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Summary

¢ Photosynthetic water-use efficiency (WUE) describes the link between terrestrial carbon (C)
and water cycles. Estimates of intrinsic WUE (iWUE) from gas exchange and C isotopic com-
position (8'3C) differ due to an internal conductance in the leaf mesophyll (g,,) that is variable
and seldom computed.

e We present the first direct estimates of whole-tree g,,,, together with iWUE from whole-tree
gas exchange and 8"C of the phloem (5">Cyp). We measured gas exchange, online ">C-dis-
crimination, and §'C,, monthly throughout spring, summer, and autumn in Eucalyptus
tereticornis grown in large whole-tree chambers. Six trees were grown at ambient tempera-
tures and six at a 3°C warmer air temperature; a late-summer drought was also imposed.

¢ Drought reduced whole-tree g.,. Warming had few direct effects, but amplified drought-in-
duced reductions in whole-tree g,,,. Whole-tree g, was similar to leaf g, for these same trees.
iWUE estimates from 613Cph agreed with iWUE from gas exchange, but only after incorporat-
ing gm. 8"°Cyn was also correlated with whole-tree "*C-discrimination, but offset by
—2.5 £ 0.7%, presumably due to post-photosynthetic fractionations.

* We conclude that 8">C,, is a good proxy for whole-tree iWUE, with the caveats that post-
photosynthetic fractionations and intrinsic variability of g, should be incorporated to provide

reliable estimates of this trait in response to abiotic stress.

Introduction

Water-use efficiency (WUE), the ratio of carbon (C) uptake per
unit water (H,O) loss, is a fundamental tradeoff governing vege-
tation functioning and the global cycles of C, H,O, and energy
(Eamus, 1991; Keenan ez 4l., 2013). Ecosystem models rely on
measurements of WUE to validate their predictions of vegeta-
tion—atmospheric feedbacks (Rogers ez al., 2017). WUE is a com-
plex trait (Flexas ez al., 2016); it varies among and within species
(Aranda ez al., 2012; Shrestha et al., 2019), and it is influenced
by morphological characteristics and physiological processes
operating at different scales, from the leaf ultrastructure (Tomas
et al., 2013; Veromann-Jurgenson et al., 2017; Shrestha ez al.,
2019) to the whole canopy (Duursma & Marshall, 2006; Cam-
pany et al., 2016).

Originally, WUE was defined as the ratio of biomass gain to
H,O loss (e.g. Hsiao & Acevedo, 1974). Methods to estimate
WUE differ in spatial and temporal scales: from individual
leaves up to entire ecosystems; and from instantaneous measure-
ments to estimates integrated over growing seasons (Medlyn
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et al., 2017; Guerrieri et al., 2019). For individual plants or
leaves, instantaneous WUE is calculated from gas-exchange
measurements (von Caemmerer & Farquhar, 1981), whereas
time-integrated measurements of WUE are often inferred from
C stable isotopic composition (8'°C) of plant material (Far-
quhar ez al, 1989). For example, 8'°C of leaves or tree-ring cel-
lulose are used to derive WUE integrated over the ontogeny of
a certain organ or tissue (Marshall & Monserud, 1996; Kohn,
2010), whereas 8'3C from the phloem or leaf sugars reflects
WUE integrated over a smaller time window of 1-3 d (Keitel
et al., 2006; Tarin ez al., 2020). At the ecosystem scale, WUE is
calculated as the ratio of gross primary productivity to evapo-
transpiration, derived from eddy covariance flux measurements
(Keenan et al., 2013; Medlyn et al., 2017). Additionally, mea-
surements of 8'°C of atmospheric CO, reveal changes in WUE
across larger spatial and temporal scales (Fung ez al, 1997), in
response to drought episodes (Peters er al, 2018), increasing
atmospheric [CO,] (Bowling ez al., 2014), or H,O vapor pres-
sure deficit (Raczka et al, 2016). However, these methods often
yield disparate WUE estimates, even when compared within
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plant functional types and similar scales (Medlyn ez al., 2017;
Tarin et al., 2020).

One problem that arises when comparing WUE estimates is
that they differ in the [CO,] and [H,0O] gradients incorporated
into their calculations (Seibt ez /., 2008; Barbour ez al., 2016). A
common proxy of WUE is intrinsic WUE (i(WUE), the ratio of
net photosynthesis A, to stomatal conductance to H,O vapor g
(usually in mol H,O m™? s7"), but the pathways into and out of
the leaf for CO, and H,O reflected in iWUE are not exactly the
same. For a given vapor pressure deficit, the rate of H,O loss
depends on boundary layer and stomatal conductances, whereas
the rate of CO, uptake additionally depends on the rate of car-
boxylation and CO, mesophyll conductance g, (usually in
mol CO, m™ s7"), the pathway from the substomatal cavity to
the site of carboxylation (Evans er al, 2009). In Cj species, the
magnitude of g,, is comparable to that of g; thus, both conduc-
tances limit photosynthesis and WUE (Flexas ez al., 2012).

The influence of g, on WUE is revealed when comparing
iWUE estimates from gas-exchange and 8'C methods (Fung
et al., 1997), which differ in the [CO;] gradient implicit in their
calculations (Pons et /., 2009). iWUE calculated from measure-
ments of gas exchange reflects the [CO,] gradient between the
atmosphere and the substomatal cavity, which depends on
boundary and stomatal (g) conductances; by contrast, iWUE
from 8'°C of plant material is proportional to the [CO,] gradi-
ent between the atmosphere and the site of carboxylation, which
additionally depends on g,, (Warren & Dreyer, 2006; Michelot
et al., 2011). Many studies comparing iWUE estimates neglect
Zm limitations to photosynthesis (Medlyn ez al., 2017; Guerrieri
et al., 2019; Tarin et al., 2020) — although see Michelot et al.
(2011) and Vernay ez al. (2020). Fortunately, owing to method-
ological advances (Pons ¢t /., 2009), but more importantly due
to the recognition of the crucial role of g, in regulating vegeta-
tion C-H,O tradeoffs (Flexas et al, 2012; Sun et al, 2014;
Raczka ez al., 2016), measurements of g,, are becoming increas-
ingly available for many species under varying climatic condi-
tions.

This recognition has led to further studies of how g, varies
among plant functional types and with environmental and cli-
matic drivers. For example, at the leaf level, g,, increases with
temperature in some species (Warren & Dreyer, 2006; Warren,
2008a; Evans & von Caemmerer, 2013; von Caemmerer &
Evans, 2015; Shrestha ez /., 2019). However, other studies have
found no temperature effects on g, (Dillaway & Kruger, 2010)
or even a decrease with temperature (Qiu e af, 2017). Impor-
tantly, the temperature response of g,, may differ depending on
the temperature range (Silim ez al., 2010). By contrast, the effects
of H,O stress appear to be more consistent: g, usually decreases
with HyO stress, in a coordinated manner with g, although the
effect size varies among species and growth conditions (Grassi &
Magnani, 2005; Limousin ez al., 2010; Flexas ez al., 2012; Cano
et al., 2013). Besides temperature and H,O availability, leaf-level
Zn may vary with multiple external and endogenous factors,
including leaf age, light, CO, or nitrogen (N) content (see
Niinemets ez al. (2009) for a review). Thus, at the scale of entire
tree crowns, variation in light environment or leaf traits may
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complicate efforts to quantify g,, and its role in WUE; for exam-
ple, N content and shading co-vary within the crown and with
leaf age (Duursma & Marshall, 2006). This covariation within
the crown makes it difficult to predict ecosystem-scale or whole-
tree g, from individual leaf-level measurements (Schaufele e# al,
2011). Nonetheless, estimates of canopy or, at least, whole-tree
gm would enable a direct comparison of WUE measurements
across methods and to scale up from leaves.

Canopy g, can be calculated from ecosystem flux measure-
ments, combined with estimates of average electron transport rate
and leaf area distribution (Keenan ez 4/, 2010a). Indeed, incor-
porating mesophyll diffusion limitations can improve predictions
of drought-induced reductions to photosynthesis at the ecosys-
tem level (Keenan et 2/, 2010b). However, there are some caveats
to this approach: first, a relatively detailed characterization of the
canopy profile is required, together with several assumptions
regarding photosynthetic and respiratory responses to light and
temperature. Furthermore, this approach is limited to sites with
eddy covariance flux towers.

The 8'°C of plant material provides a time-integrated proxy of
WUE, with leaf 8'>C as the most widely collected data (Cornwell
et al., 2017; Medlyn et al., 2017). Leaves are easy to sample and
process, and isotopic analyses of plant material have become rela-
tively quick and inexpensive. However, the vast majority of leaf
measurements neglect within-crown variability, although leaf
8'3C is sensitive to light availability and, in evergreens, to leaf age
(Ehleringer er al, 1986; Duursma & Marshall, 2006; Aranda
et al., 2007; Gimeno ez al., 2012; Campany ez al., 2016). An
alternative to leaf 8'°C is the 8'°C of phloem contents (613Cph),
which may serve as an independent estimate of iWUE (Pate
et al., 1998; Cernusak et al., 2003; Merchant ez al., 2010). The
8'°Cpp, when sampled below the crown on the main stem,
should integrate '>C-discrimination of recent photosynthate at
the whole-tree scale, including all leaf layers and ages. In addi-
tion, 8'°C,j, should be representative of the most recent physio-
logical activity, because phloem contents are completely replaced
at regular intervals (Barbour ez 4/, 2007; Ubierna & Marshall,
2011). In any case, we expect iWUE estimated from 8'°C of
plant material, either from leaves or phloem contents, to be larger
than iWUE from gas exchange, because the former is sensitive to
gm as well as to post-photosynthetic fractionation (Farquhar
et al., 1989; Gessler et al., 2014).

Here, we measured whole-tree iz siru gas and isotopic
exchange, in a unique set of large, outdoor whole-tree chambers
(WTCs) with trees grown under contrasting climatic conditions:
experimental warming and drought. This allowed us to estimate
whole-tree g, and whole-tree iWUE from gas-exchange
(iWUEg), spanning spring through autumn. We compared
iWUE,, with estimates of whole-tree iWUE derived from 8'3C
values of trunk phloem (i(WUE,). We used these data to quantify
whole-tree g, and compare it with leaf-level g,,, to test whether
the differences between iWUE,. and iWUE, can be reconciled
by accounting for g, in iWUE, calculations, and to test whether
8'°C,p, could serve as a proxy of whole-tree iWUE. We predicted
that whole-tree g,, would be comparable to leaf-level g,,, mea-
sured on the same trees, and representative of the intra-crown

© 2020 The Authors
New Phytologist © 2020 New Phytologist Foundation



New
Phytologist

variability of this trait (Campany et al., 2016). We also predicted
that g, would be the underlying cause of the observed discrepan-
cies between the gas-exchange and isotope methodologies for esti-

mating iIWUE.

Materials and Methods

Site description, experimental design, and leaf area

A detailed description of the experimental design can be found in
Drake er al. (2016), and of the WTC functioning in Medhurst
et al. (2006) and Barton ez al. (2010). Briefly, the WTCs were
located at the Hawkesbury Forest Experiment near Richmond
(NSW, Australia). Each WTC consisted of a cylindrical structure
topped with a cone (9 m tall, 3.25 m diameter, 53 m” volume)
that enclosed a single tree rooted in the soil. The soil at the site
was a sandy loam of alluvial origin with low fertility (0.7%
organic C, 380 mg kg™ and 108 mg kg™, total N and phos-
phorus, respectively). Roots grew inside an exclusion barrier that
extended from the chamber walls down to 1 m depth into a layer
of cemented manganese that restricted, but did not eliminate,
root growth to deeper soil depths. In the Austral autumn, March
2013, one Eucalyptus tereticornis Sm. was planted in each WTC
and irrigated weekly with 70 1, until September 2013; then, from
October 2013, trees were watered fortnightly with half of the
mean monthly rainfall for Richmond (NSW, Australia). In late
summer, February 2014, a drought treatment with two levels
(control and drought) was imposed by interrupting watering on
half of the trees (Supporting Information Table S1). Soil volu-
metric H,O content (Fig. Sla—c) and pre-dawn leaf H,O poten-
tial (Fig. S1d) decreased in WTCs assigned to the drought
treatment from mid-February 2014 onwards. Further details on
the methodology for the monitoring of these variables and associ-
ated results can be found in Drake ¢t al. (2019b). Throughout
the experiment, six WTCs tracked ambient temperature and six
experienced an air temperature 3°C warmer (Table S1). Relative
humidity inside all WTCs was controlled to match that of ambi-
ent; hence, vapor pressure deficit was higher in warmed than in
ambient chambers (Drake ¢t al., 2016). During daylight hours,
relative humidity averaged 62.5 £ 20% in the ambient and
62.4 + 20% in the warmed treatment (Drake et al, 2016).
Mean [CO,] during daylight hours was maintained at
10 pmol mol™" above ambient by adding CO, with a controlled
injection system.

Leaf area of each tree at the end of the experiment (May 2014)
was calculated from destructive harvests. Throughout the experi-
ment, litterfall was collected, dried, and weighed fortnightly and
measurements of leaf number per branch and size and number of
branches were collected at two points in time during the experi-
ment. Individual tree leaf area at different points in time was then
calculated based on allometric relationships and integrated litter-
fall (Barton et 4l., 2010; Drake et al., 2016, 2019b). Our mea-
surements commenced in spring, October 2013, when trees had
reached ample crown development. At this point in time, mean
(£ SE, n = 6 trees per temperature treatment) stem diameter (at
65 cm from the stem base) was 28.2 & 1.1 mm and 34.1 &+ 2.1
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mm, tree height was 348 £ 15.1 cm and 418.3 &£ 23.1 cm, and
tree leaf area was 3.9 + 0.1 m? and 6.2 + 0.2 m? for ambient
and warmed trees, respectively — see Drake ez al. (2016) for fur-
ther details.

Whole-tree gas exchange and calculation of whole-tree
iWUE.

Whole-tree gas-exchange rates and derived variables were calcu-
lated from H,O and CO, fluxes measured with the WTC system
as described in Barton ez 2/ (2010) and Drake ez 4l (2016).
Briefly, the system measured continuously all 12 chambers over
15 -min cycles. The system measured the air entering and leaving
the aboveground compartment, isolated from soil gas efflux by a
suspended floor sealed around the base of the bole. Whole-tree
photosynthesis A, was calculated from the [CO,] entering and
leaving the WTC, the pure CO, added by the injector, and the
calculated change in CO, storage (if any) over the measurement
cycle. Similarly, whole-tree transpiration was calculated from the
H,O vapor entering and leaving the WTC, the change in storage,
and H,O condensed by the cooling system. All rates of gas
exchange were expressed per unit of leaf area by dividing by the
leaf area of each individual tree, estimated at different points in
time (Drake er al, 2016, 2019b). One estimate of whole-tree
Apec and transpiration was calculated for each 15 min cycle.
Whole-tree stomatal conductance to H,O (g, in mol H,O m2
s71) and whole-tree [CO,] in the substomatal cavity C; were cal-
culated according to von Caemmerer & Farquhar (1981) and
assuming that boundary layer resistance was negligible in our
well-ventilated WTC, with continuously operating external air-
handling units (see Methods S1 for further details). These mea-
surements were used to calculate whole-tree iWUE as (Fig. 1):

Anee

WUE,, = Eqn 1

N

Whole-tree isotope exchange and calculation of whole-tree
8m

From October 2013 to April 2014, we performed six monthly
campaigns (except for November 2013; Table S1) where we
measured online C isotopic composition (8'°C) of the CO,
entering and leaving the WTCs. Each campaign was performed
over two consecutive sunny days (Table S1), and always over the
weekend to avoid user interference due to door opening. All 12
WTCs were measured during each campaign, with six randomly
selected WTCs (three ambient and three warmed) measured each
day (Table S1). A tunable diode laser absorption spectroscope
(TDLAS; TGA100; Campbell Scientific Inc., Logan, UT, USA)
was deployed in the field for online measurements of 8'C in air.
The TDLAS was coupled to a manifold system to measure 8'°C
of incoming and outgoing CO, from each WTC, after passing
through a Nafion dryer. Two calibration gases, drawn from com-
pressed-air tanks of known [CO,] (328 and 785 pmol mol™),
were measured at the beginning of each sequence. Then, the
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Fig. 1 Schematic representation of the theoretical model for calculating
whole-tree intrinsic water-use efficiency (iWUE) from isotopic
discrimination. Carbon (C) isotope discrimination (A) is calculated from the
difference in C isotopic composition between ambient air (8,) and that of
the phloem contents (8,). The model for A incorporates the effects of
fractionation due to diffusion through the stomata (as), diffusion through
the liquid phase (a;), and carboxylation (b). iWUE is the ratio of
photosynthesis (Anet) to stomatal conductance to water (gs), calculated
from transpiration (E) and vapor pressure deficit (D,,). CO, diffuses
through the stomata (g,) from the atmosphere (C,) into the substomatal
cavity (C;) and finally through the mesophyll (g, is the mesophyll
conductance to CO,) into the sites of carboxylation (C,). Here, Anet, E, Dy,
gs: Ca, G, 8m, and 8, were obtained from whole-tree chamber
measurements of gas and isotope-exchange. Note that the A equation is
equivalentto Eqn 7.

incoming and outgoing gas streams of the six WTCs were mea-
sured twice during 8 min loops, for 24 h. Each line (gas stream
or calibration) was measured for 20 s and the average of the last
10 s was auto-logged.

These measurements were used, following an approach con-
ceptually similar to a ‘big-leaf’ model (Sellers ez al., 1997), to cal-
culate whole-tree observed isotope discrimination A, (Evans
et al., 1986) and subsequently whole-tree g, according to Evans
& von Caemmerer (2013):

. _eRy Anee
(1’ 4 Am+Rd> C.

Em T A AL —A—A;

Eqn2

where b, @, and e are fractionation factors due to carboxylation
(6 = 29%o), diffusion through water (4 = 1.8%o), and respira-
tion (¢ = 3.4%o; see Methods S1); A;, A., and A¢ are the contri-
butions to fractionation of air diffusion and carboxylation (4;),
respiration (A.), and photorespiration (Ag); C, is the [CO,] sur-
rounding the crown; Ry, daytime respiration. We used
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concurrent measurements of A, Ry, photorespiration, and their
temperature sensitivity (Aspinwall ez al., 2016; Way ez al., 2019)
to estimate A;, A. and A and we considered the fractionation
factors to be invariant with temperature for our measurement
range (Evans & Von Caemmerer, 2013); see Methods S1 and
Fig. S2 for further details.

Phloem contents 8'3C and calculation of whole-tree iWUE

The morning after each measurement day (within 1-2 h after
sunrise), a tree core (¢. 1 cm long and 5 mm diameter) was
collected from the bole 10-15 cm below the lowest branch, at
¢. 0.6 m above the ground, from each tree in all campaigns
(except from April 2014). The cores were placed in glass vials
with deionized H,O, and phloem contents were allowed to
exude for 24 h (Gessler et al., 2007). The solution was stored
frozen until analyzed. Before isotopic analysis, the extracted
solution was dried into tin cups and &' Cph was determined
using isotope ratio mass spectrometry (Delta V; Thermo Fin-
nigan, Thermo Fisher Scientific, Bremen, Germany) at the
University of Sydney (NSW, Australia). Isotopic composition
was expressed relative to standard Vienna Pee Dee belemnite.
Values of SISCP}, were used to estimate whole-tree discrimina-
tion (App) according to (Fig. 1):

~ 1000(5"°C, —8"C,)
T TT1000 481G,

Eqn3

where 8'°C, is midday mean 8"3C of the CO,; in the WTC air
(see Methods S1 for details).

Measurements of A}, were combined with theoretical models
of photosynthetic discrimination to solve for G (details follow),
which was then used to calculate whole-tree iWUE (Fig. 1) as
(von Caemmerer & Farquhar, 1981):

iWUE = Anet _ Ca - Ci
g, 1.6

Eqn4

The calculation of G, depends on the theoretical model used to
describe photosynthetic discrimination (A). The most simplified
model is (Farquhar ez a/., 1989):

Eqn5

where 4, is the fractionation factor for gaseous diffusion (a,
4.4%0) and represents effective fractionation due to carboxylation
(27%o0) estimated empirically (Farquhar ez al., 1982). Solving G
from Eqn 5 and substituting that expression of C into Eqn 4
results in:

C,b—A

'WUE, =22
A = 67— .

Eqno6

where iWUE, is whole-tree iWUE calculated from photosyn-
thetic discrimination (A) using the simple discrimination model,
Eqn 5. Here, iWUE, was calculated with Ay,
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An intermediate model for discrimination (A, ) that includes
the effect of internal conductance to CO, diffusion on A is (Fig.
1; Ubierna & Farquhar, 2014):

C; C.
A, :as—l—(zzi—as)a—l-(b—ai)g

a

Eqn7

where 4 and & are the same fractionation factors as in Eqn 2; C,
[CO,] at the site of carboxylation, which can be substituted by
C. = G — Anedgm- As before, solving G from Eqn 7 and substi-

tuting that expression of C; into Eqn 4 results in:

1 Anet
Ca(bf A) + (tli — b)

A
WUEs - =160 —a)

Eqn8

m

where iWUE, —, is whole-tree iWUE calculated from photosyn-
thetic discrimination (A) using the discrimination model that
accounts for the effect of g, on A; Eqn 7. Here, iWUEA—,  was
calculated with A}, and whole-tree g, estimated independently
with Eqn 2 (see Methods S1 for further details). We also solved
G from the complete photosynthetic discrimination model using
the Cernusak ez al. (2018) quadratic formulation, but we found
that it did not improve predictions of (; compared with the A,
model (Table S3; Methods S2). A schematic representation of
our approach to calculate iWUE,., iWUE,, and iWUEs—,
from gas-exchange and isotope measurements is provided in Fig.
1.

Post-photosynthetic fractionation would have an imprint on
613CPh and, in turn, on iWUE,, but not on iWUE,, (Gessler
et al., 2008). We therefore calculated the mean (7 = 6 cam-
paigns) magnitude of post-photosynthetic fractionation A, as
the difference between 8'°C,, and 8'°C of photosynthesis
(613(:,4%) as:
Apose =8"Cy,, —87Cpy Eqn9

We calculated 6'°Cy4, from mean midday 8'°C and [CO,]
entering (8C, and C,) and leaving (6"3C, and C,) the WTC
(Evans et al., 1986; Methods S1):

8YC, x C, —87C. x C.
net Co _ Ce

819C,,, = Eqn 10

We incorporated the effect of post-photosynthetic fractiona-
tion on iWUEA_, (Eqn 8) by recalculating Ay, (Eqn 3) with a
corrected  estimate  of  phloem

(613Cph — corr — 613Cph + Apost)-

isotopic  composition

Statistical analyses

All statistical analyses were performed in the R environment
v.3.6.0 (R Development Core Team, 2019). Given the com-
plex nature of the variations in g,, with the ratio of A, to res-
piration (Busch ez al., 2020) and with confounding factors co-
varying over daily time courses — such as temperature or light
(Grassi et al, 2009; Théroux-Rancourt & Gilbert, 2017) — we
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simplified our analyses by using only whole-tree physiological
parameters (gm, Ane» & and iWUE,) measured at midday
(10:30 h—13:30 h) and under nonlimiting light availability
(photosynthetic photon flux density > 800 pmol m™* s™").
This rendered a mean of 21 £ 2 observations per WTC and
campaign. We assessed differences between temperature (ambi-
ent vs warmed) and watering (control vs drought) treatments
and among campaigns using linear mixed models (LMMs)
with temperature treatment, watering, campaign, and their
interactions as fixed factors and chamber as random factor,
using package LME4 (Bates er al, 2015).
explained (R°) by fixed and random factors was computed by
comparing marginal R (an, fixed) and conditional R (Rz,
fixed and random, Nakagawa & Schielzeth, 2013). Before

analyses, some variables were log.-transformed. We analyzed

The variance

the relationship between midday whole-tree g, and air temper-
ature (excluding trees from the drought treatment after Febru-
ary 2014) with generalized additive mixed models (GAMMs).
We used package MGev to fit a GAMM to whole-tree g, with
air temperature inside the WTC as predictor, taking into
account the random chamber-to-chamber variability and with-
out making any « priori assumptions on the shape of the rela-
tionship between whole-tree g, and temperature (Duursma
et al., 2014). Significant differences (@ = 0.05) between ambi-
ent and warmed trees were assessed graphically based on
nonoverlapping 95% confidence intervals. According to the
LMM results, neither the warming nor the drought treatment
had any significant effect on the regression relationships
between iWUE estimates or between 6'’C measurements.
Hence, the effects of the warming and drought treatments
were not included in the correlation analyses. We assessed the
regression relationships between 8'°C,, and  8'°Cy,, and
613CPh, and between independent estimates of iWUE (iWUE,,
with iWUE, and with iWUEA_gm) with random intercept
LMMs, including chamber as a random factor.

Results

Whole-tree gas exchange and g, across campaigns, tem-
perature and drought treatments

Physiological parameters (g, Anec and iWUE,,) varied among
campaigns and between experimental treatments (Fig. S3; Table
S§2), providing a source of variation used in the method compar-
isons. Neither warming nor drought had any significant direct or
indirect effect on iWUE,.. However, warming decreased A,
and the campaign X warming interaction was significant for A,
and g: warming-induced reductions in g and A, were most pro-
nounced in summer (Fig. S3). The drought treatment signifi-
cantly reduced A4, and g (Table S2), and this reduction varied
among campaigns and within temperature treatments (P =-
0.003 for the three-way interaction): the reduction under
drought was more pronounced in the summer and in warmed
trees (Fig. S3).

Whole-tree g, varied among campaigns (Fig. 2; Table S2):
whole-tree g, was higher in spring (October 2013) than in
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Fig. 2 Whole-tree mesophyll conductance g, at midday under prevailing
ambient conditions, spanning spring through autumn, in each treatment
combination. Mean (+SE, n = 6 trees for Oct-Jan and n = 3 for Feb-Apr,
expect for Feb ambient control where n = 1) whole-tree g, in Eucalyptus
tereticornis in the six measurement campaigns in ambient (blue) and
warmed (ambient + 3°C, red) trees under control (solid bars) or drought
(striped bars). Asterisks (*), crosses (+), and hashtags (#) indicate
significant differences (P < 0.05) between temperature treatments within
the control watering regime (*), and between control and drought trees
within ambient (+) or warmed (#) trees.

summer (December 2013). Similar to what Campany ez a4l
(2016) observed for leaf g, mean whole-tree g,, did not differ
between ambient and warmed trees (Fig. 3; Table S2), but there

N Amb

9, (mol m= s'1)

Leaf

Whole-tree

Fig. 3 Comparison of whole-tree and leaf mesophyll conductance g,.
Mean (+SE, n = 6 campaigns, drought trees excluded) whole-tree
(measured in this study) and leaf g, in Eucalyptus tereticornis from
Campany et al. (2016) in ambient (blue) and warmed (ambient + 3°C,
red) trees. There were no significant differences between temperature
treatments.
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were some campaign-specific differences between temperature
treatments (P < 0.001 for the campaign X warming interac-
tion). Whole-tree g, was higher in ambient than warmed trees in
the summer (January; Fig. 2). The effects of the drought treat-
ment varied across campaigns (Table S2). Mean whole-tree g,
was marginally lower in droughted than in control trees (P =
0.051; Fig. 2), and there were some campaign-specific differences
(P < 0.001 for the campaign X drought interaction) that also
varied between temperature treatments (P < 0.001, for the cam-
paign X warming X drought interaction). In March, whole-tree
gn was lower in droughted trees, and this reduction was more
pronounced in the warmed treatment (Fig. 2).

Overall, the response of whole-tree g, (droughted trees
excluded and only midday values under high light) to air temper-
ature (73;,) was flat, but whole-tree g, also showed complex non-
linear trends that varied between ambient and warmed trees
(Fig. 4). Between 25 and 30°C, whole-tree g, appeared to
increase with 7;,, in ambient trees, but not in trees experiencing
warmer temperatures (Fig. 4). Beyond 35°C (measured only in
the midsummer campaign in January), whole-tree g, decreased
with 7;, in warmed trees (Fig. 4).

Seasonal patterns of 8"3C of photosynthesis and phloem
contents

Both 613Cph and 8'°C,,, varied among campaigns, but in an
asynchronous manner (Fig. 5; Fig. S4; Table S2). Warming had
no significant effects on either &3 Cph or 313C 4,..» whereas both
613Cph and 8'3C 4., were more enriched in droughted trees than
in control trees (Fig. S4; Table S2). There was a significant linear
relationship between 613Cph and 8'°C,  (Table 1), but 613Cph
was consistently more depleted than 8C, (r=9.4,
P < 0.001; Fig. 5). Measurements from the October, February,
and March campaigns fell along a line with a slope not signifi-
cantly different from unity (Table 1). By contrast, 8'°C,, and
8'3C,,, from the midsummer campaigns (December and Jan-
uary) showed a much larger spread and were not significantly cor-
related. Indeed, the relationship between §'°C,, and 8"°Cy,,
became stronger (R, increased from 0.14 to 0.7) when the data
from the midsummer campaigns (December and January) were

excluded (Fig. 5; Table 1).

Relationships between iWUE estimates and post-
photosynthetic fractionation

The relationship between iWUE from gas-exchange (iWUE,,,
Eqn 1) and iWUE from 613Cph was not significant when iWUE
was calculated with the simplest discrimination model (iWUE,,
Eqn 6; Fig. 6a; Table 1), which does not incorporate the effect
of variable g, on '>C-discrimination. By contrast, there was a sig-
nificant linear relationship between iWUE,. and iWUE calcu-
lated from a discrimination model incorporating the effect of g,
(iWUEa—,_, Eqn 8; Fig. 6b; Table 1). Furthermore, the slope of
the relationship between mean (of each campaign and tempera-
ture treatment) iWUE,. and iWUE,_, was not significantly
different from the 1 : 1 line (Fig. 7; slope = SE: 0.96 £ 0.27).

© 2020 The Authors
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o Oct (iWUE, pmol mol=") and carbon isotopic composition (5'3C in %) of the
- 5):: phloem contents (8"*Cp) and of midday photosynthesis (5'*Ca,,).
A Feb
“2% 79 Mar Regression relationship Intercept ~ Slope R% R
iWUEg. iWUE, (Eqn 6) 65(23) 0.35(0.25) 0.04 0.04
iWUE, ¢ (Eqn 8) 46(13) 0.61(0.16) 0.23 0.23
T s WUEa ¢ post (EQNs 30(17) 0.61(0.16) 023 0.23
= 6,9)
O §3C,  813Ca, _23(2.9) 026(0.1) 011 0.14
o 8"3Ca,, " -55(2.9) 0.85(0.1) 0.68 0.68
=30 7 iWUE was calculated from measurements of gas exchange (iWUE,) and
from §'3C,, according to either Eqn 6 (WUE,, simple "*C-discrimination
! model) or Eqn 8 ((IWUE, ¢ ), discrimination model incorporating the effect
P N of mesophyll conductance). IWUEa_g  _ post Was calculated using 8'Cyy,
-32 , corrected for estimated post-photosynthetic fractionation (2.5%.). Values
g c significantly different from zero (P < 0.05) are indicated in bold. Marginal
ontrol 0 o 5 K o R
o Drought (Rz,)) or conditional (RZ) variance coefficients represent the variance
T T T T T explained by fixed or by both fixed and random factors, respectively.
-32 -30 -28 -26 -24 tExcluding data from the summer (December and January) campaigns.

5"°Ca o0 (%o0)

Fig. 5 Relationship between carbon (C) isotopic composition of the bole
phloem (5"C,p) and of midday whole-tree photosynthesiss'*Ca,,, in
Eucalyptus tereticornis. Symbol shapes depict measurement campaigns,
colors depict ambient (blue) and warmed (ambient + 3°C, red) trees and
closed and open symbols depict control and drought trees (only for
February and March during the austral late summer), respectively. Large
symbols with error bars are the means (+SE, n = 6 trees) per campaign
and temperature treatment with control and drought trees (for February
and March) pooled for clarity. Smaller symbols without error bars are
individual tree measurements. The dashed line is the 1 : 1 line, and solid
lines are the fitted linear relationships with either all measurements (gray)
or excluding the summertime (December and January) data (black).

Finally, we estimated overall mean (& SE, » = 6 campaigns)
post-photosynthetic fractionation (Eqn 9) as 2.5 4 0.7 %o. We
used this value of post-photosynthetic fractionation to recalculate
iWUEA—gm — post with 613Cph—corr (Slacph — corr — 613Cph+
2.5%00). When we incorporated this post-photosynthetic frac-
tionation correction, we found that the intercept of the regression
relationship between iWUEy, and iWUEA_; — posc did not differ
from zero and the slope was not different from 1 :1 (Fig. 7;

Table 1).

© 2020 The Authors
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Discussion

For the first time, we calculated whole-tree mesophyll conduc-
tance (g,,) over whole tall trees that reached 9 m in height at the
end of the study. Whole-tree g, values were similar to estimates
derived from leaf cuvettes on the same trees. Warming had lictle
direct effect on g, except at high temperatures, whereas drought
induced a reduction in whole-tree g, that was more pronounced
in the summer. Our results show that C isotopic composition of
phloem contents (8'°C,y) is a good proxy of whole-tree iWUE,
provided that the effect of g, on '*C-discrimination is taken into
account. The '>C-discrimination values in phloem contents were
correlated with whole-tree photosynthetic discrimination, but
with a consistent offset, presumably due to post-photosynthetic
fractionations.

Whole-tree mesophyll conductance (g,

Mesophyll conductance (g,,) had seldom been calculated at scales
above the leaf level. Keenan er al (2010a) estimated g, at the
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Fig. 6 Correlations between intrinsic water use efficiency (iWUE) from different methods. Correlation between iWUE in Eucalyptus tereticornis calculated
from whole-tree gas-exchange (iWUE,) and from carbon (C) isotopic composition of the phloem calculated according to either (a) Eqn 6, simple "3C-
discrimination model (iIWUE,), or (b) Eqn 8, discrimination model incorporating the effect of mesophyll conductance (iIWUE,_g, ). Large symbols with error
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Smaller symbols without error bars are individual tree measurements. Symbol shapes depict measurement campaigns, colors depict ambient (blue) and
warmed (ambient + 3°C, red) trees, and closed and open symbols depict control and drought trees (only for February and March), respectively. Line in (b)
is the linear fitted relationship to individual measurements. The linear relationship in (a) was not significant.
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Fig. 7 Effect of post-photosynthetic fractionation on the correlation
between intrinsic water-use efficiency (iWUE) estimates. Correlation
between mean (£SE, n = 6 trees, control and drought trees for the
February and March campaigns have been pooled) iWUE from gas
exchange (iWUEg.) and from carbon isotopic composition of the phloem
contents, corrected for post-photosynthetic fractionation and accounting
for the effect of whole-tree mesophyll conductance (WUEx_g_ _ post) in
Eucalyptus tereticornis. The solid line is the linear regression (P = 0.007,
R? = 0.62) fitted to the mean values between iWUE,, and

iIWUEA g, — post- The regression was not significantly different from the

1 : 1 dashed line (slope: 0.96 + 0.27).

ecosystem scale from eddy covariance measurements, and
Schaufele ez al. (2011) estimated g, at the canopy level for a crop
from measurements of whole-canopy '’C-discrimination. That

New Phytologist (2020)
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said, we know of no previous estimates of g, at the whole-tree
level except for that of Ubierna & Marshall (2011), which relied
on leaf-cuvette measurements to infer crown gas-exchange. Our
estimates of whole-tree g,, were comparable to independent g,
estimates from leaf cuvette measurements averaged across both
sun and shade leaves. This confirms that whole-tree g, integrated
the entire crown, including the contrasting light sensitivities of
&m of sun and shade leaves (Campany ez 4/, 2016).

The calculation of g, requires values for several parameters
that are most often taken from the literature or from pub-
lished relationships as a function of other variables, such as
temperature. In our case, we benefited from concurrent stud-
ies at the same experimental site (Drake et 4, 2016, 2019b),
which meant we did not have to assume fixed values for such
parameters. These included respiration (Aspinwall et al, 2016)
and the temperature-sensitivity of photorespiration (Way
et al., 2019), measured independently in the same experiment.
The respiratory fractionation (¢) was calculated as the mean
difference between the 8'°C of CO, respired, obtained from
measurements of WTC isotope exchange at night, and that of
the respiratory substrates, assumed to be represented by the
613Cph (Barbour ez al., 2007). With this approach, we calcu-
lated ¢ = 3.4%o, which is well within the bounds of previous
estimations (Barbour ez al, 2007; Wingate ez al., 2007). Mea-
surements of ¢ in the literature are scarce; given that this
parameter is likely to vary among species, with climatic and
growth conditions (Dubbert ez al, 2012), it is desirable that
studies like ours calculate and report that said value.

The response of whole-tree g,, to warming and drought across
seasons agreed with previous findings from leaf-level measure-
ments. Warming did not have a direct effect on whole-tree g,,,
similar to findings with leaf g, measured in the same experiment
(Campany et al., 2016). However, the warming treatment modi-
fied the temperature response of whole-tree g,,. Whole-tree g,

© 2020 The Authors
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increased with temperature between 25 and 30°C in trees that
experienced ambient temperature, consistent with leaf-level
observations from other Eucalyptus species (Warren, 2008a; von
Caemmerer & Evans, 2015), but did not increase in the warmed
trees. Furthermore, beyond 35°C, whole-tree g, decreased with
temperature in warmed trees, consistent with previous observa-
tions for leaf g,, (Silim ez 4/, 2010). In our experiment, warming
decreased both leaf respiration and photosynthesis to a similar
extent (Aspinwall ez al, 2016). Hence, the observed response of
whole-tree g, to temperature is consistent with a coordinated
response to warming of biochemical and diffusional limitations
to photosynthesis, including g, (Warren, 2008a; Grassi ez 4/,
2009).

Previous measurements of leaf g, on Eucalyptus showed that
leaf g, decreases with water stress (Warren, 2008b; Cano ez al.,
2014). Our whole-tree results agreed with these observations: we
found lower whole-tree g, in droughted trees in late summer
(March), whereas these differences were reduced later in the sea-
son in autumn (April), when leaf water potential of droughted
trees partially recovered (Fig. S1). Temperature or drought sensi-
tivities of physiological processes, including g, can vary among
crown layers (Cano ez al., 2013). Nonetheless, our results indicate
that, overall, drought induced a reduction of crown-integrated g,
that was amplified under warmer conditions.

Phloem §'3C combined with g, provides a proxy for
whole-tree iWUE

The correlation between whole-tree iWUE estimates supports the
use of 8'°Cy, as a proxy for whole-tree iWUE, provided that g,,
is accounted for in the calculations. Both iWUE,. (iWUE from
gas exchange) and iWUE;_, (iWUE from 613Cph incorporat-
ing the effect of g,) were comparable to measurements on the
same species in a native woodland (Gimeno ez 4/, 2016; mean
iWUE: 78 pmol mol™). In our study, accounting for whole-
tree g, variation was sufficient to reconcile estimates of iWUE
from gas exchange and C-isotopes. However, we note that there
are other factors that are not incorporated in the A, “model (Eqn
7) that could result in biases under different conditions. These
factors are ternary effects and respiratory and photorespiratory
fractionations. A recent study by Ma ez al. (2020) demonstrated
that the ternary effect on iWUE, was small (¢. 1% error). Our
measurements for iWUE analyses occurred when light intensity
was above 800 pmol mol™, and under these conditions the
whole-tree '’C-discrimination would have been largely domi-
nated by photosynthesis (Drake ez al., 2016). The contribution
of photorespiration to total discrimination is ¢. 1%o and varies
with temperature; therefore, including this effect in calculations
of iWUEA can improve predictions under some conditions
(Ubierna & Farquhar, 2014). When choosing a APC model to
derive iWUE,, one needs to consider the tradeoff between com-
plexity and goodness of fit. In our experiment, using the most
simplified A"’C model (Eqn 5) failed to capture physiological
variability. The intermediate model including g,, (Eqn 7) did
better, but using the complete A'>C model did not further
improve predictions of iWUE (Table S3). Accordingly, the
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intermediate model was deemed a suitable compromise, as
demonstrated by the good agreement between iWUE4 g, and
iWUE,,.

Calculations of iWUEA_,  require values of g, which are
often lacking from studies in field settings and large trees.
Whole-tree g, was comparable to leaf g, a variable that has been
characterized for many species and plant functional types (Flexas
et al., 2012, 2014). Additionally, there are eddy flux covariance
sites where g, has been measured independently — for example,
Kooijmans ez al. (2019) or Gentsch er al. (2014) — and where
iWUE4 -, using 8'°C,p, can provide independent validation of
iWUE estimates from eddy covariance (Scartazza et al., 2014).
Measuring whole-tree iWUE,, is technically challenging, whereas
field sampling of 8'°C,, is comparatively easy and cost-effective.
A caveat of this approach is that g, is variable and its variation is
still poorly understood, despite modelling efforts (Sun ez al,
2014). Undoubtedly, including a fixed value of g, is better than
including none, though our study showed that accounting for
variation in g, was required for reconciling iWUE from gas
exchange and from 8'°C,;,. A systematic characterization of the
response of g, to environmental variation is necessary to refine
this approach.

Our experimental design allowed for a coarse characterization
of post-photosynthetic fractionation, estimated as 2.5%o from
the difference between '’C of photosynthesis 6" Cy,,) and
613Cph. The correlation between iWUE, and iWUEs .
improved and became no different than the 1 : 1 line when this
offset was incorporated into our calculations. This 2.5%eo is con-
sistent with previous estimates (Badeck ez al., 2005) and with the
observations of Gessler et al. (2007) for Eucalyptus delegatensis at
the base of the trunk, where diel oscillation of 613Cph was most
attenuated. The dynamics of post-photosynthetic fractionation
are not fully understood yet, and even less so for tall trees, where
phloem path lengths could further influence this process (Cer-
nusak ez al., 2009; Gessler ez al., 2014). Still, it appears that sam-
pling of 8'°C,, at the base of the tree could represent the full
crown, as modified by post-photosynthetic fractionation.

Differences in the temporal and spatial integration of photo-
synthate in the phloem could also account for some of the offset
between §°C 4, and 513Cph. Whereas the 8'3 Cy4,, was calculated
when photosynthesis peaked each day, the imprint of physiologi-
cal processes on 513Cph is likely to reflect a longer time window,
spanning several days (Keitel er a/, 2006; Powers & Marshall,
2011; Drake et al, 2019a; Furze et al., 2019). The 613CP}, was
collected at one time of day and at one point per tree (at a fixed
location near the base of the bole). Our low sampling intensity
could have obscured potential variation in 613Cph during the
course of the day (Gessler ez al., 2007) or with height along the
trunk (e.g. Bogelein er al., 2019). Siill, our sampling protocol
likely captured the actual variability in §'°C,, that would have
had an imprint on monthly whole-tree iWUE,. We argue so,
first, because SISCph at the base of the crown has been shown to
integrate the whole plant signal of '>C-discrimination in recently
fixed C (Barbour ez al., 2007; Gessler et al, 2008) and, second,
because our measurements of 8'°C,,j, were significantly correlated
with §3C 4,,» measured independently. Furthermore, we found
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that &' Cph under drought was enriched compared with values
for control trees, consistent with theory (Farquhar ez 4/, 1989;
Cernusak et al., 2003). On the other hand, the fact that 613Cph,
but not iWUE,,, responded to drought could suggest that, under
drought, 313 Cph could overestimate iWUE (Smith ez 4/, 2016).
This would be especially critical if drought-induced variations in
Zm Were not taken into account.

Conclusions and future research avenues

Our results suggest that incorporating g, into the calculations of
iWUEA could provide more reliable integrative estimates of
whole-tree iWUE, reflecting the true impact of abiotic stress on
vegetation—atmosphere C and water fluxes. Correcting for g, is
likely to reconcile iWUE estimates from gas exchange and from
8'°C, not only of the phloem, but also of any plant material. In
our study, leaf and whole-tree estimates of g,, were comparable
and, fortunately, g,, has been extensively characterized for numer-
ous species and plant functional types in the past few decades,
mainly at the leaf level (Flexas e al., 2012; Flexas et al., 2014).
We suggest that field sampling of 613Cph, collected at the base of
the crown, could be used to expand our current database of
iWUE estimates world-wide (Cornwell ez al, 2017), including
remote forests. However, further testing of the timing and sam-
pling position would be crucial to compile a multispecies
database of iWUE, across biomes. Field sampling of 513Cph
across sites dominated by species for which WUE and g, have
been characterized would be the first step to explore the potential
of this approach and then compile forest WUE estimates.
Expanding the global network of WUE estimates should help
constrain projections of C and water fluxes between forests and
the atmosphere under future climate scenarios.
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