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ABSTRACT

The impacts of extreme weather events on water—carbon (C) coupling and ecosystem-scale water use effi-
ciency (WUE) over a long term are poorly understood. We analyzed the changes in ecosystem water use
efficiency (WUE) from 10 years of eddy-covariance measurements (2004-2013) over an oak-dominated
temperate forest in Ohio, USA. The aim was to investigate the long-term response of ecosystem WUE
to measured changes in site-biophysical conditions and ecosystem attributes. The oak forest produced
new plant biomass of 2.5 4 0.2 g Ckg~! of water loss annually. Monthly evapotranspiration (ET) and gross
ecosystem production (GEP) were tightly coupled over the 10-year study period (R? =0.94). Daily WUE
had a linear relationship with air temperature (T,) in low-temperature months and a unimodal relation-
ship with T, in high-temperature months during the growing season. On average, daily WUE ceased to
increase when T, exceeded 22 °C in warm months for both wet and dry years. Monthly WUE had a strong
positive linear relationship with leaf area index (LAI), net radiation (R,), and T, and weak logarithmic
relationship with water vapor pressure deficit (VPD) and precipitation (P) on a growing-season basis.
When exploring the regulatory mechanisms on WUE within each season, spring LAI and P, summer R,
and T, and autumnal VPD and R, were found to be the main explanatory variables for seasonal varia-
tion in WUE. The model developed in this study was able to capture 78% of growing-season variation
in WUE on a monthly basis. The negative correlation between WUE and P in spring was mainly due to
the high precipitation amounts in spring, decreasing GEP and WUE when LAI was still small, adding ET
being observed to increase with high levels of evaporation as a result of high SWC in spring. Summer
WUE had a significant decreasing trend across the 10 years mainly due to the combined effect of seasonal
drought and increasing potential and available energy increasing ET, but decreasing GEP in summer. We
concluded that seasonal dynamics of the interchange between precipitation and drought status of the
system was an important variable in controlling seasonal WUE in wet years. In contrast, despite the neg-
ative impacts of unfavorable warming, available groundwater and an early start of the growing season

were important contributing variables in high seasonal GEP, and thus, high seasonal WUE in dry years.
© 2015 Elsevier B.V. This is an open access article under the CC BY-NC-SA license (http://
creativecommons.org/licenses/by-nc-sa/3.0/).
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1. Introduction

Ecosystem water use efficiency (WUE) is defined as a ratio of
carbon (C) gain through photosynthesis to water loss through evap-
otranspiration (ET) at the ecosystem scale (Beer et al., 2009; Keenan
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et al,, 2013). At the leaf-level, WUE is usually defined as the ratio
of C assimilation to leaf transpiration. Yet, direct measurements of
transpiration and C assimilation at the leaf level are generally unre-
liable (Beer et al., 2009; Jongen et al., 2011; Keenan et al., 2013).
Moreover, the additional complications may affect the response of
leaf-level WUE to environmental associations, when scaling from
short to long-term intervals (Ponton et al., 2006; Chen et al., 2008;
Linderson et al.,, 2012). Studying ecosystem-level WUE provides
valuable information on the response of global water and C balances
to climate change, including extreme environmental conditions
(Kuglitsch et al., 2008; Niu et al., 2011). However, little is known
about how ecosystem-level WUE of temperate forests responds to
climate warming and drought over the long term, e.g., >10 years.

Climate projections suggest that drought frequency and dura-
tion are likely to be enhanced, with extreme environmental
conditions in northern mid-latitudes to be more frequent than in
the past (IPCC, 2013). Drought have recently occurred in North
America, even in temperate areas that are not typically known to be
drought prone, resulting in substantial shifts in seasonal and inter-
annual variations in GEP and ET in temperate forests (Noormets
et al., 2008). For example, Law et al. (2002) and Jassal et al. (2008)
found that atmospheric warming and dry soils could lead to reduc-
tions in gross ecosystem production (GEP) due to reductions in leaf
area index (LAI). Zhao and Running (2010) have suggested that
high air temperature (T,) can lead to water stress and increases
in ET. Moreover, climate change and extreme environmental con-
ditions may counteract the positive fertilization effects of rising
atmospheric CO, concentrations locally, causing GEP to decline
and, thus, causing ecosystem WUE to decrease (Huang et al., 2015).
Thus, a better understanding of seasonal-response mechanisms of
water and C cycling in natural forests over a long-term basis is still
needed.

There is a general lack of consensus as to the variability of
water and C cycling to climate change over the long term due
to complexity. For example, Zhao and Running (2010) reported a
drought-induced reduction in global terrestrial net primary pro-
duction from 2000 to 2009. Yet, Ballantyne et al. (2012) found a
global increase in C uptake during the past 50 years. Bates et al.
(2008) document an increasing evaporative demand in the atmo-
sphere with rising T,. Additionally, Keenan et al. (2013) record a
decrease in long-term variability in ET. Given ongoing extreme
changes in the climate system, a mechanistic understanding of
long-term dynamics of ecosystem WUE and its key seasonal and
interannual regulatory variables have become a critical research
priority.

Ecosystem WUE is an important parameter to simulate ecosys-
tem primary production in models (Roupsard et al., 2009; Zhou
et al., 2015). The results from both modeling and experimental
studies seem to support the view that ecosystem WUE should
decrease with climate warming (De Boeck et al., 2006; Niu et al.,
2011), especially in middle latitudes (Huang et al., 2015). Fur-
thermore, a time series analysis of global annual mean WUE
of forest ecosystems, spanning 2000-2013, indicates a distinctly
decreasing trend in spite of rising atmospheric CO, concentra-
tions (Tang et al., 2014). In contrast, Keenan et al. (2013) reports
an increase in ecosystem WUE in northern temperate forests with
rising atmospheric CO, concentrations over the past two decades.
Thus, knowledge about the direction of ecosystem WUE of natural
forests associated with atmospheric warming and episodic drying
over the long term is particularly deficient.

Ecosystem WUE can be expressed by the ratios of GEP to ET, net
ecosystem production (NEP) to ET, or net ecosystem CO, exchange
(NEE) to ET, with GEP/ET being the most commonly used for con-
sistency and comparison among different ecosystems (Law et al.,
2002; Ponton et al., 2006; Kuglitsch et al., 2008; Beer et al., 2009;
Yang et al., 2010; Niu et al.,, 2011; Huang et al., 2015). The eddy

covariance (EC) method, meanwhile, provides a means to acquire
direct measurements of water and C fluxes and the accompanied
environmental conditions on a nearly continuous basis at ecosys-
tem level (Chen et al., 2004; Krishnan et al., 2006; Jongen et al.,
2011;Sunetal.,2011a). We have operated an EC towerina 75-year-
old oak-dominated forest for a 10-year period from 2004 through
2013, providing continuous measurements of water and C fluxes.
The 10-year measurement period covers episodes of extremely
high to low annual precipitation (P) and higher air temperatures
(T,) relative to the past 30 years (1971-2000), under conditions
of increasing potential and available energy. The 10-year dataset
provides opportunity to investigate the response of site-specific
ecosystem WUE to extreme weather events over time.

The study objectives were to: (a) determine seasonal and
interannual regulatory variables of ecosystem WUE in an oak-
dominated forest over a 10-year period, especially during dry and
wet periods and extreme environmental conditions; (b) quantify
the long-term variability in ecosystem-level WUE; and (c) develop
empirical models that can be readily used to estimate growing-
season WUE on a monthly basis for similar forests in middle
latitudes. According to previous studies on long-term ecosystem
WUE under climate change, we hypothesize that seasonal droughts,
combined with the conditions of increasing T, and net radia-
tion (Ry), should produce a decrease in WUE over the 10-year
period.

2. Material and methods
2.1. Study site

The flux tower was located in an oak-dominated forest near
the city of Toledo (41.5545°N, 83.8438°W), Ohio, USA. Long-term
annual means of T, and total Pwere 9.2 °C and 840 mm, respectively
(http://www.ncdc.noaa.gov/oa/ncdc.html). The experimental site,
covering 107 km?2 (23%) of the Oak Openings Preserve Metropark
in northwest Ohio, was characterized by flat topography at an ele-
vation of 203 m above sea level. The site sat on a band of sandy soil
deposits along an ancient lakeshore. The clay soil layer beneath the
top sandy soil layer provided conditions for a perched groundwater
table (WT), forming a surficial aquifer at a depth of about 1 m from
ground surface.

The study region had a remarkable number of rare and endan-
gered species, including 145 plants listed as potentially threatened
or endangered in Ohio (Brewer and Vankat, 2004; Noormets et al.,
2008). The average height of the dominant trees was ~25 m with an
average canopy height of ~21 m. As of 2013, the 75-year-old oak-
dominated forest included Quercus rubra (red oak, 31%), Quercus
alba (white oak, 26%), Quercus velutina (black oak, 14%), Quer-
cus macrocarpa (bur oak, 8%), and other species, including Acer
rubrum (red maple, 10%), Prunus serotina (black cherry, 5%), Sas-
safras albidum (sassafras, 2%), and Carya sp. (hickory, <1%; Brewer
and Vankat, 2004; Xie et al., 2014).

2.2. Flux, meteorological, and vegetation measurements

The flux tower was surrounded by relative homogenous forests.
We performed a footprint analysis for each half-hourly data by
using the model of Kormann and Meixner (2001). The major source
areas (>80% contribution) were mostly located within the 0-600 m
and 0-1500 m fetch in the daytime and nighttime, respectively. As
our target variables, i.e., GEP, ET, and WUE, were largely derived
from daytime measurements. The potential bias induced by a few
small non-forested patches beyond the 600-1500m fetch was
assumed negligible.
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Turbulent fluxes of CO, and H,0 between the forest canopy and
atmosphere were measured using an open-path EC system placed
at the top of the tower. This system consisted of an LI-7500 infrared
gas analyzer (IRGA; Li-COR Biosciences, Lincoln, NE, USA) and a 3-
D sonic anemometer (CSAT3; Campbell Scientific Inc., Logan, UT,
USA). The LI-7500 IRGA was calibrated quarterly in the laboratory
using zero-grade nitrogen, a dew-point generator (LI-610, Li-COR
Inc., Lincoln, NE, USA), and NOAA/CMDL-traceable primary CO,
standards. Net ecosystem production (NEP, umol CO, m—2 s~1) was
calculated as a sum of corrected CO,-flux and CO,-storage change
in the canopy and air volume below the EC system.

The 30-min mean flux of CO, was computed as the covariance
of vertical wind speed and CO, density, after removing spikes in
the raw data (>6 standard deviation), correcting sonic temper-
atures for humidity and pressure (Schotanus et al., 1983), and
rotating wind coordinates to the mean streamline plane (Wilczak
et al.,, 2001) using the EC_Processor software package (http://
lees.geo.msu.edu/resources/ec_processor.html). The 30-min mean
fluxes were corrected for fluctuations in air density using the
Webb-Pearman-Leuning expression (Webb et al., 1980; Massman
and Lee, 2002), including an additional adjustment to account for
IRGA self-heating (Grelle and Burba, 2007).

Carbon-dioxide-storage change in the canopy air space was
estimated from the change in the mean CO, density of sam-
pled air from four different heights (1.5m, 5m, 16 m, and 22 m
above the ground). Air samples from all four inlets were mixed
in a 5-1 PVC chamber before being measured by a temperature-
controlled LI-800 CO, analyzer (Li-COR). Airflow rate (11min~!
total, 0.251min~"! per inlet) was regulated by a flowmeter (model
4112K35, McMaster-Carr Supply Company, Atlanta, GA, USA)
and was driven by a continuously operating micro-diaphragm
pump (model UNMP50KNDC-BLDC, KNF Neuberger, Trenton, NJ,
USA).

Our sign convention followed that positive NEP indicates a
downward CO, flux (i.e., an uptake of CO, by plants corresponds
to NEP>0). Latent and sensible heat fluxes (W m~2) were com-
puted as the covariance of high-frequency vertical wind speed and
H,0-density and T, fluctuations, respectively. ET was derived from
estimates of latent heat flux, including plant transpiration (i.e., dry
canopy transpiration) and evaporation from soil and plant surfaces
(i.e., canopy interception or wet canopy evaporation).

Meteorological variables at multiple vertical levels along the
tower were measured and reported as 30-min means. Relative
humidity (RH, %) and T, (°C) were measured by HMP45AC probes
(Vaisala, Finland) installed above the canopy at the same height as
the IRGA. Photosynthetically active radiation (PAR, pmolm—2s-1)
was measured by a LI-190SB (Li-COR) set above the canopy. A
CNR-1 sensor (Kipp and Zonen, Delft, The Netherlands) placed
above the canopy measured both shortwave and longwave radi-
ation, downward and upward. R, (Wm~2) was then derived by
summing up net shortwave and longwave radiation using all four
radiation components. Soil heat flux (G, Wm~2) was measured at
three locations using HFT3-flux plates (REBS, Seattle, WA, USA)
buried 0.02-0.03 m below the ground. Soil water content (SWC,
%) within the top 0.30m of the soil layer was measured with
vertically inserted CS616 time domain reflectometers (Campbell
Scientific, Inc.). The WT position was estimated with a pressure
transducer that measures water pressure above a sensor head
(Infinities USA, Port Orange, Florida, USA). Precipitation (mm) was
measured with a tipping-bucket rain gage (TE-525WS-L, Texas
Electronics, Dallas, TX, USA). Leaf area index (m? m~2) was based
on 1km resolution MODIS LAI/FPAR Collection 5 products (http://
daac.ornl.gov/MODIS/modis.shtml; Shabanov et al., 2005) with an
online subset output of a 3 x 3 km? pixel subset centered at the flux
tower, which provides a time series of LAI from 2004 through to
2013.

2.3. Data quality control and gap-filling

The EC data were screened for quality by flagging periods of
highly stable or unstable atmospheric conditions, non-stationary
turbulent fluxes, weather influence (e.g., rain, dew, or ice on sen-
sors), low turbulence, out-of-range fluxes, and power failures
(Gockede et al., 2004; Acevedo et al., 2009; van Gorsel et al., 2011).
The threshold of friction velocity below which fluxes were under-
estimated was determined from the seasonal binned relationship
between turbulent flux of CO, and friction velocity (Noormets et al.,
2008). The threshold of friction velocity was consistent between
different seasons, but differed between years: 0.17ms~! in 2012
and 0.22ms! in 2007.

The gap-filling model was chosen from 32 model variants eval-
uated based on the magnitude and bias of residuals and stability of
model-parameter estimates (Noormets et al., 2007). Each 30-min
gap in NEP was filled using a dynamic parameter-setting approach
described in Noormets et al. (2007), centered on an application of
a Lloyd and Taylor (1994) model.

The respiration model was parameterized using the nighttime
data:

ER = Rqg x e(Ea/R)X((1/Tref)_(1/Tﬂ)) (1)

where Rjg was the reference respiration (wmol CO, m—2s-1),
normalized to a base temperature (ie., T,f=283.15K or 10°C;
Rig=ap +a; x SWC/100; where ag and a; were equation param-
eters), E; was the activation energy (kjmol-1K-1), R was the
universal gas constant (8.3134) mol~! K-1), and T, was the air tem-
perature above the canopy (°C).

By assuming a consistent temperature sensitivity between
nighttime and daytime respiratory fluxes, daytime ER was esti-
mated from a nighttime ER-based calibration of Eq. (1). Following
30-min calculations of ER, GEP was calculated as the sum of NEP
and ER (i.e., GEP=NEP +ER). The gap-filling of NEP was achieved
with:

o x PAR x Pmax

NEP = > PAR + Pmax

ER (2)
where « (mol CO, wmol~! PAR) was the apparent quantum yield,
PAR (nmolm~2s~1) was photosynthetically active radiation, and
Pmax (pmol CO; m~2s~1) was the maximum apparent photosyn-
thetic capacity of the canopy. The first term on the right-hand side
of Eq. (2) provided an estimate of GEP.

Gaps in P were replaced by P records from the Toledo Express
Airport weather station (41.5886°N, 83.8014°W), which was ~3 km
northeast of the flux tower. Water vapor pressure deficit (VPD, kPa)
was calculated from the gap-filled T, and RH records above the
canopy. Gaps <1.5 h in other meteorological variables with inher-
ent diurnal cycles were filled by linear interpolation, while longer
gaps (i.e., gaps > 1.5 h) were filled with the Mean Diurnal Variation
method after Falge et al. (2001).

2.4. Ecosystem water use efficiency (WUE)

Ecosystem WUE was defined similarly to the definition com-
monly used by ecologists for entire ecosystems, i.e., the ratio of
GEP to ET (Niu et al., 2011; Huang et al., 2015). The coupling of ET
and GEP was generally stronger than those of ET and NEP or ET
and NEE since NEP and NEE depended on ER. Monthly GEP and ET
were derived by summing their respective daily daytime values in
each month. Information on the times of sunrise and sunset of each
day for Toledo City was downloaded from the Naval Oceanography
Portal website. Key processes controlling GEP and ET varied over
multiple time scales. Each term in the definition of WUE was calcu-
lated from datasets with corresponding temporal resolutions. We
did not include data from the winter, when trees were dormant.
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Growing season was defined as the period between the first and
last occurrence of three consecutive days, when GEP exceeded 5%
of the summer maximum C uptake (Zha et al., 2009). The growing
season typically lasted for six months (May-October). We defined
March through May as the spring, June through August as the sum-
mer, and September through November as the fall (i.e., each season
involved three months).

2.5. Dryness index (1gry)

Dryness index (Igry) was adopted to characterize seasonal and
annual dryness. The I, was calculated as a ratio of potential ET
(PET) to P (Sun et al., 2011a; Xie et al., 2013), where PET was cal-
culated following the algorithms of the United Nations’ Food and
Agriculture Organization (FAO; Allen et al., 1994). This model was
a simplified version of the Penman-Monteith equation and widely
used in agriculture as a standard method to represent potential
water use by reference crops (i.e., grass). Daytime PET and P were
summarized to obtain the monthly totals for PET and P, respec-
tively. Monthly, seasonal, and annual I3,y were quantified by daily,
seasonal, and annual ratios of PET to P. Daily PET was estimated as
a function of:

- 0.408A(Ry — G) + ¥ (900/Ty +273) uy(es — eq)

A+ y(1+0.34uy) ’ 3)

where A (kPa°C~1) was the slope of saturation water vapor pres-
sure vs. temperature curve, y (kPa°C-1) was the psychrometric
constant that was modified to account for the ratio of canopy resis-
tance to atmospheric resistance, e; and e, (kPa) were the saturation
and actual partial vapor pressure, u, (ms~!) was the mean wind
speed at a 2 m height, and 900 was a unit conversion factor.

2.6. Statistical analysis

We used Pearson’s correlation coefficient to describe the rela-
tionships between WUE and other variables (i.e., LAI, Ty, Rn, VPD,
SWC, P, and Iqy) at different temporal scales. Different combina-
tions of variables were tested to derive the best-fit monthly WUE
model during the growing season representative of the 10 years.
Model significance was evaluated based on the F-statistic and a sig-
nificance level of 0.05. All data processing and statistical analyses
were conducted using the Statistical Analysis System v. 9.2 (SAS,
Institute, Inc Cary, NC, USA).

3. Results
3.1. Microclimate

Annual mean T, over the 10 years were all higher than the mean
of 1971-2000. Annual mean T, varied from 9.3°Cin 2008 to 12.5°C
in 2012, with an annual average of 10.3 + 0.9 °C. In particular, 2012
was the warmest year within the 10-year period, as well as the
second warmest over the past century. The lowest monthly mean
T, was —7.9°Cin January of 2009 and the highest was 25.7 °Cin July
0f2012 (Fig. 1a). The highest monthly mean of R, was 182Wm~2 in
July of 2012 (Fig. 1c) and VPD was 1.1 kPa in June of 2007 (Fig. 1a).
Annual mean T, and R, exhibited increasing trends (with R, being
significant at p < 0.01) during the 10-year period (Fig. 1). The highest
monthly mean LAI was 5.1 m2 m~2 in July of 2006 (Fig. 1a).

3.2. Water and carbon fluxes and WUE

Mean annual ET was 628 +41 mm, with a coefficient of variation
(CV) of 6.5%. Mean annual total P was 843 + 152 mm, with a CV of
18%.Mean annual Pduring the study period was close to the 30-year

mean of the normal period in 1971-2000. The largest difference in
annual total ET was 132 mm, while that of Pwas 457 mm. Relative to
sizable year-to-year variation in monthly total P (Fig. 1d), monthly
change in ET was minor from one year to another (Fig. 1e).

Years 2010 and 2012 were the two dry years, with annual total
P as low as 700mm and 635 mm and annual Igy's of 1.5 and 1.6,
respectively (Fig. 2). Annual ratios of ET:P (i.e., evaporation effi-
ciency) was highest in 2012, with annual ET exceeding total P by
76 mm. In contrast, 2011 was an extremely wet year, with a record-
breaking precipitation amount of 1092 mm (Fig. 2), which was the
highest annual P over the past century according to the long-term
climate records of Ohio. Annual total Pwas greater than PET in 2006,
2011, and 2013 (i.e., the wet years), with annual P exceeding PET
by 66 mm (annual Iy, = 0.9), 214 mm (0.8), and 74 mm (0.9; Fig. 2).

The average of annual mean SWC was 18.8 +0.2%, with the
highest annual value in 2011 and the lowest in 2010. Monthly
mean SWC was usually at a maximal level in spring and a mini-
mal level in summer (Fig. 1b). By the end of the summer, monthly
SWC increased until the next spring, partly due to the supply from
groundwater, direct-P fall, and low water demand by the trees
(Fig. 1b).

The annual GEP was the lowest in 2007 (1421 gCm~2) and the
highest in 2012 (1738 gCm~2) (Fig. 1f). Mean annual GEP was
1574+89gCm~2, with a CV of 5.7%. Monthly ET and GEP were
tightly coupled over the 10 years, giving an RZ-value of 0.94. The
slope of this relationship was 2.8, which was close to mean annual
WUE. Annual mean WUE ranged between 2.3 gCkg~1 H,0 in 2010
and 2.7 gCkg~! H,0 in 2009 (Fig. 2), with a CV of 6.0%. A decreas-
ing trend was observed in spring and summer, with a significant
decrease in summer across the 10 years (p<0.01; n=10 years;
Table 1 and Fig. 3a). In contrast, an increasing trend was observed
in autumnal records of WUE across the 10 years (Table 1). The high-
est monthly mean WUE usually occurred sometime between June
and September, varying from 3.0gCkg~! H,0 in June of 2013 to
3.9gCkg~! H,0 in June of 2006 (Fig. 1g).

3.3. Biophysical and environmental regulations on WUE

Multiple combinations of variables were tested to derive a best-
fit monthly WUE model during the growing season. The final model
was evaluated to ensure independence among all variables (i.e.,
absence of multi-collinearity), which was derived as:

WUE = -0.92 + 0.19 x Tq + 0.0004 x LAI x P. (4)

The monthly model produced an R? of 0.78, RMSE of 0.647, and
dependent mean of 2.11gCkg~! H,0 (Fig. 5). Test of significance
for the model, intercept, and parameter estimates all generated p-
values <0.01.

Negative relationships between monthly GEP and biophysical
explanatory variables (i.e., LAl T4, Ry, VPD, and P) determined nega-
tive relationships between monthly WUE and the variables during
the growing season over the ten years (Fig. 4). For example, GEP

Table 1

Interannual tendency of water use efficiency (WUE; gCkg~! H,0) over a 10-
year period and its most important explanatory variables over a 10-year period
(2004-2013) on an annual basis (n=10 in each season; p<0.05). P (mm) is precipi-
tation; T, (°C) is air temperature; and R, (W m~2) is net radiation. We defined March
through May as the spring, June through August as the summer, and September
through November as the fall (i.e., each season involved three months).

Interannual tendency
of seasonal WUE over a

Most important
seasonal explanatory

Relationship between
WUE and variable

10-year period variable

Decreasing in spring P Negative
Decreasing in summer Ta Negative
Increasing in autumn Rn Negative
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and (g) mean WUE (g Ckg~' H,0) from 2004 to 2013.

and WUE both formed negative linear relationships with P in May,
both R, and T, in summer months, VPD in autumn months, and
LAl in October (Fig. 4). Monthly GEP, ET, and WUE had strong posi-
tive linear relationships with LAI, T,, and R, and weak logarithmic
relationships with VPD and P on a growing-season basis (Fig. 4).
Monthly LAI, T4, and R, explained growing-season variations in GEP
and ET better than in WUE, with the three variables on average

explaining 71% in growing-season variation in GEP, 72% in ET, and
47% in WUE.

When exploring the regulatory mechanisms on WUE within
each season (i.e., each season involved three months), (a) spring
LAI, summer R,, and autumn VPD were the most important
explanatory variables of the monthly variation in WUE (n=30, in
each season); and (b) spring P, summer Ty, and autumn R, were
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Fig. 2. Annual total potential ET (PET, mm)and P(mm) and mean dryness index (I4ry) and WUE (g C kg~! H,0) from 2004 through to 2013. The bars indicate monthly standard

errors.
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the most important explanatory variables of annual variation in
WUE (n=10, in each season; Table 1).

Air temperature was the most important explanatory variable
of WUE on a growing-season basis. Daily WUE had a weak lin-
ear relationship with T, in low-temperature months (i.e., May and
October) and a unimodal relationship with Ty in high-temperature

months (i.e.,, from June to September) during the growing season
for both wet and dry years (Fig. 6). On average, daily WUE in 2010
was 0.5gCkg~! H,0 lower than that in 2006 (Fig. 6). Daily WUE
ceased to increase where daily mean T, was >21°Cin June, 24°Cin
July, 25°C in August, and 19°C in September (Fig. 6).

4. Discussion
4.1. Comparison of annual WUE with other sites

The oak-forest ecosystem in this study produced new plant
biomass of 2.5+0.2gCkg~! of water loss (i.e., ET). Annual ranges
of mean ecosystem WUE (2.3-2.7 g Ckg~! H,0) fell within annual
ranges of 1.2-5.0 g Ckg~! H,0 reported for other temperate forests
(Kuglitsch et al., 2008; Beer et al., 2009). Tang et al. (2014) reported
amean annual WUE of 2.8 g Ckg~! H, O for broad-leaved deciduous
forests and 2.2 g Ckg~! H,0 for mixed-species forests. In general,
forest-ecosystem WUE exhibited relatively small interannual vari-
ability due to stomatal constraints, affecting ET and GEP in a similar
way (Law et al., 2002; Reichstein et al., 2007; Brummer et al., 2012).

Although there is no obvious annual trend in WUE, summer
WUE had a significant decreasing trend across the 10 years (Fig. 3a)
mainly due to annual increases in potential and available energy,
which supports our initial hypothesis. Keenan et al. (2013 ) reported
some increase in WUE in temperate forests over the past two
decades; however, this increase was not statistically significant.



J. Xie et al. / Agricultural and Forest Meteorology 218-219 (2016) 209-217 215

(3]

WUE (g C kg™ H20)

o

* 2006 Wet Oct
02010 Dry

e iR

17 22 1 7 13 19

T.(°C)

Fig. 6. Comparison of relationships between mean daily WUE (g Ckg~! H,0) and T, (°C) between wet (2006) and dry (2010) years from May to October; n=30 during each

month. Dashed lines are fitted lines.

Additionally, some studies adjusted WUE for VPD as inherent WUE
(IWUE), i.e., IWUE = (GEP x VPD)/ET (Beer et al., 2009; Eamus et al.,
2013) because they found that ET had a stronger relation with
GEP x VPD than with GEP. Here, we found the opposite to be the
case, which was most likely attributable to VPD being a poor deter-
minant of WUE at large temporal scales, i.e., at the growing-season
and annual time scales. Consequently, we did not adjust our calcu-
lations of WUE. Kuglitsch et al. (2008) and Zhou et al. (2015) also
reported that ecosystem WUE tended to have a better correlation
with environmental variables on a daily or even smaller time scales
than on larger time scales.

4.2. Variables controlling seasonal and interannual variations in
WUE

The responses in GEP and ET to biophysical variables over a
long-term period determined seasonal and interannual variations
in WUE. This is because ecosystem water loss is coupled with poten-
tial photosynthetic C uptake and the slope of this relationship could
be considered as an indicator of WUE (Law et al.,2002). The negative
correlation between WUE and Pin spring (i.e., May) was mainly due
to the high precipitation amounts in spring, decreasing GEP when
LAI was still small (Table 1; Fig. 4). Additionally, ET was observed
to increase with high levels of evaporation as a result of high
SWC in spring, causing WUE to decrease during this period. This
reflected the contribution of soil-water evaporation in the deter-
mination of WUE, which was measured as part of ET through EC
measurements.

In contrast, summer drought and warming with strong radia-
tion decreased GEP, causing ET to increase and WUE to decrease
in summer (Table 1; Figs. 3 and 4). Stomatal control in gen-
eral reduces photosynthetic capacity under drought, especially in
water-wasting tree species with broad leaves due to their ineffec-
tive structural protection from water loss, resulting in a reduction
in C assimilation (Niu et al., 2011). In autumn, low seasonal VPD
increased GEP, but decreased ET, causing WUE to increase (Table 1;
Fig. 4). Although elevated atmospheric CO, concentrations are
suggested to enhance photosynthetic productivity globally (IPCC,
2013), summer drought may locally offset the positive effects of
CO, fertilization on increasing GEP. Additionally, the resultant

warming by elevated atmospheric CO, concentrations may cause
GEP to decrease more than ET.

Several types of WUE models have been developed to estimate
water and C fluxes due to the high cost of measuring them on a
large spatiotemporal basis (Falge et al., 2001; Sun et al., 2011b; Xie
et al., 2014; Zhou et al., 2015). Long-term monitoring of ecosys-
tem WUE allows for the quantification of temporal relationships
between WUE and various controls in the ecosystems. Our model
(Eq. (4)) explained 78% of the growing-season variation in WUE on
a monthly basis under a warming climate (Fig. 5). We were unable
to achieve a high R? value with this model mainly because domi-
nant controlling mechanisms were likely different at the beginning
and end of the growing season from those at the peak of the grow-
ing season. Additionally, when LAI was outside of the peak of the
growing season, evaporation from soils could potentially become a
noticeable component of ET. We suggest that ecosystem-level WUE
models include the effects of P due to the importance of monthly P
on interannual variation in WUE over the growing season. Eq. (4)
can be useful in quantifying growing-season WUE on a monthly
basis at other similar mid-latitude temperate deciduous forests, in
the cases where direct and simultaneous measurements of ET and
GEP are absent.

4.3. Comparison of seasonal variation in WUE between dry and
wet years

The 10-year study period, which covered a record-breaking high
P year and warm year under conditions of increasing potential
and available energy, provided an exceptional opportunity to study
field-level response of forest WUE and predict variation in WUE
under conditions similar to what have been projected for scenar-
ios of future climate change. Daily WUE was generally lower in dry
years than that in wet years (Fig. 6). Daily WUE ceased to increase
when T, reached a threshold in warm months during the growing
season for both wet and dry years (Fig. 6). This was probably due
to light inhibition and stomatal closure during the day (i.e., photo-
inhibition of CO, assimilation and decreasing WUE; Fu et al., 2006).
A low WUE was observed in relatively warm and dry years (e.g.,
2010 and 2012), largely due to higher Tg, Ry, VPD, LAl and I, and
lower P and SWC than those of other years (Fig. 1). In contrast, high
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WUE in relatively cold and wet years (e.g., 2006 and 2008) was
mainly due to lower Ty, R, VPD, LAL and I,y as well as higher Pand
SWC than those of other years (Fig. 1).

Seasonal dynamics of the interchange between P and drought
status of the system appeared as a primary variable in controlling
seasonal WUE in a wet year. For example, the combined condi-
tions of spring and autumn wetness and summer dry soil conditions
accompanied by high T, and R, increased annual ET more than
annual GEP, resulting in a moderate annual WUE for 2011. In
summer, soil water availability to the whole plant system was
limited by high Ty, Ry, and VPD, or low P and high 4y, leading
to slow plant growth as a result of stomatal regulation against
water loss and the possibility of xylem cavitation (Brummer et al.,
2012; Xiao et al., 2013). Additionally, seasonal GEP was observed
to decrease because of the “Birch effect” (Birch, 1964), culminat-
ing from the excessive spring and autumn P. High rates of CO,
were released from the organic surface layers following P events,
which was attributed to rapidly increasing mineralization rates
by soil microorganisms in response to changing moisture condi-
tions. Unger et al. (2012) reported unfavorable effects of excessive
autumn P following a severe summer drought in a Mediterranean
oak forest, where these effects accounted for 195 gCm~2 loss in the
month of October out of an annual GEP of 756 g C m~2.

Despite the negative impacts of unfavorable warming and
drought conditions, annual WUE was supported by several posi-
tive environmental conditions, which partially offset the expected
declinein WUE during adry year. For example, the warmest and dri-
est year on record (2012), yielded a moderate annual WUE (Fig. 2).
The first of the positive environmental conditions was associated
with the favorable supply of soil water provided by: (a) high avail-
able soil water in spring from the preceding year (i.e., 2011, with the
highest annual P), and (b) groundwater as indicated by the declining
WT-level during the growing season (>2.9m, Fig. 1b). The second
of these conditions seemed associated with canopy photosynthe-
sis being able to withstand the deleterious effects of warm and dry
conditions, due to the positive effects of optimal temperatures in
this area. The third of these conditions related to an early start of
the growing season as a result of spring warming and sufficient soil
water in 2012, which increased GEP more than ET. The fourth of the
positive environmental conditions was likely associated with the
insensitivity of slow-growing old forests to warming and drought
on an annual basis (Law et al., 2002). Accordingly, the hot and dry
conditions failed to cause a significant drop in the year’s annual
WUE. Moreover, both annual ET and GEP were the highest in 2012,
representing 13.2% and 10.5% exceedances from their 10-year aver-
ages, respectively. The data suggested that: (a) the oak forest of this
study was not overly water-stressed during the driest year because
of groundwater sources and the supply of P-water from preced-
ing years, and (b) a short-term acute drought lasting 1-2 years
may not necessarily lead to a reduction in WUE. Temperate decid-
uous forests with a moderate WUE can serve as a high annual C
sink, when soil water is not limiting. It is unclear how long-lasting
droughts may affect GEP, ET, and WUE in water-stressed forests
following depletion of shallow groundwater reserves.

5. Conclusions

We demonstrated the importance of a long-term EC study over
a 10-year period and its ability to reveal complex effects of cli-
matic and biophysical conditions on WUE for an oak-dominated
forest ecosystem. Daily WUE showed a thresholded-response to air
temperature, especially during the warmer months of the growing
season. Dry years generally had lower WUE than wet years. We
concluded that monthly ecosystem models of WUE should take P
into consideration when estimating WUE. A short-term, but acute,

drought lasting 1-2 years may not necessarily lead to a low WUE,
mainly as a result of an early start of the growing season and
abundant available soil water accessible from adequately-charged
groundwater following a P-rich year. We conclude that temper-
ate deciduous forests have the potential to maintain their C-sink
strength if groundwater is accessible during short periods of exces-
sive dryness in the soil surface. The negative impacts of long lasting
droughts (>2 years) may potentially deplete shallow groundwater
and cause water stress in forests to develop, resulting in an overall
decrease in GEP and a decline in WUE in the future. Future studies
should examine how long lasting droughts may potentially deplete
shallow groundwater, cause water stress, and affect C balances.

Acknowledgements

This study was funded by Eastern Forest Environmental
Threat Assessment Center, Southern Research Station (Coopera-
tive Agreements 03-CA-11330147-073 and 04-CA-11330147-238),
the Toledo Area Metropark, and the US-China Carbon Consortium
(USCCC) that promotes collaborative research among interested
institutions in the US and China. We are thankful to many mem-
bers of the Landscape Ecology and Ecosystem Sciences (LEES) Lab
at Michigan State University, including Gabriela Shirkey, for their
thoughtful comments and language assistance.

References

Acevedo, 0.C., Moraes, O.L.L.,, Degrazia, G.A,, Fitzjarrald, D.R., Manzi, A.O., Campos,
J.G., 2009. Is friction velocity the most appropriate scale for correcting
nocturnal carbon dioxide fluxes? Agric. For. Meteorol. 149, 1-10.

Allen, R.G., Smith, M., Perrier, A., Pereira, L.S., 1994. An update for the definition of
reference evapotranspiration. ICID Bull. 43, 1-34.

Ballantyne, A.P., Alden, C.B., Miller, ].B., Tans, P.P., White, J.W.C., 2012. Increase in
observed net carbon dioxide uptake by land and oceans during the past 50
years. Nature 488, 70-72.

Bates, B.C., Kundzewicz, ZW., Wu, S., Palutikof, ].P., 2008. Climate change and
water. In: Technical Paper VI of the Intergovernmental Panel on Climate
Change. IPCC Secretariat, Geneva.

Beer, C,, Ciais, P., Reichstein, M., Baldocchi, D., Law, B.E., Papale, D., Soussana, J.F.,
Ammann, C., Buchmann, N,, Frank, D., Gianelle, D., Janssens, .A., Knohl, A.,
Kostner, B., Moors, E., Roupsard, O., Verbeeck, H., Vesala, T., Williams, C.A.,
Wohlfahrt, G., 2009. Temporal and among-site variability of inherent water
use efficiency at the ecosystem level. Global Biogeochem. Cycles 23, GB2018.

Birch, H.F,, 1964. Mineralisation of plant nitrogen following alternate wet and dry
conditions. Plant Soil 20, 43-49.

Brewer, L.G., Vankat, J.L., 2004. Description of vegetation of the Oak Openings of
northwestern Ohio at the time of Euro-American settlement. Ohio J. Sci. 104,
76-85.

Brummer, C., Black, T.A., Jassal, R.S., Grant, N.J., Spittlehouse, D.L., Chen, B., Nesic, Z.,
Amiro, B.D., Arain, M.A,, Barr, A.G., Bourque, C.P.A., Coursolle, C., Dunn, A.L.,
Flanagan, L.B., Humphreys, E.R., Lafleur, P.M., Margolis, H.A., McCaughey, J.H.,
Wofsy, S.C., 2012. How climate and vegetation type influence
evapotranspiration and water use efficiency in Canadian forest, peatland and
grassland ecosystems. Agric. For. Meteorol. 153, 14-30.

Chen, J., Paw, U.K.T., Ustin, S.L., Suchanek, T.H., Bond, B.J., Brosofske, K.D., Falk, M.,
2004. Net ecosystem exchanges of carbon, water, and energy in young and
old-growth Douglas-Fir forests. Ecosystems 7, 534-544.

Chen, J., Davis, K.J., Meyers, T.P., 2008. Ecosystem-atmosphere carbon and water
cycling in the temperate northern forests of the Great Lakes Region. Agric. For.
Meteorol. 148, 155-157.

De Boeck, HJ., Lemmens, C.M.H.M., Bossuyt, H., Malchair, S., Carnol, M., Merckx, R.,
Nijs, ., Ceulemans, R., 2006. How do climate warming and plant species
richness affect water use in experimental grasslands. Plant Soil 288, 249-261.

Eamus, D,, Cleverly, J., Boulai, N.N,, Grant, N., Faux, R, Villalobos-Vega, R., 2013.
Carbon and water fluxes in an arid-zone Acacia savanna woodland: an
analyses of seasonal patterns and responses to rainfall events. Agric. For.
Meteorol. 182-183, 225-238.

Falge, E., Baldocchi, D.D., Olson, R., Anthoni, P., Aubinet, M., Bernhofer, C., Burba, G.,
Ceulemans, R., Clement, R., Dolman, H., Granier, A., Gross, P., Griinwald, T.,
Hollinger, D., Jensen, N.O., Katul, G., Keronen, P., Kowalski, A., Lai, C.T., Law, B.E.,
Meyers, T., Moncrieff, ]., Moors, E., Munger, ].W., Pilegaard, K., Rannik, U.,
Rebmann, C,, Suyker, A., Tenhunen, J., Tu, K., Verma, S., Vesala, T., Wilson, K.,
Wofsy, S., 2001. Gap filling strategies for defensible annual sums of net
ecosystem exchange. Agric. For. Meteorol. 107, 43-69.

Fu, Y.L, Yu, G.R, Sun, X.M,, Li, Y.N., Wen, X.F., Zhang, L.M,, Li, Z.Q., Zhao, L., Hao, Y.B.,
2006. Depression of net ecosystem CO, exchange in semi-arid Leymus chinensis
steppe and alpine shrub. Agric. For. Meteorol. 137, 234-244.


http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0005
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0010
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0015
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0020
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0025
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0030
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0035
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0040
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0045
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0050
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0055
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0060
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0065
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0070

J. Xie et al. / Agricultural and Forest Meteorology 218-219 (2016) 209-217 217

Gockede, M., Rebmann, C., Foken, T., 2004. A combination of quality assessment
tools for eddy covariance measurements with footprint modelling for the
characterisation of complex sites. Agric. For. Meteorol. 127, 175-188.

Grelle, A., Burba, G., 2007. Fine-wire thermometer to correct CO, fluxes by
open-path analyzers for artificial density fluctuations. Agric. For. Meteorol.
147, 48-57.

Huang, M., Piao, S., Sun, Y., Ciais, P., Cheng, L., Mao, J., Poulter, B., Shi, X., Zeng, Z.,
Wang, Y., 2015. Change in terrestrial ecosystem water-use efficiency over the
last three decades. Global Change Biol. 21 (6), 2366-2378.

IPCC, 2013. Climate Change 2013: The Physical Science Basis: Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. IPCC.

Jassal, R.S., Black, T.A., Novak, M.D., Gaumont-Guay, D., Nesic, Z., 2008. Effect of soil
water stress on soil respiration and its temperature sensitivity in an
18-year-old temperate Douglas-fir stand. Global Change Biol. 14, 1305-1318.

Jongen, M., Pereira, J.S., Aires, LM.L, Pio, C.A., 2011. The effects of drought and
timing of precipitation on the inter-annual variation in ecosystematmosphere
exchange in a Mediterranean grassland. Agric. For. Meteorol. 151, 595-606.

Keenan, T.F., Hollinger, D.Y., Bohrer, G., Dragoni, D., Munger, ].W., Schmid, H.P.,
Richardson, A.D., 2013. Increase in forest water-use efficiency as atmospheric
carbon dioxide concentrations rise. Nature 499 (7458), 324-327.

Kormann, R., Meixner, F.X., 2001. An analytical footprint model for non-neutral
stratification. Boundary Layer Meteorol. 99, 207-224.

Krishnan, P., Black, T.A., Grant, NJ., Barr, A.G., Hogg, E.T.H., Jassal, R.S., Morgenstern,
K., 2006. Impact of changing soil moisture distribution on net ecosystem
productivity of a boreal aspen forest during and following drought. Agric. For.
Meteorol. 139, 208-223.

Kuglitsch, F.G., Reichstein, M., Beer, C., Carrara, A., Ceulemans, R., Granier, A.,
Janssens, L.A., Koestner, B., Lindroth, A., Loustau, D., Matteucci, G., Montagnani,
L., Moors, EJ., Papale, D., Pilegaard, K., Rambal, S., Rebmann, C., Schulze, E.D.,
Seufert, G., Verbeeck, H., Vesala, T., Aubinet, M., Bernhofer, C., Foken, T.,
Griinwald, T., Heinesch, B., Kutsch, W., Laurila, T., Longdoz, B., Miglietta, F.,
Sanz, M.J., Valentini, R., 2008. Characterisation of ecosystem water-use
efficiency of European forests from eddy covariance measurement. Biogeosci.
Dis. 5, 4481-4519.

Law, B.E., Falge, E., Gu, L., Baldocchi, D.D., Bakwin, P., Berbigier, P., Davis, K.,
Dolman, AJ., Falk, M., Fuentes, ].D., Goldstein, A., Granier, A., Grelle, A.,
Hollinger, D., Janssens, L.A., Jarvis, P., Jensen, N.O., Katul, G., Mahli, Y., Matteucci,
G., Meryrs, T., Monson, R., Munger, W., Oechel, W., Olson, R, Pilegaard, K.,
Poaw, K.T., Thorgeirsson, H., Valentini, R., Verma, S., Vesala, T., Wilson, K.,
Wofsy, S., 2002. Environmental controls over carbon dioxide and water vapour
exchange of terrestrial vegetation. Agric. For. Meteorol. 113, 97-120.

Linderson, M.L., Mikkelsen, T.N., Ibrom, A., Lindroth, A., Ro-Poulsen, H., Pilegaard,
K., 2012. Up-scaling of water use efficiency from leaf to canopy as based on leaf
gas exchange relationships and the modelled in-canopy light distribution.
Agric. For. Meteorol. 152, 201-211.

Lloyd, J., Taylor, J.A., 1994. On the temperature dependence of soil respiration.
Func. Ecol. 8,315-323.

Massman, WJJ., Lee, X., 2002. Eddy covariance flux corrections and uncertainties in
long-term studies of carbon and energy exchanges. Agric. For. Meteorol. 113,
121-144.

Niu, S., Zhang, Z., Xia, ]., Zhou, X., Song, B., Li, L., Wan, S., 2011. Water use efficiency
in response to climate change -from leaf to ecosystem in a temperate steppe.
Global Change Biol. 17, 1073-1082.

Noormets, A., Chen, J., Crow, T.R., 2007. Age-dependent changes in ecosystem
carbon fluxes in managed forests in northern Wisconsin, USA. Ecosystems 10,
187-203.

Noormets, A., McNulty, S.G., DeForest, ].L., Sun, G., Li, Q., Chen, J., 2008. Drought
during canopy development has lasting effect on annual carbon balance in a
deciduous temperate forest. New Phytol. 179, 818-828.

Ponton, S., Flanagan, L.B., Alstad, K.P., Johnson, B.G., Morgenstern, K., Kljun, N.,
Black, T.A., Barr, A.G., 2006. Comparison of ecosystem water-use efficiency
among Douglas-fir forest aspen forest and grassland using eddy covariance
and carbon isotope techniques. Global Change Biol. 12, 294-310.

Reichstein, M., Ciais, P., Papale, P., Valentini, R., Running, S., Viovy, N., Cramer, W.,
Granier, A., Oge, ., Allard, V., Aubinet, M., Bernhofer, C., Buchmann, N., Carrara,
A., Griinwald, T., Heimann, M., Heinesch, B., Knohl, A., Kutsch, W., Loustau, D.,
Manka, G., Matteucci, G., Miglietta, F., Ourcival, ].M., Pilegaard, K., Pumpanen, J.,

Rambal, S., Schaphoff, S., Seufert, G., Soussana, J.F., Sanz, M J., Vesala, T., Zhao,
M., 2007. Reduction of ecosystem productivity and respiration during the
European summer 2003 climate anomaly: a joint flux tower, remote sensing
and modelling analysis. Global Change Biol. 13, 634-651.

Roupsard, O., le Maire, G., Nouvellon, Y., Dauzat, J., Jourdan, C., Navarro, M.,
Bonnefond, ].-M., Saint-Andre, L., Mialet-Serra, 1., Hamel, O., Rouziere, A.,
Bouillet, J.-P., 2009. Scaling-up productivity (NPP) using light or water use
efficiency (LUE, WUE) from a two-layer tropical plantation. Agrofor. Syst. 76,
409-422.

Schotanus, P., Nieuwstadt, F.T.M., de Bruin, H.A.R., 1983. Temperature
measurement with a sonic anemometer and its application to heat and
moisture fluxes. Boundary Layer Meteorol. 26, 81-93.

Shabanov, N.V,, Huang, D., Yang, W.,, Tan, B., Knyazikhin, Y., Myneni, R.B., Ahl, D.E.,
Gower, S.T., Huete, A.R., Member, L.E.E.E., Aragdo, L.E.O.C., Shimabukuro, Y.E.,
2005. Analysis and optimization of the MODIS leaf area index algorithm
retrievals over broadleaf forests. IEEE Trans. Geosci. Remote Sens. 43,
1855-1865.

Sun, G,, Alstad, K., Chen, J., Chen, S., Ford, C.R,, Lin, G., Liu, C., Lu, N., McNulty, S.G.,
Miao, H., Noormets, A., Vose, .M., Wilske, B., Zeppel, M., Zhang, Y., Zhang, Z.,
2011a. A general predictive model for estimating monthly ecosystem
evapotranspiration. Ecohydrology 4, 245-255.

Sun, G., Caldwell, P., Noormets, A., McNulty, S.G., Cohen, E., Myers, ].M., Domec,
]J.C,, Treasure, E., Mu, Q., Xiao, ], John, R., Chen, J., 2011b. Upscaling key
ecosystem functions across the conterminous united states by a water-centric
ecosystem model. . Geophys. Res. 116, G00JO05, http://dx.doi.org/10.1029/
2010JG001573.

Tang, X., Li, H., Desai, A.R., Nagy, Z., Luo, ]., Kolb, T.E., Olioso, A., Xu, X,, Yao, Li.,
Kutsch, W., Pilegaard, K., Kostner, B., Ammann, C., 2014. How is water-use
efficiency of terrestrial ecosystems distributed and changing on Earth? Sci.
Rep. 4, 7483, http://dx.doi.org/10.1038/srep07483.

Unger, S., Maguas, C., Pereira, ].S., David, T.S., Werner, C., 2012. Interpreting
post-drought rewetting effects on soil and ecosystem carbon dynamics in a
Mediterranean oak savannah. Agric. For. Meteorol. 154-155, 9-18.

van Gorsel, E., Harman, LN,, Finnigan, J.J., Leuning, R, 2011. Decoupling of
air flow above and in plant canopies and gravity waves affect
micrometeorological estimates of net scalar exchange. Agric. For. Meteorol.
151,927-933.

Webb, E.K., Pearman, G.I., Leuning, R., 1980. Correction of flux measurements for
density effects due to heat and water vapor transfer. Q. ]. R. Meteorolog. Soc.
106, 85-106.

Wilczak, .M., Oncley, S.P., Stage, S.A., 2001. Sonic anemometer tilt correction
algorithms. Boundary Layer Meteorol. 99, 127-150.

Xiao, J., Sun, G., Chen, J., Chen, H., Chen, S., Dong, G., Gao, S., Guo, H., Guo, J., Han, S.,
Kato, T., Li, Y., Lin, G., Lu, W., Ma, M., McNulty, S., Shao, C., Wang, X., Xie, X.,
Zhang, X., Zhang, Z., Zhao, B., Zhou, G., Zhou, ]., 2013. Carbon fluxes,
evapotranspiration, and water use efficiency of terrestrial ecosystems in China.
Agric. For. Meteorol. 182/183, 76-90.

Xie, ]., Chen, J., Sun, G., Chu, H.S., Noormets, A., Ouyang, Z., John, R., Wan, S., Guan,
W., 2014. Long-term variability and environmental control of the carbon cycle
in an oak-dominated temperate forest. For. Ecol. Manage. 313, 319-328, http://
dx.doi.org/10.1016/j.foreco.2013.10.032.

Xie, J., Sun, G., Chu, H.S,, Liy, J., McNulty, S.G., Noormets, A., John, R., Ouyang, Z.,
Zha, T., Li, H., Guan, W., Chen, J., 2013. Long-term variability in water budget
and its controls in an oak-dominated temperate forest. Hydrol. Processes,
http://dx.doi.org/10.1002/hyp.10079.

Yang, B., Pallardy, S.G., Meyers, T., Gu, L.H., Hanson, P.J., Wullschleger, S.D., Heuer,
M., Hosman, K.P., Riggs, ].S., Sluss, D.W., 2010. Environmental controls on
water use efficiency during severe drought in an Ozark Forest in Missouri USA.
Global Change Biol. 16, 2252-2271.

Zha, T.S., Barr, A.G., Black, T.A., McCaughey, ].H., Bhatti, ]., Hawthorne, 1., Krishnan,
P., Kidston, J., Saigusa, N., Shashkov, A., Nesic, Z., 2009. Carbon sequestration in
boreal jack pine stands following harvesting. Global Change Biol. 15,
1475-1487.

Zhao, M., Running, S.W., 2010. Drought-induced reduction in global terrestrial net
primary production from 2000 through 2009. Science 329,

940-943.

Zhou, S., Yu, B., Huang, Y., Wang, G., 2015. Daily underlying water use efficiency for

AmeriFlux sites. J. Geophys. Res. Biogeosci. 120, 887-902.


http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0075
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0080
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0085
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0090
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0095
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0100
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0105
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0110
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0115
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0120
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0125
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref9130
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0135
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0140
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0145
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0150
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0155
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0160
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0165
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0170
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0175
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0180
dx.doi.org/10.1029/2010JG001573
dx.doi.org/10.1029/2010JG001573
dx.doi.org/10.1029/2010JG001573
dx.doi.org/10.1029/2010JG001573
dx.doi.org/10.1029/2010JG001573
dx.doi.org/10.1029/2010JG001573
dx.doi.org/10.1029/2010JG001573
dx.doi.org/10.1038/srep07483
dx.doi.org/10.1038/srep07483
dx.doi.org/10.1038/srep07483
dx.doi.org/10.1038/srep07483
dx.doi.org/10.1038/srep07483
dx.doi.org/10.1038/srep07483
dx.doi.org/10.1038/srep07483
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0195
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0200
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0205
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0210
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0215
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1016/j.foreco.2013.10.032
dx.doi.org/10.1002/hyp.10079
dx.doi.org/10.1002/hyp.10079
dx.doi.org/10.1002/hyp.10079
dx.doi.org/10.1002/hyp.10079
dx.doi.org/10.1002/hyp.10079
dx.doi.org/10.1002/hyp.10079
dx.doi.org/10.1002/hyp.10079
dx.doi.org/10.1002/hyp.10079
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0230
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0235
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0240
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245
http://refhub.elsevier.com/S0168-1923(15)30020-4/sbref0245

	Ten-year variability in ecosystem water use efficiency in an oak-dominated temperate forest under a warming climate
	1 Introduction
	2 Material and methods
	2.1 Study site
	2.2 Flux, meteorological, and vegetation measurements
	2.3 Data quality control and gap-filling
	2.4 Ecosystem water use efficiency (WUE)
	2.5 Dryness index (Idry)
	2.6 Statistical analysis

	3 Results
	3.1 Microclimate
	3.2 Water and carbon fluxes and WUE
	3.3 Biophysical and environmental regulations on WUE

	4 Discussion
	4.1 Comparison of annual WUE with other sites
	4.2 Variables controlling seasonal and interannual variations in WUE
	4.3 Comparison of seasonal variation in WUE between dry and wet years

	5 Conclusions
	Acknowledgements
	References


