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Summary

� Species-specific responses of plant intrinsic water-use efficiency (iWUE) to multiple environ-

mental drivers associated with climate change, including soil moisture (h), vapor pressure

deficit (D), and atmospheric CO2 concentration (ca), are poorly understood.
� We assessed how the iWUE and growth of several species of deciduous trees that span a

gradient of isohydric to anisohydric water-use strategies respond to key environmental drivers

(h, D and ca). iWUE was calculated for individual tree species using leaf-level gas exchange

and tree-ring d13C in wood measurements, and for the whole forest using the eddy covari-

ance method.
� The iWUE of the isohydric species was generally more sensitive to environmental change

than the anisohydric species was, and increased significantly with rising D during the periods

of water stress. At longer timescales, the influence of ca was pronounced for isohydric tulip

poplar but not for others.
� Trees’ physiological responses to changing environmental drivers can be interpreted differ-

ently depending on the observational scale. Care should be also taken in interpreting observed

or modeled trends in iWUE that do not explicitly account for the influence of D.

Introduction

Terrestrial plants mitigate global warming by removing atmo-
spheric CO2 through photosynthesis (Beer et al., 2010). How-
ever, because CO2 enters the plant through the same pathway by
which water exits (i.e. stomata), plants lose water in the process.
Thus, it is important to learn how climate change, characterized
by increasing atmospheric CO2 concentration (ca) and more sev-
ere and frequent drought and high-temperature events, influences
the trade-off between carbon (C) uptake and water loss (Nepstad
et al., 2002; Schar et al., 2004; Salinger, 2005; Breda et al.,
2006), which is often represented as the plant’s intrinsic water-
use efficiency (iWUE =C assimilation rate (A)/stomatal conduc-
tance (gs; Beer et al., 2009; Medlyn et al., 2017).

Previous work suggests that iWUE is sensitive to multiple cli-
mate drivers, especially ca and water availability. The consensus
view, based on previous observational and modeling studies, is
that iWUE will increase with increasing ca because plants will be
able to close stomata (to minimize water loss) without reducing
C uptake (Silva et al., 2009, 2016; Brienen et al., 2011; Maseyk
et al., 2011; Nock et al., 2011; Battipaglia et al., 2013; Keenan
et al., 2013; Frank et al., 2015; van der Sleen et al., 2015).

Drought could also increase iWUE if plants close their stomata
to reduce water stress but A is not reduced by a comparable frac-
tion. Drought-induced increases in iWUE are commonly
reported (Ponton et al., 2002; Beer et al., 2009; Maseyk et al.,
2011; Linares & Camarero, 2012; Vickers et al., 2012; Batti-
paglia et al., 2014; Novick et al., 2015; Hentschel et al., 2016;
Malone et al., 2016), and relate to the hyperbolic (i.e. saturating)
relationship between A and intercellular CO2 concentration (ci;
Farquhar et al., 1980); in other words, as stomata close linearly
during drought, A does not always decrease linearly, resulting in
increases in iWUE. However, whether changes in iWUE during
drought are driven by soil moisture (h) or atmospheric water
demand (i.e. vapor pressure deficit; D) is unknown, as both
drivers can influence gs by changing leaf turgor pressure (Buckley,
2017). The impact of D on drought responses is often overlooked
when compared with the role of h (Novick et al., 2016; Konings
et al., 2017; Rigden & Salvucci, 2017), despite recent work sug-
gesting that D can alter iWUE – independent of changes in h –
across multiple ecosystem types (Q. Zhang et al., unpublished).
Given that D and h will be affected differently by climate change
(Novick et al., 2016; Ficklin & Novick, 2017), disentangling the
effects of D and h on iWUE is critical for understanding trees’
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physiological responses to our changing climate (Williams et al.,
2013).

It is also unknown whether iWUE variation is linked to
species-specific water-use strategies. Stomatal conductance is an
important regulator of iWUE (Tang et al., 2014) and is the
basis for a widely accepted framework that classifies trees’
hydraulic strategies along the spectrum of isohydry to aniso-
hydry (Tardieu & Simonneau, 1998; Choat et al., 2012; Man-
zoni et al., 2013; Klein et al., 2014; Martinez-Vilalta et al.,
2014; Skelton et al., 2015; Meinzer et al., 2016). According to
the framework, species that are more isohydric regulate leaf
water potential (ΨL) within a narrow range by closing stomata
to maintain a minimum midday ΨL as water stress progresses,
whereas species that are more anisohydric allow ΨL to decrease
under water stress (Tyree & Sperry, 1988; McDowell et al.,
2008; Choat et al., 2012; Manzoni et al., 2013; Martinez-Vilalta
et al., 2014; Martinez-Vilalta & Garcia-Forner, 2017). As a
result, isohydric species that maintain relatively constant ΨL by
closing their stomata rapidly as drought stress develops are likely
to benefit more from a drought-driven increase in iWUE, as
isohydric species could achieve cost-efficient C uptake and avoid
a potential risk of hydraulic failure.

Even if the controls on iWUE are well characterized, the vari-
able approaches used to quantify iWUE – from the leaf to the
ecosystem, and from hourly to seasonal scales – may not always
lead to the same conclusions about what controls iWUE. Leaf
gas exchange measurements and d13C analysis of tree-rings
enable the estimation of iWUE for individual trees. The former
method can directly measure C and water exchange at the leaf
level, and at short temporal scale (i.e. daily) if observations are
made frequently. However, this approach is labor intensive and
requires accessing leaves of tall trees. Tree-ring methods exploit
the fact that the d13C of assimilated C is affected by a plant’s
photosynthetic capacity and stomatal regulation (Farquhar et al.,
1989). Because these values are preserved in the rings, estimates
of iWUE from tree cores can provide a time-integrated measure
of iWUE over the course of the growing season (Battipaglia
et al., 2013; Belmecheri et al., 2014; Frank et al., 2015). How-
ever, the tree-ring approach is less useful for detecting short-
term physiological changes that occur during a growing season
in response to water stress. A third method for calculating
iWUE is eddy covariance, where high temporal resolution data
can be leveraged to estimate an ecosystem-scale analogue of
iWUE: iWUE* = gross primary productivity (GPP)/surface con-
ductance. While this approach cannot resolve species-specific
leaf- or tree-scale dynamics, and cannot partition transpiration
from evapotranspiration (Keenan et al., 2013), the method is
effective for coupling high temporal resolution iWUE and
meteorological data, which can facilitate an improved under-
standing of environmental controls.

With a few exceptions (e.g. Monson et al., 2010; Scartazza
et al., 2014; Guerrieri et al., 2016; Medlyn et al., 2017), most
previous work has evaluated iWUE at a single spatial or temporal
scale (e.g. Hietz et al., 2005; Cernusak et al., 2007; Brienen et al.,
2011; Altieri et al., 2015). Comparison of iWUE between differ-
ent scales is important since some factors may influence iWUE

quantification only at one scale or vary in relative importance
across scales. For example, leaf-scale iWUE is mainly regulated
by gs and biochemical processes in the chloroplasts. Ecosystem-
scale iWUE* is also affected by the evaporation and canopy
structure (Tang et al., 2014), and tree-scale iWUE is affected by
the allocation of structural carbohydrates (i.e. different C invest-
ment to different tree organs) and the formation, storage and
utilization of nonstructural carbohydrates (NSCs) to regulate
plant metabolism (Hartmann & Trumbore, 2016). Rigorous
assessments of the scale dependencies of iWUE will not only
provide insight into trees’ physiological responses to climate
change, but also can improve the prediction of ecological models
by resolving the issues that arise from the transferring of ecologi-
cal information across scales.

In this study, we assessed how iWUE of deciduous trees
growing in the Eastern US responded differently to key environ-
mental drivers (h, D and ca) across spatial (leaf, tree, and ecosys-
tem) and temporal (hourly, daily to weekly, and annual) scales
and across a spectrum of isohydricity. Three tree species known
to represent, collectively, very isohydric (tulip poplar), interme-
diate (sugar maple), and very anisohydric (white oak) behavior
were selected (Roman et al., 2015; Yi et al., 2017). We hypothe-
sized that the iWUE of isohydric species will be more respon-
sive to changes in water availability (i.e. h and D), reflecting the
expectation that, in isohydric plants, as gs declines ci will also
decline but A will decrease more slowly due to the hyperbolic
shape of the A–ci curve. In reality, A and gs may be further
decoupled by drought-driven changes in mesophyll conductance
(which could affect ci independently of changes in gs; Grassi &
Magnani, 2005; Flexas et al., 2008, 2012), as well as drought-
driven declines in photosynthetic capacity (Tezara et al., 1999;
Chaves et al., 2003; Grassi & Magnani, 2005). Our hypothesis
of greater increases in iWUE for isohydric species is therefore
predicated on the assumption that it would be beneficial for
these species to have co-evolved traits that limit drought-driven
declines in C uptake from nonstomatal limitations, which could
be pronounced for species that are more anisohydric that experi-
ence significant declines in ΨL during drought. We tested this
hypothesis by comparing iWUE estimated using leaf gas
exchange (leaf scale) and d13C analysis of tree-ring cellulose
(tree scale). Finally, we assessed how variation of iWUE relates
to the dynamics of primary productivity and growth by estimat-
ing A, basal area increment (BAI), and GPP at the leaf-, tree-,
and ecosystem-scales respectively.

Materials and Methods

Study site

The study site is located inside the footprint of the Morgan–
Monroe State Forest (MMSF) Ameriflux tower (US-MMS) in
south-central Indiana, USA (39°190N 86°250W, 275 m asl).
The MMSF is a secondary mixed hardwood composed of sugar
maple (Acer saccharum Marshall), tulip poplar (Liriodendron
tulipifera L.), sassafras (Sassafras albidum (Nutt.) Nees) and oaks
(Quercus spp.), which represent nearly 75% of the total basal
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area (Schmid et al., 2000). Mean age of the trees is c. 90 yr, with
a mean height of 27 m (Roman et al., 2015). The soil type is
Typic Dystrochrepts dominated by the Berks–Weikert complex,
defined as well-drained silt-loam (Dragoni et al., 2011). The
study period includes 2012, a year marked by an extreme
drought event that affected much of the Midwestern US. This
event was one of the ‘costliest . . . and most widespread natural
disasters in US history’ (Mallya et al., 2013). The soil moisture
deficits and high temperatures associated with this event
reduced C and water exchange at MMSF (see Supporting Infor-
mation Fig. S1) and restricted the growth of many species
(Roman et al., 2015; Yi et al., 2017).

In previous work from the site, a diagnostic framework was
developed to classify isohydric and anisohydric behaviors of the
canopy dominants (Roman et al., 2015; Yi et al., 2017) based on
the response of gs to D such that:

gs ¼ K ðWS �WLÞ=D ¼ K ðDWÞ=D Eqn 1

where K is the whole-plant hydraulic conductance, ΨS is the soil
water potential, and DΨ is the difference between ΨS and ΨL.
The contribution of gravitational head losses to DΨ, which is rel-
atively constant over weekly to monthly timescales, is neglected.
Using this relationship, degree of isohydricity was characterized
for dominant species under water stress conditions as follows:
� Isohydric behavior: DΨ decreases rapidly during the period of
water stress as ΨL remains relatively constant, reflecting declines
in the magnitude of gs as well as its sensitivity to D relative to the
well-watered period;
� Anisohydric behavior: ΨL declines, and DΨ remains constant
or even increases, for a longer portion of the period of water
stress; as a result, gs and its sensitivity to D are sustained or
increased relative to the well-watered period.

Based on this framework, tulip poplar, sugar maple and white
oak (Quercus alba L.) growing in the MMSF were classified as
very isohydric, intermediate, and very anisohydric species respec-
tively – see Fig. S2, and Roman et al. (2015) and Yi et al. (2017)
for more details. Differences in rooting depth and soil moisture
access are important to consider when classifying species along
the isohydricity spectrum; specifically, higher gs under water
stress may be due to deeper rooting depth instead of anisohydric
traits (Hochberg et al., 2018). However, in our site, measured
pre-dawn ΨL (often assumed to be an indicator of the total plant-
available soil moisture across the rooting zone) does not indicate
that white oak growing in MMSF accessed deeper pools of water
compared with the most isohydric tulip poplar (see Table S1).

Eddy covariance measurement and edaphic data

The 46 m flux tower has been continuously recording fluxes of
CO2, water, and energy at a frequency of 10 Hz since 1998 using
a three-dimensional sonic anemometer (CSAT-3; Campbell Sci-
entific, Logan, UT, USA) and a closed-path infrared gas analyzer
(LI-7000; Li-Cor, Lincoln, NE, USA). For this study, we used
data including D and ca collected at a height of 46 m above the
ground from 1999 to 2013 (see Fig. S3). Post-processing

protocols are explained in detail elsewhere (Dragoni et al., 2011;
Roman et al., 2015). To fill hourly net ecosystem exchange
(NEE) time-series gaps and to partition NEE into GPP and
ecosystem respiration (RE), simple parametric models that link
soil temperature to RE and photosynthetic photon flux density to
GPP were applied to the NEE records, such that
NEE = RE�GPP (Dragoni et al., 2011).

Volumetric water content (h) in the first 30 cm of the soil was
monitored at four different locations in the footprint of the flux
tower using time-domain reflectometers (TDRs; CS615 and
CS616; Campbell Scientific). The data were then scaled using
gravimetric soil samples collected weekly at the locations of TDR
monitoring and a site-wide average h was calculated (Roman
et al., 2015).

Tree-ring chronologies

Tree cores were sampled for canopy-dominant tulip poplars,
sugar maples, and white oak (c. 10 replicates per species; Table 1)
using a 5 mm diameter increment borer at breast height, while
ensuring penetration of the pith. Tree cores were air-dried,
mounted, and sanded until cell structure was clearly visible. The
growth-rings of each sample were measured using a measuring
stage (Velmex, Bloomfield, NY, USA) and the MEASUREJ2X pro-
gram (VoorTech Consulting, Holderness, NH, USA). The tree-
ring chronologies were statistically cross-dated (Table 1) using
the COFECHA program (Holmes, 1983). Annual BAI from 1999
to 2012 was calculated from the four randomly-selected tree-ring
chronologies of each species (see Fig. S4). To evaluate how the
seasonality of each environmental driver influences radial growth,
we identified the months between April and October that show a
significant correlation between mean monthly h, D or ca and
annual BAI (1999–2012) by quantifying the Pearson correlation
coefficient (Fig. 1).

Leaf gas exchange measurements

In-situ rates of gs, A, and transpiration rate (E ) were measured
during the growing seasons of 2011 to 2013 using a portable
photosynthesis system (LI-6400XT; Li-Cor) with leaves accessed
using a 24 m boom lift. The measurements were performed
weekly for five sunlit canopy leaves per tree and three trees per
species (note that these trees are different from trees that were
cored). The environmental conditions inside the leaf chamber
were set to match ambient conditions as described in Roman
et al. (2015). All measurements were averaged for each species
and each day.

Table 1 Tree-ring statistics for each species

Species
No. of trees
(cores)

Average
age

Interseries
correlation

Tulip poplar 10 (20) 65 0.620
Sugar maple 9 (17) 88 0.494
White oak 11 (21) 69 0.575
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Intrinsic WUE at different scales

The iWUEs at the leaf (iWUEL), tree (iWUET), and ecosystem
scales (iWUE*) were computed as follows:

iWUEL ¼ A=gs Eqn 2

iWUET ¼ ðca � ciÞ=1:6 Eqn 3

iWUE* ¼ GPP=ET� ðD=PaÞ Eqn 4

where ET is evapotranspiration rate and Pa is atmospheric pres-
sure. The relationship between ci and ca for the estimation of
iWUET can be obtained from the following two equations for C
isotope discrimination (D):

D ¼ a þ ðb � aÞci=ca Eqn 5

D ¼ ðd13Cair � d13CplantÞ=ð1þ d13Cplant=1000Þ Eqn 6

where a is a constant of fractionation during CO2 diffusion
through the stomata (4.4&; O’Leary, 1981), b is a constant of
fractionation by ribulose 1,5-bisphosphate carboxylase (27&;
Farquhar & Richards, 1984), d13Cair is the atmospheric d13C
obtained from Mauna Loa Observatory (Keeling et al., 2005),
and d13Cplant is the d13C from the tree-ring samples. For
d13Cplant, only the latewood portion of annual tree rings was
used, as previous work suggests that latewood, but not earlywood,
reliably reflects the climate signal of the current year (Lipp et al.,
1991; Livingston & Spittlehouse, 1996; Battipaglia et al., 2009).
This assumption is supported by the fact that the annual ring-
width increment was best correlated to the variation of h and D
during the period from June to August in MMSF (Fig. 1). To
collect latewood portion of annual rings, cores were dissected
using a scalpel under a microscope. Earlywood and latewood
were easily distinguishable for white oak (ring porous), but not
for tulip poplar and sugar maple (diffuse porous). In the case of
diffuse-porous species, we only used the last one-third of annual

rings, assuming that contribution of earlywood to that portion is
negligible. The latewood samples of two cores originating from a
single tree were pooled as a single sample for the d13C analysis.
For each sample, a-cellulose was extracted using a modified
Soxhlet method (Loader et al., 1997), and d13Cplant was mea-
sured on the CO2 produced by a-cellulose combustion using an
elemental analyzer (ECS4010; Costech, Valencia, CA, USA) cou-
pled to an isotope-ratio mass spectrometer (Finnigan
DELTAplusXP; ThermoFisher Scientific, Waltham, MA, USA).
The iWUEL was computed using the output of gas exchange
measurements, and the iWUE* from 2011 to 2013 was
estimated from Eqn 4 using mean hourly GPP, ET, D and Pa
inferred from the flux tower.

Statistical analyses

The species-specific response of iWUE, A, and GPP to each
environmental driver (i.e. h, D, and ca) was assessed. For the
iWUE analyses, we considered environmental drivers collected
during the late growing season (June–August) when latewood
(the basis for the iWUET data) forms (see Fig. S5). For A and
GPP, we considered observations from the entire growing sea-
son. An initial assessment of the response of each biophysical
variable to each environmental driver was accomplished by par-
titioning the data into discrete bins spanning a range of the
driver of interest and using one-way analysis of variance and
Tukey post-hoc test using SPSS STATISTICS (v.24). All statistical
tests were performed at a significance level of 0.05. For context,
we also evaluated the influence of the environmental drivers on
water loss at the leaf (gs and E) and ecosystem (canopy conduc-
tance (gc) and ET) scales using an analogous approach (see
Figs S6, S7). The relationship between species-specific BAI (av-
eraged across all trees) and the environmental drivers was also
assessed using linear regression, where the environmental vari-
ables were averaged over the course of the entire growing season
(April–October).
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Fig. 1 Pearson’s correlation coefficient (Pearson’s r) between environmental drivers ((a) mean monthly soil moisture content (h), (b) vapor pressure deficit
(D), or (c) atmospheric CO2 concentration (ca)) and annual radial growth (basal area increment, BAI) inferred from tree-ring samples. Pearson’s r closer to
+1 or �1 indicates stronger positive or negative relationship respectively between environmental drivers and BAI. Asterisks on the data points represent the
significant linear relationship between environmental drivers and BAI: *, P < 0.05.
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Finally, we evaluated the relative influence of each environ-
mental driver on iWUE across different scales and species using
multiple linear regression. For this, iWUE was set as a dependent
variable and environmental drivers were set as independent vari-
ables. We compared standardized coefficients (b) associated with
the three independent variables to assess their relative influence
on iWUE. The standardized coefficients are the estimates result-
ing from a multiple regression analysis and refer to how many
standard deviations the iWUE will change per standard deviation
increase in each environmental driver. This approach is advanta-
geous because we can directly compare b of h, D, and ca without
concern for their variable units. Usage of regression analysis was
validated by identifying normality, linearity between dependent
and independent variables, homoscedasticity of residuals, and
absence of multicollinearity (data not presented). The temporal
scales were defined by the data collection frequency of each mea-
surement: leaf gas exchange measurement (leaf scale) represents
daily to weekly scales, d13C using tree-rings (tree scale) represents
seasonal to annual scales, and eddy covariance (ecosystem scale)
represents an hourly scale.

Results

iWUE at different scales

The relationships between iWUE and environmental drivers were
different depending on the species and spatiotemporal scales
(Fig. 2). In general, tulip poplar was more responsive to the
change in environmental drivers, whereas the responses of other
species were static or not significant (except iWUE vs D at the
leaf scale; Fig. 2d).

In the case of the relationship between iWUE and h, tulip
poplar was the only species showing a significant negative rela-
tionship (P < 0.05) at both leaf (daily to weekly) and tree (sea-
sonal to annual) scales (Fig. 2a,b). The highest iWUEL of tulip
poplar was 99.6 lmol Cmol�1 H2O when h was between 0.1
and 0.2 m3 m�3, 47% higher than the iWUEL when h was high
(to 0.5 m3 m�3). The change of iWUET with h for tulip poplar
was less pronounced. The highest iWUET of tulip poplar was
118.4 lmol Cmol�1 H2O when h was between 0.1 and
0.2 m3 m�3, 14% higher than the iWUET when h was greater
than 0.3 m3 m�3. The iWUE of sugar maple increased as h
declined at both scales, but without statistical significance
(P > 0.05). The highest iWUEL and iWUET of sugar maple were
100.3 lmol Cmol�1 H2O and 122.7 lmol Cmol�1 H2O
respectively, which were up to 14% and 10% respectively higher
than the iWUE observed at higher h. Variations of iWUEL and
iWUET with varying h were modest and statistically insignificant
for the white oak (P > 0.05).

The iWUEL of all species increased with increasing D
(P < 0.05, Fig. 2d). The iWUEL of tulip poplar, sugar maple,
and white oak increased by 160%, 190% and 80% respectively as
D increased from 0 to 5 kPa. The pattern of iWUET was similar
to that of iWUEL, but the change in iWUET was smaller than in
iWUEL (Fig. 2e). The iWUET of tulip poplar, sugar maple, and
white oak increased by 20%, 10%, and 0% respectively as D

increased from 0.5 to 2 kPa (Fig. 2e), which is comparable to 50-
%, 80%, and 20% respectively higher iWUEL as D increased
from 0 to 2 kPa (Fig. 2d). Furthermore, in contrast to the results
of iWUEL, iWUET increased with increasing D only for the
highly isohydric tulip poplar (P < 0.05).

The response of iWUE to the variation of ca was not consistent
across the scales compared with the other environmental drivers
(Fig. 2). The iWUEL for all species was not significantly respon-
sive to the variation of ca (P > 0.05). The iWUET of tulip poplar
increased by 18% as ca increased from 350 to 425 lmol mol�1

(P < 0.05), whereas the iWUET of other species did not vary sig-
nificantly over this range of ca (P > 0.05, Fig. 2h).

The responses of iWUE* to h or D were similar to the leaf-
and tree-scale dynamics of tulip poplar (Fig. 2). Furthermore, it
was notable that the magnitude of iWUE* was always lower than
the other scales. The highest iWUE* was 55.4 lmol Cmol�1

H2O when h was between 0.1 and 0.2 m3 m�3, which was 26%
higher than iWUE* observed when h was between 0.4 and
0.5 m3 m�3 (P < 0.05, Fig. 2c), whereas iWUE* increased from
34.6 lmol Cmol�1 H2O by 141% as D increased from 0 to
5 kPa (P < 0.05, Fig. 2f). The response of iWUE* to ca was dif-
ferent from the other scales; specifically, it was decreased by 22%
as ca increased from 350 to 430 lmol mol�1 (P < 0.05, Fig. 2i).

Relative influence of environmental drivers on iWUE

The iWUE was sensitive to different environmental drivers
depending on tree species (Fig. 3). Moreover, the relative influ-
ence of these drivers could be interpreted differently depending
on the observational scale. The iWUE* was most sensitive to the
variation of D in a positive direction, accounting for 86% of the
total influence of three drivers, whereas h and ca only accounted
for 5% and 9% respectively (Fig. 3). Despite the weight on D, all
environmental drivers were significantly influential on the
iWUE* (P < 0.05).

The iWUEL was most sensitive to the variation of D for all
species, accounting for 64%, 76% and 64% of the total influence
on iWUEL of tulip poplar, sugar maple, and white oak respec-
tively (Fig. 3). The relative influence of ca on iWUEL was larger
than on iWUE*, accounting for 22%, 24%, and 30% of total
influence of tulip poplar, sugar maple, and white oak respectively.
The influence of h on iWUEL was the smallest among the envi-
ronmental drivers. Although the iWUEL of tulip poplar was
observed to increase with decreasing h (�14%, P < 0.05), the
influence of h on the iWUEL of sugar maple and white oak was
negligible (P > 0.05).

The iWUET of tulip poplar was most sensitive to the variation
of ca (57%, P < 0.05), followed by D (33%, P < 0.05), but not
sensitive to h (P > 0.05). In the case of sugar maple and white
oak, none of the environmental drivers were significantly influen-
tial on their iWUET (P > 0.05).

Carbon gain at different scales

The observed relationships between C gain and environmental
drivers were different depending on the species and
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spatiotemporal scales (Figs 4,5). In general, the pattern of the
relationships was opposite to that of iWUE. Variation of A (leaf/
daily to weekly scale) of tulip poplar and sugar maple were posi-
tively related to h (Fig. 4a), negatively to D (Fig. 4c), and not
related to ca (Fig. 4e). The A of white oak was not influenced by
any environmental drivers (P > 0.05). The A of tulip poplar and

sugar maple increased up to 34% and 42% respectively with
increasing h from the minimum values (Fig. 4a), and the A of
both species decreased up to 47% and 38% respectively with
increasing D from the maximum values (Fig. 4c).

The BAI variation (tree/annual scale) in response to the envi-
ronmental drivers was different among species (Fig. 5). Overall,
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the variability of BAI was highest for tulip poplar, ranging from
19.7 to 113.5 cm2 yr�1, whereas the BAI of white oak was gener-
ally low and confined in a narrower range from 17.8 to
28.6 cm2 yr�1. The response of sugar maple was intermediate
between tulip poplar and white oak (12.4 to 43.2 cm2 yr�1). The
BAI of tulip poplar and sugar maple were positively related to h
and negatively to D (P < 0.05); however, no significant relation-
ships were observed from white oak (P > 0.05). Unlike the other
environmental drivers, ca did not influence BAI for any species
(P > 0.05).

The relationship between GPP (ecosystem/hourly scale) and
environmental drivers was similar to the pattern of A and BAI for
tulip poplar (Fig. 4). GPP was positively related to h (Fig. 4b).
GPP was highest (19.7 lmol m�2 s�1) when h was between 0.2
and 0.4 m3 m�3, and was reduced by 27% when h decreased to
0.1 m3 m�3. Increase of h beyond 0.4 m3 m�3 slightly lowered
GPP (5%) when compared with the highest observed GPP
(P < 0.05). GPP was negatively related to D when D was higher
than 2 kPa (Fig. 4d). The highest GPP was observed at D
between 1 and 2 kPa (19.9 lmol m�2 s�1) and decreased by 58%
when D increased beyond 4 kPa. No directional relationship
between GPP and ca was observed (Fig. 4f). GPP decreased with
ca until ca reached 410 lmol mol�1, and then increased beyond
that ca level. The highest GPP was 21.7 lmol m�2 s�1 when ca
was between 350 and 370 lmol mol�1, which was 37% higher
than the lowest GPP observed when ca was between 390 and
410 lmol mol�1.

Relative influence of environmental drivers on C gain

C gain was distinctively influenced by multiple environmental
drivers depending on the scales and trees species (Fig. 6), how-
ever, the pattern was not similar to that of iWUE (Fig. 3). At the
hourly (ecosystem) scale, C gain (i.e. GPP) was most sensitive to
the variation of ca (�60%, P < 0.05), followed by h (+31%) and

then D (�9%) (P < 0.05, Fig. 6). At the daily to weekly (leaf)
scale, C gain (i.e. A) was most sensitive to the variation of h for
tulip poplar and sugar maple, accounting for 51% and 62% of
the total influence respectively (Fig. 6). The relative influence of
D on A was larger than that observed at the hourly scale, account-
ing for 42% and 36% for tulip poplar and sugar maple respec-
tively. The influence of ca was negligible for all species (P > 0.05),
and white oak’s A was not sensitive to any environmental drivers
at the daily scale (P > 0.05). At the annual (tree) scale, tulip
poplar was the only species sensitive to any of the environmental
drivers (Fig. 6) and was only sensitive to variation of D
(P < 0.05).

Discussion

The aim of our study was to compare how the iWUEs of tree
species with different isohydricities respond to key environmental
drivers at multiple spatiotemporal scales. We found that, for all
species, iWUE increased during periods of water stress, primarily
reflecting the action of rising D at relatively short timescales. At
longer timescales, the iWUE of isohydric species was more sensi-
tive to variation in environmental drivers than that of anisohydric
species was, as hypothesized. Furthermore, the sensitivity of
iWUE to variation in h or D was higher at the leaf scale than at
the tree scale. These findings imply that trees respond to
environmental changes differently as a reflection not only of their
water-use strategies, but also the duration and intensity of envi-
ronmental changes. As discussed in detail later, they have impor-
tant implications for using historic observations to diagnose
long-term trends in iWUE, and to apply that information to
predict future gas exchange dynamics.

We observed that species that were more isohydric tend to
increase iWUE when water availability is low (i.e. low h or high
D), whereas anisohydric species maintain stationary iWUE inde-
pendent of moisture condition (Fig. 2). Higher iWUE for species
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that were more isohydric and/or under drier conditions has been
reported previously (Klein et al., 2013; Attia et al., 2015; Ren-
ninger et al., 2015), but to our knowledge this is the first study
aimed at exploring links between iWUE and isohydricity directly.
Because iWUE is the ratio of A to gs, an increase in iWUE of iso-
hydric species under water limitation is possible with three poten-
tial scenarios: (1) increased A and decreased/retained/smaller
increase of gs, (2) decreased A and larger decrease of gs, or (3) con-
stant A and decreased gs. Our results suggest the second scenario
for the more isohydric tulip poplar and sugar maple – both gs
and A declined during water stress, but A declined more slowly –
an outcome predicted from the shape of the A–ci curve absent of
significant nonstomatal limitations to photosynthesis. On the
other hand, static iWUE regardless of water availability, as we

have observed from white oak, is possible when the changes of A
and gs occur in the same direction with similar magnitude. In our
case, white oak’s A was insensitive to the variation of h and D
(Fig. 4a,b), suggesting negligible gs variation for white oak com-
pared with other species, as has been confirmed in previous work
performed in this site (Roman et al., 2015).

The three different approaches used here to estimate iWUE
represent different observational scales and are well-documented
and widely accepted methods. However, each approach is subject
to its own limitations, which could cause discrepancy in iWUE
estimates. The pattern of iWUET variation was similar to that of
iWUEL and iWUE*, but its magnitude was smaller than that of
iWUEL and iWUE* in general (Fig. 2). These differences could
reflect a temporal scale mismatch between the leaf and tree data.
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Because tree rings integrate processes occurring over an entire
growing season, physiological responses to environmental signals
varying at shorter timescales over which droughts occur are
smoothed in the tree-ring data. Differences between leaf- and

tree-scale dynamics could also reflect the reallocation of NSCs in
the tree. Trees utilize stored NSC to mediate demand from vari-
ous plant functions, including growth, defense, reproduction,
osmoregulation, and symbiosis, by translocating it to relevant
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organs (Hartmann & Trumbore, 2016). NSC formation and uti-
lization in leaves is relatively fast; for example, leaves convert sug-
ars into nonstructural starch and store it during the day to buffer
the shortage of sugar at night or to save for another usage after
reallocation (Geiger et al., 2000). Therefore, the temporal scale of
NSC residence in the leaf is on the order of hours to days, and we
can presume the C age of leaves is young, while the variation of
NSC in the stem is known to occur seasonally or even through-
out decades (Kozlowski & Keller, 1966). Moreover, mixing of
NSC in the stem both inward (transport of young NSC) and out-
ward (transport of old NSC) in the radial direction via vascular
rays might obscure the C age across annual rings, although the
NSC concentration is very small relative to structural carbohy-
drates. The mixing and turnover of old and new NSC might
dampen the d13C signal used as a gas-exchange proxy and thus
best reflect long-term changes in NSC allocation. Therefore, we
can conclude that the tree-ring approach, despite its usefulness
for long-term observations, may not always be well suited for cap-
turing tree response to fluctuating environmental conditions
within a single growing season.

The iWUE* was overall lower than iWUEL and iWUET,
which is expected due to the contribution of nontranspiratory
water vapor flux to evapotranspiration in estimating iWUE. Pre-
vious work conducted at the site leveraging numerous approaches
for partitioning ET into evaporation and transpiration concluded
that, somewhat paradoxically, the relative contribution of evapo-
ration to ET increases during drought, due to steep increases in
D, which represents the driving force moving water from soil to
the air (Sulman et al., 2016). Thus, our estimates of the increase
in iWUE* during periods of hydrologic stress are likely conserva-
tive, as the proportion of ET that occurs as transpiration declines
as drought progresses. The diversity of species growing in MMSF
further challenges the interpretation of the iWUE* dynamics.
Specifically, while our three study species account for > 50% of
the leaf area in the study site (Roman et al., 2015), the tower-

derived iWUE* is likely influenced by species that were not
observed at the leaf or tree scales. Undoubtedly, too, the magni-
tude of GPP is influenced by the choice of partitioning approach
(Stoy et al., 2006; van Gorsel et al., 2009), and this could explain
some of the discrepancy in the magnitude of iWUE across the
scales. However, uncertainties related to partitioning should be
smaller when comparing temporal trends in GPP and iWUE, as
opposed to absolute magnitudes (Novick et al., 2015).

Despite these methodological challenges, the response of
iWUE* to h and D was similar to the pattern of isohydric tulip
poplar (Fig. 2), consistent with the fact that the tower footprint is
comprised of a greater number of isohydric species than anisohy-
dric species. In 2013, sugar maple, tulip poplar, and sassafras
comprised 53% of leaf area index and were classified as isohydric
species, whereas oaks (anisohydric) accounted for only 6% of leaf
area index (Roman et al., 2015). Therefore, this result implies
that transition of species composition might significantly alter C
and water cycling at the ecosystem scale, especially when the
composition of trees’ isohydricity changes.

Our results highlight the importance of D in driving the
iWUE trends, but also demonstrate that the relative importance
of environmental drivers varies depending on observational scale.
At the hourly and daily scales, D influenced iWUE most, pro-
moting variation that was two to three times higher than the vari-
ation in iWUE linked to changes in ca (Fig. 3). Moreover, even at
the annual scale, where the influence of ca was the highest, D still
showed high influence on tulip poplar, accounting for 33% of
the variation in iWUE. This finding is crucial, considering much
attention has focused on plant physiological response to rising ca
and/or declining h, but less on increasing D (Novick et al.,
2016). In fact, rising D has been observed not only in MMSF
(Brzostek et al., 2014) but also in most places across USA and is
projected to continue to increase into the future (Ficklin &
Novick, 2017). Therefore, failure to account for D trends will
make it difficult to use historic time-series to diagnose the ca
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effect on iWUE, especially when considering observations col-
lected at different spatiotemporal scales. For example, at the
annual scale, where the influence of D was relatively low (Fig. 3),
tulip poplar increased iWUE with elevated ca (Fig. 2h), which
agrees with previous work (Battipaglia et al., 2013; Keenan et al.,
2013; Frank et al., 2015). However, our observations at other
scales showed contrasting patterns (Fig. 2g,i), potentially due to
the higher contribution of D on iWUE than ca (Fig. 3).

In addition, our results highlight important differences in
iWUE across species. At the daily scale, all species seemed to be
influenced significantly by the variation of D and ca, although the
degree of the influence might differ (Fig. 3). However, tulip
poplar was the only species significantly influenced by those envi-
ronmental drivers in the long term. There is a major effort under
way to incorporate features of plant hydraulics into terrestrial
ecosystem models (Bonan et al., 2014; Sperry & Love, 2015;
Novick et al., 2016). Ensuring that the models are formulated
and parameterized to capture links between isohydricity and
iWUE is critical for linking these hydraulic frameworks to pre-
dictions of C uptake. It was also noteworthy that the iWUE of
the most isohydric species considered here (i.e. tulip poplar) was
the most sensitive to h (at least at the leaf scale), whereas the other
species were not (Fig. 3). These results guide several questions for
future research, including whether large increases in iWUE are a
generalizable trait associated with isohydricity and whether isohy-
dricity could be an important factor explaining contradictory
results using tree rings of different species to assess temporal vari-
ability in iWUE.

In conclusion, comparison of multiple spatiotemporal scales
has an important implication for evaluating trees’ physiological
responses to environmental changes. Our comparison of the rela-
tive influence of multiple environmental drivers signified the
importance of D in a tree’s regulation of iWUE, which has been
rising in many places and is predicted to increase nearly globally
in the future (Ficklin & Novick, 2017). Therefore, care should
be taken when interpreting historical time-series of iWUE, or
predictions from ecological models, if they do not incorporate
the influence of D on stomatal regulation explicitly. We also
demonstrate that efforts to quantify the response of iWUE to
varying environmental drivers depends on the observational scale,
which should motivate the continuation of research into whether
these scale dependencies reflect physiological phenomena or
observation biases. Our results describe the physiological
response of canopy-dominant trees growing in a temperate decid-
uous forest that typically experiences mesic conditions. There-
fore, the generality of our result would benefit from the analysis
of similar data in other biomes. Finally, we acknowledge the
recent criticisms on the use of isohydric/anisohydric framework,
pointing out the cases where tight ΨL regulation is not necessarily
associated with greater stomatal regulation, due to a range of fac-
tors – for more details, see Martinez-Vilalta & Garcia-Forner
(2017) and Hochberg et al. (2018). Nonetheless, the gas-
exchange dynamics of our study species are explained well by the
isohydric/anisohydric framework, with higher sensitivity of gs
and tighter regulation of ΨL for the more isohydric species (see
Fig. S2 for ΨL and Fig. S6 for gs in the Supporting Information),

which was further supported by pre-dawn ΨL observations
described earlier. We recommend caution, however, when diag-
nosing isohydricity, and agree with the need for more thorough
investigation of the factors that can potentially decouple gs and
ΨL regulation in future work.
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