
Evapotranspiration and water use efficiency in relation to
climate and canopy nitrogen in U.S. forests
Rossella Guerrieri1,2, Lucie Lepine1, Heidi Asbjornsen1, Jingfeng Xiao1, and Scott V. Ollinger1

1Earth Systems Research Center, University of New Hampshire, Durham, New Hampshire, USA, 2Centre for Ecological
Research and Forestry Applications (CREAF), Universidad Autonoma de Barcelona, Cerdanyola, Barcelona, Spain

Abstract Understanding relations among forest carbon (C) uptake and water use is critical for
predicting forest-climate interactions. Although the basic properties of tree-water relations have long
been known, our understanding of broader-scale patterns is limited by several factors including (1)
incomplete understanding of drivers of change in coupled C and water fluxes and water use efficiency
(WUE), (2) difficulty in reconciling WUE estimates obtained at different scales, and (3) uncertainty in how
evapotranspiration (ET) and WUE vary with other important resources such as nitrogen (N). To address
these issues, we examined ET, gross primary production (GPP), and WUE at 11 AmeriFlux sites across
North America. Our analysis spanned leaf and ecosystem scales and included foliar δ13C, δ18O, and %N
measurements; eddy covariance estimates of GPP and ET; and remotely sensed estimates of canopy %N.
We used flux data to derive ecosystem WUE (WUEe) and foliar δ13C to infer intrinsic WUE. We found that
GPP, ET, and WUEe scaled with canopy %N, even when environmental variables were considered, and
discuss the implications of these relationships for forest-atmosphere-climate interactions. We observed
opposing patterns of WUE at leaf and ecosystem scales and examined uncertainties to help explain these
opposing patterns. Nevertheless, significant relationship between C isotope-derived ci/ca and GPP
indicates that δ13C can be an effective predictor of forest GPP. Finally, we show that incorporating species
functional traits—wood anatomy, hydraulic strategy, and foliar %N—into a conceptual model improved
the interpretation of Δ13C and δ18O vis-à-vis leaf to canopy water-carbon fluxes.

1. Introduction

Terrestrial ecosystems influence climate through regulation of carbon (C), water (H2O), and energy exchanges
with the atmosphere [Bonan, 2008; Canadell et al., 2007; Meir et al., 2006; Schulze, 2006]. In recent decades,
advances in our understanding of the C cycle include improved estimates of C assimilation and storage
[e.g., Pan et al., 2011], new methods for assessing spatiotemporal dynamics [Anav et al., 2015; Xiao et al.,
2013, 2014], and better understanding of underlying environmental drivers [Fernández-Martínez et al.,
2014a, 2014b; Heimann and Reichstein, 2008; Luyssaert et al., 2007; Reichstein et al., 2007]. Despite this pro-
gress, our understanding of how the C cycle interacts with the water (H2O) cycle has lagged. This is important
because CO2 uptake by tree canopies occurs at the expense of H2O lost during transpiration, which has sig-
nificant effects on heat partitioning and energy exchange between vegetation and the atmosphere
[Bonan, 2008].

To date, most studies on the spatial patterns of evapotranspiration (ET) have focused on physical factors
such as temperature, soil moisture, and vapor pressure deficit [Federer et al., 1996; Pan et al., 2015; Tang
et al., 2006]. The extent to which biological factors, particularly plant nutrient status, affect ET has received
less attention beyond results obtained using models [e.g., Dickinson et al., 2002; Lee et al., 2013]. In addition
to C and H2O fluxes, biological properties of vegetation (e.g., canopy %N and leaf area index (LAI)) can
affect albedo, i.e., the fraction of the solar radiation not absorbed in the biosphere and reflected back to
space [Ollinger et al., 2008; Zhu and Zeng, 2015]. Ollinger et al. [2008] observed positive correlations
between canopy %N, C assimilation, and albedo, raising the question of whether canopy N can influence
climate by modulating radiative forcing as well as C assimilation. Furthermore, forest canopy ET can also
modify the climate system by affecting albedo (i.e., through cloud formation), as well as the concentration
of water vapor (a potent greenhouse gas) in the atmosphere [Bright et al., 2015]. Although intriguing, the
net effect of these relationships on climate is difficult to ascertain without additional information on the
nature of coupled C-N-H2O fluxes in forests.
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Water use efficiency (WUE), the C gain per unit of H2O loss through transpiration, is a key physiological para-
meter linking C and H2O cycles. Its definition and quantification vary depending on the scale of investigation
(leaf, ecosystem, region, or globe), the time resolution (seconds, seasons, and years), and the measurement
methods used. At the scale of individual leaves, WUE can be defined as (1) the ratio between net CO2 assim-
ilation (A) and stomatal conductance to H2O (gs), known as intrinsic water use efficiency (iWUE), or (2) the ratio
between A and transpiration (E), known as instantaneous WUE [Farquhar et al., 1989; Donovan and Ehleringer,
1994]. One of the most commonly used methods for assessing tree-level iWUE is the measure of the stable
carbon isotope composition (δ13C) in plant tissue. This approach is based on the well-established theory
for the physiology of C3 photosynthesis, in particular, the relationship between the ratio of the CO2 in the
intercellular spaces, ci, and that in the atmosphere, ca (i.e., ci/ca), and C isotope discrimination, Δ13C
[Farquhar et al., 1982]. In addition to δ13C, the measure of δ18O allows to gain additional insight into the eco-
physiological processes underlying changes in leaf WUE [Scheidegger et al., 2000]. The δ18O in plant organic
matter reflects the δ18O of leaf water where it was formed [Gessler et al., 2013], which, in turn, is affected by
the δ18O of the water source [Craig and Gordon, 1965; Dongmann et al., 1974] and isotopic fractionations
occurring during transpiration, as determined primarily by gs. Notably, unenriched water from the soil and
enriched water at the leaf evaporative sites continuously mix, as a function of transpiration rate and the path-
way of water movement through foliar tissues (i.e., Péclet effect, see among others [Barbour et al., 2004;
Barbour, 2007; Farquhar and Lloyd, 1993; Gessler et al., 2014; Roden et al., 2015; Song et al., 2013]). Several
authors have reported a negative relationship between δ18O in leaf organic matter and gs due to their reci-
procal link to relative humidity [Barbour et al., 2000, 2004; Grams et al., 2007; Moreno-Gutiérrez et al., 2012;
Ripullone et al., 2009; Roden and Siegwolf, 2012; Sullivan and Welker, 2007]. The combination of the two iso-
topes in a conceptual model proposed by Scheidegger et al. [2000] has been successful applied to disentangle
physiological mechanisms of tree species in response to environmental changes under natural [Barnard et al.,
2012; Keitel et al., 2003; Moreno-Gutiérrez et al., 2012; Sullivan and Welker, 2007] and experimental conditions
[Grams et al., 2007; Guerrieri et al., 2011; Leonelli et al., 2012; Jennings et al., 2016; Siegwolf et al., 2001].

At the scale of whole ecosystems, C and H2O fluxes have increasingly been assessed using the eddy covar-
iance (EC) technique, which provides direct measurements of net ecosystem exchange (NEE) of CO2 between
ecosystems and the atmosphere [Baldocchi, 2008]. NEE is routinely partitioned into its two components: gross
primary production (GPP) and ecosystem respiration [Baldocchi et al., 2001; Reichstein et al., 2005]. The EC
method also provides information related to energy fluxes, including incoming solar radiation (Rg) and
energy dissipation by sensible heat and latent heat (LE); the latter of which is used to estimate ET. Hence, eco-
system water use efficiency, WUEe, is then obtained as the ratio between GPP and ET [Law et al., 2002; Beer
et al., 2009; Keenan et al., 2013].

Although the approach of integrating tree-scale (e.g., using leaf or tree ring δ13C) and ecosystem-scale (e.g.,
based on EC data) measurements to assess WUE is not new, most studies to date have focused on within-site
comparisons of the methods applied to forests [Belmecheri et al., 2014; Michelot et al., 2011; Monson et al.,
2010; Scartazza et al., 2014] or grasslands [Flanagan and Farquhar, 2014; Niu et al., 2011]. Analyses that com-
pare both methods across a range of sites and broad climate and N gradients are less common. Furthermore,
the combination of δ13C and δ18O in a dual-isotope conceptual model has proved to be useful to assess dif-
ferences in co-occurring tree species in their water use strategies under different environmental conditions
[e.g., Moreno-Gutiérrez et al., 2012; Lévesque et al., 2014], but to our knowledge its use to gain a better under-
standing of the ecosystem fluxes has never been explored. Cross-site comparisons that integrate EC and both
stable carbon and oxygen isotopes data can offer a useful approach for advancing fundamental understand-
ing of the spatial and temporal patterns of ecosystem fluxes.

The goal of this study was to explore the relationships among GPP, ET, WUE, and canopy %N for AmeriFlux
sites that span a broad range of climate conditions, forest types, and tree species in the U.S. Given the differ-
ent methodological approaches and associated scales over which WUE can be assessed, we also sought to
determine whether isotopically based tree-level measurements are representative of EC-derived
ecosystem-scale estimates. Finally, the differences among the investigated species in term of foliar %N, wood
anatomy (coniferous, ring porous, and diffuse porous type), and hydraulic strategies (isohydric and anisohyd-
ric) gave us the unique opportunity to test whether (i) the estimate of changes in A and gs from the dual-
isotope approach could be improved by integrated species’ functional traits and (ii) convergence and
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divergence in functional traits facilitate a better understanding on ecosystem fluxes. To accomplish this, built
on previous data (e.g., canopy%N) fromOllinger et al. [2008], we added newdata, i.e., foliar δ13C, δ18O, and%N;
conductednewanalyses of eddy covariancedata; and added three xeric sites in order to (1) extend the rangeof
site moisture status, (2) examine the relationship between ET and WUE versus canopy N (which was not
addressed in the previous work), and (3) explore species-specific physiological mechanisms for the dominant
species at each site. We addressed the following specific questions: (1) do ET andWUE vary with forest canopy
%N, and if so, do these patterns amplify or offset the expected effects of N on climate via its influence on GPP
alone? (2) Can leaf level measures of WUE be scaled to provide qualitative understanding of ecosystem-scale
WUE and fluxes? And finally, (3) does incorporating information about species’ functional traits when applying
conceptual models to interpret leaf-level δ13C and δ18O in terms of A and gs improve our understanding of the
ecosystem C and H2O fluxes?

2. Materials and Methods
2.1. Site Description and Foliar Sample Collection

Eleven forested research sites within the AmeriFlux network were selected to represent major temperate for-
est types of North America (Figure 1a and Table 1) and to span a range of biological properties, i.e., N plant
status, LAI, and biodiversity (assessed through Shannon diversity index, SH). Nine of the 11 sites were part of a
previous study [Ollinger et al., 2008], so to make use of relevant data (i.e., canopy %N) and samples already
available. Moreover, other two sites were added to expand the range of biological and meteorological prop-
erties, with particular reference to water stress.

At each site, 6–12 plots were selected fromwithin a 1 km radius around the flux tower that generally captured
the species composition and soil conditions across the landscape. Where possible, we selected plots that
were part of established research plot networks, where stemmaps, tree counts, and other ancillary data were
available. Within each plot, all dominant and codominant species were identified, and between two and five
trees per species were selected for green leaf collection via shotgun sampling from several heights in the
canopy as described in Ollinger and Smith [2005]. A camera-based point quadrat method [Smith and

Figure 1. (a) Location of forested AmeriFlux sites included in this study. The base map is the 1 km resolution land cover map derived fromMODIS, and the vegetation
types are evergreen needleleaf forests (ENF), evergreen broadleaf forests (EBF), deciduous needleleaf forests (DNF), deciduous broadleaf forests (DBF), mixed forests
(MF), closed shrublands (CSH), open shrublands (OSH), woody savannas (WSA), savannas (SAV), grasslands (GRA), and croplands (CRO). (b–e) Relationship between
environmental parameters and latitude. Parameters considered were mean annual temperature, Ta (R

2 = 0.52, β =!0.69, p< 0.05), and mean of the maximum
temperature (R2 = 0.34, β =!0.53, p = 0.05) when daily solar radiation, Rg, peaked (i.e., values >800–1000Wm!2; Figure 2b), mean of maximum values of VPD
(β =!0.51, R2 = 0.45, p< 0.05; Figure 2c), potential evapotranspiration (Figure 2d), PET (R2 = 0.77, β =!5.50, p< 0.001), and difference between annual precipitation
(Pa) and PET as a proxy of moisture stress (R2 = 0.72, β = 8.75, p< 0.001; Figure 2e). Pa-PET values near or below zero (i.e., ACMF, FUF, DFH, and NR) indicate xeric
conditions. For full name of the sites refer to Table 1.
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Table 1. Description of the Sites Considered in This Studya

Site
Latitude
(°N)

Longitude
(°W)

Elevation
(m asl) Forest Type (FT) Dominant Species

Fraction (%)
Age
(year) SH

LAI
(m2m!2)

Ta
(°C)

Pa
(cm)

Pa-PET
(cm)(a) (b)

Austin Cary, FL (ACMF) 29°74′ 82°22′ 44 Pine flatwoods (Con) Pinus palustris Mill. 0.71 0.73 80 0.604 2.9 20.2 73.7 !77.05
Pinus elliottii Engelm 0.29 0.27

Bartlett, NH (BEF) 44°06′ 71°29′ 272 Temperate northern hardwood
(Mixed)

Fagus grandifolia Ehrh. 0.34 0.21 99 1.513 4.5 7.5 123.1 82.05
Tsuga canadensis (L.) Carr. 0.36 0.21

Duke, NC (DFH) 35°97′ 79°10′ 168 Southern hardwood (BrL) Liriodendron tulipifera L. 0.12 0.21 106 1.336 5.6 15.2 106.2 !9.05
Carya tomentosa L. 0.20 0.46

Flagstaff Unmanaged
forest, AZ (FUF)

35°09′ 111°76′ 2180 Semiarid Ponderosa pine (Con) Pinus ponderosa
Dougl. ex P. Laws.

0.95 100 0.198 1.2 8.7 56.2 !50.1

Harvard, MA (HF) 42°54′ 72°17′ 340 Temperate deciduous (Mixed) Quercus rubra L 0.41 0.36 80 1.333 4.9 8.1 114.6 44.2
Tsuga canadensis (L.) Carr. 0.34 0.13

Howland, ME (HOW) 45°20′ 68°74′ 60 Transitional evergreen boreal
(Con)

Picea rubens Sarg. 0.82 0.41 109 1.382 5.7 6.3 75.8 28.4
Tsuga canadensis (L.) Carr. 0.16 0.29

Morgan Monroe, IN
(MM)

39°32′ 86°41′ 275 Mixed temperate deciduous
(BrL)

Acer saccharum Marsh. 0.17 0.17 70 1.836 4.9 12.6 110.8 13.8
Liriodendron tulipifera L. 0.17 0.17

Niwot Ridge, CO (NR) 40°03′ 105°55′ 3050 Subalpine forest (Con) Abies lasiocarpa (Hook.)
Nutt.

0.22 0.46 105 1.063 4 2.4 64.9 0.4

Pinus contorta Douglas ex
Loudon

0.49 0.26

Silas Little, NJ (SL) 39°91′ 74°60′ 30 Mixed pineland (Mixed) Quercus prinus L. 0.25 0.25 100 1.279 4.8 11.7 107.7 10.7
Pinus echinata Mill. 0.55 0.11

Willow Creek, WI (WCr) 45°81′ 90°08′ 515 Temperate/boreal deciduous
forest (BrL)

Acer saccharum Marsh. 0.80 0.43 90 1.666 5.4 5.9 77.0 10.4
Tilia americana L. 0.12 0.33

Wind River, OR (WR) 45°82′ 121°95′ 371 Temperate evergreen Tsuga heterophylla (Raf.)
Sarg.

0.40 0.53 450 1.289 8.2 9.5 191.2 108.7

Pseudotsuga menziesii
(Mirb.) Franco

0.21 0.08

aWe reported the annual mean temperature (Ta) and precipitation (Pa) calculated over the investigated years, as reported in Table 2 (also see Table S1). Age of the forest and LAI were obtained by
the biological and ancillary data available online at the AmeriFlux network server. The fraction of each of the two dominant species was derived from (a) camera-point quadrat measurements
carried out in 6–12 plots around each flux tower, except for ACMF and NR, which were based on basal area data, and (b) AmeriFlux biological data available for the investigated sites. The difference
between precipitation (Pa) and potential evapotranspiration (PET) is here used as a proxy of moisture stress conditions: values near and below zero indicate xeric sites. In the forest type (FT) column,
conifer, mixed, and broadleaf forests are indicated as con, mixed, and BrL, respectively.
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Martin, 2001] was used to determine the contribution of each species to the total canopy mass to derive
species-weighted, plot-level whole canopy N concentration (as described in section 2.2.2). Foliar samples
for analysis of %N and stable isotopes were obtained from the middle and upper canopies of 5 to 10 of
the 2 most dominant tree species within the tower footprint (~500m) using the same method as described
above. Sampling took place between 2002 and 2006 for nine sites as described in Ollinger et al. [2008] and
between 2013 and 2014 for the remaining two sites and four of the previously sampled sites (Table S1 in
the supporting information).

2.2. Ecosystem-Level Data
2.2.1. Carbon and Water Fluxes and Micrometeorological Data
We compiled flux and micrometeorological observations from each of the 11 EC flux sites (Figure 1a and
Table 1). We considered half-hourly, level 4 standardized fluxes, i.e., GPP and ET, the former gap filled with
the artificial neural network method [Moffat et al., 2007], and micrometeorological data (temperature [T],
vapor pressure deficit [VPD], annual precipitation [Pa], and incoming global radiation [Rg]). We considered
years where L4 data were available at most of the sites, i.e., 2001–2004, with the exceptions of BEF, FUF,
and SL (Table S1). Data were acquired from the AmeriFlux data archive (http://ameriflux.ornl.gov/) or from site
investigators (i.e., at SL and FUF).

Half-hourly data were aggregated to daily values (08:00 A.M. to 04:00 P.M.) for the calculation of growing sea-
son (May–August) GPP (g Cm!2 grs!1) and ET (kgH2Om!2 grs!1). For the same time window we calculated
the averages of micrometeorological parameters: T (Tgrs), VPD (VPDgrs), Rg (Rggrs), and precipitation (Pgrs). We
only considered fluxes obtained during dry canopy conditions, i.e., with no precipitation event, to avoid error
introduced from canopy evaporation after a precipitation event [Beer et al., 2009; Keenan et al., 2013]. WUEe
was calculated as the ratio between GPP and ET:

WUEe ¼ GPP
ET

(1)

We also determined the rain use efficiency (RUE) as the ratio between GPP and Pa:

RUE ¼ GPP
Pa

(2)

Micrometeorological data were filtered to obtain the daily maximum values of VPD and T, by considering the
time window between 11:00 A.M. and 02:00 P.M., where Rg was higher than 800–1000Wm!2 depending on
the sites. The maximum Rg (Rgmax) was assessed using the daily trend of Rg over the years included in
the study.

Finally, we used potential evapotranspiration (PET) and the difference between Pa and PET to identify xeric
and mesic sites. In this study we used the PET values as derived from the water balance model and available
online (http://eos-earthdata.sr.unh.edu/data/data20.jsp). The model simulates soil moisture variations,
evapotranspiration, and runoff on single-grid cells using biophysical data sets that include climatic drivers,
vegetation, and soil properties and it derives PET by using the Penman-Monteith method.

With the exception of Pa, the cross-site climate gradient was well defined in terms of Ta and Tmax, VPDmax,
Rggrs, and Rgmax (Figure 1b). PET decreased with increasing latitude, while the difference between annual
Pa and PET decreased, with values near or below zero (i.e., ACMF, FUF, DFH, and NR sites), indicating xeric
conditions (Figure 1b).
2.2.2. Canopy N Concentration
Oven-dried and ground foliage was scanned on a benchtop visible and near-infrared spectrophotometer
(Foss NIRSystems 6500) to determine foliar %N according to methods described by Bolster et al. [1996].
Plot-level whole canopy %N (gN per 100 g foliar biomass) was calculated as the mean of foliar N concen-
trations for individual species in each plot, weighted by the fraction of canopy foliar mass per species
[e.g., Smith et al., 2002]. This was determined by combining proportional leaf area from the camera-point
quadrat observations with leaf mass per area measurements (see Smith and Martin [2001] for description
of methods).

For comparison to WUEe, estimates of foliar %N were obtained for a 500m area roughly representative of the
tower footprint, as reported in Ollinger et al. [2008]. These estimates were derived from NASA’s Airborne
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Visible/Infrared Imaging Spectrometer and EO-1 Hyperion imagery as part of several previous investigations
[Martin et al., 2008; Ollinger et al., 2008]. Exceptions included SL and FUF, which were not part of the previous
studies and where cloud-free remotely sensed imagery was not available for the time period during which
foliage was collected. For these sites, we assumed that the average of all plot-level canopy %N we measured
around the flux tower generally represented the range of canopy %N within the flux tower footprint and
hence the ecosystem conditions captured by the flux tower data. This assumption could introduce error in
ecosystem-scale %N estimates, but this error should be small given the relatively homogenous canopies at
these two sites.

Uncertainty could arise from the remotely sensed estimates of foliar %N, which stem from prediction
error in the calibration models (which is generally within 10–20% of the mean) and spatial heterogeneity
in the flux tower footprints. These have been treated in detail in previous papers [Martin et al., 2008;
Ollinger et al., 2008; Lepine et al., 2016]. However, we observed good agreement between foliar %N (deter-
mined from elemental analysis) for the two dominant species at each site and both plot-level (whole
canopy) %N derived from the camera-point quadrat method and remotely sensed canopy %N, with most
of the values close to the 1:1 line (Figure S1 in the supporting information). This gives gave us confidence
that leaf- and tree-level foliar %N for the two dominant species are generally representative of the N
status of the site.
2.2.3. Diversity Index and Leaf Area Index
Tree species diversity at each site was measured with Shannon’s diversity index (SH),

H ¼ ∑
s

i¼1
pilnpi (3)

where s is the number of species observed at the site and p is the proportion of the ith species to the total
canopy mass or stand basal area, as calculated from the canopy point-quadrat sampling or forest stem
map data, respectively. LAI was obtained from the Biological and Ancillary data file available online for each
of the AmeriFlux sites considered.

2.3. Tree-Level Measurements
2.3.1. Stable C and O Isotopic Compositions and Foliar N Concentration
Foliar samples collected from 5 to 10 trees of two dominant species at each site were oven dried at 70°C and
then ground to a fine powder. An amount of 2–2.5mg of the sample was weighed in tin capsules and con-
verted to CO2 and N2 with an elemental analyzer (ECS 4010, Costech Analytical, Valencia, CA) coupled to a
continuous flow isotope ratio mass spectrometer (Delta PlusXP, ThermoFinnigan, Breman, Germany) to deter-
mine δ13C, δ15N, and %N. An additional 0.3–0.5mg of each sample was weighed in silver capsules, converted
to CO with a pyrolysis elemental analyzer (TC/EA, ThermoFinnigan, Breman, Germany), and analyzed for δ18O
with a continuous flow isotope ratio mass spectrometer (Delta PlusXP, Thermofinnigan, Breman, Germany).
Carbon and oxygen isotope ratios were expressed in per mil (‰) relative to the Vienna Peedee belemnite
and Vienna SMOW international standard, respectively. The 2 sigma uncertainties of the isotope results were
0.5‰ and 0.4‰ for δ13C and δ18O, respectively. All isotope analyses were carried out at the Stable Isotope
Core Laboratory (Washington State University, USA).
2.3.2. Determination of Leaf WUE
iWUE was derived from δ13C, based on the well-established theory linking leaf ci/cawith Δ13C [Farquhar et al.,
1982, 1989]:

Δ13C ¼ δ13Ca ! δ13Cp

1þ δ13Cp
¼ aþ b! að Þ ci

ca
(4)

where δ13Ca is the carbon isotope composition of atmospheric CO2, δ
13Cp is the carbon isotope composition

of plant tissue, a is the isotope fractionation during CO2 diffusion (4.4‰), and b is the isotope fractionation
during fixation by Rubisco (27‰). Atmospheric CO2 concentrations and δ13C were obtained from Mauna
Loa records (http://www.esrl.noaa.gov/gmd/dv/ftpdata.html). iWUE (μmol CO2mol!1 H2O) was then calcu-
lated using the following equation:

iWUE ¼ A
gs

¼ ca ! ci
1:6

¼ ca
1:6

b! Δ13C
b! a

! "
(5)
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where 1.6 is the molar diffusivity ratio of CO2 to H2O (i.e., gCO2 = gH2O/1.6). The iWUE as derived from
equation (5) assumes VPD to be 1molmol!1. We also derived the instantaneous WUE, i.e., A/E
(μmol CO2mol!1 H2O), by using the following equation and given that E= gs× VPD [Farquhar and
Sharkey, 1982]:

WUE ¼ A
E
¼ ca

b! Δ13C
1:6 VPD

! "
(6)

Both intrinsic and instantaneous WUEs were converted from μmol CO2mol!1 H2O to g C/kg H2O to better
compare the leaf and ecosystem WUE. Henceforth, we will refer to intrinsic and instantaneous WUEs in con-
verted units as WUEvpd1 and WUEvpd, respectively.
2.3.3. Combination of Foliar Δ13C and δ18O in a Dual-Isotope Conceptual Model
We combined the two isotopes in a conceptual model [Scheidegger et al., 2000] (and its further modification
by Grams et al. [2007]) to examine the degree to which foliar WUE was influenced by A versus gs. An assump-
tion of the dual-isotope model is that δ18O of atmospheric and soil water is similar for the two species, which
is likely true for the two dominant species at each site. We used Δ13C to derive changes in ci/ca (cf. equation
(4)) and δ18O to assess qualitative changes in gs, assuming a negative relationship between δ18O and gs
[Grams et al., 2007]. Here we modify the dual-isotope conceptual model by including tree species’ functional
traits related to CO2 uptake (foliar %N) and transpiration (hydraulic strategies and wood anatomy).

Tree species have been classified in two main categories, according to the role of stomatal control on their
strategy of water use: isohydric and anisohydric species [Tardieu and Simonneau, 1998; Martínez-Vilalta
et al., 2014]. Isohydric species display a water-conserving strategy, with tight stomatal regulation to maintain
stable leaf water potential. Conversely, anisohydric species have less strict stomatal control and exhibit a
water-spending behavior, enabling them to maintain C assimilation for longer periods of time under condi-
tions of reduced water availability. Wood anatomical features significantly affect tree hydraulic conductivity
and stomatal responsiveness. Indeed, previous studies reported isohydric behavior for conifer and diffuse
porous species, while anisohydric for ring porous species [Carnicer et al., 2013; Meinzer et al., 2013].

Directional changes in Δ13C and δ18O for species X (higher Δ13C–higher ci/ca) versus species Y (lower Δ13C–
lower ci/ca) were used to assess the most likely scenario explaining observed differences between the two
species (if any) in terms of A and/or gs, after taking into account also differences between the two species
in term of foliar %N (which is directly linked to A) and hydraulic strategies and wood anatomy (supporting
differences in gs).

For conifer sites having codominant isohydric species, we hypothesized the two species to show differences
in the Δ13C but not δ18O, suggesting similar gs, as supported by similar wood anatomy and hydraulic strate-
gies. By contrast, for mixed forest sites having dominant species with diverging hydraulic strategies and
wood anatomical features, we predict anisohydric (broadleaf) species to show greater variability in Δ13C
and δ18O, reflecting higher gs to sustain the higher A (supported by the higher foliar %N) compared to the
more water-saving isohydric (conifer) species. Finally, for broadleaf forests we expect to find a similar scenario
as mixed forests, despite the two species having similar wood anatomical features, mostly explained by the
differences in foliar %N between the two codominant species, which lead to difference in A.

2.4. Statistical Analyses

Analysis of variance and Tukey’s multiple comparisons were used to examine differences in the mean values
for fluxes and leaf/ecosystem WUE across the different sites. Independent sample t tests were employed to
test for differences between the two dominant species within each site for foliar %N, Δ13C, δ18O, and
WUEvpd1. Pearson’s correlation coefficients and simple regression analyses were used to examine the rela-
tionship between the leaf level (i.e., WUEvpd1, WUEvpd, Δ

13C, δ18O, and %N) and ecosystem level (GPP, ET,
WUEe, and canopy %N) parameters. Stepwise multiple regression analyses were used to assess which of
the environmental (i.e., Tgrs, Rggrs, Pgrs, VPDgrs, Tmax,VPDmax, and Rgmax) and biological (i.e., LAI, canopy %N,
and SH) variables accounted for most of the cross-site variation in forest fluxes. We started with the “satu-
rated” model, which included all the predictors, and then we used the Akaike information criterion-based
backward elimination to select the best model. We also calculated the variance inflation factor (VIF) to ensure
that all the predictors in the final model had a VIF less than 4, indicating minimal multicollinearity. For WUE,
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GPP, and ET, individual years were considered as replicates for each site, and hence, we included in the
model the meteorological factors concurrent with measured fluxes (Table S1). The level of significance of
all statistical tests was set as p ≤ 0.05. R project statistical computing [R Core Team, 2014] was used for all
the analyses.

3. Results
3.1. Spatial Variabilities of C and H2O Fluxes and Relationship with Biological and
Environmental Factors

In Table 2 we summarize main values of C and H2O fluxes and WUEe calculated over multiple years for 11
AmeriFlux sites along a distinct environmental gradient, as described in Figure 1. We observed a high varia-
bility across sites in the case of GPP, with values ranging from 900–800 g Cm!2 grs!1 at the MM, WCr, DFH,
and HF sites to 300 g Cm!2 grs!1 at the ACMF and FUF conifer-dominated forest sites. By contrast, changes in
the ET were less pronounced among the different sites, with values ranging between 100
and 300 kgH2Om!2 grs!1.

GPP (F= 30.4, p< 0.001) and WUEe (F=18.4, p< 0.001) were significantly lower at the xeric sites (ACMF, FUF,
and NR) than the mesic sites (Table 2). The highest ET values were found at the two broadleaf-dominated for-
ests, MM and DFH, which also showed among the highest GPP values. The rest of the sites, including themore
xeric ones, showed similar ET values (Table 2).

One of our goals was to assess whether C and H2O fluxes and their ratio were related to canopy %N. Simple
regression analyses revealed that both GPP and ET were positively correlated with canopy %N (R2 = 0.65,
p< 0.01 for GPP and R2 = 0.40, p< 0.05 for ET; Figures 2a and 2b). Similarly, WUEe and rain use efficiency
(RUE) increased with increasing canopy%N (Figures 2c and 2d), although the relationship was significant only
for RUE (R2 = 0.39, p< 0.05).

Multiple regression analyses showed that the relationship between fluxes and canopy %N were still signifi-
cant when other variables were taken into account. Both GPP and WUEe increased with latitude, while
ETgrs decreased. GPP andWUEe were positively correlated with Tgrs, while for ET we found a negative relation-
ship with Tgrs, although the slope coefficient was not significant (Table 3). When we used the maximum
values of the environmental parameters in the statistical analysis, VPDmax and Rgmax were the only significant
environmental variables for GPP and ET, respectively (Table 3). Of the biological factors included in the statis-
tical model, SH and canopy %Nwere associated with both GPP and ET, showing a positive slope. GPP showed
a significant relationship with LAI but only when including the maximum values for climate variables in the
model (Table 3). Overall, the final models for GPP and WUEe explained a high proportion of the variance, i.e.,
>80 and 70%, respectively, while the final ET model only explained 48–49% of the variance.

Table 2. Mean (±SE) of GPP, ET, and WUEe Calculated over Multiple Years (see Table S1) at the 11 EC Sites Across North
America a

Ecosystem WUE Leaf WUE

GPP SE ET SE WUEe SE WUEvpd1 SE WUEvpd SE
Site (g Cm!2 grs!1) (kg H2Om!2 grs!1) (g C/kg H2O) (g C/kg H2O) (g C/kg H2O)

ACMF 346.45 c 57.37 226.11 b 8.64 1.57 d 0.30 5.09 cd 0.12 2.32 d 0.07
BEF 708.27 ab 28.68 206.27 b 13.88 3.46 ab 0.26 4.59 de 0.11 4.00 c 0.10
DFH 848.93 a 14.74 333.52 a 2.84 2.55 bc 0.03 4.38 cde 0.35 2.49 d 0.20
FUF 351.36 c 26.63 184.82 b 8.66 1.90 cd 0.11 7.30 a 0.12 3.67 c 0.06
HF 823.81 a 61.39 226.60 b 11.43 3.82 a 0.25 4.39 e 0.10 4.00 c 0.10
HOW 777.76 ab 20.54 202.90 b 9.92 3.85 a 0.14 4.68 de 0.13 3.84 c 0.14
MM 978.11 a 23.69 301.06 a 3.53 3.25 a 0.07 4.71 cde 0.21 3.51 c 0.16
NR 407.43 c 13.94 226.02 b 5.93 1.80 d 0.05 6.09 b 0.15 6.68 a 0.23
SL 868.09 ab 209.61 b 4.13 a 4.65 cde 0.07 4.68 b 0.07
WCr 806.57 a 38.29 230.72 b 16.57 3.59 a 0.32 5.46 bc 0.18 6.24 a 0.21
WR 604.30b 43.34 152.39 b 20.63 3.45 a 0.22 4.88 cde 0.23 2.41 c 0.11

aMean (±SE) of leaf WUE as derived from δ13Cmeasured in 5 to 10 trees of the twomost dominant species as reported
in the Table 1. The different letters indicate the significant differences among values, as tested with ANOVA and Tukey’s
post hoc test.
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We also explored patterns in WUEe based on the correlation between GPP and ET. We found that GPP and ET
were significantly correlated (Figure 3), with the slope of the relationship indicating the gram of carbon
uptake per kilogram of water lost by ET.

3.2. WUE at Leaf and Ecosystem Scales

WUE differed significantly across sites (Table 2), but the nature and magnitude of these differences varied
between leaf- and ecosystem-scale measurements. WUEvpd1 showed the highest values at two of the xeric
sites, FUF and NR, followed by WCR, while the remaining sites showed similar values (F=48.85, p< 0.001;
Table 2). When considering WUEvpd, the sites clustered into three groups, with WCR and NR showing the
highest WUEvpd, while WR, ACMF, and DFH had the lowest; the remaining sites showed similar (intermediate)
values (F=100.9, p< 0.001; Table 2).

WUE for the three northeastern sites (HOW, BEF, and HF) showed similar values (≈4 g C/kg H2O), regardless of
the scale (leaf and ecosystem) or whether we took into account VPD in the leaf-levelWUE calculation (Table 2).
However, this was not the case for other sites, i.e., ACMF, FUF, NR, WCr, and WR, where values of leaf WUE
were higher than those measured at the ecosystem scale (Table 2).

Leaf and ecosystem WUEs were significantly related to each other only in the case of WUEvpd1, with the two
parameters showing a negative correlation (Figure S2). Furthermore, the leaf ci/ca and ci, as derived from δ13C,
were both positively associated with ecosystem GPP (Figure S3).

Figure 2. Relationship between (a) GPP (y = 135.5 + 380.9x; R2 = 0.65, p< 0.01), (b) ET (y = 129.5 + 67.9x; R2 = 0.40, p< 0.05),
(c) rain use efficiency (RUE) (y = 0.31 + 0.32x; R2 = 0.39, p< 0.05), and (d) WUE (y = 1.69 + 0.93x; R2 = 0.23, p = 0.13) versus
remotely sensed derived (with the exception of SL and FUF, cf. main text) canopy %N for 11 AmeriFlux sites in the U.S.
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Table 3. Results from theMultiple Regression Analyses for Exploring Variables Affecting Changes in GPP (g Cm!2 grs!1), ET (kg H2Om!2 grs!1), andWUEe (g C kg!1 H2O) Across the 11 AmeriFlux
Sites in the U.Sa

Saturated Model Final Model Estimate t Adjusted R2 F

Growing season
GPP~Lat + Tgrs + VPDgrs + Rggrs + SH + canopy %N+ Pgrs + LAI GPP~Lat + Tgrs + SH + canopy %N Lat: 17.368 3.590*** 0.84 58.11***

Tgrs: 13.820 2.880**
SH: 175.108 3.378**
canopy %N: 251.041 6.473***

ET~Lat + Tgrs + VPDgrs + Rggrs + SH + canopy %N+ Pgrs + LAI ET~Lat + Tgrs + SH + canopy %N+ LAI + Rggrs Lat: !8.323 !3.082** 0.48 7.944***
Tgrs: !3.294 !1.489
SH: 50.499 1.893#

canopy %N: 67.033 3.494**
LAI: 12.469 1.563
Rggrs: 0.149 1.594

WUEe~Lat + Tgrs + VPDgrs + Rggrs + SH + canopy %N+ Pgrs + LAI WUE~Lat + Tgrs + Rggrs + canopy %N Lat: 0.1534 7.034*** 0.74 33.54***
Tgrs : 0.0767 3.124**
Rggrs: !0.0018 !1.473
canopy %N: 0.4365 2.374*

Growing season—daily maximum values
GPP~Lat + Tmax + VPDmax + Rgmax + SH + canopy %N+ Pgrs + LAI GPP~Lat + VPDmax + SH + canopy %N+ LAI Lat: 7.442 1.533 0.85 53.02***

VPDmax: 12.725 2.681*
canopy %N: 343.071 7.993***
LAI: 56.241 3.256**
SH: 98.987 1.542

ET~Lat + Tmax + VPDmax + Rgmax + SH + canopy %N+ Pgrs + LAI ET~Lat + Rgmax + SH + canopy %N Lat: !3.97083 !2.978** 0.49 11.88***
Rgmax: 0.18731 2.427*
SH: 68.20589 3.898***
canopy %N: 65.01895 3.985***

WUEe~Lat + Tmax + VPDmax + Rgmax + SH + canopy %N+ Pgrs + LAI WUE~Lat + Tmax + Rgmax Lat: 0.148475 6.199*** 0.79 57.34***
Tmax: 0.057688 2.590*
Rgmax: !0.003152 !3.065**

aLat, Tgrs, VPDgrs, Rggrs, and Pgrs (cm) indicate the latitude, temperature (°C), vapor pressure deficit, (hPa), global radiation (Wm!2), and precipitation during the growing season (May–August),
respectively. We also run the statistical model by including the maximum values of climate variables, i.e., those measured during the time window between 11:00 A.M. and 02:00 P.M., where daily
Rg was higher than 800–1000Wm!2 depending on the sites.

***p< 0.001.
**p< 0.01.
*p< 0.05.
#p< 0.1.
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As observed at the ecosystem scale, the
slope of the relationship between
WUEvpd1 and foliar %N was positive,
although the relationship was not signifi-
cant (Figure 4). We observed a clear dis-
tinction in the relationship between
WUEvpd1 and foliar %N among forest
types (FT: conifer and mixed+ BrL),
although the difference in the slope
between FT was not significant. When
we considered each site separately, the
relationship between leaf WUEvpd1 and
foliar %N within tree species was not
consistent: WUEvpd1 was positively
related to foliar %N in the case of HF
(β =0.66, p< 0.01), MM (β =2.1, p< 0.05),
and WCR (β = 0.89, p< 0.05), while for
HOW the relationship was negative
(β =!3.18, p< 0.0001; data not shown).

3.3. Species-Specific Difference in Foliar
Δ13C, δ18O, and %N

At most of the sites (with the exception of
NR, WR, BEF, and DFH), Δ13C and/or δ18O differed significantly across the two dominant species. With the
exception of conifer-dominated forests, we observed differences in foliar %N between the two dominant
species (Table 4).

Figure 5 describes the shifts in the two isotopes according to the dominant species’ hydraulic strategies
and wood anatomy features as described in Table S2. At the two conifer-dominated forests (Figure 5a),
we found that the two isohydric species, i.e., Tsuga canadensis and Picea rubens at HOW and Pinus

palustris and Pinus elliottii at ACMF, dif-
fered for Δ13C but not for δ18O and foliar
%N. Even though the two species at
HOW showed different Δ13C, we found
similar values for WUEvpd1, whereas at
ACMF P. palustris had a significant higher
WUEvpd1 than P. elliottii. At broadleaf for-
ests dominated by diffuse porous species
(Figure 5b), Acer saccharum (isohydric)
had a lower foliar %N, higher Δ13C and
δ18O, but lower WUEvpd1 than the
codominant species, Liriodendron tulipifera
at MM and Tilia americana at WCr; both
of them considered as intermediate iso-
hydric (Table S2). Finally, in the case of
the mixed forests (HF and SL), we found
that the conifer species had a higher
Δ13C, lower foliar %N, and lower WUEvpd1
than the broadleaf species (Figure 5c).
However, Pinus echinata had a lower δ18O
than the Quercus prinus at SL, while in
the case of HF the T. canadensis had a
higher δ18O than the Quercus rubra.

Figure 3. Relationship between GPP and ET across the study sites
(R = 0.61; R2 = 0.36, y = 35.4 + 2.8x, p< 0.05). Each point represents
the mean (±SE) over multiple years of fluxes monitoring (Table S1).

Figure 4. Relationship betweenWUEvpd1 and foliar %N for 11 forests
in the U.S. Each point represents the mean (±SE) of values obtained
from 5 to 10 trees per species at each site.
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4. Discussion
4.1. Relationship Between Canopy %N and ET and WUEe: Implications for Vegetation-Climate
Interactions

Our findings provide new insight into the influences of plant N status on C-H2O fluxes and WUE. We
showed that both C and H2O fluxes were significantly correlated with canopy %N even when other bio-
logical and environmental variables were taken into account. Earlier studies, focusing mostly on C fluxes,
showed a positive effect of canopy %N on forest carbon assimilation [e.g., Kergoat et al., 2008; Ollinger
et al., 2008] and GPP [e.g., Fernández-Martínez et al., 2014a], explained by the positive link between foliar
%N and A [Evans, 1989; Ollinger et al., 2008; Wright et al., 2004]. Moreover, our observations for the first
time provided evidence that forests with high canopy %N also have higher ET, which has important impli-
cations for hydrologic cycling and climate. The enhancement of ET to support GPP could affect climate in
two ways: (1) higher ET increases water vapor in the atmosphere, and water vapor acts as a greenhouse
gas and thereby contributes to warming [Bright et al., 2015], or (2) higher ET enhances cloud formation,
which in turn could increase planetary albedo, leading to a cooling effect. Furthermore, enhanced cloud
formation could lead to an increase in precipitation at regional scale. The relationship that we observed
between ET and canopy %N suggests also that factors affecting canopy %N (e.g., N deposition, distur-
bances, and forest management) have the potential to influence not only N and C cycling but also water
and energy exchanges with the atmosphere.

WUEe is key moderator that could accentuate or offset the vegetation effects on climate, depending in part
on the plant N status. For instance, we can argue that when GPP and ET vary with similar magnitude at xeric
N-limited sites (e.g., ACMF and FUF), WUEe will be close to 1 g C/kg H2O, resulting in a neutral effect on cli-
mate. Conversely, on highly productive, N-rich, mesic forest sites (e.g., MM and HF), the positive effect of
the high GPP on climate (i.e., by removing CO2 from the atmosphere) could be partially offset by the increase
in ET (i.e., cooling effect) to sustain the C gain. Clearly, only a modeling approach, which includes both C and
H2O fluxes and their relationship with canopy %N, can help elucidate the applicability of this suggested cou-
pling between the two canopy fluxes and their feedback to climate across a broader range of sites along
moisture and nutrient availability gradients.

Table 4. Mean (±SE) of Foliar Δ13C, δ18O, WUEvpd1, and %N Measured for the Two Most Dominant Species at Each Sitea

Site Species Δ13C (‰) δ18O (‰) WUEvpd1 (g C/kg H2O) %N

ACMF Pinus eliottii (piel) 21.01 (0.33)** 25.74 (0.33) 4.48 (0.24)** 0.68 (0.02)
Pinus palustris (pipa) 19.72 (0.57) 25.56 (0.82) 5.40 (0.09) 0.68 (0.08)

BEF Fagus grandifolia (fagr) 20.68 (0.20) 26.45 (0.23) 4.74 (0.14) ***
Tsuga canadensis (tsca) 21.14 (0.22) 26.62 (0.10) 4.42 (0.16) 1.26 (0.04)

DFH Carya tomentosa (cato) 20.23 (0.53) 29.40 (0.60) 4.09 (0.81) 1.98 (0.08)**
Liriodendron tulipifera (litu) 20.47 (0.33) 28.60 (0.23) 4.61 (0.22) 2.44 (0.09)

FUF Pinus ponderosa (pipo) 17.17 (0.16) 29.70 (0.40) 7.30 (0.12) 1.20 (0.05)
HF Quercus rubra (quru) 20.75 (0.19)*** 24.31 (0.30) 4.71 (0.13)*** 1.91 (0.09)**

Tsuga canadensis (tsca) 21.72 (0.18) 26.16 (0.20) 4.04 (0.16) 1.18 (0.03)
HOW Picea rubens (piru) 20.38 (0.29)* 25.24 (0.22) 4.97 (0.15) 0.97 (0.03)

Tsuga Canadensis (tsca) 21.20 (0.30) 25.48 (0.13) 4.36 (0.21) 1.03 (0.05)
MM Acer saccharum (acsa) 20.99 (0.44)* 29.04 (0.35)* 4.33 (0.30)* 1.70 (0.06)**

Liriodendron tulipifera (litu) 19.71 (0.19) 25.51 (0.26) 5.20 (0.14) 2.01 (0.06)
NR Abies lasiocarpa (abla) 18.74 (0.34) 26.18 (0.36) 5.83 (0.14) 1.00 (0.04)

Pinus contorta (pico) 18.06 (0.24) 25.64 (0.45) 6.29 (0.17) 0.96 (0.04)
SL Pinus echinata (piec) 21.04 (0.11)*** 23.11 (0.17)* 4.46 (0.08)*** 1.26 (0.15)*

Quercus prinus (qupr) 20.53 (0.14) 24.42 (0.19) 4.83 (0.10) 1.93 (0.12)
WCr Acer saccharum (acsa) 20.08 (0.25)*** 26.23 (0.25)*** 4.99 (0.17)*** 1.69 (0.10)***

Tilia americana (tiam) 18.72 (0.23) 23.21 (0.16) 5.94 (0.16) 2.41 (0.12)
WR Pseudotsuga menziesii (psme) 19.88 (0.40) 25.83 (0.50) 5.11 (0.28) 0.87 (0.05)

Tsuga heterophylla (tshe) 20.52 (0.53) 25.51 (0.17) 4.66 (0.37) 0.90 (0.02)
aThe asterisks indicate the significant differences between the two species for the leaf physiological parameters

included in the table as assessed through independent sample t test.
*p< 0.05.
**p< 0.01.
***p< 0.001.
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4.2. Other Variables Controlling the Spatial Variations in GPP, ET, and WUE

Latitude, temperature, and species diversity exerted the most control over C and H2O fluxes in our ana-
lysis. Forest C uptake and WUE increased with latitude, while H2O lost through ET declined with latitude.
Although several previous studies also reported clear latitudinal patterns for C and H2O fluxes and WUE
across sites at both regional [Xiao et al., 2013] and global [Luyssaert et al., 2007; Tang et al., 2014; Zhang
et al., 2009] scales, other studies did not find clear relationships between GPP and latitude [Law et al.,
2002; Magnani et al., 2007; Valentini et al., 2000]. We found that temperature was the main climate factor

Figure 5. Shifts in foliar Δ13C versus δ18O for the two dominant species at sites with significant differences between the two species for both isotopes (cf. Table 4).
Each value is the mean (±SE) calculated over 5–10 trees per species. We distinguish three main cases, according to the species’ hydraulic strategies (HyS) and wood
anatomies (Table S2): (a) coniferous and both isohydric species; (b) diffuse porous species with isohydric and intermediate isohydric strategies; and (c) coniferous
versus ring porous species, with isohydric and anisohydric hydraulic strategies, respectively. We also indicated species with higher (+N), lower (!N), and similar (O)
foliar %N. The directionality in the shifts from species X to species Y goes from high to low Δ13C and low to high foliar N. Interpretation of the Δ13C-δ18O shifts in term
of the most likely scenario for changes in A and/or gs, based on the Scheidegger et al. [2000] and its modification by Grams et al. [2007], is provided in the plots on the
right. As an example, at SL, Quercus prinus (qupr) showed a higher δ18O and lower Δ13C than the codominant Pinus elliottii (piel). The lower Δ13C, indicating lower
ci/ca ratio, could be related to an increase in A being similar gs or a reduction in gs, under similar A. Based on the δ18O themost likely scenario would be a reduction in
gs under similar A. However, the higher foliar %N would suggest that divergence between the two species could be also attributed to differences in A, with Quercus
likely having higher A than the Pinus species. Moreover, the higher photosynthetic capacity for the Quercus implies greater stomatal opening, facilitated also by its
anisohydric strategy, meaning that the species can keep stomata open, even under moderate water stress, in order to maximize C uptake. Thus, the most likely
scenarios would be that both A and gs are higher in the Quercus than the Pine species. In this particular case our most likely scenario (i.e., higher A and gs for Quercus
compared to Pinus species) does not agree with the one derived from the Scheidegger model, which is indicated with red symbols in the diagram. Anisohydric,
isohydric, and intermediate-isohydric species are indicated as A, I, and I*, respectively.
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controlling spatial variation in GPP and WUE, but not ET, corroborating findings from previous studies [Chen
et al., 2013; Fernández-Martínez et al., 2014b; Law et al., 2002; Luyssaert et al., 2007; Reichstein et al., 2007;Wang
and Dickinson, 2012; Xu et al., 2014]. It should be noted that the majority of the above-mentioned studies
were based on annual fluxes, while we focused only on May–August months during the growing season.
Temperature exerts a strong control on GPP through its influence on leaf photosynthesis [e.g., Berry and
Bjorkman, 1980; Sage and Kubien, 2007]. We caution that the relationships between latitude/temperature
and fluxes observed in our analysis may also reflect the influence of geographical distributions of forests
and intrinsic related features. For instance, the highly productive broadleaf or mixed forests in our analysis
(e.g., HF, BEF, and MM) are located at more northern latitudes, as opposed to less productive pine-dominated
forests at southern latitudes. Moreover, at a given latitude, there may be different environmental conditions
and disturbances (e.g., fires and forest management), which consequently shape the forest-type distribu-
tions. As an example, at the same latitude we move from a xeric, low N availability site dominated by Pinus
ponderosa at FUF in the southwestern U.S. to a more mesic forest dominated by broadleaf species—DFH—
in the southeastern U.S. (Figure 1a). This can partially explain the nonlinear relationship between temperature
and fluxes relative to GPP (Figure S4): GPP showed a linear increase up to 25°C, and thereafter, it declined.
However, the lower GPP at Tgrs> 25°C refers to the pine-dominated forests at ACMF, a xeric site with sandy
and low N-available soil [Clark et al., 2004], which is reflected in the low canopy %N. Lastly, we also acknowl-
edge that the approach of considering GPP during May–August at all sites has the limitation of not taking into
account differences across sites in the duration of the growing season. This could lead to an underestimation
of fluxes for the sites at southern latitudes, where (i) the duration of growing season can be longer than sites
at northern latitudes and (ii) drought conditions during summer can impair C uptake of forests at xeric versus
mesic forests. Despite these shortcomings, we used the fixed time window approach because it allowed us to
minimize differences in seasonality between conifer and deciduous species and focus instead on differences
in physiological capacity. In addition, our analysis was intended to examine broad-scale patterns of C and
H2O fluxes in relation to canopy %N, rather than to assess specific predictors for GPP, ET, and WUE across
the investigated sites.

The significant effect of Shannon’s diversity index (SH) on GPP and ET (but not WUEe) suggests that diversity
may have an influence on land-atmosphere exchange that is typically not considered in regional- to global-
scale analyses. A number of studies demonstrate a significant and positive effect of biodiversity on forest pro-
ductivity by using intensive forest inventory data in North America [Liang et al., 2016; Paquette and Messier,
2011; Potter and Woodall, 2014] and China [Liang et al., 2016]. Kunert et al. [2012] reported a linear increase
of stand transpiration with tree species richness in an experimental plantation in central Panama, where
monocultural andmixed-species plots were established. Baldocchi [2005] reported a significant, but negative,
relationship between ET normalized by the rate of equilibrium evaporation and the number of dominant spe-
cies, although that analysis was based on data from only six EC broadleaf forests in the U.S. However, because
species diversity is known to covary with a number of factors that also affect ecosystem functioning, addi-
tional research is needed before a causal relationship can be established.

4.3. Reconciling Leaf and Ecosystem WUE Estimates

Leaf and ecosystem WUE showed opposing trends with higher WUEvpd1 and lower WUEe at the more xeric
(Figure S2 and Table 2) compared to mesic sites, while no significant relationship was found between
WUEvpd and WUEe. The pattern observed for WUEvpd1 suggests stomatal closure to prevent H2O loss as
the main underlying mechanism of changes in leaf WUE under drier conditions [Farquhar and Sharkey,
1982; Niinemets and Keenan, 2014, and reference therein]. At the ecosystem scale, variability in forest struc-
ture, LAI, canopy architecture and associated aerodynamic resistance, species composition, and convergence
or divergence in the species-specific responses to environmental conditions can all influence canopy ET
[Baldocchi, 2005] and consequently WUE. The lower WUEe observed at the xeric versus mesic sites may be
explained by soil water deficit coupled with high VPD leading to a reduction in gs, even though ET did not
show a clear pattern across the investigated sites (Table 2). The lower gs would downregulate A more than
E, resulting in a stronger reduction in the case of GPP compared to ET. Moreover, high temperature and satu-
rated irradiance can affect the Rubisco specificity for CO2 and O2 and favor photorespiration [Farquhar, 1980;
Valentini et al., 1995] and mitochondrial respiration [Atkin et al., 2007] over photosynthesis, thus contributing
to reducing C uptake and WUEe.
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The two approaches agreedwhenwe considered theΔ13C and hence the ci/ca andGPP. Indeed, we found that
theci/cawaspositively correlatedwithGPP:a lowerci/caat the lowerGPP(andcanopy%N)measuredat thexeric
sites implies agreater stomatal limitationonCO2assimilation [Farquhar et al., 1989] andconsequentlyGPP. This
suggests thatΔ13C can be considered among the physiological traits to assess forest productivity [Bonan et al.,
2012], as has been observed in a dendro-isotopic study at Harvard forest [Belmecheri et al., 2014].

Differences in the WUE trends observed at the leaf versus ecosystem scales may also, in part, be due to the
uncertainties associated with the two approaches. A limitation of the stable isotope approach used in this
study is that the effect of mesophyll conductance (gm) on Δ13C was not taken into account, which could
be particularly important for trees subjected to drought [Grassi and Magnani, 2005; Warren, 2008]. For
instance, not including gm in equation (3) underestimates the ci/ca ratio, which in turn could lead to an over-
prediction of iWUE [Flanagan and Farquhar, 2014; Seibt et al., 2008]. Moreover, as gm also affects the CO2 con-
centration in the chloroplast and N use efficiency [Buckley and Warren, 2014], its exclusion could also help
explain the lack of a significant relationship between foliar WUE and %N (Figure 4).

Another limitation in our study was that stable isotopes were measured in bulk foliar tissue, which comprises
a combination of different compounds (e.g., protein, lignin, and cellulose), each having a specific isotopic sig-
nature reflecting different metabolic pathways and turnover rates [Badeck et al., 2005; Cernusak et al., 2009],
thus confounding estimates of ci/ca from δ13C. For instance, Scartazza et al. [2014] found that WUE derived
from δ13C measured in leaf soluble sugars were more similar to values of EC-derived WUEe compared to
the estimate from δ13C in bulk foliar samples. The authors attributed these results to the different time per-
iods during which distinct C pools were assimilated rather than to inherent differences in the chemical com-
position, in agreement with results obtained by Brugnoli et al. [1988]. Similarly, Ponton et al. [2006] found
good agreement between WUE estimated from EC and ecosystem-respired δ13C measurements.
Conversely, studies in which leaf WUE was derived from δ13C in foliar bulk samples [Monson et al., 2010] or
leaf gas exchange measurements [Niu et al., 2011] reported difference between leaf and ecosystemWUE esti-
mates. In addition, it should be noted that, for conifer species, we pooled multiple-year needles, which reflect
the contribution of different C pools (i.e., newly assimilated carbon in the current year and carbon fixed in the
previous years).

The difference between results from leaf and ecosystem scale approaches may also be due in part to differ-
ences in the temporal and spatial resolutions of the measurements; EC provides almost instantaneous and
continuous measurements during the growing season, while the foliar δ13C signal is integrated over the
growing season and/or multiple years (e.g., when considering conifers). The δ13C in this study reflects the
physiological signal as expressed by Sun leaves collected at the top of the canopy, whereas canopy A,
expressed by GPP, reflects the contribution of both Sun and shade leaves and is affected by canopy structure
and associated changes in the leaf properties [Baldocchi et al., 2002].

Lastly, the incongruence between leaf- and canopy-scale WUE estimates may be partly associated with
errors and uncertainties in the C and H2O fluxes [Desai et al., 2008; Loescher et al., 2006; Papale et al.,
2006; Post et al., 2015] as well as with differences in the ecosystem components contributing to the ET
estimates. Uncertainties in EC measurements can result from random errors caused by measurement
instruments and footprint heterogeneity [Richardson et al., 2006] and systematic errors caused by subop-
timal conditions for micrometeorology or terrain [Baldocchi, 2003]. The EC technique relies on specific bio-
physical conditions (e.g., turbulence in the boundary layer and steady state conditions of the
meteorological variables) to derive C and energy fluxes. Error and uncertainty are introduced when these
conditions are not met; in particular, measurement of nighttime NEE fluxes—which are used to derive
both RE and GPP—can be challenging due to low nighttime turbulence [Reichstein et al., 2005]. EC esti-
mates can also be affected by variability in the flux tower measurement footprint due to the patchiness
of the forest structure, canopy roughness, complex terrain, and the temporal variability of wind direction.
Moreover, for forests at northern latitudes (e.g., HOW) and high elevation (e.g., NR), the duration of snow
cover or timing and variability of snowmelt could affect both soil water and energy balance [Monson
et al., 2010], thus affecting ET estimates. Additional error that can include both random and systematic
components can be introduced by filling data gaps and partitioning of NEE into GPP and RE [Wehr
et al., 2016]. Finally, cross-site synthesis studies such as the one presented here can also include error
associated with differences in data processing among sites. Although many of these errors cannot be
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eliminated, we minimized their influence by using the same quality-type data (level 4), based on the same
procedures for both gap filling and partitioning of C fluxes at all sites.

In addition to error associated with individual measurements, differences between leaf- and ecosystem-scale
estimates could also be due to differences in the ecosystem components represented. Whereas leaf-level
stable isotope measurements can only capture patterns of individual leaves, EC-derived ET and GPP data
include both canopy and understory fluxes and in the case of ET, evaporation from soils. The contribution
of the understory to ecosystem ET becomes progressively more important in low LAI ecosystems, particularly
the southern conifer forests. For example, ACMF is characterized by a dense understory dominated by saw
palmetto, which was shown to contribute to C fluxes [Powell et al., 2008] and likely also to ET. At FUF, the
understory vegetation is sparse (LAI = 0.06 [Dore et al., 2008]) and is mostly characterized by herbaceous spe-
cies, suggesting that soil evaporation contributed to the ET. Moreover, seasonal changes in LAI, especially in
mixed forests, could lead to variations in canopy roughness and aerodynamic resistance, which affect the tur-
bulence in the boundary layer and, consequently, the exchange of carbon, energy, and water between cano-
pies and the atmosphere [Davin and de Noblet-Ducoudré, 2010].

4.4. Incorporating Species’ Functional Traits in a Conceptual Model to Interpret Foliar Δ13C and δ18O

Species functional traits can directly affect the response of plant C and H2O fluxes to climate change at the
regional and/or global scale but are seldom included in model parameterization or cross-site comparisons
of canopy fluxes. For instance, foliar %N is an important determinant of A [Wright et al., 2004], which in turn
affects the ci/ca ratio and hence the Δ13C. On the other hand, wood anatomy and hydraulic strategies play a
significant role in regulating the tree water transport and stomatal regulation, which affects the oxygen iso-
topic signature in leaf water and the organic matter formed in it.

In this study we modified the original dual-isotope conceptual model proposed by Scheidegger et al. [2000]
and further developed by Grams et al. [2007] by incorporated species’ physiological traits related to wood
anatomical features, hydraulic strategies, and foliar %N to improve model representation of A and gs, as
derived from Δ13C and δ18O, respectively. As we expected, within two coniferous forests where the two domi-
nant species can both be classified as isohydric, HOW in the Northeast and ACMF in the Southeast, we found
differences between codominant species in Δ13C but not δ18O. This suggests that differences in the ci/ca
could likely be attributed to differences in A (Figure 5a), which, however, lead to a difference in the
WUEvpd1 between the two species only in the case of ACMF. Given that foliar %N was similar between the
two conifer species, we can also infer that differences in A could be related to differences in mesophyll con-
ductance and/or nonstomatal limitations, i.e., those related to the light use efficiency (electron transport), or
Rubisco activity [Grassi and Magnani, 2005; Flexas et al., 2014], particularly at the more xeric site in
Florida (ACMF).

In forests characterized by the codominance of tree species with contrasting hydraulic strategies (foliar %N,
isohydric versus anisohydric, or isohydric versus intermediate isohydric) we observed differences in both
Δ13C and δ18O between the two species, which indicate differences in both A and gs (Figures 5b and 5c).
The lower ci/ca for L. tulipifera at WCr and MM and Q. rubra at HF could be related either to higher A at similar
gs or lower gs at similar A compared to the codominant species. However, according to the dual-isotope
model, the direction of change in δ18O (Figure 5b) suggests both a higher A and a higher gs as the most likely
scenario explaining the differences between the two species in WUEvpd1. This interpretation is further sup-
ported by the higher foliar %N and the anisohydric strategy of Q. rubra and intermediate isohydric L. tulipifera
compared to the corresponding codominant species for each site (HF: T. canadensis and MM: A. saccharum,
respectively). This is also consistent with the results from gas exchange data reported in previous studies.
Indeed, Roman et al. [2015] reported a lower A and gs for A. saccharum versus L. tulipifera at MM. Leaf gas
exchange measurements at HF confirmed that T. canadensis had lower gs and also lower photosynthetic rate
compared to the Q. rubra [Catovsky and Bazzaz, 2002]. Moreover, direct measurements of sap flux on A. sac-
charum and T. americana showed that the latter maintained higher transpiration rates than the former in a
northern Wisconsin forest [Ewers et al., 2007] near the WCr site, suggesting a higher gs and likely A.

In contrast to these cases where our modified conceptual model provided additional supporting evidence for
the interpretations obtained using the original Scheidegger model and its further development by Grams
et al. [2007], our results diverged for the SL site. The mixed forest at SL grows on a deep, sandy soil with
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limited water and nutrient-holding capacity [Renninger et al., 2014]. At this site, Q. prinus (anisohydric) exhib-
ited a lower Δ13C, δ18O, and ci/ca compared to the codominant P. echinata (isohydric). The lower ci/ca
together with the higher foliar %N would suggest that divergence between the two species are attributed
to differences in A, with oak likely having higher A than the pine. However, the higher photosynthesis for
the Quercus species implies greater gs than the codominant isohydric Pinus species, likely facilitated by its
hydraulic strategy: anihysodric species with ring porous xylem vessels, which can more rapidly transport
water and supply it to the canopy to sustain photosynthesis. In this case, the Scheidegger model would pre-
dict a reduction in gs with no change in A (Figure 5), which we excluded as the most likely scenario given the
differences between the two species in their hydraulic strategies and foliar %N.

We acknowledge that this conceptual model should be used with cautions [Roden and Farquhar, 2012; Roden
and Siegwolf, 2012], especially when interpreting qualitative changes in the integrated gs from δ18O.
Furthermore, tree species can show a hydraulic strategy, which can be intermediate along isohydric and ani-
sohydric gradients [Martínez-Vilalta et al., 2014]. However, our observations suggest that a more robust and
physiologically based prediction of A and gs could be gleaned from the conceptual model by taking addi-
tional functional traits into account, particularly foliar %N.

5. Conclusion

Several conclusions can be drawn from our results. First, we demonstrated that, in addition to GPP, ET and
WUE were significantly and positively correlated with canopy %N, even when environmental variables were
taken into account. Whereas feedback of C, N, and H2O fluxes to climate tend to be assessed separately, these
findings suggest that understanding the role of forests in mitigating climate change requires a more holistic
approach [Betts, 2007]. Second, leaf and ecosystem WUE showed opposing trends, with higher WUEvpd1 at
the more xeric compared to mesic sites suggesting stomatal closure to prevent H2O loss as the main under-
lying mechanism of changes in leaf WUE. Nevertheless, the significant positive relationship we observed
between GPP and the foliar ci/ca is a promising result that helps reconcile the two scales and approaches.
This suggests that Δ13C (and the derived ci/ca) could be useful as predictors of GPP, especially when
species-specific contributions are of interest. Third, the dual-isotope approach revealed that highly produc-
tive forests were characterized by the presence of dominant species that diverged in their physiological traits,
regardless of plant functional type. Indeed, species having anisohydric (HF and SL) or intermediate isohydric
(MM and WCr) strategies may play a key role in ecosystem functioning, i.e., by allowing loss of water in order
to maximize C gain. We showed that the dual-isotope approach can be improved by integrating foliar %N,
wood anatomical, and hydraulic strategies as input, in order to gain a more robust interpretation of Δ13C
and δ18O in terms of A and gs so to link leaf and ecosystem C and H2O fluxes.
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