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Abstract: Forest water use efficiency (WUE), the ratio of gross primary productivity (GPP) to evap-
otranspiration (ET), is an important variable to understand the coupling between water and car-
bon cycles, and to assess resource use, ecosystem resilience, and commodity production. Here,
we determined WUE for managed loblolly pine plantations over the course of a rotation on the
coastal plain of North Carolina in the eastern U.S. We found that the forest annual GPP, ET, and
WUE increased until age ten, which stabilized thereafter. WUE varied annually (2–44%), being
higher at young plantation (YP, 3.12 ± 1.20 g C kg−1 H2O d−1) compared to a mature plantation
(MP, 2.92 ± 0.45 g C kg−1 H2O d−1), with no distinct seasonal patterns. Stand age was strongly
correlated with ET (R2 = 0.71) and GPP (R2 = 0.64). ET and GPP were tightly coupled (R2 = 0.86).
Radiation and air temperature significantly affected GPP and ET (R2 = 0.71 − R2 = 0.82) at a monthly
scale, but not WUE. Drought affected WUE (R2 = 0.35) more than ET (R2 = 0.25) or GPP (R2 = 0.07).
A drought enhanced GPP in MP (19%) and YP (11%), but reduced ET 7% and 19% in MP and YP,
respectively, resulting in a higher WUE (27–32%). Minor seasonal and interannual variation in
forest WUE of MP (age > 10) suggested that forest functioning became stable as stands matured.
We conclude that carbon and water cycles in loblolly pine plantations are tightly coupled, with
different characteristics in different ages and hydrologic regimes. A stable WUE suggests that the
pine ecosystem productivity can be readily predicted from ET and vice versa. The tradeoffs between
water and carbon cycling should be recognized in forest management to achieve multiple ecosystem
services (i.e., water supply and carbon sequestration).

Keywords: evapotranspiration; gross primary productivity; eddy covariance; coastal plain; loblolly
pine plantation; forested wetland; carbon and water coupling

1. Introduction

Ecosystem water use efficiency (WUE) is expressed as the fraction of carbon gained
through gross primary productivity (GPP) to water lost through evapotranspiration (ET)
at the ecosystem level [1,2]. The balance between photosynthesis and ET depends on the
leaf functioning regulated by stomatal opening [3]. Under limiting resource conditions
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(e.g., low light intensity, drought), this balance depends on the trade-off between maintain-
ing a high amount of CO2 absorption (benefit) and a low transpiration rate (cost) at the
ecosystem scale. Whether or not forested wetlands can regulate WUE over the long run in
a drier environment is a question that ecosystem modelers must consider. Studying WUE
is important to determine the carbon–water coupling amidst climate change and extreme
weather events [4,5]. However, multiple-year information about the response of forested
wetland ecosystems to global warming and drought is scarce.

Ecosystem WUE (expressed as GPP/ET) [5–8] is determined in many eddy covariance
flux studies. Other studies used intrinsic WUE which take into account the GPP and surface
conductance [9,10] or inherent WUE, which considers the vapor pressure deficit in the ratio
between GPP and ET [1,11,12]. Other studies even calculated WUE as the fraction of GPP
and ET obtained from the Breathing Earth System Simulator (BESS) model [13–16].

Many authors have reported that radiation, temperature, and soil water induce varia-
tion in inter-annual [17] or seasonal ET [18,19] and GPP rates [20–22]. However, evaluating
what influences WUE is rather complicated since the variation in WUE results from changes
in evapotranspiration and ecosystem productivity, which sometimes are decoupled. WUE
was reported to be associated with light availability [6], soil water [23], and tempera-
ture [24]. However, long-term observations of radiation and temperature do not necessarily
change over time. Thus, the patterns and trends in soil water dynamics closely associated
with groundwater level depth at a seasonal scale may become one of the critical factors
in WUE.

Climate change predictions indicate a frequent occurrence of dry spells along the
US southern coastal plains [25]. Evaluating the relationship between the climate and
WUE in forested wetlands may offer new knowledge relative to ecosystem responses to
climate variability and expected future extreme conditions. Besides maximizing economic
returns in managed forests, the role of forest management in maintaining forest carbon
stocks and the maximization of water use efficiency must be emphasized in forest planning
because these actions will help mitigate climate change [26]. Age-related trends may also
be a primary source of spatial variability in carbon and water fluxes [27–30] across the
landscape and, thus, WUE.

Researchers often find it difficult to obtain long-term ecological observations. There-
fore, some studies use sites of different age but sharing similar attributes (chronosequence)
to examine how an ecosystem behaves after a disturbance [31,32]. It is important that a
chronosequence follows the same growth trajectory, similar species composition, and low
frequency/severity of major disturbances [33].

Recognizing its limitations, the eddy covariance flux methodology has advantages
for estimating GPP [31] and ET [34–36] at the ecosystem level, such as a large footprint
and continuous monitoring of C and water fluxes, that integrate environmental and eco-
physiological variation over relevant scales. With the aim of better understanding the
WUE (GPP/ET) of converted forested wetlands in North Carolina, we compared the eddy
covariance flux estimates of two adjacent loblolly pine plantations. One is a young pine
plantation (2–8 years old) and the other a mature pine plantation (15–28 years old), which
comprised a chronosequence in the current study. These flux stations are registered under
the AmeriFlux/FLUXNET network [37–44]. In this study, we aimed to (1) determine the
inter-annual and seasonal trends in GPP, ET, and WUE and (2) evaluate the impact of
age and climate, to include the 2007/2008 drought, on WUE and its components. We
hypothesized that (1) a mature pine plantation will have a higher GPP and ET than young
pine; (2) there is a strong dependence of WUE on age; (3) there would be an enhancement
in WUE with drought events; (4) strong coupling of ET and GPP would exist even with
drought. Our results may integrate WUE controls in simulating functional adjustments of
forested wetland ecosystems to future fast growing commercial plantations in response to
changing environmental conditions.
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2. Methods
2.1. Study Site

The pine plantation sites are located along the coastal plain in Washington County,
North Carolina, USA, at 35◦48′ N 76◦40′ W. The sites are registered as US-NC2 and US-NC1
under the FLUXNET database, and from hereon will be called, respectively, young planta-
tion (YP, 2–8 years old) with measurement period from 2005 to 2011 and mature plantation
(MP, 15–28 years old) measured from 2005 to 2018 (Figure 1). Weyerhaeuser NR Company
managed these two adjacent loblolly pine (Pinus taeda L.) plantations. The MP site is now
under its fifth rotation (rotation cycle is ~30 years). The flux tower at MP was built in 2005.
During that time, the plantation was 15 years old. A thinning operation was conducted in
August 2009 at MP. YP flux tower was established near the MP tower also in 2005 after a
clear-cut operation. Measurement at YP ended in 2012.
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Figure 1. Map showing the location of YP and MP flux towers established in North Carolina, USA.

A network of 90–130 cm deep ditches with 90 m spacing and road side canals drained
the plantations [45]. The sites sit <5 m above sea level elevation. The groundwater
depth reaches 0.5–1.0 m during the non-growing season. The mean annual rainfall
was 1366 ± 57 mm (1971–2018), and the mean annual temperature was 16.4 ± 0.4 ◦C
(2005–2018). The study sites experienced two dry spells during the duration of the study
(2007 and 2008). During these drought years, the annual rainfall fell 60% and 45% lower
than the long-term average, respectively. More information of our study sites are described
in previous studies [45–50].

2.2. Climate and Eddy Covariance Flux Monitoring

We used an eddy covariance flux tower to measure CO2 and H2O flux, latent heat
(LE), and sensible (H) fluxes at 11.6 m and 28.7 m above the flux towers at YP and MP,
respectively. In both flux towers, ecosystem exchange of CO2 and H2O was measured using
an open-path gas analyzer (LI-7500, LI-COR, Lincoln, NE, USA) and a sonic anemometer
(CSAT-3, Campbell Scientific. Loga, UT, USA). Meteorological sensors such as HMP-45C
(Vaisala, Helsinki, Finland) measured relative humidity and air temperature. CNR-1 and
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CNR-4 (Kipp & Zonen, Delft, The Netherlands) were used to measure net radiation while an
ultrasonic water level datalogger (Infinities, Port Orange, FL, USA) measured groundwater
table depth. CR1000 dataloggers were used to record and store these meteorological data.

2.3. Data Quality Control, Gap filling, and WUE Computation

The 30 min mean fluxes of CO2 and H2O were calculated as the covariance of ver-
tical wind speed and the concentration of CO2 and H2O, consistent with previous data
processing procedures [42,46,48,49]. Standard quality checks and corrections were applied
for spike detection [51], planar fit coordinate rotation of wind vectors [52], correction of
the time lags between scalar concentrations and wind speed (covariance maximization),
air density fluctuation [53], and high [54] and low pass filtering [55]. Flux gap-filling
of missing data and partitioning of NEE30min into gross primary productivity (GPP)
and ecosystem respiration (RE) was conducted following the protocol provided by the
Max Planck Institute for Biogeochemistry (https://www.bgc-jena.mpg.de/bgi/index.php/
Services/REddyProcWeb, accessed on 20 February 2019). Data gaps for latent heat (LE)
were filled using the relationship between observed ET and grass reference evapotranspira-
tion estimated by the FAO Penman–Monteith method. The total 30 min ET was converted
from LE (W m−2) using the formula: ET = LE × (0.01800/44000) × 3600 × 0.5 [43].

Daily GPP (g C m−2 d−1) was computed as the difference between daily RE (g C m−2 d−1)
and NEE (g C m−2 d−1). Daily ET (kg H2O m−2 d−1) was the sum of 30 min ET over 24 h.
These data were extracted from [37,46] and monthly averages were computed. Ecosystem
WUE (g C kg H2O−1) was calculated as the ratio of GPP to ET according to [56,57]. No further
filtering on WUE was done.

2.4. Determining Drought Years

Drought years were determined based on the soil water stress index (SWSI) [58]. SWSI
is an ecological drought indicator and was calculated in previous papers [37,46]. Drought
year occurred when SWSI median values fell below SWSI = 0. Analysis revealed that years
2007 and 2008 in both YP and MP sites had highly negative annual SWSI. We used all
year’s growing season (April–September) data in determining drought impacts.

2.5. Chronosequence Sites

To form the chronosequence, we set the GPP, ET, and WUE series across the measure-
ment period in YP to become the initial few years of the chronosequence (i.e., 2–8 years old);
then, those variables from the MP site were added in the chronosequence according to their
ages in ascending manner (i.e., 15–28 years old). Thus, there was a gap between ages 9 and
14 years in the sequence, which we did not fill.

2.6. Data Analyses

Regression curves and linear relationships were performed using the ggplot2 package.
Climatic clustering was analyzed using the K-means cluster package. These clusters were
herein referred to as low, medium, and high for net radiation and air temperature and
shallow, medium, and deep for groundwater table depth. We used R version 4.0.2 in all
analyses (R Core Team, 2020).

3. Results
3.1. Inter-Annual and Seasonal Variations in Climate

Only a small percentage of inter-annual air temperature variability (i.e., 1–6%) at YP
and (1–5%) at MP was observed. Net radiation varied by 4–11% at the YP site and 1–4%
at the MP site. During the 2007/2008 drought years, the groundwater table depth was
11–23% deeper than the average years.

The seasonality of air temperature and net radiation followed a similar increasing
trend from winter (i.e., January–March) towards spring (i.e., April–June), peaked in summer
(i.e., July–September), and gradually declined in fall (i.e., October–December). However,

https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb
https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb
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the seasonal pattern of groundwater table depth varied, ranging from −26 cm to −40 cm
depth, although the groundwater level was deeper in July to August than the rest of the
year. As a result, an exceptionally severe water depletion was observed in the 2007/2008
summer season (Figure 2).
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3.2. Interannual Variation in GPP, ET, and WUE

The YP site had an increasing inter-annual trend in ET starting from 2 yr old (annual
mean = 1.58 ± 0.58 kg H2O m−2 d−1) to 8 yr old (2.51 ± 0.27 kg H2O m−2 d−1). However,
the MP site had no distinct trend in the annual ET, with a 2–12% inter-annual variability
ranging from 2.37 ± 1.03 to 2.92 ± 1.55 kg H2O m−2 d−1 (Figure 3).
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data were used in the analysis.

A similar increasing inter-annual trend of GPP was observed at the YP site, ranging
from 3.61 ± 1.30 g C m−2 d−1 at 2 yr old up to 7.21 ± 1.11 g C m−2 d−1 at 8 yr old.
The inter-annual rate of change in GPP at the MP site was low (i.e., 2–9%), ranging from
6.54 ± 1.40 g C m−2 d−1 to 8.01 ± 2.60 g C m−2 d−1.

The inter-annual variability in WUE varied from 2 to 44%, along the chronosequence.
The YP site had a higher annual WUE (i.e., 3.12 ± 1.20 g C kg−1 H2O d−1) compared to the
MP site (i.e., 2.92 ± 0.45 g C kg−1 H2O d−1), indicating that the discrepancy between the
rate of carbon absorbed and water leaving the plant was slightly greater in the YP site than
in the MP site.

3.3. Monthly Variation in GPP, ET, and WUE

The seasonality of GPP and ET in both YP and MP was distinct, with a higher car-
bon uptake and evapotranspiration in April–September when spring and summer con-
ditions favored leaf development, and generally lower during the non-growing months
(i.e., October–December and January–March). During spring and summer seasons, the
average GPP was 8.39± 1.55 g C m−2 d−1 in YP and 10.46± 1.47 g C m−2 d−1 in MP. How-
ever, during the fall and winter season, GPP was only 2.98 ± 1.16 g C m−2 d−1 in YP and
4.98 ± 1.75 g C m−2 d−1 in MP. In the same manner, ET during the growing season reached
2.76 ± 0.94 kg H2O m−2 d−1 and 3.87 ± 0.60 kg H2O m−2 d−1 for YP and MP, respectively.
In contrast, during the non-growing season, ET was only 1.06 ± 0.65 kg H2O m−2 d−1 in
YP and 1.67 ± 0.66 kg H2O m−2 d−1 at the MP site (Figure 4).
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However, there was no clear seasonal pattern in WUE, even though a higher variability was
observed during the growing season, with higher WUE in YP (i.e., 3.22± 1.05 g C kg−1 H2O−1)
compared to MP (i.e., 2.74 ± 0.47 g C kg−1 H2O−1). Interestingly, the WUE at YP and MP
during the non-growing season did not differ significantly at 3.05 ± 1.61 g C kg−1 H2O and
3.05± 0.53 g C kg−1 H2O, respectively.
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3.4. Age-Dependency of GPP, ET, and WUE

We found a strong age-dependency of ET (R2 = 0.71, p < 0.01) and GPP (R2 = 0.64,
p < 0.01, Figure 5). ET and GPP increased withstand development, with a rapid increase
from the stand initiation stage (YP) towards 10–15 years of age and then relative stabiliza-
tion afterward. However, WUE was not affected by age (p > 0.05).
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3.5. The Coupling of GPP and ET

Overall, GPP and ET were tightly coupled (R2 = 0.86), although the coupling was
greater at MP (R2 = 0.86) than YP (R2 = 0.73, Figure 6b). The coupling was more robust
during the non-growing season (R2= 0.19− R2 = 0.57), but it was slightly decoupled during
the growing season (maximum ~R2 = 0.35, Figure 6a).
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3.6. Environmental Effects on ET, GPP, and WUE

Net radiation (Rn) significantly affected GPP and ET across stand age with R2 = 0.74
and R2 = 0.82, respectively (Figure 7). A high cluster Rn (150 Wm–2 to 250 Wm–2) affected
ET more (R2 = 0.43) than the low (R2 = 0.31) or medium (R2 = 0.19) cluster Rn. However,
Rn did not significantly affect WUE (p > 0.05). The overall effect of air temperature on GPP
and ET over time was strong (R2 = 0.71 and R2 = 0.72, respectively). However, GPP and
ET were more sensitive to low temperatures, ranging from 0 to 12 ◦C, than the higher air
temperatures up to 28 ◦C. Meanwhile, WUE was not affected by air temperature at any
time (Figure 7). Overall, the groundwater depth did not significantly affect GPP, ET, or
WUE (Figure 7).
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Figure 7. Relationship of clustered air temperature and net radiation (low, medium, high) and
water table depth (shallow, medium, deep) on (a–c) evapotranspiration (ET), (d–f) gross primary
productivity (GPP), and (g–i) water use efficiency (WUE) across all years at YP and MP combined.
Each circle indicates the monthly ET, GPP, and WUE colors according to the cluster for each variable.
The color line indicates the regression line for each cluster variable.
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3.7. Drought Effects on GPP, ET, and WUE

The extreme dry periods occurring in 2007/2008 had been previously reported [37,45,46].
We observed a 19% increase in GPP at MP during the drought, whereas YP had a 11% increase.
However, we found a decrease in ET at YP (i.e., 19%) and MP (i.e., 7%), and thereby a higher
WUE by 27–32% at YP and MP, respectively during the drought (Figure 8). These inverse
responses of GPP and ET during the extreme dry period indicate a decoupling of ET and GPP
during drought.
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Figure 8. Daily average evapotranspiration (ET), gross primary productivity (GPP), and water use
efficiency (WUE) at YP and MP. Daily values during the growing season (April–September) were
averaged during 2007 and 2008 (drought years) and the rest of the years (non-drought years). Colored
bars represent the drought and non-drought periods.

4. Discussion
4.1. Inter-Annual Variation in GPP, ET, and WUE

Several studies have reported a seasonal variation in GPP and ET [18]. However, less
literature is available for inter-annual variations in GPP and ET [59], especially over an
extended period. Changes in GPP accelerated during the early growth of the stand in the
recently harvested YP, in contrast to MP. Clearcutting removed the forest cover causing a
low post-harvest GPP at YP in comparison with MP. The GPP at MP was always higher
than at YP due in part to the recovery of the leaf area, 15 years after a harvest [46]. A
thinning operation in 2009 at MP decreased leaf area index (LAI) [37], but interestingly
GPP in this study appears to have been robust to this change. This could have been due
to high leaf level physiology rates under higher light, water, and nutrient availability to
the remaining trees (after thinning) that compensated for the loss of leaf area. Our result
supports our hypothesis that GPP at the MP site would be higher than at the YP site.
However, the inter-annual rate of the increase in GPP slowed when the stand attained
canopy closure, confirming the notion that GPP is at its fastest rate when the trees are
young but will tend to plateau before it later declines as the stand matures [30].

Annual ET at our sites ranged from 1.23 kg H2O m−2 d−1 to 2.92 kg H2O m−2 d−1,
consistent with a range of ET reported for the southeastern US (1.33 to 4.12 kg
H2O m−2 d−1 [34,43,47,60–64]). Other hydrological study sites worldwide observed an
annual ET of 0.76 to 2.81 kg H2O m−2 d−1 [8,34,65–69]. The small inter-annual variability
in annual ET at our sites must have been due to deeper roots and a shallow groundwater
table in the coastal loblolly pine ecosystems [70] although ET at the MP site was higher
than at the YP site supporting our hypothesis.

Literature reporting long-term scaled WUE is scarce, making a comparison to other
studies difficult. It was reported that a decline in WUE has been observed in the Northern
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Amazonian forest since the 1950s due to an increasing atmospheric CO2 concentration [71].
However, this decreasing trend in WUE did not occur in our study. Since the ecosystem-
scale WUE results from the integrated mean leaf-level WUE [8], interspecific variation in
vegetation response to these changes in CO2 concentrations over the years may explain
why we did not observe a decreasing pattern of WUE at our sites. The observed inter-
annual variability in WUE in our study indicated that, even though the annual ET and
GPP responded to similar environmental drivers, the extent of their responses did not vary
much among years except when exposed to severe climate conditions.

4.2. Seasonal Variation in GPP, ET, and WUE

We found a general trend toward higher GPP at both YP and MP during the growing
season compared to the non-growing season. The GPP responses were consistent with
previous observations [72] and recent modeling studies [73,74], confirming that climatic
conditions during the growing season favor the ecosystem photosynthetic activity, even
with a slight reduction in soil water availability. This growing season pattern may be
explained by the effect of greater incoming radiation and higher temperature, which
stimulate leaf area production during the dry growing period [75], favoring greater CO2
assimilation rates [76]. At these times of high net radiation, the large amount of radiative
forcing induced a high evaporative demand and, thus, high ET rates [18,19], consistent
with our hypothesis. The seasonal dynamics of phenological changes also suggested a
possible mechanism for high GPP and ET during the growing season, where leaf area
peaked during mid-summer. Additionally, water uptake from deeper soil layers helped
prevent photosynthesis from declining during the growing season [77].

Seasonal WUE behaved differently from that of GPP and ET. Seasonal variation in
WUE is complicated and challenging to examine because WUE is a trade-off between water
loss and carbon gain, and involves both biotic and abiotic drivers. This complexity suggests
that wetland forest ecosystems have distinct seasonal carbon and water fluxes affected
by local environmental conditions which vary intra-annually, in addition to differences in
forest types and soil water dynamics. This complexity makes it difficult to calibrate WUE
in ecosystem models for wetland forests.

4.3. Age Effects on GPP, ET, and WUE

A strong correlation between GPP and ET with stand age in our study was consistent
with other studies [78–81]. The increasing trend in GPP with age in YP, that stabilized
thereafter, was pointed out by Aguilos et al., 2020 [46]. Productivity was expected to
stabilize with minimal fluctuations with age in more mature forests, considering that
nutrients are immobilized within the plant biomass [82].

Our study showed that ET across the chronosequence increases with time commensu-
rate with GPP increases. Therefore, the positive ET–stand age relationship implied that if
plantations are maintained across the landscape in different age classes simultaneously,
variations in depths of the water table would be reduced leading to small effects of drought
on plant water availability. Meanwhile, WUE was not affected by age (p > 0.05), which
does not support our hypothesis of a strong age-dependency of WUE.

4.4. GPP–ET Coupling

The strong ET–GPP coupling in both YP and MP can be related to changes in LAI with
age. Other studies, including our previous report, found post-disturbance LAI recovery
until 10–15 years of age. Thereafter, LAI slowly stabilized as the stand matured [37,83]. LAI
can, therefore, be one of the primary components in the GPP and ET dynamics. A stronger
ET–GPP coupling at MP than at YP occurred because MP had higher LAI [37] and less water
stress due to mature/deeper root systems. However, there was a more significant reduction
in ET at YP than in GPP, resulting in a slight decoupling in the ET–GPP relationship.
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4.5. The Chronosequence

Previous studies have often used the chronosequence approach due to limited time
and resources [31,32]. We agree that it might be hard to determine if different age sites
have had a similar growth trajectory [33]. In addition, there was an age gap of a few years
in our study, as it was challenging to obtain sites that can form a complete series within
the rotation cycle. Despite these constraints, chronosequence studies are still valuable in
examining the temporal dynamics of forest functions across multiple timescales. Such
studies are especially useful when they are of the same species composition and similar
site conditions, and if forests with different ages follow similar growth trajectory [33]. Our
chronosequence study sites were near to each other, with common management regimes.
Therefore, the sites experienced more or less the same climatic conditions, hydrology, and
belowground resource availability, with a similar species composition, making them ideal
sites for chronosequence studies.

4.6. Environmental Controls on GPP, ET, and WUE

Sustained light availability of high intensity, especially during the growing season, re-
sults in high photosynthesis [22,46,60,64] and ET [34,36,37,63,84], corresponding to a greater
leaf area [28]. Air temperature is also one of the key drivers of GPP [22,85] and ET [8,37].
ET was at its peak during the growing season but declined during the non-growing season,
suggesting that changes in seasonal climate conditions negatively affected ET. However,
the effect of light and temperature on GPP and ET across clustered light/temperature levels
was low. Soil type [86], water storage capacity [87], the timing of soil water recharge [88],
and other factors such as LAI, stomatal conductance, and other environmental drivers are
crucial in GPP and ET processes [89–92].

Net radiation and air temperature did not significantly explain the variability of WUE
across ages. This finding indicated that in a future warmer climate, with increasing CO2
concentration and higher solar energy [93], wetland forests may adjust control over carbon
and water fluxes, and water use may become less efficient. However, the influence of
net radiation and air temperature on WUE was weak. The control of soil water could
only affect WUE when the groundwater table depth was very low (i.e., −50 to −80 cm).
However, the amount of variance explained was only 35%. This result indicated that soil
water availability had less impact on WUE even during extreme climate anomalies. One
plausible explanation of the low response of WUE to climate is that biological controls may
have a more significant influence over that of climate. These plant-centered processes may
include leaf phenological changes, plant structural attributes, pests and diseases, among
others [18,59,94–96]. Further investigation into these biological mechanisms is needed to
examine their potential contribution to WUE.

Little variations in WUE during drought implies that even if the processes involved
in CO2 and H2O fluxes varied individually, they converge towards relatively stable water
use efficiency. This finding has significant implications for ecosystem modeling because it
suggests that WUE can be modeled using a constant value (e.g., coefficient) despite the
large variability in GPP, ET, and climate.

4.7. Drought Effects on GPP, ET, and WUE

Our study sites had a high groundwater table common to most lower coastal plain ar-
eas. They were capable of providing sufficient water for evapotranspiration. However, the
years 2007 and 2008 were extremely dry. During these years, the depth of the groundwater
table fell below 50 to 80 cm below the soil surface [43,46,48,70]. During the 2007/2008
drought period, ET was reduced due to a reduced canopy interception brought about by
low precipitation [45]. However, other studies have reported greater actual ET during
drought [97,98] due to increased available energy and a vapor pressure deficit. It appears
that the increased atmospheric demand did not overcome the decreased precipitation and
water supply during drought at our study sites.
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The decline in ET at YP was higher compared to MP during the drought periods. This
result is consistent with a coastal study reporting that drought had significantly affected
young stands [81]. Low leaf biomass/LAI, shallow root systems, and a reduction in plant
hydraulic conductivity may have induced drought-related reduction in transpiration [47].
Clearly, drought affected young plantations more than matured plantations, which supports
our hypothesis. Reductions in tree interception, plant transpiration, and soil evaporation
may have slightly reduced ET during drought at the MP site. Hydraulic redistribution
due to deep roots may have supplied sufficient soil water to the upper soil layers, thus,
sustaining ET at the MP site during the drought [38].

An increase in GPP with reduced soil water content during the drought indicates that
the impact of low soil water availability was less compared to the significant effect of light
and temperature on GPP. A previous study at the site reported that the drought effect was
overshadowed by higher LAI and light availability [48]. At sites with high groundwater
tables, rainfall-induced soil anoxia limits decomposition and nutrient mineralization [46],
thereby limiting GPP, and, thus, drier conditions may enhance root function and carbon
gain. Additionally, soil characteristics at our sites (a mix of porous organic matter and sand)
allowed the production of deep roots and the exploitation of a greater soil volume [38]. As a
consequence, large water potential gradients existed within the soil–root–plant continuum;
thus, triggering the redistribution of water via roots from deep and wet soil to shallow
and dry soil. This phenomenon likely mitigated the effect of soil drying and positively
influenced carbon assimilation [38]. Higher GPP in YP during drought may have been
due to efficient root systems that can withstand extreme dry conditions, keeping fine roots
hydrated for longer period of time. The ability of these roots to keep roots hydrated over a
longer period delayed the drying of the upper soil surfaces [37,38,47].

In our study, drought induced higher WUE which supports our hypothesis. This en-
hancement in WUE was due to an increase in GPP and a decline in ET. This is inconsistent
with a study [45] where a similar rise in evapotranspiration was not accompanied by an
increase in productivity. Our result of an enhancement in WUE due to a larger decline in
ET than an increase in GPP was also found in a long-term drought experiment [99]. How-
ever, other studies (e.g., drought-prone subtropical and semi-arid/sub-humid ecosystems)
reported lower WUE during drought [57,100]. The asynchronous response of GPP and ET
during drought suggests that decoupling between carbon and water cycles in this wetland
ecosystem occurred due in part to the differential forcing of biotic (e.g., stomatal responses)
and abiotic (e.g., surface water evaporation) components of the system. This result does
not support our hypothesis of a tight coupling between GPP and ET during drought and is
not consistent with the strong GPP–ET coupling reported in other studies [6,23,99,100].

Although ecosystem productivity and evapotranspiration responded to the same key
climate drivers in our study, their responses differed during drought years. Productivity
can be affected less during drought as stomatal closure triggers a stronger down-regulation
of leaf water loss than of carbon assimilation [101]. Moreover, transpiration is closely related
to stomatal conductance, while photosynthesis is affected by various other factors and does
not respond linearly to variations in stomatal conductance [102]. Different responses of
evapotranspiration and photosynthesis to drought suggests the complexity for ecosystem
models to accurately simulate these processes.

5. Conclusions

WUE represents a measure of trade-offs between carbon and water fluxes at the
ecosystem level. Our study enriches the scarce literature on the long-term inter-annual and
seasonal variability of GPP, ET, and WUE in a plantation forest ecosystem. The absence of
distinct seasonal and inter-annual patterns in WUE for a mature stand (age > 10) under
normal climate conditions, confirms that carbon and water cycles are tightly coupled. Al-
though the processes involved in CO2 and H2O fluxes varied individually, they converged
towards a relatively stable water use efficiency as the pine plantation matured. A stable
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WUE suggests that the pine ecosystem productivity can be readily predicted from ET and
vice versa.

The historic extreme drought events in 2007/2008 affected little of pine plantation
WUE. Pine plantations on the coastal plain were effective in coping with low soil water
availability for carbon gain under periodical drought. A different sensitivity of ET and GPP
to drought should be properly considered in developing ecosystem models. Our study
presents aspects of improving ecosystem models to understand better the trade-off between
the carbon absorbed and water released in vegetation–climate–hydrology feedback loops.
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