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Abstract: Carbon and water fluxes in ecosystems are tightly coupled by gas diffusion through
stomata. However, carbon–water (C–W) relationships vary largely across time scales, vegetation
types, and regions. Subtropical forests in China play an important role in the global carbon and
water cycles, yet studies of C–W relationships in this region remain limited. Here, we investigated
summer-time C–W relationships in this region at two subtropical sites: the evergreen broadleaved
forest at Dinghushan (23.17◦ N, 112.53◦ E, 300 m) and the evergreen coniferous forest at Qianyanzhou
(26.74◦ N, 115.06◦ W, 106 m), using the flux tower data from the FLUXNET2015. The C–W relationship
was examined using two measures. The first was daily water use efficiency (WUE), which is the ratio
of daily gross primary productivity (GPP) to evapotranspiration (ET). The second was the correlation
coefficient (r) of hourly GPP and ET. Our analysis showed that the daily WUE in the two forests
ranged over 4–14 mg CO2 per g H2O, higher in the coniferous forest than in the broadleaved forest.
The mean values of r for hourly C–W coupling were similar at the two forests, being 0.5–0.6, which
suggests asynchronous diurnal variations in GPP and ET. Both daily WUE and r were modulated
by meteorological conditions. In general, high radiation, air temperature, and humidity can reduce
WUE at both sites. For the broadleaved forest, the most influential factor on WUE was VPD, followed
by radiation, while in the coniferous forest, VPD, air temperature, and radiation were almost equally
important. For hourly C–W coupling, VPD plays a significant role. The drier the air is, the weaker the
coupling in the two forests. The daily WUE and hourly C–W coupling reflect the C–W relationship
from different perspectives. Both showed the strongest response to VPD but with different sensitivity.

Keywords: gross primary productivity; evapotranspiration; meteorological factors; subtropical forest;
water use efficiency

1. Introduction

Anthropogenic climate change has become one of the most important issues nowa-
days. Biosphere–atmosphere interactions under this background have attracted increasing
attention [1–6]. On one hand, vegetation can mitigate global warming through photo-
synthesis, which absorbs carbon dioxide (CO2) in the atmosphere. On the other hand,
the changed climate can directly or indirectly impact vegetation, which vegetation may
or may not be able to adopt. Among all the interactions, forest–climate interactions are
critical because forests have high photosynthesis capacities and are also sensitive to climate
change [7,8]. Two processes of particular interest are photosynthesis and transpiration. Tak-
ing the pathway of stomata, forests absorb CO2 through photosynthesis and release water
through transpiration [9] to regulate the carbon–water balance between ecosystems and the
atmosphere. Therefore, photosynthesis and transpiration are tightly coupled [10,11]. The
relationship between these carbon and water fluxes has been the subject of multiple studies.
For example, Novick et al. [12] stated that atmospheric demand plays an increasingly
important role in modulating the carbon and water fluxes.
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With advances in the eddy covariance (EC) measurement, the gross primary produc-
tivity (GPP) and evapotranspiration (ET) can be measured over forest sites worldwide [13].
GPP is a good measure of photosynthesis [14], while for forests with high vegetation closure,
a large portion of ET comes from transpiration on no-rain days, as soil evaporation is weak.
Therefore, GPP and ET are widely used in studying the carbon–water relationship [4,15], in
terms of water use efficiency (WUE, a ratio of GPP to ET), or some GPP–ET coupling indices.
Previous studies suggested that GPP is linearly correlated with ET in most ecosystems at
yearly or monthly time steps [3,14,16]. However, GPP–ET relationships at daily or hourly
time steps can be different [2,17].

The GPP and ET of an ecosystem are collectively modulated by a diversity of climatic
factors. Each ecosystem has its special responses to climate conditions. In an arid grass-
land, the coupling between GPP and ET is limited by water [1,18]. For forests in China,
vapor pressure deficit (VPD) has dominant influence on the carbon–water relationship [2].
Radiation and air temperature have a negative effect on the coupling between GPP and ET
in tea gardens over southeastern China [19]. Drought can exacerbate the morning shift of
GPP compared to ET in forests and can increase the frequency of decoupling of diurnal
GPP and ET in grasslands [17].

Subtropical forests in China are the only oasis at the same latitudes in the world and
play an important role in global carbon and water cycles [20,21]. Subtropical forests are
rich in tree species, complex stand structure, and diverse environmental conditions [22,23].
Yet, how climatic conditions affect the GPP–ET relationship in China’s subtropical forests
remains to be explored. Therefore, in this study, we selected two typical subtropical forests
in southeast China: Dinghushan evergreen broadleaved forest and Qianyanzhou evergreen
needleleaf forest. Based on the FLUXNET2015 dataset, we analyzed the short-term GPP–ET
relationships using two measures: (1) daily WUE, which is the ratio of GPP to ET, and (2) r,
which is the correlation coefficient of hourly GPP and ET and a measure of C–W coupling.
Specific objectives were (1) to characterize daily WUE and C–W coupling in the subtropical
evergreen broadleaved and evergreen needleleaf forests, and (2) to identify meteorological
impacts on daily WUE and C–W coupling in the two subtropical forests.

2. Data and Methods
2.1. Study Sites

The two flux tower sites include Dinghushan subtropical evergreen broadleaved forest
(CN-Din) and Qianyanzhou subtropical evergreen needleleaf forest (CN-Qia). Both sites
are located in the subtropical region of southeast China, which is an important part of
the Chinese terrestrial ecosystem flux research network. The data for the two sites were
available from the FLUXNET2015 dataset [24]. Dinghushan and Qianyanzhou sites are
representatives for subtropical ecosystems in China and have enough data coverage to
span longer than 3 years. Table 1 lists the geographic, vegetation, and climate conditions at
the two sites, including the annual climate conditions and summer climate conditions in
the daytime. Overall, the meteorological conditions are similar to the moderate temper-
ature and adequate precipitation, reflecting the characteristics of a subtropical monsoon
climate. The histogram of meteorological variables in the summer over 2003–2005 is shown
in Figure 1. Owing to the close proximity, solar radiation at the two sites was similar
(Figure 1a), although the mean solar radiation at Dinghushan was ~50 W m−2 lower than
at Qianyanzhou. Notably, Dinghushan is at a higher elevation (300 m) than Qianyanzhou
(100 m); thus, air temperature and VPD there are lower than those at Qianyanzhou. In
contrast, precipitation at Dinghushan is higher than at Qianyanzhou. Accordingly, sum-
mertime soil is much moister at Dinghushan than at Qianyanzhou. These differences in
meteorological conditions can lead to different responses in WUE and C–W coupling to
meteorology, which are discussed in Section 3.
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Table 1. Description of site characteristics.

Sites Dinghushan
(CN-Din)

Qianyanzhou
(CN-Qia)

Vegetation type Evergreen broadleaved forest Evergreen coniferous forest
Latitude (◦N) 23.17 26.74

Longitude (◦W) 112.53 115.06
Elevation (m) 300 102

Mean annual temperature (◦C) 19.6 19.0
Mean annual precipitation (mm) 1618.1 1466.8

Leaf area index (LAI, m2/m2) 4.0 3.5
Mean daytime solar radiation (W m−2) in summer 555.6 592.0

Mean daytime air temperature (◦C) in summer 29.1 31.6
Mean daytime vapor pressure deficit (hPar) in summer 14.7 22.4

Mean daytime soil water content (%) in summer 21.26 12.43

Dominant species
Pinus massoniana Lam, Pinus

elliottii Engelm, Cunninghamia
lanceolate et al.

Schima superb, Castanea henry,
Pinus massoniana Lamb et al.

Frequency Half-hour Half-hour
Time series 2003–2005 2003–2005
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Figure 1. The frequency of summer daytime shortwave radiation (SR, (a)), air temperature (Ta, (b)),
vapor pressure deficit (VPD, (c)), and soil water content (SWC, (d)) in the Dinghushan evergreen
broadleaved forest (red solid line) and Qianyanzhou evergreen coniferous forest (cyan solid line).
The dashed lines show the mean value of the meteorological variables at Dinghushan (red dashed
line) and Qianyanzhou (cyan dashed line) during summer daytime; the specific values are presented
in Table 1.
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2.2. Data and Data Preprocessing

The GPP, ET, and meteorological data during 2003–2005 are from the FLUXNET2015
dataset (http://fluxnet.fluxdata.org, accessed on 1 July 2022). Both sites have data from
2003 to 2005. Meteorological data include shortwave radiation (SR), air temperature (Ta),
vapor pressure deficit (VPD), precipitation (P), and soil water content (SWC).

To reduce the impact of noise in the data, we filtered the data as follows [2,25]. First,
only measured and high-quality gap-filled data were selected. Second, to reduce the
influence of surface evapotranspiration on ET in the growing season and to minimize
the impact of seasonality in leaf area index (LAI), only summer daytime data (6 a.m. to
6 p.m. in June, July, and August) were chosen, and the data on rainy days and the day
after the rainy days were excluded. Since the LAI of the two forest stations both exceeded
3.5, the filtered ET value included a large portion of transpiration (T). Third, to avoid the
boundary layer stability, we selected the data when the shortwave radiation was larger
than 50 W m−2 and the sensible heat flux was larger than 5 W m−2.

2.3. Statistical Methods

In this study, we used two measures to illustrate the carbon–water relationship on
a short-term time scale. To be specific, we focused on the relationship between daytime
GPP and ET on a daily and hourly scale. We used WUE to discover the carbon–water
relationship on a daily scale, while using the correlation coefficient to represent the coupling
of carbon and water on a sub-daily scale.

WUE indicates the fixed carbon amount by vegetation with the consumption of per
unit amount of water, which reflects the balance between carbon absorption and water
supply for vegetation. The daytime WUE (hereafter referred to as WUEdt) is calculated by
the ratio of daytime GPP to ET at a daily time step. To characterize the GPP–ET relationship
at the sub-daily step, we used the correlation coefficient (r) between hourly GPP and ET:
r(GPP, ET). The correlation strength can represent how tightly the variations in hourly
GPP and ET are correlated. We only considered cases for positive r, which was 98% of the
available cases at Dinghushan and 93% of the available cases at Qianyanzhou.

The response of the carbon–water relationship to meteorological factors was analyzed
using a ridge regression model, which can reduce the influence of collinearity among
meteorological factors [25–27]. All meteorological variables were standardized before
conducting the regression; thus, the regression coefficient between WUE and each of
the meteorological variables can describe the relative importance of that variable to the
variation in WUE, and so it was for r(GPP, ET).

3. Results and Discussion
3.1. Daily Water Use Efficiency

Figure 2a shows an example of daily WUEdt varying with meteorological conditions
at Qianyanzhou during July 2023. There are large day-to-day variations in the WUEdt
values, ranging between 4 and 9 mg CO2 per g H2O. These large variations in WUE can
also be observed at the Dinghushan broadleaved forest (not shown). The WUEdt values
were the lowest around 15 July 2003 when VPD, Ta, and radiation were high. WUEdt was
the highest around 29 July 2003, when VPD, Ta, and radiation were comparatively low.
Daily WUEdt showed low sensitivity to soil moisture content, suggesting that soil moisture
was not a controlling factor for WUEdt at this site.

http://fluxnet.fluxdata.org
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Figure 2. An example of daily variations in daytime water use efficiency (WUEdt, (a), blue hollow
squares) and diurnal carbon–water coupling (C–W coupling, (b), cyan hollow squares) in July 2003 at
Qianyanzhou, along with meteorological conditions. The solid lines in yellow, red, cyan, and blue
indicate the daily means of shortwave radiation (SR), air temperature (Ta), vapor pressure deficit
(VPD), and soil water content (SWC), respectively, during the daytime (6 a.m.–6 p.m.).

The mean WUEdt over 2003–2005 was 7.387 mg CO2 per g H2O for the broadleaved
forest at Dinghushan and 9.014 mg CO2 per g H2O for the coniferous forest at Qianyanzhou
(Table 2). The coniferous forest also showed larger variations in WUEdt (Figure 3), likely
due to the large variations in VPD and air temperature (Figure 1). In addition, the soil
of the coniferous forest is much drier than that of the broadleaved forest. The means are
similar to those of forests in other subtropical regions (i.e., a pine ecosystem [28]), but the
variations are smaller, as only summertime was focused on.

Table 2. The mean and standard deviation of WUEdt and diurnal C–W coupling (correlation coeffi-
cient r between hourly GPP and ET) in the broadleaved forest at Dinghushan and in the coniferous
forest at Qianyanzhou on summer no-rain days over 2003–2005. The form of values in the table is
mean ± standard deviation.

Broadleaved Forest Coniferous Forest

WUE (mg CO2 g−1 H2O) 7.387 ± 1.385 9.014 ± 3.466
C–W coupling (r) 0.551 ± 0.236 0.585 ± 0.254
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Figure 3. Histogram of WUEdt in the broadleaved forest at Dinghushan and in the coniferous forest
at Qianyanzhou on summer no-rain days over 2003–2005.

3.2. Meteorological Influences on Daily Water Use Efficiency

In summer, high solar radiation, air temperature, and dry air all tend to reduce daily
WUE. Such WUE responses to meteorological conditions in summer are rather different
from those in other seasons. This is the case for both broadleaved and needleleaf forests.

The responses of WUEdt to four meteorological factors in summer are shown for the
broadleaved forest (Figure 4a–d) and coniferous forest (Figure 4e–h). In the two forests,
WUEdt decreased with increases in radiation, air temperature, and VPD. However, the
degree of the WUEdt responses to meteorological factors were different between the two
forests. In the broadleaved forest, high VPD can reduce WUEdt most significantly. In the
coniferous forest, the negative effects of VPD and air temperature on WUEdt are nearly
equal, and they are the main factors affecting WUEdt. As for soil water content, WUEdt in
both forests showed slight increases with increasing soil moisture, and the sensitivity is
larger in the coniferous forest than in the broadleaved forest.

Meteorological factors affect the variation in WUE by controlling GPP and ET [5].
Overall, VPD is the dominant factor for WUE variation, as discussed. The negative effect of
VPD on WUE was reported [2,12,29]. High VPD tends to reduce stomatal conductance in
plants, limiting GPP and ET to some extent [30]. Meanwhile, if the water vapor gradient
between leaves and air is high, ET still increases [31], leading to a decrease in WUE.
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Figure 4. Variation in WUEdt with meteorological conditions (SR, Ta, VPD, and SWC) in the
broadleaved forest at Dinghushan (a–d) and in the coniferous forest at Qianyanzhou (e–h), where
(a,c) are WUEdt variations with SR, (b,f) are for Ta, (c,g) are for VPD, (d,h) are for SWC. The means
and standard deviations of WUEdt varying with meteorological conditions are marked with dots and
error bars, respectively.

Solar radiation is an important factor driving photosynthesis and transpiration [15].
Under high radiation, photosynthesis saturates even if water is sufficient [32], while ET
increases with radiation almost linearly [33], and thus, WUE decreases with an increase in
radiation.

For the coniferous forest at Qianyanzhou, the negative effect of temperature on WUE
is significant. Generally, transpiration increases with air temperature. However, photo-
synthesis varies with temperature roughly in a Bell curve that peaks within an optimum
range of air temperature. When air temperature is higher than this range, photosynthesis
decreases with temperature, but transpiration still increases with temperature, and thus
WUE decreases with temperature [34]. Such a negative correlation between temperature
and WUE has also been documented [2,4,35]. However, Zhang et al. [36] reported that
the forest annual WUE generally decreases with temperature in the latitude of 10◦–25◦ N
and 40◦–55◦ N but increases with temperature in the latitudes of 25◦–40◦ N. Examining
the results from Zhang et al. [36] closely, we noticed that the three latitudinal zones were
drawn approximately. Qianyanzhou is located at 26.76◦ N, where it is likely within the
zone with a negative temperature–WUE relationship extended from 10◦ to 25◦ N, at least
in summer.

The sensitivity of WUEdt to various meteorological factors was assessed by the re-
gression coefficients of the ridge regression (Figure 5). For the Dinghushan broadleaved
forest, WUEdt is mostly modulated by VPD, followed by radiation, while air temperature
and soil water status showed no significant effect. For the Qianyanzhou coniferous forest,
radiation, air temperature, and VPD all have similarly negative effects on WUEdt. Soil
moisture showed a positive but insignificant impact on WUEdt.
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in the broadleaved forest at Dinghushan and in the coniferous forest at Qianyanzhou. “*” indicates
that r is at the 90% significance level (p < 0.10), and “***” at the 99% level (p < 0.01).

3.3. GPP–ET Coupling

Figure 2b shows an example of daily variation of C–W coupling in July 2003 at the
Qianyanzhou site. The C–W coupling was measured by the correlation coefficient r between
hourly GPP and ET in the daytime (6 a.m.–6 p.m.). The r shows large day-to-day variations
between 0 and 1, which can be commonly seen in other months at both the Qianyanzhou
and Dinghushan sites (not shown here). Notably, around July 15, the C–W coupling
strength was reduced each day continuously for 5 days from an r close to 1 to nearly zero,
when VPD kept increasing. Although WUEdt also decreased during these days (Figure 2a),
the response of the C–W coupling appeared more sensitive to the change in VPD than that
of WUEdt.

C–W coupling strength was similar at both sites, with an average r around 0.56; thus
means that GPP and ET are moderately coupled during summer daytime on a sub-daily
time scale. The histogram of r over 2003–2005 in the summer showed similar distributions
for both broadleaved and coniferous forests (Figure 6). This histogram differs from that
of WUEdt shown in Figure 3, suggesting different perspectives from which WUE and r
describe C–W coupling. The r occurrence pattern shows a skewed Bell curve, being least
between 0 and 0.2 (~10%) and most between 0.6 and 0.8 (~33%). The mean r values for both
forests are close to 0.6, indicating a modest level of diurnal C–W coupling in the forests.
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3.4. Meteorological Influences on C–W Coupling

Meteorological conditions can impact GPP, ET, and the GPP–ET relationship individu-
ally and collectively in complicated ways (Figure 2). Due to differences in meteorological
conditions at the two sites, the relative importance of meteorological conditions to C–W
coupling can be different in the two forests.

Taking all the data, we show in Figure 7 how the r value varies with each of the
daily meteorological factors for the broadleaved forest (Figure 7a–d) and coniferous forest
(Figure 7e–h), although this figure cannot fully separate the independent impact from each
of the meteorological factors. In the broadleaved forest at Dinghushan (Figure 7a–d), VPD
is shown to be the most influential factor for C–W coupling. High VPD conditions tend
to increase the vapor gradient between the leaf and air but lower stomatal conductance,
which can reduce GPP but may increase ET. Therefore, C–W coupling is compromised. The
r value also decreases with increases in air temperature but is less responsive to variations
in solar radiation. Interestingly, soil moisture has a negative effect on r. In the coniferous
forest at Qianyanzhou, r decreases with radiation, air temperature, and VPD. However, r
increases slightly with soil moisture, as the soil at this site is much drier than at Dinghushan
(Figure 1d), which results from the different amounts of precipitation in the summer at the
two sites.

The relative importance of each meteorological factor can be assessed with regression
coefficients through ridge regression analysis (Figure 8). For the broadleaved forest at
Dinghushan, VPD showed the most significant effect on C–W coupling, followed by SWC,
while Ta and solar radiation showed insignificant negative and positive effects, respectively.
Increases in VPD led to decreases in C–W coupling. More soil moisture also tended to
reduce C–W coupling, due to plenty of soil water at the site (Figure 1d). In the coniferous
forest at Qianyanzhou, increasing VPD can lead to a decrease in C–W coupling even more
significantly than in the broadleaved forest. In fact, VPD is the only meteorological variable
that can significantly impact the C–W coupling strength at Qianyanzhou.
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Figure 7. Diurnal C–W coupling varying with meteorological conditions (SR, Ta, VPD, and SWC) in
the broadleaved forest at Dinghushan (a–d) and in the coniferous forest at Qianyanzhou (e–h), where
(a,c) are WUEdt variations with SR, (b,f) are for Ta, (c,g) are for VPD, (d,h) are for SWC. The means
and standard deviations of C–W coupling varying with meteorological conditions are marked with
dots and error bars, respectively.
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Figure 8. Regression coefficients of meteorological conditions (SR, Ta, VPD, and SWC) with diurnal
C–W coupling in the broadleaved forest at Dinghushan and in the coniferous forest at Qianyanzhou.
“*” indicates that r is at the 90% significance level (p < 0.10), and “***” at the 99% level (p < 0.01).

VPD is the key meteorological factor affecting the coupling of diurnal variation of
GPP and ET at the two sites. In addition to VPD, the impact of other meteorological factors
cannot be ignored, and the extent of the impact varies from site to site. For the broadleaved
forest, the negative effects of soil water content are of secondary importance, while in the
coniferous forest, the negative effects of radiation are secondary. Yu et al. [2] reported
a weak correlation between daily GPP and ET in subtropical forests in China, and they
attributed this asynchronous correlation to the stomatal response to dry air. Pang et al. [19]
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studied the diurnal variation relationship between GPP and ET in tea plantations in hilly
areas of southeast China, and they showed that high VPD reduced stomatal conductance
and regulated photosynthetic rate, resulting in asynchronous phenomenon between GPP
and ET and the weakened coupling of GPP and ET.

With the increasing VPD and temperature throughout the day, both forests reduce the
stomatal opening to prevent excessive water loss due to transpiration [37], which also leads
to the decline of photosynthesis. However, if soil moisture in the forests is sufficient, the
stomata are not completely closed [38]. Therefore, partial stomatal closure cannot effectively
limit transpiration when VPD is high. If a decrease in stomatal conductance is proportional
to an increase in VPD, transpiration still increases; meanwhile, GPP decreases [39].

3.5. GPP–ET Relationship Based on WUEdt and Coupling Strength r

Daily WUEdt and the coupling correlation r of hourly ET and GPP both can reflect the
C–W coupling but from different perspectives. As shown in Figure 2, the daily variation
of WUEdt and r differs greatly. For example, with similar WUEs at the beginning of July,
the C–W coupling strength can range from moderately coupled (around 0.5) to highly
coupled (around 0.9). Based on the definition of these two terms, we further explored
the relationship between GPP and ET at both a daily and hourly scale from WUEdt and r,
respectively.

Figure 9 shows the relationship between daily GPP and ET for summer no-rain days
based on different values of WUEdt. The slope of the GPP–ET relationship can be regarded
as a reflection of the ecosystem WUE [16]. Based on all available data, the slope of GPP–ET
was larger in the broadleaved forest (3.19 g CO2/kg H2O) than in the coniferous forest
(2.0 g CO2/kg H2O), but this does not mean that WUEdt is larger in the broadleaved forest.
Actually, in the coniferous forest at Qianyanzhou, the small slope of all available data is
due to its large day-to-day fluctuation in the GPP–ET relationship. This may be the result
of larger variations in environmental conditions at this site (Figure 1). The slope in the
coniferous forest site can be up to 16.47 g CO2/kg H2O. Under certain meteorological
conditions (small SR, Ta, and VPD), a large GPP can be generated at a low cost of water.
For the broadleaved forest, the difference in the slopes among different values of WUEdt is
small. WUEdt reflects the relationship between GPP and ET on a daily scale. Daily GPP
and ET are strongly coupled when WUEdt is at a comparable level.
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Figure 9. The daily GPP and ET relationship in the broadleaved forest at Dinghushan (a) and in the
coniferous forest at Qianyanzhou (b) with different values of WUEdt in colors. The slope of each
regression line is listed in different colors. All values are on summer no-rain days over 2003–2005.

On an hourly scale, GPP and ET are not strongly coupled all the time at both forest
sites, as shown in Figures 10 and 11. Overall, the R2 is 0.33 for broadleaved forest and
only 0.19 for coniferous forest. In contrast to the daily WUE, C–W coupling can depict the



Atmosphere 2023, 14, 457 12 of 15

relationship between GPP and ET on a sub-daily scale well. For both broadleaved and
needleleaf forests, with high C–W coupling strength, sub-daily variations in GPP and ET
are highly synchronized, while with a small C–W coupling strength, hourly GPP and ET
are distributed randomly.
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Figure 10. The hourly GPP and ET relationship in the broadleaved forest at Dinghushan with
different C–W couplings (r): (a) 0.0–0.2, (b) 0.2–0.4, (c) 0.4–0.6, (d) 0.6–0.8, and (e) 0.8–1.0. Coefficient
of determination R2 is listed in each panel. All values are on summer no-rain days over 2003–2005.
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Figure 11. The hourly GPP and ET relationship in the coniferous forest at Qianyanzhou with different
C–W couplings (r): (a) 0.0–0.2, (b) 0.2–0.4, (c) 0.4–0.6, (d) 0.6–0.8, and (e) 0.8–1.0. Coefficient of
determination R2 is listed in each panel. All values are on summer no-rain days over 2003–2005.

4. Conclusions

In this study, we investigated carbon and water relationships at two subtropical forests
in southeast China: an evergreen broadleaved forest at Dinghushan (23.17◦ N, 112.53◦ E,
300 m) and an evergreen coniferous forest at Qianyanzhou (26.74◦ N, 115.06◦ W, 102 m).
Besides the differences in vegetation types and elevations, the meteorological conditions
are also different at the two sites; Dinghushan has lower radiation, temperature, and VPD
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but higher soil moisture than Qianyanzhou. We focused on short-term carbon and water
relationships in summer by assessing the daytime water use efficiency (WUEdt) and the
correlation of hourly GPP and ET on a day (r), using the FLUXNET2015 dataset. The
conclusions for this study are drawn as follows.

1. The WUEdt in the subtropical forests in southeast China is moderate in the summer.
The daily WUEdt in the two forests ranges from 4 to 14 mg CO2 per g H2O. The daily WUE
dt is lower and more concentrated in the broadleaved forest at Dinghushan than in the
coniferous forest at Qianyanzhou.

2. Daily WUEdt is closely modulated by daily meteorological conditions. In general,
high radiation, air temperature, and humidity reduce summertime WUEdt in the two
forests. For the broadleaved forest, the most influential factor on WUEdt is VPD, followed
by radiation, while in the coniferous forest, VPD, air temperature, and radiation are almost
equally important.

3. The r values for C–W coupling on an hourly time scale are similar for the two forests,
in terms of the mean and its histogram. The skewed normal distribution of r peaks around
0.6–0.8. This distribution pattern differs from that for WUEdt at the two sites. The mean r is
0.5–0.6, suggesting asynchronous diurnal variations in GPP and ET. The C–W coupling in
the coniferous forest is slightly stronger than in the broadleaved forest.

4. Air dryness (VPD) plays a key role in regulating hourly C–W coupling in the two
forests. The drier the air is, the weaker the coupling is.

5. The terms of WUEdt and r reflect the C–W relationship from different perspectives.
WUEdt reflects the C–W relationship on a daily scale, while r is an indicator of the C–W
relationship at sub-daily scale. Both showed the strongest response to VPD among all the
daily meteorological factors. However, WUEdt and r responded to VPD with different
levels of sensitivity. The same was observed for the other meteorological factors.

Our study highlights the role of meteorological factors in controlling the short-term
C–W relationships in subtropical forests in southeast China. As known, subtropical forests
in China play an important role in the global carbon and water cycle. Yet, there are few
studies on the C–W relationship in this region on such a time scale. Therefore, the C–W
relationship and its response to meteorological conditions in this region are still unclear on
a short-term scale. Under climate change, the day-to-day fluctuation is intensified. As a
result, the interaction between climate and forest on a shorter time scale gained increasing
attention. Ignoring the short-term C–W relationship prevents us from comprehensively
understanding the variations in GPP and ET, as well as the response of forest ecosystems to
climate variations. Future studies can go further to separate evaporation from transpiration,
analyze the effect of other abiotic or biotic factors, and compare the C–W relationship in
other regions or ecosystems or both.
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