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'School of Public and Environmental Affairs, Indiana University, Bloomington, Indiana, USA, 2Department of Biology,
Indiana University, Bloomington, Indiana, USA, 3Program in Atmospheric and Oceanic Sciences, Department of
Geosciences, Princeton University, Princeton, New Jersey, USA, 4U.s. Department of Agriculture, Forest Service, Northern
Research Station, Grand Rapids, Minnesota, USA, *Department of Earth Sciences, Indiana University-Purdue University at
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Abstract When stressed by low soil water content (SWC) or high vapor pressure deficit (VPD), plants close
stomata, reducing transpiration and photosynthesis. However, it has historically been difficult to disentangle
the magnitudes of VPD compared to SWC limitations on ecosystem-scale fluxes. We used a 13 year record of
eddy covariance measurements from a forest in south central Indiana, USA, to quantify how transpiration
and photosynthesis respond to fluctuations in VPD versus SWC. High VPD and low SWC both explained
reductions in photosynthesis relative to its long-term mean, as well as reductions in transpiration relative to
potential transpiration estimated with the Penman-Monteith equation. Flux responses to typical fluctuations
in SWC and VPD had similar magnitudes. Integrated over the year, VPD fluctuations accounted for significant
reductions of GPP in both nondrought and drought years. Our results suggest that increasing VPD under
climatic warming could reduce forest CO, uptake regardless of changes in SWC.

1. Introduction

Forests are the largest terrestrial carbon (C) sink globally and an important source of atmospheric water vapor
over land. In forested temperate regions, where annual net carbon uptake and evapotranspiration (ET) are
large [Albani et al., 2006; Sanford and Selnick, 2013], increases in the intensity and frequency of droughts
owing to rising temperatures and reduced precipitation can reduce CO, removal from the atmosphere
[Ciais et al., 2005; Brzostek et al., 2014], representing a positive climate change feedback [Zhao and
Running, 2010; van der Molen et al., 2011; Trenberth et al., 2013]. Changes in energy and water vapor fluxes
related to land use change can also influence climate at regional scales [Sahin and Hall, 1996; Chase et al.,
2000; Pielke et al., 2002; Brown et al., 2005; Juang et al., 2007; Ford et al., 2011; Bagley et al., 2012; Wang
et al, 2014]. In addition, recent severe drought events have raised concerns of widespread tree mortality
under climatic warming [Allen et al., 2010; Anderegg et al., 2012; Williams et al., 2013]. Consequently, forest
responses to changing environmental conditions can have profound effects on both regional and global
climate [Bonan, 2008; Jasechko et al., 2013].

Numerous studies have explored the C consequences of water stress by investigating extended periods of
low precipitation [e.g., Ciais et al., 2005; Schwalm et al., 2012] or by reducing precipitation experimentally
[e.g., Hanson et al.,, 2001; Beier et al., 2012; Gimbel et al., 2015]. While these studies have greatly improved
our understanding of ecosystem sensitivities to water availability [Bréda et al., 2006; van der Molen et al.,
2011; Vicca et al., 2012], their focus on soil water content (SWC) represents a single dimension of how forests
experience water stress. In fact, there is ample evidence that plants are sensitive to changes in both soil water
supply (driven by SWC) and atmospheric demand (driven by vapor pressure deficit, VPD). As VPD directly
drives water flux across the stomatal interface, plants close their stomata to prevent excessive water loss
under high VPD conditions [Oren et al., 1999; Buckley, 2005; Ruehr et al., 2014; Novick et al., 2016; McAdam
et al, 2016]. While changes in VPD and SWC are often correlated at annual time scales [Brzostek et al.,
2014], these correlations mask decoupling of VPD and SWC at finer temporal scales: soils generally dry over
periods of several days or weeks, while VPD can change rapidly over hourly time scales. As a result,
VPD-driven drought-like water stress can occur even when SWC is not limiting.
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Because VPD increases with warming even if relative humidity remains constant, climatic warming is
expected to significantly increase VPD in the future [Williams et al., 2013]. It is critically important to under-
stand how these increases in VPD will affect plant physiological functioning under climatic change [Allen
et al, 2010; Anderegg et al., 2015; McDowell and Allen, 2015]. While ecosystem-scale impacts of severe
droughts have been extensively documented [e.g., Zhao and Running, 2010; Brzostek et al., 2014] and flux
responses to changing atmospheric conditions have been well studied at the leaf scale [Oren et al., 1999;
e.g., Buckley, 2005; Katul et al., 2009], studies that quantify the relative roles of atmospheric and soil compo-
nents of drought in determining ecosystem-scale flux responses are largely absent from the literature. This
knowledge gap impedes comprehensive mechanistic understanding of forest vulnerability to drought and
hinders predictions of forest responses to climatic changes.

We used a 13 year record (2001-2013) of CO, and water vapor fluxes from the Morgan Monroe State Forest
(MMSF) Ameriflux site, in combination with 3 year records of weekly canopy leaf gas exchange and continu-
ous sap flow measurements, to investigate the responses of photosynthesis and transpiration to atmospheric
(VPD) and soil (SWC) components of hydrological stress. Our goals were (1) to separate and compare the
effects of VPD and SWC on transpiration and photosynthesis and (2) to quantify the integrated flux impacts
of fluctuations in VPD and SWC at annual time scales. Achieving these goals will advance our understanding
of forest vulnerabilities to hydrological and climatic changes, inform interpretation of experimentally
simulated droughts in forests, and improve modeling of forest carbon and water cycle feedbacks to
climatic changes.

2. Methods
2.1. Site Description

Measurements were conducted at the MMSF Ameriflux site (Ameriflux code US-MMS; 39.32°N, 86.41°W). The
site is located in a deciduous broadleaf forest with a mean canopy height of approximately 27 m and a stand
age of 80-90 years. The dominant tree species in the forest are sugar maple (Acer saccharum), tulip poplar
(Liriodendron tulipifera), sassafras (Sassafras albidum), white oak (Quercus alba), black oak (Quercus velutina),
and red oak (Quercus rubra). The ecosystem is representative of deciduous forests covering large areas in
eastern North America, and the forest species composition is typical of other hardwood forests in the region.
The soil type is Typic Dystrochrepts dominated by the Berks-Weikert complex, defined as a well-drained silt
loam [Dragoni et al., 2010]. For additional details about the site, see Schmid et al. [2000].

2.2. Eddy Covariance and Meteorological Measurements

Ecosystem-atmosphere fluxes of heat, water vapor, and CO, have been measured using the eddy covariance
(EC) method at the site since 1998 at heights of 46 m, 34 m, and 2 m. The 2 m subcanopy flux station is located
approximately 20 m from the main tower. Each flux station includes a sonic anemometer (CSAT3, Campbell
Scientific Inc.,, Logan, UT) and a connection to a closed-path infrared gas analyzer (LI-7000, LI-COR Inc.,
Lincoln, NE) at the base of the tower. Wind and gas concentration measurements are collected at a rate of
10 Hz and processed into fluxes using standard EC techniques at a 1 h time scale (see Schmid et al. [2000]
for flux processing details). Fluxes from the 46 m flux station were corrected for high-frequency spectral
losses resulting from the long tube length (see supporting information (SI) for details). Meteorological mea-
surements included air and soil temperatures, relative humidity, photosynthetically active radiation (PAR), net
shortwave and longwave radiation, and precipitation. VPD was calculated using observed air temperature
and humidity. Volumetric soil water content (SWC, m>m™3) in the first 30 cm of soil depth was monitored
using time domain reflectometer (TDR) probes (CS615 and CS616, Campbell Scientific Inc., Logan, UT) and
calibrated using gravimetric samples collected weekly at four TDR monitoring locations. Measurements were
averaged between the locations to produce an average soil moisture value representative of the flux tower
footprint. Soil water potential (¥s), which is more tightly coupled to plant water stress, was calculated from
SWC using a relationship developed for the MMSF site by Wayson et al. [2006].

Transpiration (T,) was estimated by subtracting subcanopy (2 m) ET from above-canopy (46 m) ET, assuming
that water vapor fluxes from below 2 m were dominated by evaporation and that nonsoil evaporation was
negligible. Because evaporation from leaf and stem surfaces can contribute significantly to ET immediately
following precipitation, data from within 2 days following precipitation events were excluded from the
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analysis. This ET partitioning method was recently compared with an alternative method based on flux-
variance similarity, and both yielded similar estimates of transpiration at the site [Sulman et al., 2016].

Net ecosystem exchange of CO, (NEE) was partitioned into gross primary production (GPP) and ecosystem
respiration (ER) using a nonlinear regression method that has been applied in previous studies at the
MMSF site [Schmid et al., 2000; Dragoni et al., 2010] and has been shown to agree well with other
approaches [van Gorsel et al., 2009]. Nighttime NEE was assumed to equal ER and used to parameterize
an exponential function of temperature. This modeled ER was then subtracted from daytime NEE in order
to estimate GPP. Years 2001-2013 were used for the GPP portion of the analysis. Issues with soil moisture
measurements prevented the use of data prior to 2001. The transpiration portion of the analysis was
limited to years 2004-2013, when subcanopy ET measurements were available. Sap flow and leaf gas
exchange measurements were also collected in 2011-2013 as supporting data (see S| for methodological
details of sap flow [Marshall, 1958; Green et al., 2003; Caylor and Dragoni, 2009] and leaf gas exchange
[Roman et al., 2015]).

2.3. Potential Transpiration and GPP

Potential transpiration was calculated using the Penman-Monteith equation driven by measured net radia-
tion, VPD, air temperature, and wind speed from the EC tower:

Rnet — G) + C, VPD
TPM — S( net ) + Ppaga , (-I)

pr(5+y(1 +#))

where Tpy, is potential transpiration using the Penman-Monteith equation, S is the slope of the water vapor
saturation function, Ry is net radiation, G is soil heat flux, C, is specific heat capacity of dry air, g, is aerody-
namic conductance (proportional to wind speed), 1 is latent heat of vaporization of water, p,, is density of
water, p, is density of air, y is the psychometric constant, and g,qy, is maximum surface conductance. A single
value representing maximum surface conductance was calculated by fitting the equation to observed ET dur-
ing periods of high light availability (PAR > 1200 pmol m~2s™"), adequate soil moisture (SWC above its 75th
percentile), and low VPD (between 0.8 and 1.2 kPa) during the growing season (between Julian day 150 and
250 of each year, when site leaf area index was relatively stationary and evaporation was small relative to
transpiration) over the entire 13 year record. Using a single value of g4« reduced the influence of interannual
variations such as the 2012 drought on estimates of potential flux and allowed Tp), to be treated as a repre-
sentative long-term metric for this ecosystem.

The Penman-Monteith equation explicitly accounts for the fact that in the absence of soil moisture or atmo-
spheric limitations to stomatal functioning, T, is linearly related to VPD, reflecting the direct relationship
between VPD and evaporation rate [Dalton, 1802]. When VPD is high, the water vapor concentration gradient
between the leaf interior and the atmosphere is steep, and water diffuses out of stomata more quickly. Thus,
by using the Penman-Monteith equation to determine Tpy;, we can isolate the extent to which stomatal clo-
sure under high VPD and low soil moisture reduces T, from its potential rate.

In addition to estimating reductions in T, relative to its potential rate, we quantified variations in T, and GPP
relative to their long-term mean values. We calculated long-term average T, (Thorm) and GPP (GPP,,o.m) by
averaging the annual time series of EC measurements across all years. This produced a “normal” time series
so that each hour of the year could be compared to multiyear average values for that hour.

2.4. Statistical Analysis

In order to quantify the relative contributions of VPD and SWC to variations in GPP and T,, we applied a
linear statistical model that included soil water potential (¥s) and In(VPD) as predictors and the ratios of
GPP and T, to their multiyear average values (GPP/GPPo;m and T,/T,orm, respectively) as response variables.
We also applied the model to the ratio of T,/Tpm. The logarithmic transformation of VPD was based on
previous studies [Oren et al., 1999]. ¥s was used rather than SWC in the statistical analysis because it is a
more accurate representation of the role of soil water in the soil-plant-atmosphere continuum and gave
a more accurate fit to the observations. However, SWC is used in the figures for ease of interpretation.
The full statistical model had the form

F = Cy 4 G, In(VPD) + C3Ws + C4ln(VPD)Ws, 7))
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where Fis T,/Tnorm: T/ Tpm, of GPP/GPPorm, and C; through C, are the regression coefficients. The regressions
were calculated using the robust linear model method of the Statsmodels python package (version 0.6.1)
[Seabold and Perktold, 2010].

Annual flux anomalies were calculated by summing the difference between each flux and its multiyear aver-
age time series over each year:

AF = Z [Fobs - Fnorm]7 (3)

where AF is annual flux anomaly, F.ps is observed flux, and F,o/m is the multiyear average flux time series.
Modeled annual anomalies were calculated by integrating the difference between the statistically modeled
time series and Fpo;m OVer each year:

AFmod = Y _ [Fromm (C1 + C2 In(VPD) + C5'¥s + Caln(VPD)s) — From), @

where AF,oq is modeled flux anomaly. Only daytime measurements were included in these calculations.
Because the logarithmic VPD dependence of the model made it very sensitive to low values of VPD, time
periods when VPD was less than 1kPa were assumed to have zero contribution to limitation of fluxes.
Contributions of individual model terms to annual total fluxes were calculated using the appropriate terms
and coefficients from equation (2) and normalized by multiyear average flux:

AFntercept = 100(Cy — 1.0), (5)
> [FromC2 In(VPD)]
Z Fnorm ’
Z [FnormC3LPS]
Z Fnorm '
> [FromCa¥sIn(VPD)]

Z Fnorm ’

where Afniercepts AFvpps AFw, and AFypp .y, represent percentage differences in flux relative to Frorm due to
the model intercept, VPD, ¥s, and the VPD x ¥s interaction, respectively. Annual anomalies and the contribu-
tions of different terms to changes in T, were also calculated relative to Tpy, using equations (3)—(8) with Tpy
in place of Thorm.

AFypp = 100 (6)

AFy, = 100 )

AFyppyy; = 100 ®

3. Results
3.1. Meteorology and Fluxes Over the Study Period

The MMSF site climate is characterized by cold winters and warm, humid summers. Growing-season precipi-
tation is highest from March to June and lowest from July to September. SWC is typically high in winter and
spring and declines over the growing season beginning in April and reaching a minimum in September
before rising again in autumn (Figure S1). From 1999 to 2014, annual average SWC has declined, and VPD
has increased [Brzostek et al., 2014]. The site experienced droughts in 2002, 2007, 2010, and 2011 and an espe-
cially severe drought in 2012 [Roman et al., 2015]. Soil water content was anomalously low during all drought
years, but VPD was exceptionally high during the 2012 drought (Figure S1). T, and GPP declined significantly
during the 2012 drought before recovering as conditions eased later in the growing season. Average GPP
over the study period was approximately 1.4kgCm ™ 2yr~', and average annual T, was approximately
490 mmyr~'. Evaporation estimated using subcanopy fluxes was generally less than 5% compared to T,
during the growing season.

VPD and SWC were negatively correlated (r=—0.47 for daily values), so most high-VPD days occurred when
soil was also dry. However, high VPD occurred even during periods when soil was relatively wet (Figure S2b),
exceeding 2 kPa on approximately 9% of days with SWC >03m>m™>.

3.2. SWC and VPD Relationships With Fluxes

T/Tpm declined with increasing VPD at all soil moisture levels (Figure 1b) and increased at the same rate with
Y at all VPD levels (Figure 1e). Increases in VPD were correlated with increasing T,/Thom, but the rate of

SULMAN ET AL.

VPD CONTROL OF GPP AND TRANSPIRATION 9689



@AG U Geophysical Research Letters 10.1002/2016GL069416

2.0 . VED ' 20 Soil m9|sture
(a) (d)
£ £
c c
2 1.0 {1 = 10} k 1
¥y ey
(%2} %]
e C
C® 0.5¢ {1 & o5t E
[ [
00 L ! 1 Oo ! L !
1 2 3 4 5 0.1 0.2 0.3 0.4 0.5
2.0 T . T 2.0 . T ;
(b) 0.1 < SWC < 0.2 (obs) = 0.1 < SWC < 0.2 (mod) (e) 1.0 < VPD < 2.0 (obs) = 1.0 < VPD < 2.0 (mod)
0.2 < SWC < 0.3 (obs) 0.2 < SWC < 0.3 (mod) | 2.0 <VPD < 3.0 (obs) 2.0 < VPD < 3.0 (mod)
E 1.5+ [ 0.3 < SWC < 0.4 (obs) = 0.3 < SWC < 0.4 (mod) 4 E 1.5+ 3.0 < VPD < 4.0 (obs) = 3.0 < VPD < 4.0 (mod) 4
i~ I~ [ L
c c
kel K<l
® 1.0} {1 ® 1.0 .
(%] %]
% 5
= 05 \ = 05f / 1
00 L ! ! Oo ! L !
1 2 3 4 5 0.1 0.2 0.3 0.4 0.5
2.0 T T T 2.0 T T T
(c) (f)
1.5F R 1.5¢ B
g 1 NN . A
U] 1.0\‘ G 1.0/7 i
o o
o o
O (C]
0.5 i 0.5 / /’ |
00 L ! ! Oo ! L !
1 2 3 4 5 0.1 0.2 0.3 0.4 0.5
Vapor Pressure Deficit (kPa) Soil water content (m* m—)

Figure 1. Measured and modeled fluxes as a function of VPD and SWC. (a—c) Relationships with VPD and (d-f) relationships
with SWC. Rows show different normalized fluxes: T/T,,orm (Figures 1a and 1d); T,/Tpp (Figures 1b and 1e); and
GPP/GPPporm (Figures 1c and 1f). Lines show the statistical regression, and symbols show measured values. Colors are
matched between lines and symbols to show the SWC levels (Figures 1a-1c) and VPD levels (Figures 1d-1f).

increase was highly dependent on SWC (Figure 1a). Under the driest soil conditions (SWC < 0.2 m3m™3),
T/ Thorm Was insensitive to VPD. Similarly, T,/Tnom Was most sensitive to SWC under high VPD conditions
(Figure 1d). The responses of GPP/GPP,,,;m to VPD and Ws were very similar to those of T,/Tpy, decreasing
with increasing VPD at all soil moisture levels. Similar relationships with VPD were observed in both sap
flow (Figure S3) and leaf gas exchange (Figure S4) measurements. However, while the ¥s relationships
observed in EC data were consistent with sap flow data, leaf gas exchange transpiration was insensitive to
Ws. Pronounced SWC effects on EC fluxes were limited to periods when SWC was below approximately
0.2m3m™3, Interactions between In(VPD) and Ws were statistically significant for EC-based GPP/GPPporm
and T,/Thorm, but not for T,/Tpp. The interaction was positive in both cases, meaning that the decline in
GPP with increasing VPD was weaker under wetter soil conditions (Figure 1c), while T,/Tom increased more
rapidly with VPD under wetter soil conditions (Figure 1a).

When integrated over the year, the observed statistical relationships of GPP/GPP,q, With VPD and ¥s
explained most of the interannual variability in GPP (* =0.53) and T, relative to Tpy (> =0.86), although they
overestimated flux magnitudes relative to observations. Correlation was lower for T, relative to Thorm
(r*=0.20) (Figure 2). Based on the statistical model, VPD had a larger impact than SWC on GPP and T, except
in 2011 and 2012 (Figures 2e and 2f). Modeled contributions of VPD and SWC were very similar between
these flux metrics. In contrast, the model based on T,/T,,orm suggested that VPD alone would increase fluxes
in all years. However, statistical interactions between VPD and ¥s counteracted the VPD effect in drought
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Figure 2. Interannual variations in fluxes and fractions attributed to different hydrological drivers by the statistical model. (a—c) Modeled (AF,,o4; €quation (4))
and observed (AF; equation (3)) annual integrated difference between T, and Torm (Figure 2a), T, and Tpp (Figure 2b), and GPP and GPP o, (Figure 2c). Dashed
lines show 1-1 relationships. (d-f) Annual integrated contribution of each statistical model term to variations in T, relative to T,,orm (Figure 2d), T, relative to Tpp
(Figure 2e), and GPP relative to GPPorm (Figure 2f). Red, blue, and green arrows show effects of VPD, soil moisture, and their interaction, respectively (equations
(6)-(8)). White circles show AFjnercept (€quation (5)). Black circles show the combined effect of all statistical model terms (equivalent to AFyq). When this total is
greater than zero, the integrated modeled flux is greater than the integrated multiyear mean flux.

years, leading to substantial reductions in transpiration (Figure 2d). Integrated modeled fluxes including
hydrological effects were generally greater than integrated multiyear mean fluxes, reflecting the overesti-
mates of integrated flux magnitudes. Based on the statistical model, VPD explained 55% of hydrologically
driven reduction of GPP over the study period, compared to 33% for SWC and 13% for their interaction.
Excluding the drought years of 2011 and 2012, VPD explained 61% of GPP reduction, while SWC was respon-
sible for 31%.

4, Discussion

Ecosystem-scale transpiration and photosynthesis were significantly correlated with both VPD and soil moist-
ure (Figure 1). A statistical model based on these relationships suggested that VPD was a primary contributor
to interannual variability in photosynthesis and transpiration at our temperate forest site over a 13year
period (Figure 2). These results highlight the importance of VPD in determining plant-controlled ecosystem
fluxes and their responses to climatic changes.

Relative to multiyear-average values, T, increased with increasing VPD under nonlimiting SWC conditions and
stayed constant when soils were dry (Figure 1a). Because increasing VPD increases the water vapor concen-
tration gradient from the leaf to the atmosphere, it is expected to accelerate transpiration. However,
observed T, responses were less than the increases that would be expected from this diffusion effect alone
(Figure 1b), suggesting stomatal limitations to transpiration. The effects of declining stomatal conductance
on T, were particularly apparent when actual T, was compared to potential transpiration calculated with
the Penman-Monteith equation, which accounts for VPD effects on the water vapor concentration gradient
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(equation (1)). T,/Tpp declined with increasing VPD at approximately the same rate regardless of soil moisture.
Because photosynthesis and transpiration are both mediated by stomatal conductance, T,/Tpy and
GPP/GPP,,o:m should have similar responses to environmental drivers that affect stomatal conductance,
though those responses may be affected by variations in water use efficiency. In fact, T,/Tpp and
GPP/GPP,,orm had very similar responses to changes in both VPD and SWC, which supports a robust finding
that reductions in stomatal conductance driven by increasing VPD had significant effects on GPP, even under
nonlimiting soil moisture conditions. These conclusions are further supported by the similar responses of
T./Tppm and GPP/GPP,,,m, to VPD in leaf gas exchange measurements.

Declines of T,/Tpp and GPP/GPP o, with SWC became significant only at SWC values below approximately
0.2m>m ™3, representing less than 15% of growing season days in the record. This was due to the nonlinear
relationship between SWC and plant water limitation, as encapsulated by Ws (Figures 1e and 1f). At higher
values of SWC, water potential is not limiting, and a small decline in SWC will not drive a significant plant
physiological response. In contrast, increases in VPD significantly reduced GPP/GPP,,,,, and T,/Tpy at VPD
levels as low as 1.5 kPa (Figures 1b and 1c). VPD exceeded 1.5 kPa during almost 55% of all growing season
days and during approximately 30% of growing season days excluding periods when SWC was below
0.25 m® m™3 (Figure S2c). An increase in VPD from 1.5 to 2.5 kPa reduced GPP and T, by approximately as much
as a change in SWC from a wet state of 0.35 m*> m™3 to a typical drought level of 0.15 m®* m . Integrated over
the year, these relationships suggest that high VPD levels significantly reduced total GPP relative to its poten-
tial maximum values even in nondrought years (Figure 2f). During the severe 2012 drought, VPD contributed
as much as SWC to the unusually strong suppression of GPP and T, (Figures 2d-2f). This is consistent with
recent studies indicating that high VPD aggravates drought effects in forests [Adams et al., 2009; Katul et al.,
2009; Williams et al., 2013; Ruehr et al., 2014; McDowell and Allen, 2015]. Because VPD can change significantly
over short time scales and can temporarily reach high levels without associated soil drying, short-term
drought-like ecosystem responses could occur during periods that are not identified as droughts by indices
like the Palmer Drought Severity Index (PDSI), which integrate over longer time scales and respond slowly
to meteorological changes [Trenberth et al., 2013]. Sheffield et al. [2012] found that PDSI-based studies overes-
timated the occurrence of droughts in the twentieth century because they relied on temperature to predict
evaporation rather than including VPD. While temperature is correlated with humidity and other drivers of
drought stress at longer time scales of weeks or months, these slowly varying indices do not capture the fast
time scale variations in VPD that can also limit photosynthesis according to our results.

Our use of multiyear averages as well as the Penman-Monteith equation could have introduced error into this
analysis. The Penman-Monteith equation is a physically comprehensive model of potential evapotranspira-
tion, including a full set of accepted mechanistic drivers of evapotranspiration including temperature, VPD,
radiation, and wind speed. Previous studies have argued that the Penman-Monteith model yields more
physically accurate predictions of potential evapotranspiration than models that only include temperature
and radiation [Sheffield et al., 2012]. However, the temperature- and radiation-based Priestley-Taylor model
has been shown to yield accurate predictions of actual evapotranspiration [e.g., Lu et al., 2005; Sumner and
Jacobs, 2005]. A version of our analysis conducted using the Priestley-Taylor model yielded similar results
to the analysis based on multiyear-average transpiration. We focused on multiyear average fluxes rather than
the Priestley-Taylor model in order to use observed fluxes when possible. However, the 13 years of GPP and
10years of transpiration may not have been enough to overcome the high hourly variability inherent to EC
measurements. Based on variability between years, the standard deviation of the mean for multiyear average
fluxes at the hourly scale was approximately 10-15%. The model overestimated total fluxes relative to multi-
year averages (Figure 2). This was likely due to a high intercept value that resulted from focusing on condi-
tions when fluxes were not severely limited by factors such as light and temperature. However, the
interannual patterns of hydrological effects are supported by the strong relationships shown in Figure 1.

Our results primarily focused on bulk fluxes of water vapor and CO, between the forest canopy and the atmo-
sphere. Water flow from soils, through trees, to the atmosphere is also controlled by aspects of tree physiol-
ogy such as stem water storage and xylem water potential. Supporting measurements of T,/Tpy using leaf gas
exchange and sap flow measurements (Figures S3 and S4) had very similar responses to VPD compared to EC
measurements, demonstrating the consistent scaling of this response from leaf, to tree, to ecosystem scale.
Leaf-level photosynthesis responses were also very similar to those observed in EC measurements. However,
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leaf fluxes were insensitive to SWC, while sap flow and EC fluxes were jointly controlled by SWC and VPD.
These differing responses are consistent with hydrological flows across the soil-tree-atmosphere continuum.
Sap flow has been observed to lag transpiration due to changes in stem water storage [Hogg et al., 19971, and
nocturnal water uptake can represent a significant fraction of total water uptake, as storage reserves depleted
during the day are refilled [Oishi et al., 2008]. Water supply to leaves can be temporarily supported by deple-
tion of stem water storage, decoupling leaf water from SWC. The leaf responses were consistent with the
results of Roman et al. [2015], who observed that the sensitivity of stomatal conductance to VPD of
canopy-dominant sugar maple at the site was not affected by soil moisture.

While including some severe droughts, our study focused on continuous responses of fluxes to hydrological
drivers and did not investigate strongly nonlinear drought responses such as tree mortality. In contrast to the
temporary variations we observed, widespread mortality has long-lasting impacts on forest productivity and
structure. While tree mortality during droughts is not yet fully understood and is still the subject of active
research [Klein, 2015], recent studies suggest that both SWC and VPD contribute to drought mortality
[Anderegg et al., 2012; Breshears et al., 2013]. Vulnerability of trees to drought varies by species [Choat et al.,
2012] and is influenced by a range of hydraulic traits [Anderegg et al., 2016].

Our results represent a case study of a single deciduous forest, and other forests could have different
responses resulting from species- or community-level differences in plant physiology. Plants can be divided
into isohydric and anisohydric categories based on patterns of stomatal control of leaf water potential
[Tardieu and Simonneau, 1998]. Isohydric plants maintain leaf water potential by aggressively closing
stomata, while anisohydric plants allow it to vary over a wider range. Both isohydric and anisohydric trees
are represented at MMSF and have different observed responses to hydraulic stress [Roman et al., 2015].
Different relative abundance of isohydric and anisohydric plants in other ecosystems could influence the
responses of stand-scale fluxes to VPD and SWC, with anisohydric-dominated ecosystems potentially having
weaker responses to changes in VPD. Changes in forest structure and composition or physiological adapta-
tions could also cause changes in forest sensitivity to SWC and VPD over long time scales [Nicotra et al., 2010].

These results highlight the importance of including VPD in experiments, models, and analyses related to
drought impacts. The importance of drought effects on forest growth and carbon uptake has been well docu-
mented [Ciais et al., 2005; van der Molen et al., 2011; Schwalm et al., 2012]. Droughts integrate atmospheric and
soil drying but are often identified in terms of soil water availability [e.g., Hanson and Weltzin, 2000; Schwalm
et al,, 2012]. Because VPD and soil moisture are often correlated at longer time scales, this approach has his-
torically been successful in diagnosing droughts and their ecosystem effects. While projected impacts of
climatic warming on precipitation are uncertain [Burke and Brown, 2009; Kirtman et al., 2013], there is high con-
fidence that global temperatures and VPD will rise in the future [Williams et al., 2013]. Therefore, the impor-
tance of VPD in driving hydrological stress, especially during droughts and heat waves, is likely to increase.
Our results suggest that in the absence of significant physiological adaptations, increasing occurrence of high
VPD episodes could significantly reduce photosynthesis even during nondrought years. Resulting reductions
in CO, uptake could function as a positive feedback to climatic change. Our results suggest that precipitation
manipulation experiments [Beier et al., 2012] may underestimate the severity of vegetation drought responses
by excluding changes in VPD. While manipulating atmospheric humidity at the ecosystem scale is often infea-
sible, the role of VPD should be considered when interpreting the results of these experiments. In managed
systems, drought mitigation strategies also generally focus on increasing soil moisture through thinning
and irrigation [Linder, 2000; Elkin et al., 2015], which could be less effective under VPD-driven water stress.

5. Conclusions

Long-term eddy covariance measurements showed that variations in GPP and transpiration were correlated
with both VPD and SWC. While fluxes responded continuously to increases in VPD, SWC drove substantial flux
responses only during severe drought periods. A statistical model based on these relationships suggested
that VPD was a primary driver of interannual variations in GPP and transpiration. These results highlight
the importance of VPD both as a component of drought and as a driver of carbon and water fluxes under
well-watered conditions. In the context of changing climate, our results suggest that warming temperatures
could increase future drought impacts on forests. Furthermore, episodes of elevated VPD could reduce CO,
uptake as temperatures rise, regardless of changes in soil moisture.
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