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Impact of Leaf Traits on Temporal
Dynamics of Transpired Oxygen
Isotope Signatures and Its Impact on
Atmospheric Vapor

Maren Dubbert *', Angelika Kubert " and Christiane Werner

Ecosystem Physiology, University Freiburg, Freiburg, Geany

Oxygen isotope signatures of transpiration g) are powerful tracers of water movement
from plant to global scale. However, a mechanistic understading of how leaf

morphological/physiological traits effect g is missing. A laser spectrometer was coupled
to a leaf-level gas-exchange system to measure uxes and isopic signatures of plant
transpiration under controlled conditions in seven distict species Fagus sylvatica, Pinus
sylvestris, Acacia longifolia, Quercus suber, Coffea arédn, Plantago lanceolata, Oxalis
triangularig. We analyzed the role of stomatal conductancegg) and leaf water content
(W) on the temporal dynamics of g following changes in relative humidityrd). Changes

in rH were applied from 60 to 30% and from 30 to 60%, which is prdably more than

covering the maximum step changes occurring under natural @nditions. Further, the
impact of gs and W on isotopic non-steady state iso uxes was analyzed. Followng

changes inrH, temporal development of g was well described by a one-pool modeling
approach for most species. Iso uxes of g were dominantly driven by stomatal control on
E, particularly for the initial period of 30 min following a sfechange. Hence, the deviation
of iso uxes from isotopic steady state can be large, even thagh plants transpire near
to isotopic steady state. Notably, not only transpirationate and stomatal conductance,

but also the leaf traits stomatal density (as a measure of\gx) and leaf water content are
signi cantly related to the time constant {) and non-steady-state iso uxes. This might
provide an easy-to-access means of a priori assumptions fothe impact of isotopic

non-steady-state transpiration in various ecosystems. Waliscuss the implications of
our results from leaf to ecosystem scale.

Keywords: transpiration, stable water isotopes, laser spe
content, isotopic non-steady state

ctroscopy, leaf traits, stomatal conductance, leaf water

INTRODUCTION

Plant transpiration is the major ux of water leaving an ecs®m on a global scale (i.6gsechko
et al., 201R The isotopic signature of transpired vapog) is a powerful tracer of water movement
within plants or through ecosystems and can be used to sepagatrosystem water uxes into the
constituent uxes of plant transpiration and soil evaporatiprekir and Sternberg, 2000; Dubbert
et al., 2014) In contrast to isotopic signatures of soil evaporation, ethare depleted compared
to soil water isotopic signaturesgf due to equilibrium and kinetic fractionation associatedtwi
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phase change and transport of water, it is often assumed that the question of species-speci ¢ isoforcing of non-steadyesta
is in isotopic steady state, i.e., that the transpired watemsh on atmospheric vapor g). Finally, reliable relationships between
the same isotopic signature as the source waBeur{el et al., relatively easy to measure leaf morphological variables, (i.
1997; Yepez et al.,, 2003; Williams et al., 2004; Wang et deaf water content and stomatal density) and the time constant
20193. These strong di erences in'® O of soil evaporation and (t) and isotopic non-steady-state iso ux might provide rst
plant transpiration provide the basis for partitioning ecogyst estimates of the impact of isotopic non-steady-state trantipina
ET uxes. However, recent studies revealed that transmgireis  for modeling the isotope composition of transpiration and leaf
often depleted relative to the isotopic steady state througtite ~ water.
day (while enriched during the night) in many plant species and To facilitate a better understanding of the relationships
ecosystems, which is mainly due to progressive decreade in between leaf traits and isotopic non-steady-state transstiof
toward midday (ai et al., 2006; Wang et al., 2012; Dubbert et al.,g, we used a novel approach, combining a leaf gas-exchange
2013, 201%a system with a cavity ring-down spectrometer. Under contiblle
In the past, measurements of water vapor isotopes were tinenditions, seven functionally distinct species, includiregbs,
consuming using cold-trap methodsi¢lliker and Ehleringer, shrubs, broad leaved, and needle leaved trees were subjecte
2002, leading to data-sets with low time resolutionlgdrwood  to changes in relative humidity. Our goal was to analyze
et al., 1998 g can also be estimated indirectly by modelingthe relationships between specic leaf traits (i.e., stomata
the isotopic signature of leaf water at the evaporatingonductance, stomatal density, leaf water content) on two
sites of the leaves d) under the assumption of non- dierent levels. We analyzed the relationship between distinc
steady-state transpiratiorDpongmann et al., 1994 Thereafter, leaf traits and the temporal development of the isotopic sigreat
g can be determined by theCraig and Gordon (1965) of transpired vapor. Secondly, we analyzed impacts of leatrai
eqguation. Recent developments in laser spectroscopy, howewven, the temporal development of the transpirational iso ux. We
enable direct measurements of the isotopic composition ofonsider it particularly important to di erentiate between eh
atmospheric water vapor £), evapotranspiration 1), and two, as the latter is the actual potential forcing on atmospheri
its components with high temporal resolution in the eld vapor.
(minute to hourly scaleWerner et al., 201Zand literature
therein). Consequently, emerging studies using contirsioigh- MATERIALS AND METHODS
frequency measurements ofz are able to investigate the
impact of changing environmental variables (i.e., in refati Plant Material
humidity or leaf temperature). As a general conclusion itThe experiment was established in the climate chamber
seems that periods of stable environmental conditionsyatlg  facilities at the University of Bayreuth comprising seven specie
for g to approach isotopic steady state, are mostly toancluding two herbaceous speciddgntago lanceolata., Oxalis
short under natural conditions compared to common leaftriangularisA. St.- Hil.), two shrubby specie&¢acia longifolia
water turn-over times Qubbert et al., 2013, 2014a; Simonin(Andr.) Willd., Co ea arabicd..), and three tree specie@ercus
et al., 2018 however studies spanning di erent environmental suber L., Fagus sylvaticd.., Picea abiegL.) H. Karst.) (see
conditions and especially across dierent leaf types are stillable ). This variety of species was chosen to cover di erent
lacking. Although, some knowledge has been gained on thgrowth forms, leaf types, biomes, and layers of an ecosystem
relation between isotopically non-steady-state leaf watekrthe  (understory vs. overstory). All plants, excelpt sylvaticaand
consequent non-steady-state e ect of transpired vapori{bert  P. abies were grown in greenhousefagus sylvaticand P.
et al., 2014r at present little is known about the e ect of abieswere obtained from a local nursery (Bavaria State Forest
species-speci ¢ di erences in morphological/physiologicafle Enterprise, Bayreuth). At least 4 weeks before the experiment
parameters (stomatal conductance, stomatal density, artdrwa started, plants were placed in a climate chamber adjusted to
content) on the immediate response of to changes in an air temperature of 2@, a relative air humidity tH) of
environmental conditions and the time needed fof under 60%, and a 12 h photoperiod with an average of 400-600
stable environmental conditions to return to an isotopica&fg- mmol m 2 s 1 incident at the upper leaf level (depending on
state. the species height). G&oncentrations were not controlled
Moreover, atthe ecosystem scale, it is important to understanand ranged from 300 to 500 ppm. Plants were kept well
how distinct leaf traits a ect the non-steady-state e ects ofwatered throughout the entire experiment, were regularly
the transpiration iso ux, which can have a strong forcing onrotated to ensure similar light conditions, and fertilizexdth
atmospheric vapor. According to isotope theory leaf wateHoagland solution Peperkorn et al., 200%and WUXAL Super
content and stomatal conductance, have a direct in uence ofManna, Wilhelm Haug, Ammerbuch-Pfa ngen, Germany).
the time constant ) and hence on the development of the Measurements were conducted starting at least 3 h after start
isotopic signature of leaf water at the evaporating sitgsand  of the light period to ensure that the plants were not a in a
in consequence the isotopic signature of transpired vapg). ( transition stage and lasted not longer than 4 h. Isotopic \emea
Stomatal conductance also determines, together with taette  of irrigation water was minimized using water from the same
air vapor pressure de cit the transpiration rate) For example, storage tank throughout the whole experiment. The isotopic
a strong deviation of the isotopic signature of transpiratfoom  signature of irrigation water was repeatedly determinedsghg
isotopic steady state might not be in concert with |&waising mean 20of 8.79 0.53%. (1D 10).
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TABLE 1 | List of species and additional information on plants a nd leaf anatomical traits.

Origin Leaf habit Stomata Life form
P. abies Boreal, Submeridional Evergreen needle Amphistomatous de
O. triangularis (Sub)tropics Evergreen Hypostomatous Herb
C. arabica Subtropics, Highlands Evergreen Hypostomatous Shrub
F. sylvatica Temperate Deciduous Hypostomatous Tree
A. longifolia Subtropics Evergreen Amphistomatous Shrub
Q. suber Mediterranean Evergreen Hypostomatous Tree
P. lanceolata Temperate Evergreen perennial Amphistomatous Herb
Measurements of Leaf Traits Santa Clara, CA, USA). Simultaneously, gas exchange parameters

Stomatal density (mm?) and guard cell lengthnim) were were collected using a portable gas exchange system (GBS-300
determined f D 15) from stomatal imprints by randomly Heinz Walz, E eltrich, Germany). Environmental variables i
covering leaf surfaces of both leaf sides with a thin layer dhe leaf cuvette were controlled by the gas exchange system
transparent nail polish Kardel et al., 2000 High resolution (Figure S1) and set to 2€ leaf temperature at incident light
pictures of imprints were taken with a light microscope (Zeissat leaf surface of 406mol m 2 s 1. rH was reduced to 30%
Alitplano, Oberkochen, Germany) connected to a camera (Sonysing the humidity control of the GFS 3000, while during the
Nex-5, Tokio, Japan). Stomates were counted and guard cdtlitial phase and during step change 2 “ambient” vapor of the
length measured. This method could not be appliedtosuber, climate chamber was used, which was permanently set to 60
hence values for stomatal density and guard cell length wefé. Gas exchange parameters (transpiration Eaged stomatal
taken from literature {iolinas, 199). Three to ve leaves of each conductancey) were calculated based amn Caemmerer and
individual were taken to determine leaf water contents. Por Farquhar (1981)
abieghree times ve needles(D 3-5) were collected while ve Oxygen isotopic signatures of transpired wateg)(were
needles were treated as one sample. determined by mass balandeubbert et al., 2014a; Barbour et al.,

2019:
Measurements of Oxygen Isotopes and
Gas Exchange Parameters E D Wout UnWin
Experimental Design W Wi Wi Wor e ]

. . out out In n inVWout - out n

Measurements of uxes and oxygen isotope signatures of D : - 1)
transpiration were conducted on one single leaf of three Wout  Win Wout  Win

to ve individuals of each speciesn(D 3-5). Young, fully \whereu is ow rate [mol (air) s 3], w is mole fraction [mol
expanded leaves at similar levels of irradiance were chasen f(H,0) mol (air) Y and is isotope ratio of air, where subscripts
measurements. Leaves were exposed to two alterationsiiveela genote the incomingi) and outgoing Out) air stream of the

air humidity (rH) from 60 to 30% and back to 60%. Relativechamper. , w and u were measured by alternately connecting
humidity was chosen as varying environmental parameter ifhe | 2120-i with the sample and reference gas ow of the
this study, since it was shown to cause the strongest responggs-3000. Reference gas was measured for 10 min, sample gas
in g in previous studies§imonin et al., 2013; Dubbert et al., measurements varied between 15 and 40 min depending on
20149. The response ing and gas exchange parameters to thesgne progress of the measurement setup. The isotopic signature
changes inH was examined. Oxygen isotopic signaturé§ ©)  of the ingoing air stream was kept constant throughout the
are reported as 60's averages and gas exchange parameters W@kariment, by choosing distilled water with matching isotopic
similarly recorded every 60 s. The enclosed leaves werestkfibs composition for the humidi er of the GFS (mean values during
climate chamber and, hence, plant growth conditions, withitdn  the initial phase and following step changes 1 and 2 were,
of 60 % and a photosynthetic active radiati@AR)of 400mmol 13.4 0.2, 13.6 0.2, and 13.1 0.3 %o, respectively).

m 2s 1 foratleast 80 min (referred to initial). Subsequently, th%uring measurements the L2120-i was calibrated regulaiyg
enclosed leaves were exposed to two changes (Jecreased 5 standards delivery module and vaporizer (Picarro, Santa
from 60 to 30%; (Il)rH increased from 30 to 60%. After eachciara, CA, USA) with two laboratory standards, which were

change inrH, the leaves were allowed to equilibrate for 120 mirszjiprated against SLAP and VSMOW (IAEA, Vienna) before the
before the next change was induced. Over the whole experimerétxperiment started.

reference gas and sample gas were measured alternately.

UoutWout out  UinWin in

Oxygen Isotope Signatures of Leaf and Soil Samples
Coupling of Leaf Gas Exchange System and Laser Bulk leaf, xylem, and soil samples (all D 3-5) were
Spectrometer collected at the end of experimental measurements. Leaf,
Oxygen isotopic signatures of water vapot{O) were measured xylem, and soil water was extracted on a custom build
using Cavity Ring-Down Spectroscopy (CRDS) (L2120-i, Picarrsacuum line by cryogenic distillation. Samples were heated
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at approximately 95C for 90 min under vacuum of 0.8 TABLE 2| Used symbols and descriptions.

Pa and vapor was trapped in liquid oN cooled water

traps. Samples were stored in sealed glass vials @t 4Symbols

Descriptions

until analysis. Water 18 O was analyzed after headspacek
equilibration for 24 h at 20C on an Isoprime IRMS (Elementar, ¢
Hanau, Germany) coupled via open split to ragas auto
sampler (Elementar, Hanau, Germany). Within every batch
of 44 samples, three replicates of three dierent laboratory
standards were analyzed fof8 O calibration vs. V-SMOW.
Laboratory standards were regularly calibrated against \/}
SMOW, SLAP, and GISP (IAEA,Vienna). Analytical precisionC
was 0.1%o.

18 o

D/ID;
Isotope Theory
The rstto develop an equation describing isotopic fractition
associated with evaporation of water weteaig and Gordon
(1965) Accordingly, the isotopic ratio of evaporati®g is linked »
to the isotopic ratios of water at the evaporating siksand '
ambient vapoiR, (Craig and Gordon, 1965 gem
S
1 c h
D—— 7 h 2
ReD ——7— R Ra @

with a, and € being the kinetic and equilibrium fractionation "
factors ¢ 1), respectively and the relative humidity corrected
for leaf temperature (se®ble 2 for abbreviations). The Craig
and Gordon steady-state model requires that the isotopit
composition of vapor departing from the leaf must be the samé’
as the isotopic composition of incoming watd®z D Rs. This "
leads to:

Kinetic fractionation factor

Equilibrium fractionation factor

Oxygen stable isotope signature%o)

Shortened for oxygen stable isotope signature¥o)
Deviation of a given isotopic signature from source water
Péclet number

Volumetric soil water content (M m 3)

The molar water concentration (mol m 3)

Differences in molecular diffusivitydY) between the major and the
minor isotopologue

Plant transpiration (mmolm2 s 1)

Fractional difference between the leaf water enrichment ahe bulk
leaf ( m) and at the evaporating sites (e)

Factors for estimatingR

Factor for estimatingRm

Total conductance for water vapor

Relative humidity normalized to leaf temperature (%)
Effective length of water movement in the leaf mesophyll (m)
Exponent relatingD/D; to apparent kinetic fractionation
Relative air humidity (%)

Isotope ratio of $80)/180)

Temperature (C)

Flow rate (mol(air) s1)

Leaf water volume (mol(HHO) m 2),

Mole fraction (mol(HO) mol(air) 1)

Leaf water time constant

Subscripts

RD €1 hRC ChRy ®3)

Descriptions

where Rc is the isotopic composition of leaf water at the?
evaporating site in steady state. €

The non-steady-state isotopic composition of leaf water at th®
evaporating sit&® can be written in an iterative form, if leaf water €0
volumeW [mol (H20) m 2] is assumed constanbpngmann ~ &tcdt)
etal., 1974; Farquhar and Cernusak, 2005; Cuntz et al.)2007 ™

i

@
L

R tCdt DReC.R.t/ Re ™
whereR, at a timet C dt is calculated fronR, at an earlier time
with constant environmental conditions during the time ptét. o\
gsis the leaf conductance for water vapor from the stomatakgavi P

to the point of observation, and; the humidity in the stomatal /¥

Atmospheric air

Craig and Gordon steady-state prediction at the evaporatig (%o)
Evaporating site

Leaf-water at the evaporating sites at time (%o)

Leaf-water at the evaporating sites at time plus a time stepCdt (%o)
Relative humidity

Stomatal cavity

Chamber air

Leaf

Liquid bulk leaf water

Background air

Precipitation

Source water; xylem water

cavity, i.e., vapor saturation at leaf temperature expressatbée
fraction [mol(H>0) mol(air) 1].

Following Farquhar and Cernusak (200f)e time constant
(t), can be described as:

— (%)

Recently,Song et al. (20158uggested a modi ed formulation
for t specically suitable for modeling isotopic signatures of
leaf water and transpirative uxes in a cuvette environment,

substitutinggs  w; with E and accounting for the proportional

with (and © 1:

di erence betweenwiy, and w;. In a cuvette scenario with the

ingoing airstream \{,) often being dry air (as irSong et al.,
w 2019, this e ectively corrects for the strong in uence & on

f— (6)

isotopic signatures of vapory).
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This leads to: RESULTS
W Wi Leaf Traits and Transpiration
D1 f 1w (7)  Signi cant di erences in stomatal density and guard cell lémgt
|

could be observed between speclkaglre 1; see also Figure S2).
. . . Picea abieand O. triangularishad lowest stomatal densities of
We used this updated formulation for cuvette scenarios to6 5 ; -
8 16 and 69 14 mm <, respectively. Highest stomatal
calculate g and hence alsb. - . 2
The factorf in Equation (5—7) denotes a Péclet term, with densities were observed Fh Iancec_)lataW|_th 542 86. m.m )
’ Notably, three of the studied speci€s,abies, A. longifoljiand
P. lanceolatapossess amphistomatous leaves, hence stomatal
1 eln EL densiti dh | | densitiestfof b
f D = with the Riclet numbe} m D — (8) ensities are expressed here as total stomatal densities 0
m CcD leaf sides. In addition, dierences in guard cell length could
be found, with a tendency toward smaller guard cell length at
where C D 1(P/18 D 55.610° mol m 3 is the molar water higher stomatal densityRé D 0.44:p D 0.08; ranging between
concentrationD (m? s 1) is the tracer di usivity in liquid water 17 3 mm in F. sylvaticaand 40 10 nm in P. abie}
andL (m) is the e ective length of water movement in the leaf Moreover, together stomatal density and guard cell length, (i.e
mesophyllE is the transpiration rate in mol m?s 1. stomatal density guard cell length) explained species-speci c
The iso ux of transpiration is expressed as the product ofdi erences in stomatal conductance quite weR%(D 0.96,p
E and e. In this experiment we calculated the iso ux as the< 0.01). Leaf water content\() also diered considerably
product of Eand 1 g, as our main interest was in the impact of between species, but di erences were not related to stomatal

non-steady-statec ( eD g x). traits (Figure 1). Three species contained high leaf water contents
o _ between11.7 0.8and 13.8 2.8 molm 2(P. abies, A. longifolia,
Statistical Analysis P lanceolatp while medium leaf water contents could be found

Kruskal-Wallis tests were used to test for species speciin O.triangularis, C. arabicandQ. subef 8.5molm 2). Fagus
di erences in stomatal density, size, leaf water contenggFand  sylvaticehad by far the lowest leaf water content of 2.%.2 mol

t. The same test was used to test for species-speci ¢ di erences 2.

in the magnitude of decrease/increase in the isotopic sigeat During the rstinitial stage of the measurement period, most
of transpiration,t, and mean iso uxes of the three experimental species exhibited transpiration rates and stomatal conchoeta
stages in response to changesrih. We performed at-test of around 0.6-1.2 and 70-90 mmol rh s 1, respectively
to compare the isotopic signatures of transpiration with that(Figure 2). Only C. arabicaandP. lanceolatahowed signi cantly
of xylem water at the initial phase of the experiment. Non-smaller ED 0.41 andiD 37 mmolm 2s 1) and higher (2.3 and
linear correlations were used to relate stomatal condumgamith 278 mmol m 2 s 1) Eandgs, respectively.

stomatal density and guard cell length, stomatal densityuard Similarly, the leaf water time constant (i.e., Equation 8)
cell length and leaf water content with stomatal traits. Bow in the initial experimental phase varied between species,hwhic
functions were used to relate species-speci ¢ di erencésand  accordingly can be divided into 3 main groupBigure 2): (1)
iso uxes with their di erences in gW and stomatal density/W. t < 50 min (P. lanceolata and F. sylvatjcdll) t > 50 but<

In case signi cant relationships could be detectgd<( 0.05), 100 min (A. longifolia, Q. suber, O. triangularsnd Ill) t > 100
R? and p-values are given. Statistical analyses were carriadin (C. arabicaP. abie} It has to be noted tha®. triangularis
out with the software STATISTICA 6.0 (StatSoft Inc., Tulsafaced a signi cant increase ih following the rst change in

OK, USA). rH, thereafter belonging to group IlIRigure 2). Mean values
A B C
€00 stomatal density i 60 guard cell length 14 w aJ_
a
~500 50 12 a7 ab
' - g_ a
E.a00 =40 10 b
s T ab B b
® b b 2 ab ab £ 8
S 300 2 30 b |3
3 - E,
© o
gzoo . T 20 Z =
S a a > 4 c
“ 100 |i 10 2 D
0 T T T T 0 0 T T
P O C F A Q PL P O C F A Q PL P O C F A Q PL

FIGURE 1 | Mean values ( SD, n D 3-5) of (A) stomatal density, (B) guard cell length and(C) leaf water content (W), species-speci ¢ gray scale color cod is
maintained throughout all gures (exceptFigure 3). Species are sorted as followsP. abies, O. triangularis, C. arabica, F. sylvatica, A. longifa, Q. suber, P.
lanceolata Lower case letters indicate statistical differences beteen species f < 0.05).
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initial A after drop to 30 % rH B | |after increase 60 % rH i C
3
- cl bl
)
o~
£ ’ ab
g a a ab a a ab
£
w1 ab
b
0 .
300 Q PL A Q PI P O C F A Q Pl
(o] L D c‘L E F

A — — R
o ab a @
£ - S a
g a a a
E b
[7]
(=]
A Q PL P O C F A Q PI Q Pl
450 G b H ]
300 i c ‘ "
a a
10 -« ab R d a 1
T L T T
£
£ d & e
"
Cc
P O C F A Q PL P O C F A Q PI P O C F A Q PI

FIGURE 2 | Mean transpiration rate ( E), stomatal conductance ( gs) and time constant ( t) during the initial experimental phase (A,D,G), following a drop in
rH (B,E,H) and an increase in rH(C,F,). Species are sorted as follows:P. abies, O. triangularis, C. arabica, F. sylvatica, A. longifa, Q. suber, P. lanceolataLower
case letters indicate statistical differences between spdes p < 0.05).

of measured bulk and modeled evaporating site leaf isotopitom source water isotopic signaturd-igure 3) and a high

signatures is given in Table S1. agreement between measured and modeled isotopic signatures
of transpiration (g) was found. This can be expected here,

Oxygen Isotope Signatures of Transpired as all plants were kept under stable environmental conditions

Vapor and the Transpiration 1so ux regarding temperature and relative humidity within the clitaa

In concert with transpiration, isotopic signatures of leafChamber environment at all times. Further, during the ialti
transpiration (g) were measured rst at environmental Phase of the experiment the conditions of the air entering the
conditions of the climate chamberH D 60%), and following Ccuvette matched those within the climate chamber.

a decrease (to 30%) and increase (to 60%jHn(Figure 3). In response to environmental changes, (i.e., decreasing
In addition, ¢ was modeled using Equations (2) and (4),and increasingrH) a direct strong decrease/increase in
using the formulation for the time constant (Equation 7) aswas observed in all species. Notably, the magnitude of this
described bySong et al. (2015During the initial stage, plants immediate response ofg directly following a change inH
transpired at isotopic steady state, i.e., no signi cant dégn  did not dier between species and was8.27  0.67 and
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FIGURE 3 | Time series of oxygen isotope signatures of transpi red water vapor estimated by laser spectroscopy (in %o; black dots; gray lines denote
standard deviation; n D 3-5) and modeled (red lines, light red lines denote standard d eviations; n D 3-5). Black lines denote source water for plant
transpiration (mean values SD in%., n D 3-5). (A) Picea abies (B) Oxalis triangularis (C) Coffea arabicg (D) Fagus sylvatica (E) Acacia longifolia (F) Quercus
suber; (G) Plantago lanceolata.

11.35 0.9%o, respectively after decrease and increasddin and C. arabica)did not reach isotopic steady state even after
In contrast, the studied species showed di erent behavior ifl20 min of unchanging environmental conditions, while group
the subsequent approach to isotopic steady state and thrdle(A. longifoliaandQ. subergpproached steady state but did not
distinct groups could be identi ed, in accordance to theimg fully reach it Figure 3).

constant. Only species of groupP (lanceolatand F. sylvatici Given the good agreement between modeling results and
reached isotopic-steady-state transpiration after 120 rhgtable observations, the time constant (Equations 2, 4, and 7)
environmental conditions. Group II(P. abies, O. triangularis, described the approach of to isotopic steady state following
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FIGURE 4 | Mean t (Equation 8) across all species subsequent to a drop to 30% (c ircles) and an increase to 60% rH (squares) against W/E (A), W/gs
(B), and W/stomatal density(C).

FIGURE 5 | Mean values ( SD, n D 3-5) of isouxes ( E g;meanvalues SD, n D 3-5) during the initial experimental setup (A),  after reducingrH (B)
and increasingrH (C) of Picea abies, Oxalis triangularis, Coffea arabica, Faguslsgtica, Acacia longifoliaQuercus suber, Plantago lanceolata The entire time
between step changes was used for calculations.

environmental perturbation rather wellF{gure 3. Species- and 8.8%. mmol m 2 s 1 after increasingH. Again, signi cant
speci c dierences in the time constantt] could be very relationships were found between mean iso uxes during the
well described by the term W/E and WYdRZ2 D 0.98 and second and third experimental stage and the terms W/, gs
0.95;p < 0.01,Figures 4A,B. Moreover, although showing a W and stomatal density W (Figure 6). Finally, we modeled the
weaker relationship, species speci c di erencestinvere also temporal development of the transpirational iso ux Bfantago
signi cantly related to the term W/stomatal density (prowd) lanceolataassuming 2 di erent values foE and W. Original
arough estimate ofghy; R2 D 0.3,p< 0.05Figure 4C). values oft and W of P. lanceolatavere therefore divided by 4

In addition to the quanti cation of the isotopic non-steady- (Figure 7), representing the range f& and W observed in this
state e ect of g in response to changes i, the iso ux of  study across all specigsigures 1, 2). The impact of changing E
the transpired vapor was determined for all three stages of thendW on g (Figure 7A) are as can be expected from theory (i.e.,
experiment. Here, transpiration iso uxes were calculatddtree = Equations 2 and 4). However, the impact of changels and W
to xylem/source water® O because despite equal irrigation on the transpirational iso ux is strongly depending on the &m
source for all species, averaged soil watBiO di ered between of observation/integrationKigure 7B). Up to 10 min following
species, most probably due to evaporative enrichment of soitee drop inrH, the smallestiso ux can be observed for the model
without dense soil cover, leading to di erent water residenc run with smallE and the run with smalEandW (on average 6.3
times in the soil (data not shown). and 6.1% mmol 2 m 2s ! compared to 21.5% mmoR m 2

As expected, iso uxes were around zero during the initials 1 considering highE and W, see als@able 3. However, the
stage, as plants were transpiring in or near to isotopic steadgnger the time of integration is, the higher becomes thatieé
state (i.e., g 0; Figure 5A). Following step changes, meanin uence of W. Integrating over the full 120 min before the next
iso uxes over the measurement duration after changesHn step change, mean iso uxes were smallest considering dnall
di ered between specie§igures 5B,G, varying between 3.2 and and small W andE (2.3 and 2.6 % mmol?m 2s 1 respectively,
12.9% mmol m 2 s 1 after the drop inrH and between 0.8 seeTable 3.

Frontiers in Plant Science | www.frontiersin.org 8 January 2017 | Volume 8 | Article 5



Dubbert et al. Leaf Traits and Isotopic Non-steady-state Transpiration

FIGURE 6 | Mean values ( SD) of iso uxes across all species ( E g; meanvalues SD, n D 3-5) against (A) E W, (B)gs W, and (C) stomatal
density W.

DISCUSSION step change is directly related to the magnitude of the stegnge
inrH and its in uence on 1h as well asc (see Equation 3).
Non-;teady State EﬁeCt of E and the In contrast, we found signi cant di erences in the approach
Relation to Leaf Traits to isotopic steady state subsequent to changesd itNotably, the
Oxygen isotope signatures of transpiration are increasinggdu Dongmann-style model (see Equation 4) as used here predicted
to partition evapotranspiration diering at spatial (plant to the observed temporal dynamics i following step-changes
global) and temporal (minute to annual) scales. The preserih rH reasonably well Figure 3 see als&imonin et al., 2013
results emphasize that assuming plant transpiration to be iWe can clearly see that can be nicely predicted by E ok g
isotopic steady state can have a large impact i.e. for ecosystand leaf water contentFarquhar and Cernusak, 2005; Song
partitioning studies {akir and Sternberg, 2000; Yepez etal., 2003t al., 201} Interestingly, neither of these two parameters alone
Williams et al., 2004; Zhang et al., 2011; Dubbert et al.3201was able to predict changestinand hence non-steady-statg
2014b; Huetal., 20)4Current approaches modeling the isotopic pooled across all species. The species-speci ¢ reaction to the
signature of leaf water allowing for isotopic non-steadyestae  decrease ofH led to signi cant di erences inE and hence
often based on the assumptions of one unenriched water pool intabefore and after changes . ParticularlyP. abies and O.
leaf (i.e., vein water) and enrichment occurring at the evafiee  triangularis strongly decreasegt and henceE following the
sites within the mesophyll. They predict that the time neededtep change from 60 to 30%i. Therefore, the responsiveness
for the isotopic signature of leaf water at the evaporatingssit of the stomatal aperture to changing environmental condliso
( ¢ to approach isotopic steady state under stable environmentaeems to be an importing factor characterizihgand thus
conditions is dependent on the time constarit Qongmann non-steady-state e ects ofg. However, the still signi cant
et al., 1974; Farquhar and Cernusak, 2005; Cuntz et al.).200relationship betweenandW/stomatal density, seem worthwhile
The deviation of the isotopic signature of transpired vaponiro for further investigation, potentially providing very easy to
steady state (g) is tightly linked to ¢, however deviations of quantify means for a priory assumptions of the impact of isotopic
e from isotopic steady state are ampli ed dependent on relativanon-steady state in ecosystem with distinct plant functional
humidity ( gD ( e c)(aCax(l h)); seeDubbert et al., groups. This could be bene cial especially for approaches aiming
20149. Consequently, analyzing the temporal developmentof at partitioning evapotranspiration by use of stable isotopes. We
and its deviation from isotopic steady-stated), one needs to believe that the possible impact of assuming transpiration to be
separate environmental from leaf trait related driveggE under  in isotopic steady state on the nal partitioning approach could
cuvette scenarios) and W that are in uencingvia the leaf water be thus estimated a priori.
time constant term in equation 4, i.ee. Song et al. (2015Jemonstrated that in a cuvette scenattio,
Responses to changes iiH were analyzed regarding two is not in uenced by the gross ux of water ¢g w;) but rather
distinct aspects: the immediate response following a stepgsghanby the net ux of water from the leafH) as well as the impact
in rH and the subsequent approach to isotopic steady statf Eon cuvette vapor. Consequently they adapted the model of
under stable environmental conditions. While changesrtih by Farquhar and Cernusak (2003}his “leaf cuvette e ect’ leads
directly in uence g, changes in other environmental parametersto highert values than expected for open eld scenarios. In fact,
like variations in PPFD orc,, as analyzed in previous studies with wi, being dry airSong et al. (201%showed that in a cuvette
(Simonin et al., 2003 indirectly in uence g via their control is twice as high as under eld conditions. While this e ect Wil
on gs and E. Notably, the magnitude of the direct response pf be smaller when yy is not dry air as in this study (see Figure
to step changes did not di er between species. Considerigg S3), it is still very important to consider this e ect in studies
to be the deviation of ¢ from ¢ amplied by 1-h, it becomes involving cuvette-based measurements. Moreover, it shaldd
apparent the that the magnitude of the immediate responseafterbe kept in mind thatt under eld conditions will be smaller
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FIGURE 7 | Time series of modeled g (A) and the transpirational iso ux(B) of Plantago lanceolata To disentangle the temporal dynamics of the impact oW and
transpiration rate,E was set to one and ¥4 of the observed value andwW was set to 14.4 and 3.6 mol m 2 (which isY4 of 14.4). These values span the values fdE
and W observed in this study pooled over all species.

and hence the total impact of non-steady-state transpiratiomependent on the g signature, but on the product of E and
following changes in environmental conditions will be sonetv g (i.e., the iso ux of the transpired vapor). Furthermore, the

lower than predicted by cuvette measurements. actual isoforcing l(ee et al., 20Q%f transpired vapor under
. natural conditions will also be in uenced by changes in theCH

Iso uxes and Impact on Isotopic concentration and isotopic signature of atmospheric vapor.

Signatures of Atmospheric Vapor Dubbert et al. (2014ashowed that under natural eld

Oxygen isotope signatures of transpiration are used to traceonditions the transpirational isoforcing of Mediterranean
water ows through ecosystems, but also to assess the impa@t subertrees signi cantly deviated from the steady-state
of plant transpiration on atmospheric water vapoxifo et al., assumption at the least on short time scales (i.e., less than
2010, 2012; Lee et al., 201 this regard, it is important to 24 h). In this experimental study, we calculated iso uxes as a
understand the impact of environmental and plant physiolobicadeviation from the steady-state iso ux (i.e-E g). Iso uxes
controls on the impact of isotopic non-steady-state e ects ofof transpired vapor strongly diered between species and
g on atmospheric vapor. The impact of isotopic non-steady-di ered signi cantly from isotopic steady-state iso uxes aft
state g on atmospheric vapor (isoforcing), however, is not onlychanges inrH, highlighting the potential forcing of isotopic
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TABLE 3 | Mean iso ux integrated over 10, 30, 60, and 120 min foll  owing a distinct leaf traits on the temporal dynamics of the deviatif
decrease in rH considering differences in W and  gs. e from isotopic steady state. We demonstrate that isoforcing of
g on atmospheric vapor is strongly driven by controlBbver

1so ux 10min 30min 60 min 120 min

E g, even though higtE also leads to small time constants.
W and gs 1 241 4.4 215 38 169 55 107 6.8 By contrast, impact ofV on the time constant only in uences
W Y4 gs 1 169 3.8 97 59 56 5.9 23 46 the non-steady-state iso ux on time scales probably notuaite
W 1gs V4 63 1.4 66 0.9 63 07 54 09 under natural conditions. The signi cant relationships teten
W and gs ¥4 6.1 11 54 09 42 14 26 17 E g andeven stomatal density (as a measumgaf) andW on

the one hand and and the isotopic hon-steady-state iso ux on
the other hand are quite promising. Particularly morpholagic

leaf traits are relatively easy to sample and measure under
eld conditions, and their use as a priori information df

and iso ux deviation from the steady-state assumption would
be highly useful. Transpirational isotopes provide the basis
for environmental tracer/paleo-climatic studies and are uaed
tracers from leaf to atmospheric scale. Hence, our ndinggeha
wide reaching consequences across large temporal and spatial
scales.

1, observed gs and W; Y4, quarter of observed g, and W.

non-steady-state transpiration on atmospheric vageig(re 6).
Previous studies suggested, that isotopic non-steadg-statts
of leaf transpiration will have a signi cant impact on atmosjpice
vapor, when the time constarit)is long, i.e., lovE (or gsin non-
cuvette scenarios) and/or high' (Lai et al., 2006; Simonin et al.,
2013; Dubbert et al., 201jtdere, species-speci ¢ di erences in
t and hence in g can originate from either di erences ik or
W, while the observed di erences in transpiration rate) @re
not in uenced byW. The impact ofW on the non-steady-state

transpirational iso ux can be clearly predicted: higt will lead AUTHOR CONTRIBUTIONS
to a higher time constant and hence to a slower return to ip@to
steady-state transpiration. This is more complex Ebbecause
higher E will lead to a smaller time constant and hence a faste
return to isotopic steady-state transpiration, but also dihe
increases the termE g (under a giverrH).

Figure 7 clearly shows that within the rst 10-30 min
following a step change the direct impact & on E g
dominates the development of the isotopic non-steady-stat
iso ux. Di erences inW and its in uence ont and hence g are
getting increasingly important though if the time of integian
becomes greater than 30 mifrigure 7B). Hence, if variation
in the time constant is driven by changes K it has a bigger
short-term e ect on the resulting iso ux than if the source of
variation isW, due to the direct e ectoEon E g. Similarly,

a small time constant given by highand highW results in a
larger iso ux than a large time constant achieved via laijand
smallE, at least for time intervals from 10 to 30 min following
environmental perturbation. Only in case of longer time pelso
with stable environmental conditions>@0 min), changes in
W do become increasingly important for the non-steady-stat
iso ux, and itis questionable whether they are relevantddiess
under natural conditions.

Concluding, our results demonstrate the usefulness of elipl
gas-exchange laser spectrometer set-ups to analyze watgrdsot
fractionation processes at the leaf scale. The overall veogd g SUPPLEMENTARY MATERIAL
agreement between observations and modeling results imseve
species with distinct leaf traits supports current modelingThe Supplementary Material for this article can be found
approaches regarding leaf water isotopic enrichment. Ourtgsu online at: http://journal.frontiersin.org/article/10389/fpls.2017.
provided for the rst time a species survey on the impact of00005/full#supplementary-material
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