ring
carbon isotope discrimination in current October.
The relation between A®*C and rainfall is well under-
stood for dry sites in the subtropics, where moisture
stress is pronounced and can be explained by stom-
atal responses to soil moisture and relative humidity.
A strong influence of precipitation on tree oxygen
stable isotope discrimination was also found in west-
ern Fujian, since precipitation can modulate stomatal
conductance and thus tree oxygen isotopes (Xu et al.
2013). In some cool and high-elevation areas, carbon
isotopes in tree rings tend to be dominated by vari-
ables that control the assimilation rate, mainly sun-
shine hours and temperature (McCarroll & Pawellek
2001, Gagen et al. 2007). In tropical dry forest trees,
however, temperature and irradiance may also indi-
rectly influence stomatal behaviour, and thereby the
carbon isotope signal, through their effects on water
vapour pressure deficit across stomata (Brienen et al.
2011). This may be the reason for the negative corre-
lation between sunshine hours and A*C.

4.3. Physiological responses to increased c,

The magnitude of the increase in iWUE at FGY is
higher than that for arid regions (Liu et al. 2008,
Wang et al. 2012), but similar to that for tropics areas
(Brienen et al. 2011, Nock et al. 2011). In a subtropi-
cal forest of southern China, the iWUE of P. masso-
niana increased about 38 % in the past 130 yr (Sun et
al. 2010). Previous results indicated a similar rate of
increase (38.4 %) of iWUE in the Quanzhou area (Li D
et al. 2017). These different increases in iWUE
showed that differences in temperature, air humidity
and soil water availability were important factors that
caused the differences in the physiological responses
of plants to increased c,,

As expected, the increase in iWUE was not strong
(slope of 0.13) and the changes in iWUE were close to
the scenario with constant ¢; before ~1960 (Fig. 6¢,
Fig. Al in the Appendix). Short-term experiments

also show constant c¢; for a variety of species (Sage
1994), representing a strong response to increasing
atmospheric CO, (Saurer et al. 2004). The scenario
with constant ¢; may indicate tree adaptation to
increased c, through decreasing leaf conductance
(Brienen et al. 2011). Both the increases in ¢; and ¢,
become stronger after ~1960 (Fig. 6a), which may be
due to increasing global industrial activities. From
1960 to 2015, the iWUE showed a rapidly increasing
trend (slope of 0.51), which closely followed the sce-
nario with a constant c;:c, ratio (Fig. 6c). Previous
studies also found that trees may switch from near-
constant c; towards a near-constant c¢;:c, ratio (Huang
et al. 2017). The increase in iWUE may be attributed
to high net photosynthesis and/or low stomatal con-
ductance (McCarroll & Loader 2004), which has been
documented by experimental studies (Luo et al.
1996). Thus, increases in iWUE during the 2 periods
may have been forced by different physiological
mechanisms, implying that a dynamic leaf gas-
exchange strategy may exist as a response to increas-
ing ¢, (Voelker et al. 2016). Furthermore, the A3C
series had a slight declining trend (Y = —-0.0023X +
17.11, 12 = 0.09) at a rate of 0.023 %o per decade during
the past 140 yr.

4.4. Correlations between BAI and iWUE

Long-term trends in BAI for Pinus massoniana since
1856 increased for many decades, but decreased in
recent decades. These trends have been widely
reported in both tropical and subtropical forests
(Sun et al. 2010, Nock et al. 2011). Widespread de-
clines in tree BAI in recent years have demonstrated
a warming-induced growth decline despite increas-
ing iWUE for forest systems at dry sites (Andreu-
Hayles et al. 2011, Linares & Camarero, 2012,
Lévesque et al. 2014).

iWUE has positive correlations with sunshine hours
and negative correlations with relative humidity for
the first-order difference data (Fig. A2 in the Ap-
pendix). Our finding of no tree growth stimulation by
the increase in iWUE agrees with previous studies in
arid Mediterranean areas (Linares et al. 2009,
Lévesque et al. 2014) as well as northwestern China
and eastern Canada (Wu et al. 2015, Dietrich et al.
2016). A study based on a global-scale dataset re-
vealed that increased iWUE did not necessarily lead
to enhanced tree growth, and that half of the sample
sites from 47 major forest biome types showed
decreased tree growth or no change (Penuelas et al.
2011).
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Theoretically, an increase in iWUE can stimulate
tree growth, particularly where trees are drought-
stressed. The lack of tree growth stimulation by the
increasing iWUE may be attributed to 2 types of fac-
tors. (1) An increase in tree growth may not be
revealed in the ring-width series. For example, in-
creased iWUE may only stimulate height growth
rather than radial growth, and will consequently not
be revealed in the tree-ring width data. (2) Our re-
sults indicated that the influence of increasing iWUE
on tree growth is more pronounced during autumn,
which is a period of low ring width formation (Li et al.
2016). Moreover, the long-term trend is often difficult
to establish, because there is no method to fully dis-
tinguish these tree-growth trends and age-related
growth trends. It is difficult to explicitly assess the
stimulation of increasing iWUE on tree growth due to
the influence of other environmental factors that may
be more important (Silva & Anand 2013). A drying
trend is observed at FGY, which may counteract the
stimulation of the drought-stressed trees by the
increase in iWUE. It should be noted that the stimula-
tion of iWUE on tree growth is mainly revealed at
centennial or longer timescales because the increase
in CO, concentration and thus the iWUE does not
have marked interannual and interdecadal variabil-
ity. Interannual and interdecadal changes of iWUE
may be caused by climate variations. However, the
relationships of climate and iWUE with tree growth
may be reversed. For example, dry conditions can
cause stomatal closure, which may be associated
with a high iWUE but low tree growth. This explains
the negative correlations between iWUE and tree
growth for the first-order differenced data.

5. CONCLUSIONS

We present the first tree-ring width chronology
(1856 to 2015) and stable carbon isotopic series (§'3C)
(1876 to 2015) from Yongtai county, southern China,
western bank of the Taiwan Strait. Pinus massoniana
tree-ring width formation in the studied region was
mainly limited by precipitation during a hydrological
year, which is more in agreement with drought-
stressed trees in arid regions than at more humid
subtropical sites. This indicates that precipitation can
limit tree growth, including in humid areas, if the
trees are moisture sensitive. The iWUE showed a
strong increasing trend in response to the steady
increase in atmospheric CO, concentrations since the
beginning of the industrial era. The ¢ remained con-
stant before ~1960, but started to increase thereafter,

following a constant c;:c, ratio. This was probably
because trees did not maintain a constant c;, due to
the very sharp increase in ¢, after ~1960. This study
shows no apparent increase in tree growth in
response to increased iWUE, which is similar to find-
ings in other studies in hot and humid regions. Our
results provide insights for the evaluation of the
potential impacts of global warming and drought
stress on plant carbon—-water relationships in forests
of subtropical China.
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Fig. A2. Correlations between the intrinsic water-use efficiency (iWUE) and (a) monthly mean temperature, (b) monthly total
precipitation, (c) relative humidity, (d) sunshine hours from previous February to current October based on the raw and
first-order differenced data. Correlations calculated for (a—-c) 1953-2015, (d) 1961-2015. * and ** represent the 95 and 99 %
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