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RESUMO

MARTINS, Samuel Cordeiro Vitor, D.Sc., Universidade Federal de Vigosa, fevereiro
de 2015Hydraulic limitations in different plant species. Orientador: Fabio Murilo
da Matta.

Caracteristicas hidraulicas como a condutancia hidraulica foligp @ capacitancia

(Cuyn) definem os limites operacionais do xilema em nivel de folha. Apesar do
controle estdbmatico em samambaias e coniferas ser fielmente predito por um modelo
hidropassivo, ainda nao foi testado se as caracteristicas hidraulicas podem predizer
com sucesso 0 comportamento estdmatico em resposta ao déficit de pressao de vapor
(VPD). Além disso, pouco se sabe sobre como caracteristicas hidraulicas podem
influenciar o enriqguecimento de agua nos locais de evaporacao e a velocidade com
gue ocorre a mistura de agua enriguecida e néo enriquecida dentro de uma folha. Em
um primeiro experimento, f@examinada a resposta estdmatica a aumentos graduais
em VPD em quatro samambaias e duas coniferas estruturalmente diferentes, que
abrangem uma grande diversidade gga: K Cayn. Os fluxos na fase liquida e gasosa
também foram medidos para determinar o potencial hidrico {&#jarem tempo real

e sua relacdo com a condutancia estomatiga Fg@i encontrado que diferentes
valores de K e Cyyn levaram a balangos distintos entre a fase liquida e gasosa
impactando significativamente o tempo de resposta para o fechamento estébmaética,
onde o tempo de meia-vida variou de 48-248 segundos. O modelo hidropassivo
predisse com sucesso a resposta estdméaticas ao VPD em todas as espécies estudadas.
Além disso, houve melhora na capacidade de predicdo do modelo quando assumindo
um Kear dindmico, sugerindo uma resposta dgsKao VPD. De qualquer forma, a
magnitude das mudancas ema¥foi pequena e em acordo com recentes modelos
prevendo uma mudanca da transpiracdo perivascular para a periestomatica em
resposta a aumertoem VPD. Em um segundo experimento, foi estudado o
enriquecimento da agua foliar efO durante o processo tranpiratério em quatro
espécies com i e Cqyn constrastantes. Evidéncias adicionais em suporte ao modelo
de dois compartimentos para o enriquecimentc‘%n em trés das quatro espécies
foram encontradas. Os dados obtidos também sugerem uma possivel interagédo entre a
densidade de venacao e tecidos associados as nervuras como determinantes da fracéo
de agua nao-enriquecida. Além disso, é sugerido que o baixapgfesentando por

samambaias, levaria a um aumento da resisténcia radial para o transporte de agua,

vii



restringindo assim a mistura de agua entre as fragdes enriquecidas e nao-enriquecidas
Em um terceiro experimento, a vulnerabilidade hidraulica foliar foi avaliada em duas
cultivares de café em condi¢cBes de campo sob forte restricdo hidrica de modo a testar
a suscetibilidade do café a disfuncdes hidraulicas. As folhas de café@ fora
caracterizadas como moderadamente tolerantes a disfun¢des hidraulicas; no entanto,
os ¥, encontrados sob seca foram suficientes para causar falha hidesatisaisao

foliar. Apds o retorno das chuvas, a recuperacdo da fotossintese ligyigag(4oi
reprimida em diferentes extensdes, provavelmente como resultado da perda hidraulica
dado que nenhuma evidéncia para limitagdes bioquireites, foi encontrada. Em

todo caso, apos dois meses de chuvas, a recuperacao totalntkesAdo desgfoi
observada em folhas expandidas sob seca em comparacdo com folhas expandidas na
estacdo chuvosa. Sob condicdes de ampla disponibilidade hidrica, a abertura
estbmatica parece ser regulada de modo a evitar que a perda de condutividade
hidraulica alcance niveis maiores do que c. 30% por meio de mecanismos ativos
provavelmente relacionados ao &acido abscisico (ABA). No entanto, a alta
variabilidadeem ¥, encontrada sob seca sugere que es&igbilidade diferencial ao

ABA nas folhas, dado que algumas folhas ndo conseguem alcancar fechamento
estbmatico suficiente para evitar danos no sistema hidraulico. Em conadfuséo,
demonstrado que a anatomia foliar, através de mudamgasy, e/ou no teor de

agua, tem um efeito significativo sobre a velocidade dos movimentos estomético em
coniferas e samambaias. Portanto, 0 mecanismo passivo de controle estomético pode
levar a taxas de fechamento estomatico tdo rapidas quanto as observadas em
angiospermas e também afetar as propriedades do processo de enriqguecimento em
%0. Ressalta-se que, no cafeeiro, mais estudos relacionados & sensibilidade ao ABA
serdo necessarios para melhor elucidar a contribuicdo de mecanismos passivos e
ativos no controle estdmatico. E deveras importante também a determimacdo d
vulnerabilidade hidraulica em caules e raizes, bem como em outras variedades de café

para uma adequada avaliacéo dos efeitos da seca na cultura do cafeé.
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ABSTRACT

MARTINS, Samuel Cordeiro Vitor, D.Sc., Universidade Federal de Vigosa, February,
2015. Hydraulic limitations in different plant species. Adviser: Fabio Murilo da
Matta.

Hydraulic traits such as leaf hydraulic conductanag.dkand leaf capacitance ()

define the xylem operational limits at the leaf level. Despite stomata control in ferns
and conifers having been proposed to be regulated via a hydropassive model, it
remains untested whether hydraulic traits can successfully predict stomata behaviour
to changes in vapour pressure deficit (VPD). Additionally, little is known on how
hydraulic traits influence leaf water enrichment at the sites of evaporation and the
mixing of enriched and unenriched water within a leaf. In a first experiment, we
examined the stomata response to stepwise increases in VPD in two ferns and four
conifers structurally different covering a large range s lind Gyn. Water vapour

and liquid fluxes were also measured in order to determine the online leaf water
potential (¥|) and its relationship with stomatal conductancg. (@/e found that
different K. and Gy, led to distinct balances between liquid and vapour phase
significantly impacting stomata responsiveness as seen by the differences in stomata
closure half-times ranging from 48 to 248 seconds. The hydraulic passive model
successfully modelled stomata response to VPD in all species studied. Furthermore,
considering a changing rather than a fixegsKimproved model predictions
suggesting VPD-induced changes iR.KIn any case, the extents of changes were
small and in agreement with recent models predicting a shift from perivascular to
peristomatal transpiration in response to increases in VPD. In a second experiment,
we studied leaf water enrichment 1#O during transpiration in four species with
contrasting ks and Gyn. Additional evidence in support for the two pool model in
three out of four species was found. Our data also suggest a possible interplay
between vein density and associated ground tissues as determinants of the fraction of
unenriched water. Moreover, we suggest that a IQy Kading to an increased radial
resistance for water transport in ferns, can have a role constraining the mixing of
enriched and unenriched leaf water. In a third experiment, leaf hydraulic vulnerability
was assessed in two field-grown coffee cultivars under a severe drought to test coffee
susceptibility to hydraulic dysfunctions. Coffee leaves were characterized as
moderately tolerant to hydraulic dysfunctions; however, the large neg#iive



experienced under drought were sufficient to cause hydraulic failure and leaf loss.
Upon rainfall, A and g recovery were constrained at different extents probably as a
result of hydraulic loss given that no evidence for biochemical limitations teaé

found. In any case, after two months of rainfall, full recovery ofblit not g, was
observed in leaves expanded under drought in comparison to leaves expanded in the
rainy season. Under wet conditions, stomata aperture seems to be regulated to preven
loss of conductivity of reaching levels higher than30% by means of active
mechanisms likely ABA-related. However, a high variabilityfinexperienced under
drought suggests that differential leaf sensitivity to ABA exists as some leaves cannot
reach sufficient stomata closure to avoid damagdingo occur. In conclusion, we
showed that leaf anatomy, through changes g @nd/or water content, has a
significant effect on the speed of stomata movements in ferns and conifers leading to
closure rates as fast as those seen in angiosperms, in addition to affect leaf water
enrichment properties. In coffee, further ABA-sensitivity studies are necessary to
better elucidate the contribution of passive and active mechanisms controlling coffee
stomata. Most importantly, studies to determine hydraulic vulnerability in stems and
roots as well in other coffee varieties will be of extreme importance to a proper

assessment of the impact climate change will have for the coffee crop.



GENERAL INTRODUCTION

From all environmental resources, water is likely the most important resource
determining plant distribution, growth, yield and survival (Engelbrecht et al., 2007;
Zhao and Running, 2010). Plants are constantly threatened by the risk of desiccation
through exposure to a drying soil or atmosphere and survival hinges on finding a
strategy to optimize water loss and carbon gain (Brodribb et al., 2014). Such an
optimization is achieved by assigning the control of leaf gas exchange to tiny leaf
pores called stomata. Stomata respond rapidly to changes in evaporative demand (e.g.
vapour pressure, temperature) or photosynthetic potential (e.g. light intensity, CO
partial pressure) by regulating the size of the pore to maintain an optimum balance
between evaporation and photosynthesis (Cowan and Farquhar, 1977). These stomatal
movements are ubiquitous among plant species, and profoundly affect diurnal and
seasonal courses of water and carbon movement between plants and the atmosphere
(Hetherington and Woodward, 2003; Farquhar et al., 1993).

As stomata control the transpiration flux, the xylem tissue dictates the
hydration state of the leaves relative to the soil. The interdependence of these tissues
is such that their development is tightly coordinated (Brodribb et al., 20043 been
proposed that the point of stomatal closure during drought stress is determined by the
vulnerability of the xylem tissue to cavitation under tension (Brodribb & Holbrook,
2003). Thus, the leaf hydraulic conductancg.fiKdefined as the conductance of the
pathway between the leaf vein termini and the evaporation sites furthest from the
xylem veinlet (Brodribb et al., 2010), sets a physical limit to water demand that
cannot be exceeded without risking hydraulic failure and desiccation. The coupling
between stomata conductance) (gnd the need to maintain a proper leaf water
balance has often been evidenced by the strong positive scaling betvaseh ks
(Brodribb et al., 2010). In turn, the significance of,Kas a potentially limiting
component of the vascular system has been further emphasized by the strong
hydraulic-photosynthetic coordination observed across a large sample of diverse
species (Brodribb et al., 2007

Despite the importance ofi defining the capacity for water supply, its role
controlling stomata movements was undermined by the complexity of active
mechanisms involving ion-trafficking present in stomata from seed plants

(Hetherington and Woodward, 2003). Only recently, with the discovery of an

1



ancestral hydropassive stomatal behaviour in ferns and lycophytes (Brodribb and
McAdam 2011), it became possible to test how hydraulic traits influence stomata
behaviour. If stomata respond uniquely to a balance between hydraulic conductance,
capacitance and evaporation, modeling stomata dynamics can be extremely
simplified.

Leaf capacitance is an important parameter in leaves that defines the dynamics
of how leaves respond to fluctuations in transpiration rates or upstream water
potential (Blackman and Brodribb, 2011). A contentious matter concerning
capacitance is hydraulic compartmentalization, i.e., that only a portion of the leaf
tissue actively exchanges water with the transpiration stream. Probing capacitance
under evaporative conditions is technically challenging, but, in theory, instantaneous
measurements of liquid and water vapour fluxes can shed light on the matter.
According to a hydropassive model, any disturbance in steady-state liquid and vapour
phases will be dependent on the ratio betwegn ahd capacitance to determine the
time response to return to a new steady-state phase. Thus, measurements of liquid and
vapour phases in addition tg.4measurements per se have the potential to probe in
Vivo capacitance.

Another interesting tool that, in theory, integratesslend capacitance is the
use of water stable isotopes. During leaf transpiration, leaves become enriti@d in
due to slower diffusion of #%0 through stomata than,t0 and this isotopic
signature can be used to estimate the path length (L), defined as the distance that
water vapour has to move from the leaf vein until the evaporative surface. The L
estimation revealed of special interest for the understanding of water pathways inside
the leaf and how those can be influenced by different routes (apoplastic versus
symplastic), leaf anatomy and leaf hydraulics (Ferrio et al., 2012¥O\snrichment
happen at the evaporative sites within a leaf, and unenriched water leaves the leaf
veins, the degree of mixing between enriched and unenriched water should be
dependent on bothid4 and capacitance.

At a plant level, recent work studying interactions between xylem
vulnerability and the dynamics of stomatal closure during drought demonstrates that
these two traits in combination can predict how trees succumb to drought stress, either
by desiccation or starvation (McDowell et al., 2008). In a recent meta-analysis, Choat
et al. (2012) reported that several plant species, mainly tropical seed plants, are

expected to be highly vulnerable to hydraulic dysfunctions that should be exacerbated
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due to the current and ongoing scenarios of increased frequency and severity of
drought episodes (Allen et al., 2010)n this context, coffee, one of the most
important commaodities in the international agricultural trade, it is also one of most
threatened species by global climate change where emission scenarios predict up to
50% in reduction of suitable areas for cultivation (Bunn et al., 2014) or even
extinction of native populations in Ethiopia (Davis et al., 2012). A recent report by
Nardini et al. (2014) stated that coffee leaves are extremely vulnerable to cavitation;
however, empirical observations of field-grown coffee show the species to be able to
successfully tolerate certain levels of drought. These conflicting results urge for a
proper evaluation of hydraulic vulnerability in field-grown coffee plants not only to
assess the ecological importance of cavitation but also to resolve the risk of death by
hydraulic failure.

In this study, we carried out two experiments in order to elucidate what is the
importance of hydraulic traits controlling stomata movements and leaf water
enrichment. A third experiment was done to assess hydraulic vulnerability in coffee
and to what extent coffee leaves are susceptible to hydraulic failure. Additionally, we
developed a technique to probe leaf capacitance in vivo and measure online changes
in leaf water potential. This technique allowed us to test whether changes in leaf
turgor are responsible for closing stomata in ferns and conifers upon changes in

vapour pressure deficit.
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CHAPTER 1
Stomata dynamics are limited by leaf anatomy and hydraulics in ferns and
conifers: results from simultaneous measurements of liquid and vapour fluxes in
leaves.
Samuel CV Martins, Tim J Brodribb, Scott AM McAdam, Ross M Deans, Fabio M.
DaMatta
Introduction
Efficiency in resource use appears as central theme in the evolution and function of
the vegetative plant body (McAdam and Brodribb, 2012a). Probably the most
dynamic example of this behaviour is the management of water use by stomatal
valves on the leaf surface. Stomata respond rapidly to changes in evaporative demand
(e.g. vapour pressure, temperature) or photosynthetic potential (e.g. light intensity,
CO, partial pressure) by regulating the size of the pore to maintain an optimum
balance between evaporation and photosynthesis (Cowan and Farquhar, 1977). These
stomatal movements are ubiquitous among plant species, and profoundly affect
diurnal and seasonal courses of water and carbon movement between plants and the
atmosphere (Hetherington and Woodward, 2003; Farquhar et al., 1993). The
importance of incorporating stomatal behaviour into global circulation models has
been recently recognized (Barman, Jain and Liang., 2014; Cramer et al., 2001), but
there remains considerable debate about the mechanisms driving stomatal movements,
undermining the predictive capacity of models into the future.
In hydrated plants, stomatal responses to changes in evaporative demand (the vapour
pressure difference between leaves and the atmosphere: VPD) result in continuous
regulation of daytime gas exchange over the timescale of seconds to minutes (Sellin
and Lubenets, 2010). Hydraulic models of water balance in the leaf are able to
reasonably predict the sensitivity of stomatal conductance to changes in VPD (Oren et
al., 1999), but there has been little research into the dynamic behaviour of stomata
between steady states. This is a potentially important knowledge gap because the
kinetics of stomatal response to changes in VPD, which can be very rapid, must
strongly influence the efficiency of water use by plants. Just as slow stomatal
responses to changing light intensity lead to suboptimal diurnal ratios of leaf
transpiration (E) over net photosynthesis (A) (Lawson and Blatt, 2014), a species
responding slowly to changes in VPD must be less efficient in maintaining an optimal

diurnal ratio of E/Athan a species with fast moving stomata.



A major limitation to predicting how leaves should respond to VPD is uncertainty
about the mechanism driving changes in guard cell turgor (Damour et al., 2010). At
one end of the hypothetical spectrum, hydropassive control predicts stomatal aperture
to be determined directly by leaf hydration (Brodribb and McAdam, 2011; Buckley
2005), while at the other extreme, guard cells are believed to respond to VPD by
autonomously synthesized ABA (Bauer et al., 2013). A number of studies indicate an
evolutionary transition between an ancestral hydropassive stomatal behaviour in ferns
and lycophytes and a derived ABA-dependent control of guard cells in seed plants
(McAdam and Brodribb, 2015, 2014, 2012a, 2012b; Brodribb and McAdam 2011).
The kinetics of a stomatal response to VPD predicted if guard cells were uniquely
controlled by ABA would depend on a number of unknown factors such as the rate of
ABA synthesis, catabolism and signalling (Kim et al., 2010). On the other hand, if
stomata responded passively to leaf hydration then response time would depend
uniquely on the balance between hydraulic conductance, capacitance and evaporation.
A tight association between plant hydraulic characteristics and stomatal behaviour in
response to water stress has been seen in ferns, consistent with passive stomatal
behaviour, but the response of conifers suggests both ABA and hydropassive
influences are important (McAdam and Brodribb, 2014 and 2013).

The first step toward understanding the kinetics of stomatal responses to VPD
transitions must be to understand how leaf water potential (y;) changes during
perturbations in leaf transpiration. This type of “real-time” measure of v, IS typically
impossible due to the fact that leaf water potential must be measured destructively in a
pressure chamber or under very stable conditions using leaf psychrometer. Here we
employ a new technique to calculate y, dynamically based upon the measured balance
between liquid and vapour fluxes into and out of the leaf (the dual flow technique).
This technique allowed us to examine whether stomatal kinetics in fern and conifer
species conformed to the expectations of passive control during step changes in VPD.
Additionally, it was also possible to estimate leaf hydraulic conductancg (K
throughout time in a non-destructive manner, which is of extreme importance
considering the role Khas for carbon gain (Brodribb et al., 2007 and 2005) and the
recent reports on its dynamic nature (Prado and Maurel, 2013). Furthermore we
employed the dual flow technique to examine the importance of hydraulic parameters
in determining the speed of stomatal responses to VPD. If passive control is the

dominant mechanism, the speed of the response will be dictated by the balance
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between dynamic capacitance ¢¢ and hydraulic conductance whereas the
magnitude will be dependent on the relationship between guard cell turgor pressure

and leaf water potential.

Material and Methods

Plant material and experimental conditions

Potted individuals of the fern species Adiantum capillus-venkrisCheilanthes
myriophylla Desv., Hypolepis tenuifolia (G.Forst.) Bernh., Pyrrosia lingua (Thunb.)
Farw. and the conifers Metasequoia glyptostroboides and Callitris rhomboidea were
used in this study. Plants were grown under controlled glasshouse conditions of
25°C/16°C day/night temperatures and 16 h photoperiod, with natural light
supplemented by sodium vapour lamps to ensure a minimum 300 pmol quanta m?s*

at the pot surface. All plants received weekly applications of liquid fertilizer
(Aquasol, Hortico Ltd).

Cayn determined by bulk flow

Leaf capacitance was measured directly for each species by calculating the bulk
volume of water absorbed by a partially desiccated leaf or shoot while connected to a
flowmeter (Blackman and Brodribb, 2012; Brodribb-prometheus wiki). Here, leaf
capacitance was calculated as the volume of water taken up by the leaf during a
transition fromy, to s :

Cayn = 2F / (o - 1)

where) F is the sum of the flow of water into the leaf during rehydration adjusted for
leaf area (mmol nf) and temperature following Brodribb and Holbrook (2086)is

the initial leaf water potential (MPa)y: is the final leaf water potential (MPa).
Importantly, initial maximum flow (F) in these rehydration plots was determined by
fitting an exponential curve through the first 20 s of the rehydration flow data and
extrapolating back to the initial point of leaf excision, taking into account the two-
three seconds required to connect the sample to the flowmeter. Over this initial 20 s
period a single parameter exponential curve always provided a good fit to ata (r
0.95).

Liquid and vapour flux measurements

Leaf gas exchange in three-four even-aged leaves was measured using an irdrared ga
analyser (LI1-6400, LI-COR Biosciences) equipped with a conifer chamber (6400-05,

LI-COR Biosciences) and liquid flow was measured with a custom-built flowmeter
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(for construction details, see: http://prometheuswiki.publish.csiro.  aultiki
index.php?page=Constructing+and+operating+a+ hydraulics+flow+meter).  First,
leaves were excised under degassed? resin-filtered, deionized water, connected to a
flowmeter and then fully enclosed in the chamber. Irradiance was provided by a fiber-
optic light source, providing a minimufight intensity of 300 umol quanta 7 s* at

the leaf surface, which was near the light intensity required for saturaging g
Conditions in the leaf cuvette were controlled at a constant leaf temperature of 22 °C
and with VPD regulated by a portable dew point generator (LI-610, LI-COR
Biosciences). Upon enclosure in the cuvette, initial VPD was set#i.1.RPa and
instantaneous gas exchange and liquid flow were logged every 10s. Aféaiched
stability, VPD was increased to 223 kPa and maintained until liquid and vapour
fluxes matched each other and/gmgre stable, afterwards VPD was lowered back to
initial conditions until g had again reached stability. Fin&), was measured using a
Scholander pressure chamber and microscope to precisely measure xylem balance
pressure. VPD was increased instantly by totally scrubbing the incoming air through a
desiccant column (such treatment was faster than changing VPD using the dew point
generator). In the same way, VPD was decreased by totally bypassing the desiccant
column returning the VPD control to the dew point generator. Due to differences in
equilibration time between reference and sample IRGAS, the first two minutes
immediately after the VPD transition were discarded and this gap was filled using
linear interpolation. Such procedure was feasible since ferns and conifers do not have
hydropassive, wrong-way responses (Brodribb and McAdam, 2013a; Franks and
Farquhar, 2007).

Leaf water potential and hydraulic conductance reconstructions

Leaf water potential reconstruction was based on a back-calculation method where
final ¥\, was measured and the immediate previBu$¥,,i) calculated by adding to

the final¥,, the integrated water deficit (or surplus) between vapour and liquid phase
converted into MPa by usingfs as follows:

Pw,i=Yw + (Eicor,i —1i) / Cayn

Ww, i1 ="YPw,i + (Bicor, i-1— I, i-1) / Cayn

wherel is the instantaneous flow rate into the leaf (mmbhs?®) as measured by the

flowmeter and normalized by projected leaf area ang,Es the the instantaneous



flow rate out of the leaf (mmolsm®), unit for Gy, is mmol m* MP&". Similarly as

¥, final K_ values (mmol 7 s* MPa') were measured and reconstructed as:
KL=-11%y

KLi=-lLi/ WYw,i

K i1 =-hia/ Pw, i1

An important step for the reconstructions was the assumption that the water supply
rate from the xylem equals the steady-state leaf transpiration rate (as predicted by
mass balance); thus, the LiCor-6400 and the flowmeter fluxes were matched just
before the first step change in VPD. By doing this, we avoided small mismatches
between the flowmeter and the LiCor that could produce an artefactual chakge in
and/or K. Another control for the technique was to ensure that the back-calculated
Wy at the start of the transition (equivalent to the initial ¥,,) was similar to the final
measured ¥\, when total recovery of gvas observed. Based on this criterion, we
evaluated the technique precision as being 010093 MPa which is equivalent to a
maximum error of 10% for a final ¥, = 0.3 MPa.

Half-times for stomata closure and structural traits

Half-times for stomata closure were estimated by fitting the time-coursectifsgyire

(step change from low to high VPD) to the following exponential decay model:

0s(t) = G high vep+ (Gs_low vPD - Gs_high veD* e ~X*¢

where @ nigh veoiS the final measureds @t high VPD and giow vep is the steady state

gs at low VPD, t is the time in seconds. The half-times, expressed in seconds, were
calculated as In(2)/K. The rate constant, K, was fitted by non-linear fitting using the
software Graph Pad Prism.

Leaf mass per unit area (LMA) was calculated for each of the current species by
dividing the dry weight by projected leaf area. The water content per unit leaf area
(mol m?) was calculated for each species by calculating the difference between wet
weight and dry weight, converting it to mol (18 g foand dividing it by projected

leaf area.

Dynamic passive hydraulic model for stomatal conductance

To test whether stomata responded to changeg,imnd VPD in a way that was
consistent with passive hydraulic control of leaf hydration in the light, we used the
dynamic, stepwise model describlegl Brodribb and McAdam (2011). Primarily, the

model predicts gin a stepwise fashion based solely on the relationship between g
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and ¥, which was determined for each individual assuming a linear relationship
between the two variables and constantEach relationship comprised three pairs of

gs and ¥, values obtained at the end of the transition, at the end of high VPD phase
and immediately before the increase in VPD. Final ¥\, was measured and the other
values were estimated #g, = Ejico/KL.

In the model¥,, was calculated by adding to the initial leaf water potential from the
previous iteration of the modé¥,, ;) the calculated change ¥, over one second

The changel,, was determined as the theoretical maximum chang@,ifwithout

the effects of stomatal closure or leaf capacitance) that would result from the
instantaneous evaporative demand (E) and hydraulic supplyo{Khe leaf, less the
change in¥,, as a result of leaf capacitancey({ and the instantaneous evaporative
demand and hydraulic supply for a time (t) of one second:

E (E ) y g;L
-y =—— — . yn
w KL KL w,l e

It was used as inputs to the model: an initial single,Eand g values and the VPD

time-course in addition to the hydraulic parameters and the linear relationship
between gand¥,,. We modelled two scenarios, one with constanakd other with

the observed Kestimated with the dual-flow technique. In both scenarios, we also
modelled how the gime-course would be changed consideri#s§% in Giyn.

Results

The conifers and ferns here studied covered a large rangeand<Gy, ranging from

0.7 to 7.5 mmol M s* MPa' and 150 to 2100 mmol MMPa?, respectively (Table

1). Across species,q(» was correlated with water content and LMA (r=0.8, P<0.05),
but neither trait was correlated with, Kr=0.5, P>0.05). The half-times for the
decrease ingupon change in VPD were highly correlated with),@=0.96, P<0.0p

and less strongly correlated with K=0.75, P<0.05) indicating £{» has a major role
determining the speed of the gesponse to VPD than K(Fig. 1). Indeed, the
variability in K. and Gyn rendered half-times for stomata closures as fast as 48
seconds (Hypolepis) and as slow as 239 seconds (Callitris

The range in Kand Gy, was responsible for distinct patterns in the liquid and vapour
fluxes into and out of the leaf as can be seen in Fig. 2. High capacitance species such
as Callitris, Metasequoia and Pyrrosia saw increasing water deficits (higher vapour

than liquid flow) for up to 14 minutes whereas in low capacitance species (Cheilantes,
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Adiantum and Hypolepis) water deficit increased for periods as short as 4 minutes. All
species showed a decrease inugon increase in VPD, but diverged in their
magnitude: Callitris had the largest decreasel [%) and Cheilanthes the lowest (
21%) while the other species averaged a 36% decrease (Fig. 3). No significant
hysteresis was observed upon return to the initial VPD with at least 91% recovery of
initial gs for all species.

The leaf water potential reconstructions as affected by VPD showed increases and
decreases accordingly to exponential decay and rise functions (Fig. 4) and differed
within and between species in agreement with the variability in their hydraulic
properties. Species with a similar magnitude in theegponse to VPD but presenting
different K_ exhibited contrasting’,, reconstructions; Metasequoia, with g tfice

as high in comparison with Adiantum, had minor changes (<0.1 MP#), iduring

the VPD transitions whereas Adiantum was calculated to experience a drop of 0.3MPa
in ¥, during the transition from 1.1-2.2kPa VPD. Our Keconstructions were
characterized by constant Kintil the increase in VPD where, afterwards, maximum
changes (increases and decreases) wedfe +14% and -23% (Fig. 5). Upon return to
initial VPD conditions, the most recurrent pattern for the conifers wasakies
returning to values slightly lowerc(10%) in comparison to initials whereas total
recovery was mostly observed for the ferns..

We performed a modelling exercise to test to what extent our observed data agreed
with the predictions of a passive hydraulic model. First, we showed the impact of
changes in gn while keeping constant K(Fig. 6). Good agreement was found
between modelled and observed data with Callitris and Hypolepis averagingfa R
0.81, Pyrrosia, 0.99 and the other species 0.91. Apart from Pyrrosia, the remaining
species exhibited a bi-modal relationship where thdegrease was underestimated
and the increase was overestimated by the hydraulic model. This pattern was
remarkably seen in Callitris and Hypolepis because even change®%f in Gyn

could not fit the observed data (Fig. 6). Second, we tested whether a chapnging K
could improve the hydraulic model predictions. Using the reconstrugteoly Khe
dual-flow technique as an input to the model, thevBre significantly improved for

all species (Fig. 7), with exception of Pyrrosia, which had already been optimally
explained by the single kmodel (Fig. 6). The newRvas 0.88 for Callitris, 0.96 for

Adiantum and Hypolepis, and 0.98 for Metasequoia and Cheilanthes.
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Discussion

We developed a technique to perform “real-time” measurements of leaf water
potential by monitoring the balance between liquid and vapour fluxes into and out of
leaves. Such technique also allowed us to probe predicted hydraulic properties of
leaves in addition to test whether changes,innkesponse to VPD occurred or not in

a diverse sample of structurally different ferns and conifers.

Our dual-flow measurements (Fig. 2) showed visually how differerarid Gy led

to distinct balances between liquid and vapour phase significantly impacting stomata
responsiveness as seen by the differences in stomata closure half-times (Table 1).
Most importantly, these half-times were highly correlated witly, GFig. 1)
evidencing a major role for this trait across species with enormous variation in
stomatal anatomical traits such as stomata density, size or length (Zhang et al, 2014;
Franks and Beerling, 2009). This observation contrasts with recent reports suggesting
stomatal size as a major determinant of closure speed (Raven 2014) emphasizing the
role of stomata size dictating its speediness (Drake et al., 2013). Although this
difference strongly supports evidence that stomatal closure in angiosperms is driven
by size-dependent metabolism (e.g anion trafficking), but not in ferns and conifers
(McAdam and Brodribb, 2015). Altogether, our data shows that the deceptively
simple passive hydraulic control present in ferns can be as efficient and fast in closing
stomata in comparison to the complex active mechanism operating in angiosperms
(Brodribb and McAdam, 2013b). It is important to note that such “efficiency” takes

place in response to variables affecting leaf hydration such as changes in VPD. On the
other hand, it is recognized the superior efficiency of angiosperm stomata in response
to environmental factors related to photosynthetic signalling (e.g. light anf &80

ferns are not able to attain high water use efficiency (WUE) under changing light and
CO; conditions (Brodribb and McAdam, 2013b and 2012).

A pre-requisite for a passive hydraulic control is the direct effect of changes in leaf
water content on guard cell turgor and, in turn, stomata aperture. We showed, for the
first time, the extent of water deficits developed in situ during stomata closure. The
deficits €. 0.2-0.3 MPa, Fig. 4) were in the range known to cause substantial changes
in gs in three out of four ferns here studied (McAdam and Brodribb, 2013). Recently,
the gymnosperm Metasequoia was also shown to behave close passively under
favourable water conditions and actively when leaf water potential approached the
turgor loss point (McAdam and Brodribb, 2014). Despite the minor chandés (1
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0.1 MPa) observed for this species, McAdam and Brodribb (2015) found a 0.2 MPa
difference between low and high VPD for a 62% decrease.. iftgs, it seems
Metasequoia has a steeper relationship betwégrand g and further studies are
necessary to understand how minor changes in Mglkcan cause significant
decreases insgNevertheless, Zwieniecki et al. (2007) studied the hydraulic design of
Metasequoia among other species and proposed that the species is likely to have a
relatively weak hydraulic connection between the vein and the rest of the leaf
resulting in a lower water potential of the epidermis than that of the xylem. In any
case, out, reconstructions were based og,{vhich is believed to more accurately
represent the water fraction in tissues that readily exchange water with the
transpiration stream (Blackman and Brodribb, 2011) and a strong correlation was
observed between the half-times for stomata closure gadRly. 1).

Despite the increasing amount of studies reporting thatcah vary rapidly in
response to factors such as leaf hydration, light, temperature or nutrient supply (Prado
and Maurel, 2013; Lopez et al., 2013; Baazis et al., 2012; but see Rockewell et al.,
2011), we did not find major changes in K response to VPDc20%, Fig. 5)
whereas increases in Kn response to light can be as high as 100% (Scoffoni et al.,
2008). Given the high susceptibility of some ferns such as Adiantum to drought
damage (McAdam and Brodribb, 2013), increase in Would be extremely
advantageous in improving the leaf water status under conditions of higher
transpiration thus protecting the vascular tissue of reaching water potentials that could
lead to hydraulic failure. In contrast, we observed decreases in Kdiantum and
Hypolepis under high VPD but there wag fi€covery upon return to low VPD. Given

the g recovery to initial levels, we discarded cavitation as the cause of reduced K
since it is highly unlikely that refilling would have occurred in such short time frame
(Zwieniecki et al. 2013). Besides cavitation, tracheid deformation (Zhang et al.,
2014), leaf shrinkage and changes in living cells outside the xylem such as aquaporin
deactivation (Scoffoni et al., 2014) would also be able to cause reversible changes in
K., but acting mostly on the outside-xylem componenf)(&f K.. In fact, Adiantum

and Hypolepis had the lowest LMA, water content (Table 1) and visually very fragile
fronds; producing a combination of traits that would make them very susceptible to

leaf shrinkage. It remains to be seen using anatomic studies of fronds exposed to low
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and high VPD whether or not structural changes can have a role explaining these K
changes.

Recent papers by Rockwell et al. (2014) and Buckley (2014) added a new dimension
to understand changes in Knd it is related to where water evaporates within the leaf
and how environmental factors and/or leaf anatomy can change the conductance of
the gas phase, symplastic and apoplastic pathways. Briefly, most part of evaporation
can occur as soon liquid water leaves the bundle sheath (perisvacular) or within the
vicinity of the stomatal pore (peristomatal); a higher resistance in the apoplastic
pathway (e.g. caused by thin cell walls) would lead to higher perivascular
transpiration whereas a low resistance in the apoplast (e.g. as function of thick cell
walls) will contribute to a more prominent peristomatal transpiration (Scoffoni 2014).
The gas phase conductance will be more or less important depending on the
temperature gradients within the leaf and a higher internal vapour transport will
render a higher apparent KRockwell et al., 2014).

The observed increases in. Kipon increase in VPD (Fig. 5) as well as their
magnitude €. 14%) fit well within the context proposed by Rockwell et al. (2014) and
Buckley (2014) as follows: according to Rockwell (2014), an increase in transpiration
following leaf exposure from humid to dry air (high VPD) would pull the distribution

of evaporation towards stomata, in turn, developing temperature gradients within the
leaf due to decreased temperature in the epidermal surface as function of an enhanced
evaporative heat loss. Such gradients could raise the contribution of the vapour phase
conductance, increasing, in last instance, Kdeed, such an explanation is
compatible with the positive covariation observed between liquid flow anda¥

liquid flow decreases because of stomata closure, so does the temperature gradient
diminishing the contribution of the gas phase and reducingskclearly observed in
Callitris and Cheilanthes (Fig. 5), the two species with the highest transpiratory
fluxes.

Despite the observed changes in We tested to what extent the assumption of a
constant K, as originally used in the passive hydraulic model (McAdam and
Brodribb 2014; Brodribb and McAdam, 2011), would compromise the model
predictions. Even when assuming a constantkore than 78% of the variation ig g

was explained by the model which is reasonably good considering its simplicity (Fig.
6). When taking in account the observed changes ith model explained 88% of

the variation in Callitris and nearly all the variation (>96%) was explained for the
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other species (Fig. 7). Although it is not practical using a changindrdfn a
modelling perspective, the message here is to show how a passive hydraulic model
successfully explains stomata behaviour and its usefulness in modelling parameters
such as WUE between changes in VPD in ferns and conifers. The drawback is the
need to obtain steady statefgr both low and high VPD in order to parameterize the

Y, and g relationship, but the fact that the linear approximation gave good results

facilitates such task.

Conclusion

We present a novel technique to measure online changgsand K allowing us to
demonstrate the importance of hydraulic parameters in determigidgngmics in
response to VPD. Our data shows that leaf anatomy, through changes in dynamic
capacitance and/or water content, has a significant effect on the speed of stomata
movements in ferns and conifers leading to closure rates as fast as those seen in
angiosperms. One important application for the technique will be the opportunity to
investigate in more depth whether changes irai€ a result of the interplay among
different pathways for water transport within the leaf as function of leaf anatomy. At
last, given the importance of kand Gy, in the context of WUE optimization for ferns

and conifers, it will be interesting to access the variability of such traits in species
thriving in different environments where rapid changes in WUE would be

advantageous.
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Table 1 - Hydraulic and anatomic traits for the six sampled species. Leaf hydraulic
conductance, K(mmol ni? s* MPa'); Dynamic capacitance, 4 (mmol m? MPa%);
Half-times for stomata closureyt 4s (seconds); Water content, W (mol¥rand leaf

mass per unit leaf area, LMA (g7n Values are averagesstandard deviation.

KL Cdyn t1/2 gs w LMA
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Callitris 7.5+0.29 2100+62 239+24 31.8+6.2 202+44
Metasequoia 4.1+0.45 1022+252 125+27 13.1+1.6 47+11
Pyrossia 0.7+0.31 531+26  136+15 26.2+2.5 142+13
Cheilanthes 2.5+0.39 347+121 737 8.0£1.2 4948
Adiantum 2.1+0.25 203+92  55+12 5.6+0.5 252
Hypolepis  2.7+0.14 150+50 48+3 6.0+0.9 38+8

Figure legends

Figure 1. Plots showing the significant relationships between the half-times for
stomata closure upon increase in VPD fromtQ.0 to 2.20.3 kPa and the dynamic
capacitance (&, mmol m* MPa") or water content (W, mol 1). Species with a
higher Gy, or W tended to have longer half-times. Plotted values are avetages
standard deviation.

Figure 2. Dynamic changes ithe fluxes ofliquid and vapour phase water into and

out of leaves. A representative individual of each species is shown. Increases or
decreases in fluxes denote when vapour pressure deficit (VPD) was increased or
decreased in a step change fromtQ.0 to 2.20.3 kPa and vice-versa. The period
when the vapour flux (red line) was higher than the liquid flux (blue line)
corresponded to water deficit (leaf drying) and the opposite, liquid higher than
vapour, water surplus meaning the leaf was rehydrating. Species with higher
capacitance tended to have an extended period of deficit/surplus. Note the difference
in the fluxes scales to take in account the different magnitudes among species.

Figure 3. Leaf water potential reconstructions based on water deficit calculations
from liquid and vapour fluxes and capacitance. Three individual reconstructions are
shown for each spies. The drop and rise in Wy, correspond to the water deficits or
surpluses developed by increase or decrease in VPD. The species were connected to a
flowmeter supplying pure water, thus source water potentialkcw@dviPa. Note that
Pyrrosia has a different scale in comparison to the other species due to a lower leaf
hydraulic conductance.

Figure 4. Trajectories of stomatal conductance) (gs leaves were exposed to a
reversible sequence of VPD transitions fromt0.Q to 2.20.3 kPa and returning to

initial VPD. Three individual trajectories are shown for each species. Note the scale
for Callitris was different from the other species due to a higher g

Figure 5. Leaf hydraulic conductance reconstructionsg)(Kased on the dual-flow

technique. Three individual reconstructions are shown for each species. The increases
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in K. were coupled to the increase in VPD for Callitris,Metasequoia and Cheilanthes
and decreases in_Knarked the transitions for Adiantum and Hypolepis, the change in
KL behaviour was due to the return to low VPD. Note the difference in scales for
Callitris and Pyrrosia and the knsensitivity to VPD in Pyrrosia.

Figure 6. Examples of fitting the passive closure model to the observed stomatal
dynamics. A single individual of each species is shown to facilitate comparison
between observed and modelled data; the colour code for the individual follows the
previous figures but the amount of observations was reduced for sake of clarity. In
each case, dynamic behaviour @frgirrored the behaviour of a passive hydraulic
model (dark grey lines) using a constantd§ input.A +50% variation around the
mean measured dynamic capacitancgnfds depicted as light grey lines. Note the
differences in both scales in order to improve comparison between observed and
modelled data.

Figure 7. Dynamic stomata behaviour when operating as passive-hydraulic valves in
response to perturbations in VPD. Same details as figure 6 but the dynamic behaviour
of gs was modelled with the passive hydraulic model using the estimated dualflow K
shown in figure 5 as input. Note the increase frinRcomparison with the previous

figure with the modelling assuming constant K

21



Figure 1.

Half-times (seconds)

Half-times (seconds)

300

#=0.916
250 A
Callitris

200

150 ~ Pyrrosia E

Metasequoia
100 o
Cheilanthes
50 A Adiantum
Hypolepis
0 T T T T T
0 500 1000 1500 2000 2500
. . 25 -1
Dynamic capacitance (Cdyn, mmol m™“ MPa™)
300
o501 #=0.873
]
1
Callitris

200 A

150 1 Pyrrosia

Metasequoia
100
Adiantim Cheilanthes
50 4
Hypolepis
0 T T T T
0 10 20 30 40 50

Water content (W, mol m)

22



—@&— Liquid flow
54 @ Vapour flow
47 @
3 -
2 -
1+ P
_ Callitris Metasequoia
"o 0 T : T T T T T T T T : : 0.0
o
£ 104
©
£
E o8 1.5
3 o b
@ 0.6 A ®
©
g e
— 044
=)
o
Q
©
> 02 p .
o) rossia g
o ¥ Adiantum
2 o0 . . . . : ; . r . ‘ . . 0.0
g 2.0 [2:9
1.5 o, 15
1.0 1.0
0.5 4 0.5
Cheilanthes Hypolepis
0.0 T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (s)
Figure 2.

23

15

1.0

05

r2.0

- 0.5

0.0



0.0

-0.2

-0.4 4

-0.6

-0.8 A

—@— Plant1
® Plant 2
—-y— Plant3

Callitris

Metasequoia

-0.6

-08 4

Leaf water potential (¥, MPa)

T T T T T T

N

Pyrrosia

Adiantum

0.0 4

02 4

0.4 4

06 4

-0.8 4

Cheilanthes

T T

Hypolepis

Figure 3.

T T T T T T
0 500 1000 1500 2000 2500 3000

Time (s)

500

1000

1500

2000 2500

24

3000

0.0

-0.2

F-0.4

-0.6

-0.8

0.0

-0.2

-0.4

-0.6

-0.8

0.0

-0.2

-04

-0.6

-0.8

-1.0



350
—@— Plant1 [
@ Plant 2
300 + —-w— Plant3 r 120
250 4 + 100
r 80
200 4
r 60
150 -
40
100 . I 20
Callitris Metasequoia
T 50 - : . Q
o 140 - [/140
&
S 120 1 + 120
IS
S
~ 100 + 100
12
&
@ 80+ I 80
c
[0
S 60 i
=
&
S w0 I 40
o
% 20 : . r 20
D Pyrrosia Adiantum
L2 o ; : , [ . . . . . ; . 0
wn 140 - 140
120 [*129
100 100
80 r 80
N v B
40 r 40
7 Cheilanthes Hypolepis |~
0 ; : ; ; ; . . ; : ; ; 0
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Time (s)
Figure 4.

25



-6
—@— Plant1
@ Plant 2
8 1 a4
7 F3
87 L2
T&’ ;] |
= Callitris Metasequoia
LTS 4 T T T T T T T T T T T 0
N‘” 2.0 4 [ 6
E
s L5
1S
= 1.5
arl F4
=
Q o e Y
O 10 3
©
©
3 A A TR A V Lo
S o5
o T R T T IR (T
Q . . F1
3 Pyrrosia Adiantum
g 0.(6) T T T T T T T T r g
£
®
3 s Yoy °
Y
| -4
4 4 Y
3
3 -
F2
Wy
2 -
=1
Cheilanthes Hypolepis
1 T T T T T T T T T T T T 0
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (s)
Figure 5.

26



300

R%=0.921 e g, Modelled with constant K [ 2°
280
+-50% Cy,
260 —e— observed | 65
240
220 1 - 80
200 A
- 60
180
Callitris
. 160 -
Ty) T T T T T 40
&
£ 101 R’=0.995 s
5
€
€ 120 - s
»
>
3
c 100 A L 60
8
[§)
3
c 80 4 - 50
Q
(6]
2 )
g % Pyrrosia Adiantum 4
SO 12 : : : - : . : : -
w
R?=0.911 R?=0.837 -
110 A
100 A - 60
90 4
- 50
80 -
- 40
70 + )
Cheilanthes Hypolepis
60 T T T T T T T T T 30
0 500 1000 1500 2000 2500 0 500 1000 1500 2000
Time (s)
Figure 6.

27



300

R?*=0.883 R?=0.989 e g, modelled with dual-flow K, [ 2°
280 A
+-50% Cy,
260 - —e— observed .
240 +
220 4 r 80
200 A
r 60
180 -
o Callitris Metasequoia
D;” . 40
E 140 {R?=0.990 80
o
£
E 120 70
=
Q
g
& 100 - 60
S
=
2
o 80 - 50
(8]
o
(0] . .
£ o Pyrrosia Adiantum |4
N 120 : > 3 . . . .
R?=0.983 R’=0.960 L5
110 +
100 A r 60
90
r 50
80 -
- 40
70 + ¥
Cheilanthes Hypolepis
60 T T T T T T T T T 30
0 500 1000 1500 2000 2500 0 500 1000 1500 2000
Time (s)
Figure 7.

28



CHAPTER 2

Influence of leaf hydraulic parameters defining heavy water enrichment in
different species

Samuel CV Martins, Xin Song, Kevin A Simonin, Margaret M Barbour, Tim J
Brodribb, Fabio M DaMatta

Introduction

Water stable isotopes ¢§HO, H,'’O and®H,0) are one of the most useful and
dynamic tools to study plant water relations. Since there is no isotopic fractionation
(meaning no isotopic enrichment or depletion) during water uptake and transport, it is
feasible to distinguish plant water acquisition from different sources provided they
have different isotopic signatures. At the leaf level, as fractionation occurs during
transpiration enriching lamina leaf water, such enrichment will contributihe
organic matter isotopic composition reflecting, at the short term, the leaf evaporative
conditions. Essential to all these applications is an understanding of how
environmental conditions are translated into these isotopic signals (Werner et al.,
2012; Barbour 2007).

During leaf transpiration, leaves become enriched®® due to slower
diffusion of K20 through stomata than,10. This isotopic signature has proven
useful for the study of several aspects including its combination hto
distinguish stomatal and non-stomatal effects on water user efficiency (Farquhar et
al., 2007). It also allows measurements of integrated stomatal conductance (Barbour
et al.,, 2000) and the estimation of the path length (L), which can be defined as the
distance water vapour has to move from the leaf vein until the evaporative surface. On
the other hand, leaf hydraulic conductancgafKis defined as the conductance of the
pathway between the leaf vein termini and the evaporation sites furthest from the
xylem veinlet (Brodribb et al., 2010). From the above definitions, L aggdskould
integrate two continuums within a leaf: the point where liquid water changes to the
vapour phase at the evaporation sites. Thu)e L and ks estimations revealed to
be of special interest for the understanding of water pathways inside the leaf and how
those can be influenced by different routes (apoplastic versus symplastic, Song et al.,
2013), leaf anatomy and leaf hydraulics (Ferrio et al., 2012).

The Craig and Gordon (1965) model of evaporation for well-mixed surfaces
and further modified to be applied to leaf transpiration (Dongmann et al. 1974; Farris
and Strain 1978; Farquhar et al. 1989; Flanagan et al. 1991; Farquhar and Lloyd 1993;
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Harwood et al. 1998; Farquhar and Cernusak 2005) provides the mechanistic link to
understand water enrichment in leaves. The model essnesmechment at the
evaporative sites within a le@h'®0g9 and usually A*™®Ocsis higher than the actual
measured bulk leaf water enrichment (A'°0) implying an incomplete mixing of bulk
lamina water with enriched water at the evaporative sites. Thus, two theories were
proposed to reconcile such discrepancy. The first theory, the two-pool model, explains
that a lower A0y is due to the mixing of one enriched plus one unenriched pool. The
unenriched pools associated to water in the leaf veins because water fractionation
does not occur in the xylem. The other pool reflects water near the evaporative
surfaces where fractionation takes place thus enriching liquid water at these sites. The
second theory concerns the Péclet effect inclusion into the Craig-Gordon model
(Farquhar and Lloyd, 1993) where the final A0, is a result from two competing
processes: back diffusion of enriched water coming from the sites of evaporation as
opposed by advection of unenriched water leaving the leaf veins. The main difference
between the models is that advection is proportional to leaf transpiration (E); thus, the
higher the E, the lower the mixing. As some studies observed that the fraction of
unenriched water was usually associated to a higher E (Walker et al. 1989; Flanagan
et al. 1991, 1994), the two-pool model was largely ignored since it is insensitive to
variations in E.

Despite the wide acceptance of the Péclet effect by the isotope community due
to its sound theoretical basis and empirical observations, unequivocal evidence for the
phenomenon was not provided in the past yegardy recently the advent of laser-
based spectrometry has allowed some technical challenges to be overcome and
assumptions to be tested (see details in Song et al., 2015). Therefore, Song et al.
(2015) conducted a careful and thorough study using cotton leaves with the aim of
testing the core of the Péclet theory: the proportional differenc€®®_ to A0
(fsw) as associated to E. The authors did not find support for the Péclet effect
concluding that the two-pool model is a more straightforward and simpler mechanism
to explain leaf water enrichment.

Renewed interest in the field of water stable isotopes, mainly considering the
existence of some reports supporting the Péclet effect (Cernusak et al., 2003; Barbour
et al. 2004; Gessler et al., 2007) has appeared recently (Song et a)., 2015
mentioned above, there are several studies discussing the importance of the L

parameter as a constant required to correct parameterize the Craig-Gordon model on
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its steady and non-steady state formulation (Farquar and Cernusak, 2005; Kahmen et
al., 2008). Hence, if the Péclet effect turns out to be not valid, a reappraisal of the
Craig-Gordon model will be necessary in order to better understand why leaves
become enriched and improve predictions of the model.
In addition to the absence of a positive covariance betwgemd E, support
for the two-pool model would also come from differences in the fraction of
unenriched water as function of leaf anatomy traits affecting the size of the
unenriched pool such as vein density and structure. If water pools in a leaf are static,
the degree of mixing between enriched and unenriched water is expected to be
dependent on bothdg and dynamic leaf capacitancegf} as well. As Kear includes
the conductances in series of the vein xylem and the mesophyll pathways outside the
xylem (Scoffoni et al., 2014), it is expected that an increased radial resistance would
restrict the diffusion of heavy #O within the leaf. G, concerns the amount of leaf
tissues that readily exchange water with the transpiration stream (Blackman and
Brodribb, 2011). Thus, leaves with a largghould take longer to reach a new
isotopic steady-state upon perturbations in leaf transpiration. Despite these apparently
important roles for Ka and Gyn in understanding leaf water enrichment, no study to
date have evaluated the influence of both hydraulic parameters at the same time.
Here, we carried out a study using four species strongly differing in their
anatomical properties and encompassing different plant functional groups in order to
enlighten our knowledge on the mechanisms controlling leaf water enrichment. More
specifically, we tested whether the two-pool model or the inclusion of Péclet effect
into the Craig-Gordon model better explain our observed results and to what extent
hydraulic traits influence leaf water enrichment.
Material and Methods
Plant Material and Experimental Design
Potted individuals of cotton (Gossypium hirsutum L.) and Adiantum (Adiantum
capillus-venerisL.) were grown in a humidity- and temperature-controlled growth
cabinet, with day/night temperature set at 28/18 °C and relative humidityat 75
Photosynthetically active radiation (PAR) at the leaf level was approx.u®@d ni?
s'. Aprox. 1-m tall Eucalypt Eucalyptus polyanthemus Sch.and pine (Pinus

pinaster) were grown in a glasshouse at the Centre for Carbon, Water and Food
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(Camden, NSW, Australia), with natural ligilants were well watered daily with tap

water.

Gas Exchange, K. and Water Vapor Isotope Measurements
Measurements were performed using a Licor-&4@hotosynthesis system (LiCor
Inc., NE, USA) equipped with a custom-made leaf cuvette of area 3&onpled to
a Los Gatos Research (TIWA-45EP, Los Gatos Inc., Mount View, CA, USA) water
vapor isotope analyzer. At the beginning of each measurement, a first or second true
leaf (cotton), completely expanded leaf (Eucalypiond (Adiantum) or a standard
length of needles (Pine) were fully placed into the cuvette and sealed around the
petiole with Terostat. Average leaf temperature was measured at two points on the
leaf using two thermocouples wired in parallel and gas exchange monitored at one
minute intervals. The air stream entering the cuvette was completely dried, so that
water vapor of the air exiting the cuvette was entirely derived from leaf transpiration.
The exiting air stream was sent via tubing to the laser spectrometer, programmed to
measures'®0, at 5-second intervals. The leaf remained with its petiole or stipe under
pure water throughout the experiment and was kept the leaf in cuvette for sufficiently
long time till §'%0yans Was stable and close 8°0Osy (judged in practice b$**Oyans
approaching 4%., the known source water 8°°0). Upon completion of the
measurement, the leaf was detached and leaf water potential was measured with a
Scholander-type pressure chamber (model 1000, PMS Instruments, Albany, NY,
USA) and Keqs Was then calculated using the following equation:
Kieat = -E /¥
where E is the transpirational flux aNf is the leaf water potential at steady state
conditions. After leaf water potential measurements, the leaf was photographed for
later determination of the one-sided leaf area using ImageJ (ImageJ 1.45s,
http://imagej.nih.gov/ij). The petiole/stipe and leaf/needle samples were separately
sealed into two glass vials immediately after photographing. All samples were stored
at -20°C until water extraction via vacuum distillation.

In total, 12, 12, 5 and 20 gas-exchange measurements were performed in
cotton, eucalypt, pinus and Adiantum, respectively. The different number of

measurements was due to the need to obtain a variation in leaf transpiration in order
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to test for the Péclet effect. The extended number in Adiantum is due to a second set
of measurements performed in order to calculate time constants of water enrichment.
Cayn determined by bulk flow

Leaf capacitance was measured directly for each species by calculating the bulk
volume of water absorbed by a partially desiccated leaf or shoot while connected to a
flowmeter (Blackman and Brodribb, 2012; Brodribb-prometheus wiigre, leaf
capacitance was calculated as the volume of water taken up by the leaf during a
transition from o to s :

Cayn=2F / (Vo - y1)

where Y F is the sum of the flow of water into the leaf during rehydration adjusted for
leaf area (mmol M) and temperature following Brodribb and Holbrook (2006 is

the initial leaf water potential (MPa); y; is the final leaf water potential (MPa).
Importantly, initial maximum flow (F) in these rehydration plots was determined by
fitting an exponential curve through the first 20 s of the rehydration flow data and
extrapolating back to the initial point of leaf excision, taking into account the two-
three seconds required to connect the sample to the flowmeter. Over this initial 20 s
period a single parameter exponential curve always provided a good fit todata (r
0.95).

Isotope Calibration and Analysis

Calibration of the 5'°0 measurements from the laser spectrometry was performed at
the end of each day of measurements, as detailed in Simonin et al. (2013). Petiole and
leaf water were separately extracted using cryogenic vacuum distillation method of
West et al. (2006). Water isotope analysis was performed by first equilibrating water
in sealed 27 mL vials with 2960, and then analyzing'®0 of the equilibrated CO

using a Los Gatos Research (CCIA-36D, Los Gatos Inc., Mount View, CA, USA)
carbon isotope analyzer. For the detailed description of the protocol refer to Loucos et
al. (2014). All molar isotope ratios were expressed as enrichment above source water
(subscript source water or sw) on a per mil basisABY[(Rsample / Rsource waterOr
Ryranspired watd] * 1000%0, where R= *80/*°0.

Leaf water models

Two pool model
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According to the two-pool model, with isotope ratio expressed as enrichment above
source water (subscript sw);°0;_swcan be expressed as:

A0 sw = (1-  ¢)A"®Oes_sw
1)
whereA'®0, ¢, and A™Ocs_surefer to isotope enrichment of leaf and evaporative site
(subscript es) water above source water respectiviefyn. 1 expresses the extent of
deviation ofA™®0, gy from A'®Oes swas the function of, which should in principle
vary with leaf anatomy.
Péclet effect
Leaf laminar water isotope enrichmemlg(OL_SW) is conventionally modelled from
the isotopic enrichment at the evaporative siféCQes_sv) and the Péclet effect, as the

following (Farquhar and Lloyd 1993):

1_

e
2@

Here, o denotes the dimensionless Péclet number, which is the ratio of advection of

AlSOL_sw = Alsoe_sw

unenriched vein water via transpiration stream to back diffusion of the enriched water

from the evaporative site, or
LE

== G
Where E is leaf transpiration rate (mol f and L denotes the scaled effective

pathlength (m) for water movement within the leaf lamina, C is the density of water
(55.56 18 mol m?) and D is the diffusivity of %0 in water (Cuntz et al., 2007).

We denote the terms,f to describe the proportional difference @JFSOL_SW from
A'®Oes sw OF

fow=1- (A"%0L sw/ A™Oes_s) (4)

Note t,, and ¢ (from the two pool model) have the same mathematical meaning,
however, §, should increase witan increase inp if the lamina radial Péclet effect
concept is valid. By extension, and under the implicit assumption of the Péclet model
that L is a species-specific constant, one can also expecttbabtild increase with
increasingke for a given species.

Craig-Gordon model
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The Craig-Cordon model in its general form can be adapted to deteitfiipeunder
both steady-state and non steady-state conditions, as the following (Harwood et al.
1998; Gillon and Yakir 2000):

6180es = 8180trans + £+ + €k + (Wa/Wi * (8180v - & — 8180trans))
(5)

Where w/w; and subscript v refer to the ambient to intercellular molar fraction of
water vapor, and water vapor respectivelyis temperature-dependent equilibrium
fractionation factor (Bottinga and Craig 1969) anas kinetic fractionation factor co-
determined by stomatal gr and boundary layer dfr resistances ase.=
(28rs+18.7g)/(rs+rp) (Merlivat, 1978; Barkan and Luz, 2007; Luz et al., 2009).
Becaus&'®0, is the same a8 Oyansunder our experimental setting (detailed
above), Eqn. 5 can be be re-written and converted to the conventional source water

basedA'®0O notation:

A\
A180es_sw = A18Otrans_sw + et + (1 - a/Wi)Sk (6)
In summary, the above equation prediﬁ&)es_swas function of the isotopic
composition of transpired Watensl(gotrans_sv), leaf temperatures{ component), relative

humidity (wy/w; component) and stomatal and boundary later resistagges (

Leaf water isotopic turnover

In a different set of Adiantum, we calculated the time constants for leaf water isotopic
turnover following Farquhar and Cernusak (2005), but considering two combinations.
Only Adiantum plants were used for this analysis because they rapidly reach constant
gs and w/w;, thus allowing leaf enrichment to be function only of internal mixing of
enriched and unenriched water.

The first combination considers the leaf as having a single pool of water totally
contributing to isotope enrichment (thus consideﬁﬁz@es_s\,\,: AlBOL_SW) as follows:
T=(Wa'ay) / gw (7)

wherea’ =1 + €', ax= 1 + g, 1 is leaf water residence time (s); W is leaf water content

(mol m?); g is total leaf conductance (stomata plus boundary layer conductance; mol
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m? s’ ): and wis the mole fraction of water vapour inside the leaf (molthav

was estimated based on measurements of five leaves per species, and the average
value for each species was used in the calculations. Leaf mass per unit area (LMA)
was calculated for each of the current species by dividing the dry weight by projected
leaf area.

The second combination considers the leaf as having two pools of water: the
unenriched pool, which is not prone to fractionation and the second pool which is
prone to evaporation (and fractionation) as follows:

T = (W' o) (L-fow) /g0 (8)

Where §, is the fraction of unenriched water calculated according to equation 4.
Residence times were measured using the following equation:

A™®0es_sw (1)= A™®0%es sw finart (A*®Oes_sw initia- A"?Oes_sw,_fing *e /"
WhereA18Oes_sw_ﬁna|is the final measuredmoes_SW at the end of the transition and
A"®O¢s s iniia IS the first measured™®Ogs sy t is the time in seconds. The time

constantg, was fitted by non-linear fitting using the Solver feature in software Excel.
Statistical analyses

Data are expressed as the means + standard error. Student’s t-tests were used
to compare the parameters between treatments. All statistical analyses were carried
out using Microsoft Excel.
Results

The species here studied covered a large range amdK Gy, ranging from 0.9
to 8.8 mmol it s* MPa! and 203 to 1237 mmol MMPa?, respectively (Table 1).
Across species, &n was correlated with water content (W) (r=0.76, P<0.05). The
lowest K, Cayn, leaf mass per unit area (LMA) and W were observed in Adiantum
whereas the highestyfz and W were observed in cotton. Eucalypt and pine presented
similar K_ but contrasting gyn.

We observed a large variation M°Ocs_s,andA'®0 g, values, ranging from
15.5 to 27.6%0 and 19.8 to 36.1%o., respectively. As it would be expected, all
Algoes_swvalues were higher than themlSOL_SW counterparts and both parameters
correlated (=0.73, Fig.1). Overall, Adiantum occupied the upper end of the
relationship, being more enriched ifO than the other species in agreement with a

lower g and w/w; ratio (Fig. 2 and 3). There was a considerable overlap for ghe
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other species, however, in average, the pine and eucalypt presented the higher (176
mmol m? s%), cotton, the intermediate (116 mmol°re’) and Adiantum, the lower

(47 mmol n¥ s gs values (Fig. 2). Notably, & presented the same ranking as g
(Table 1), evidencing the coupling between both parameters.

The A'®0__,, values were negatively correlated with(d=0.52, Fig. 2) and
the wy/w; ratio (P=0.75, Fig. 3). Indeed, despite a large variationsifirgm 22 to 272
mmol m” s'), 86% of the variation iM'®0es swwas explained by changes in/w;

(Fig. 3).

The relationship between E ang fvas tested and only the pine presented a
significant linear relationship (Fig. 4). The averagg fepresenting the fraction of
unenriched water, were 0.25+0.06 (meanszs.d.), 0.17+0.05 and 0.20£0.05 for
Adiantum, cotton and eucalypt, respectively. No significant difference (P>0.05) were
observed fordf, between cotton and eucalypt, although both species were significantly
different (P<0.05) from Adiantum.

Regarding the Péclet effect, we found a large range in the L parameter (8 to
172 mm) with cotton, pine and eucalypt being not significantly different from each
other (Lc. 29 mm) whereas Adiantum was different from all other specias 94
mm, P<0.001). L and & presented a negative relationshi<&57, Fig. 5) but
largely driven by the Adiantum data.

Oxygen isotope enrichment of transpired water above source water
(A"®Ouans ) Showed a considerable variation during the time-course of the
measurements ranging from7-to 2%o (Fig. 6). All species started with a depleted
Algotrans_swand ended with values around zero, indicating the isotopic composition of
transpired water relaxed to that of source water, condition known as the isotopic
steady-state (ISS). Eucalypt and pine demanded c. 100 min to reach statdieEy
whereas cotton and Adiantum demanded c. 50 and 20 min, respectively. Upon the
increase in VPD for c. 30 min, it was noticeable the increases in E most likely due to
minor changes in gleading to a new state of depletaasotrans_swvalues going
towards enrichment. After returning the VPD to initial conditions, cotton and eucalypt
presented slightly enriched stalzﬂbsotrans_swvalues at. 150 min after leaf clamping,
whereasA'®Oyans swin cotton and Adiantum continued to increase until reaching
AlSOtrans_SWclose to 0%o indicating those samples reached the ISS. Noteworthy, the
ISS was reached at 55 and 180 min after leaf clamping for Adiantum (lowegh)C
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and cotton (highest (), respectively. Adiantum displayed the high@SfOes sw
enrichments (front. 22 to 32%o) while the pine had minor increments (C. 3 %o) in
A'®0es sw Cotton and eucalypt had intermediate increases in comparison with the
other species depending on their initidfOes syvalues.

Our second set of Adiantum measurements were performed to measure time
constants for leaf water isotopic turnover (t) is shown in Figure 7. There was a large
variation in final g andAlsoes_swwhich contributed to measured t ranging from 9 to
60 minutes. In contrastalculated t considering the leaf as having a single water
pool, ranged from 34 to 92 minutes. We observed positive correlations (r ranging
from xx to XX between measured and calculated 1. For Adiantun) measured t had a
better agreement (values closer to the 1:1 line) with calcutgtednsidering the two
pool model. Considering the single pool t model, where all water in the leaf
contributes to the transpiration stresalculated Tt would overestimate measured T by
c. 250%.

Discussion

We observed a general relationship betwAé‘?Oes_SW and A180L_SW values
(Fig. 1) in species as diverse as a fern and a herbaceous angiosperm with large
differences in gand leaf anatomy as denoted by the differencesgin &iear and
LMA (Table 1 and Fig. 2). Evaluation of the Craig-Gordon model and the factors
controllingAlgoes_swprovides support for our findings. First, as seen in Fig. 3, relative
humidity (w/w;) is, by far, the major factor controlling variationsAfPOes_swSince
86% of its variation was explained by thgwy ratio and additional 13% by variation
in A"®0yans sw(data not shown). Thus, intrinsic variation due to leaf temperature and
gs accounted for just 1%. Thus, for isotopic studies aimed on finding genotypic
differences in g it is strongly advisable to minimize variations in/wy and
Algotrans_swas discussed in Barbour et al. (2000). The same is valid when studying
factors controllingh'®0,_swas 74% of the variation was explained only by changes in
wi/wi, thus leaving 26% to be explained by other factors. On the other hand, such
general relationship between'®Ogs s and A0, s, demonstrate that isotopic
signature in leaf water is a reliable indicator of evaporative conditions. As a result, it
may be useful to assess the degree of coupling between stomata and their surrounding

atmosphere in closed canopies (Tausend et al., 2000). Such evaluation is challenging
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using traditional gas-exchange as forced ventilation is necessary to homogenize the
air within the chamber, minimizing the contribution of boundary layer.

Regarding the Péclet effect, from the four species here studied, only the pine
behaved as predicted by the theory, i.e., presented a positive covariance bgifween f
and E. The other species showed a non signifigantefsus E relationship (Fig. 4),
and thus do not support the Péclet theory in line with the findings of Song et al
(2015). Interestingly, the only species that agreed with the predictions of the Péclet
theory was the pine with its needle-shaped leaves. We believe that single-vein needles
behave similar to grasses where progressive enrichment occurs along the leaf blade
(Helliker and Ehleringer, 2000) and is dependent on E. These species are better
described by the Péclet effect (when considering longitudinal and radial effects,
Farquhar and Gan (2002)) or the string-of-lakes model of Gat and Bowser (1991), and
therefore both models better describes leaf water enrichment for grasses than the
conventional Craig-Gordon model.

Contrary to our hypothesis, no clear relationship was observed between f
anatomical and hydraulic traits (W, LMA gfz and Kear). We found similar estimates
of fyy for cotton and eucalypt (Fig. 4) even thoughsthepecies presented clear
differences in leaf anatomy due to their herbaceous and sclerophyll nature as seen by
the different LMA (Table 1). Cotton had a higheg,{than eucalypt leaves which
would initially lead us to expect a highey.fHowever, eucalypt leaves usually have
bundle sheath extensions and a very high packing of the mesophyll with minimal
differentiation between spongy and palisade parenchyma (Blackman and Brodribb,
2011). As closely packed cells would provide negligible air spaces for evaporative
enrichment (Gan et al., 2002), it is possible that eucalypt mesophyll cells have the
potential to store a large amount of relatively unenriched water. Adittionaly, bundle
sheath area is proposed to have a role in storing water and acting a a capacitor to cope
with sudden evaporative surges under windy conditions and/or increases in VPD
(Griffiths et al, 2013). In fact, we found eucalypt to have a high capacity for water
supply since gwas nearly insensitive to changes in VPD (Fig. 6). Our data suggest
that, besides vein density, mesophyll packing and the bundle sheath surface area are
likely to interact in determining the fraction of unenriched water.

Interestingly, in the context of the two-pool model, the highgstalues were
found for Adiantum (Fig. 4) where the lower vein densities presented by ferns
(Brodribb et al., 2007Zhang et al., 2014) led us to expect a lowgr ®n the other
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hand, as Adiantum presented the lowegjs KTable 1) it is plausible to argue that
increased resistances in the liquid phase would reduce the back diffusion of enriched
water from the evaporative surfaces and, as a consequence, also reduce the mixing of
enriched and unenriched water. Noteworthy, such explanation is comparable with the
L concept of the Péclet effect and, in fact, we estimated L values in the upper rang
reported in the literature (Wang et al., 1998) as well with a negative relationship
betweenL and Ko (Fig. 5). Nevertheless, such values were extremely variable (Fig.
5, from 51 to 141 mm) and likely to be a mathematical artefact,ondt being
correlated withe rather than reflecting differences in water pathways within the leaf
as suggested by Song et al. (2013) and criticized by Cernusak and Kahmen (2013).

The timeeourses of leaf water enrichment showed how AlSOtrans_SW(Fig. 6)
can be dynamic and instantly responsive to changes in humidity. That highlights its
usefulness as a tool to study the leaf water compartment prone to enrichment or
depletion of*®0 during transpiration. The observed behaviour was consistent with the
expected considering leaf hydraulic parameters. The species with a Righ K
(eucalypt and pine) had highet gnd their isotopic composition of transpiration
(AlBOtrans_sv) reach values close to 0%o faster than cotton (highest Cqypn); that implies a
higher degree of mixing between enriched and unenriched water. In fact, AlSOTrans_sw
= 0%o denotes the isotopic steady-state (ISS), condition when the isotopic composition
of transpired water is equal to that of source water being supplied trough the xylem.
At this point, leaf water becomes sufficiently enriched that the exit of heavy and light
molecules through the stomata matches that of the supply of water from the xylem
(Farquhar et al., 2007). Most importantly, our results point out to a pivotal role for W
and Gyn governing such dynamics because Adiantum, the species with the lowest
water content and lowesick, completely changed its evaporative site enrichment and
reach the ISS in a matter of one hour or less (Fig. 7). That suggests an interaction
between the size of the compartment (W gy,)Cand the rate of water supply )
governing leaf water enrichment. To a certain extent, one factor can compensate for
the other, as the pine had a highs#and also a high &, but demanded similar time
to eucalypt (high Kar and low Gy) to reach the ISS. On the other hand, cotton with a
lower Kear and a high gn, demanded the longest time to reach the ISS, as both
parameters contribute to a slower water turnover.

We calculated different variations of time constants for leaf water isotopic

turnover (t) treating transpiration as coming from: a single pool of water (t) or two
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pools (enriched and unenriched))( It was clear that considering the leaf as a single
pool of water was not a valid assumption because calculated t using the whole water

content largely overstimated the observed values. On the other hand, considering the
leaf as comprising two-pools led to a better agreement with measured values.
However, calculated 1, still overestimated measured values by c. 54%. Thus,
additional factors other than the fraction of unenriched watgy €bnstrain the
mixing of enriched and unenriched water. As discussed above, a lQwéndfeasing

the resistance of extra-xylary water pathways may have an important role constraining
water mixing within the leaf. In any case, such results clearly demonstrate that
conventional models are missing important details regarding how transpiration
enrichment develops in leaves throughout time and may be related to unaccounted
effects of Kear, Vein enrichment, hydraulic isolation and/or spatial heterogeneity. It
has been only recently that Rockwell et al. (2014) and Bucley (20&4) attention

to the fact that the evaporation sites within the leaf can be variable depending on leaf
anatomy and/or environmental conditions causing internal temperature gradients such
as irradiance and VPD. Inclusion of a changing evaporative site in current water
isotope models as function of environmental variables does seems promising in
shedding light on the multifaceted relationships involVii@ enrichment.

Conclusion

Our study provided additional evidence in support for the two pool model in three out
of four species with contrasting leaf structure and draws attention for a possible
interplay between vein density and associated ground tissues as determinants of the
fraction of unenriched water. A high degree of mixing between enriched and
unenriched water was associate to a high: Knd a low G, We propose that an
increased radial resistance for water transport in Adiantum may have a role
constraining the mixing of enriched and unenriched water and highlight the usefulness
of species with low water content in the study of water stable isotopes given the
reduced time required to reach the ISS. Altogether, our results emphasize the need to
better understand time-course of leaf water enrichment in order to improve current
models and envisage that the use of species with contrasting structure can provide
valuable information on how leaf structure affects water enrichment. At last, it is
crucial to evaluate to what extent a lowgKaffects the estimate of the fraction of
unenriched water and ferns offer a unique opportunity to address that since most

species have a lowd but a high diversity in water content angl,{C
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Table 1- Hydraulic and anatomic traits for the four sampled species. Leaf hydraulic
conductance, K(mmol ni* s* MPa'); Dynamic capacitance, 4@ (mmol mi” MPa&%);
Water content, W (mol i) and leaf mass per unit leaf area, LMA ()mValues are

averages SE.

Kleaf Cdyn w LMA
Adiantum 0.9+0.1 203+92 3%0.1 19+0.6
Cotton 4.8+0.6 1237+151 18.7+0.5 7146
Eucalypt 7.1+0.6 395+55 15+0.5 215%3
Pine 8.8+1.3 982+123 13.2+1.5 127+7

Figure legends

Figure 1. Plot showing the significant relationship betweenfi@ enrichment at the
evaporative sitesAl®Oes s) and bulk leaf watet®0 enrichment £'°0, s,) across

four species. Both enrichments were expressed as enrichment above source water
(sw). AlBOes_swis calculated with the Craig-Gordon model using relative humidity,
leaf temperate and stomata conductance as inputs. AlSOL_SW is the actual measurétD
enrichment in the leaf lamina obtained through leaf water extraction'%hd
measurement using laser-based spectrometry. Afslaa]les_swwere higher than the
AlSOL_SW counterparts, that implies incomplete mixing of water at the evaporation
sites with lamina leaf water.

Figure 2. Relationship between stomata conductange ggd bulk leaf water*?0
enrichment AlBOL_SW) across four species. Leaves become more enrich€®ias
stomata close, in our conditions the closure was mainly due to a decreased relative
humidity. A large range insgvithin species was function of each leaf adjusting itself

to evaporative conditions as dry-air was sent to gas-exchange chamber (see details in
Material and Methods).

Figure 3. Bulk leaf water'®0 enrichmen{A'®0, ., empty symbols) and evaporative

site water enrichmemnmoes_ sw filled symbols) plotted against the ratio of ambient to
intercellular vapour mole fraction @w;). The wy/w; ratio is one of the components of

the Craig-Gordon model of leaf water enrichment used in the calcuLm%BG);S_SW

The high f indicates the ww; ratio is the major factor controlling variation in both
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A0 sw and A™QOes sw Thus, A'™OL s largely reflects the relative humidity
surrounding the leaf. Symbols legend: triangles = Adiantum, circles = Eucalypt,
squares = Cotton and diamonds = Pine.

Figure 4 The correlation between the fraction of unenriched watg) €@nd
transpiration rate (E) for all leaves measuregd. Wwas calculated as Al-SOL_SW
/Alsoes_SW The Péclet theory predicts that $hould increase with increasing E for a
given species. A higher E would lead to a higher rate of advection of unenriched
water from the xylem opposing the back diffusion of enriched water from the
evaporative sites, thus increasigg AAs a result, species presenting a non-significant
fsw and E relationship do not support the Péclet effect. Only the pine showed a
significant relationship betweeg,fand E identified by the fitted solid line.

Figure 5. The relationship between Péclet effective length (L) and leaf hydraulic
conductance (Kx). L concerns the distance water vapour has to move from the leaf
vein until the evaporative surface and is a fitted parameter from the Péclet thgery. K
is a measure of hydraulic capacity reflecting the resistances to liquid flow from leaf
xylem until the evaporative sites.

Figure 6. Time course of stomata conductance),(transpiration rates (E), the
measured stable oxygen isotope enrichroémtanspiration (Alsotrans_sv), and the leaf
water enrichment at the evaporative site’@(()es_s\,). The isotopic steady-state (ISS) is

the value when Alsotrans_swis equal to zero, indicating the isotopic composition of
transpiration is equal to that of source water. Leaves with a highgmptesented
higher g and leaves with a lower dynamic leaf capacitance demanded longer times to
reach the ISS. Note the increase in VPD and return to initial conditions (see increases
in E marking the step increase and decrease in VPD). Averages from three-four
individuals are shown.

Figure 7. Time course of stomata conductanceg),(¢he measured stable oxygen
isotope composition of transpiratios'{Oyan9, the leaf water enrichment above
source water at the evaporative siteé%es_s\,), ratio of ambient to intercellular
vapour mole fraction (yw;), measuredime constants (t), calculated single-pool time

constantgtsingie and the two-pool maa time constantst(). Measured time constant
was obtained as described in Material and Methods. Calcutatgd and T were

calculated from water content, stomata conductance and the fraction of unenriched

water (£w). Briefly, tsingle assumes that the whole water content participates in water
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enrichment whereag,consider only the water fraction prone to enrichment {J- f

fswis calculated from isotopic measurementsas 1-A"0; g /A"®Ocs_sw
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CHAPTER 3

Leaf hydraulic vulnerability in two field-grown coffee cultivars under sevee
drought conditions

Samuel CV Martins, Leandro E Morais, Mateus Sanglard, Paulo Menezes-Silva,
Rafael Mauri, Fabio M. DaMatta

Introduction

From all environmental resources, water is likely the most important resource
determining plant distribution, growth, yield and survival (Engelbrecht et al., 2007;
Zhao and Running, 2010). Plants are constantly threatened by the risk of desiccation
through exposure to a drying soil or atmosphere and survival hinges on finding a
strategy to optimise water loss and carbon gain (Brodribb et al., 2014). As water lost
has to be replenished, xylem has a challenging task in supplying water to allow
stomata aperture at the same time that physical tension increases its susceptibility to
cavitation (Tyree et al., 1994). The risk of hydraulic failure depends on the extent that
minimum Xylem water potentials occurring under growthdisons (Wnmin) are close
to the water potential representing 50% loss of hydraulic conductivigy régflecting
the hydraulic safety margin (HSM) for a given species (Meinzer et al., 2009).

Choat et al. (2012) recently reported that several plant species operate with
narrow HSM, and therefore they are expected to be highly vulnerable to hydraulic
dysfunctions that should be exacerbated due to the current and ongoing scenarios of
increased frequency and severity of drought episodes (Allen et al., 2010). Although
in their analysis Choat et al. (2012) have not considered other significant aspects
associated with drought tolerance (see Klein et al., 2014), recent findings suggesting
increased tree mortality linked to drought events (McDowell, 2008) point out for a
hydraulic based view on how trees die when exposed to water deficit. Thus, the
hydraulic vulnerability assessment coupled to future climate modelling can provide
more robust predictions of changes in species’ distribution or elaboration of climatic
risk zoning for cultivated plants.

Coffee, a tropical woody crop, is one of the most important commodities in
the international agricultural trade, representing a significant source of income to
several Latin American, African and Asian countries. It is also one of most threatened
species by global climate changes; depending on the climate change scenarios,
extinction of native populations in Ethiopia (Davis et al., 2012) as well as remarkable

reductions (up to 50%) of suitable areas for coffee cultivation have been predicted
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(Bunn et al., 2014). In Brazil, the world’s largest coffee producer, as well as in several
other coffee growing countries, drought is considered to be the major environmental
stress affecting coffee growth and production (DaMatta, 2004). Despite the growing
body of information on the morphological and physiological mechanisms though
which the coffee tree cope with drought stress (DaMatta, 2004; Pinheiro et al. 2005;
Dias et al. 2007; Cavatte et al. 2012a), little is known on how hydraulic vulnerability,
HSM and lethal water potentials are correlated in coffee. In earlier attempts, an
exponential response of stem hydraulic conductance to leaf water potential (‘¥|) was
suggested (Tausend et al., 2000), implying cavitation to occur whenever ¥ <O;
however, such an exponential behaviour could be due to the open vessel artefact
(Cochard et al.,, 2013) which would overestimate the onset of cavitation. More
recently, leaf vulnerability was assessed in four potted coffee cultivars by Nardini et
al. (2014) who found 4 ranging from -0.6 to -1.0 MPa, which would imply that the
coffee tree is highly vulnerable to drought. We herein suggest that sgiealles are
highly unlikely to be observed under real field conditions given that coffee leaves
reach¥, as low as -1.1 MPa on a daily basis at field capacity (Dias et al., 2007;
Cavatte et al., 2012). Alternatively, cavitation and repair could be routine in coffee
plants acting as a trigger for stomata closure as suggested by Nardini et al. (2014).
These conflicting results urge for a proper evaluation of hydraulic vulnerability in
coffee plants grown under real field conditions not only to assess the ecological
importance of cavitation but also to resolve the risk of death by hydraulic failure.
Another unknown aspect in coffee is whether xylem cavitation is involved in
stomata closure as observed in several species (Cochard et al., 2002; Brodribb and
Holbrook, 2003). Martins et al. (2014) demonstrated that a low capacity for water
supply probably constrains stomata aperture under a high transpirational demand in
coffee leaves. Indeed, stomata conductangp rapidly decreases in response to
increasing vapour pressure deficit (VPD), irrespective of W), suggesting a feed-
forward regulation to minimise the risk of embolism (DaMatta and Ramalho, 2006).
Interestingly, coffee seems to regulatengsuch a way to optimise intrinsic water use
efficiency (WUE) coupling water and carbon exchange in stomata control (Cornic,
2000; Martins et al., 2014). Such mechanism is expected to involve a sophisticated
active control of stomata aperture, possibly linked to the phytohormone abscisic acid
(ABA) (McAdam and Brodribb, 2011). Given that Batista et al. (2012) ruled out
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feedback inhibition as limitingsghroughout the day in coffee plants, it remains to be
tested if cavitation can also have a role in governing stomata dynamics in this species.
Here we evaluated two field-grown coffee cultivars under severe (natural)
drought and subsequent recovery with the following objectives: (1) to assess naturally
occurring Wmin and determine reliable hydraulic safety margins; (2) to investigate
diurnal hydraulic versus ABA-mediated stomata control and (3) to test whether loss of
conductivity is significant in leaves expanded in the drought season. Assessment of
these points will allow a better comprehension on how the coffee tree is affected by
drought aiming at envisaging the importance of hydraulic failure for the plant survival
and functioning.
Material and Methods
Plant material and experimental design
The experiment was carried out under field conditions on a Cambic Podzol, in Vicosa
(20°45°S, 42°15’W, 650 m a.s.l.), southeastern Brazil. The site is characterised by a
subtropical climate, with a mean annual temperature of 20°C, and receives an average
rainfall of 1200 mm, mainly distributed from September to March (growing season).
Two coffee cultivars, Catuai (C. arabita‘Catuai Vermelho IAC 44’) and Hybrid
12 (a hybrid of C. arabicax C. racemosa Lour.), were investigatdginpirical
observations from the field show that the Hybrid 12 endures drought stress much
better than Catuai; as a result, Hybrid 12, but not Catuai, shows improved
maintenance of leaf area and vigour under drought conditions and, therefore, has been
empirically classified as drought-tolerant, whereas Catuai has been classified, by
comparison, as drought-sensitive. The trees have been cultivated at full sunlight
conditions with no supplemental irrigation, as is usually performed in most coffee
farms in southeastern Brazil. The coffee trees were grown at a spacing of 2.0 x 1.0 m
in north-south oriented hedgerows. Six to seven trees, with approximately 2-m tall,
were selected for uniformity and vigour and assigned in a completely randomised
design. The experimental plot was one tree per hole. Annual precipitation in 2014 was
825 mm, the lowest one recorded over the last 25 years. Annual water deficit,
calculated based on the estimation of climatic water balance, was 213 mm whereas
the historical record for Vigcosa is 60 mm (INMET, 2015). Annual water deficits
higher than 150 mm are considered of high risk for coffee according to climatic
zoning and not suitable for coffee cultivation (Zullo Jr. et al.,, 2011). Monthly

precipitation and accumulated precipitation are shown in Figzrbm the expected
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rainfall of 780 mm (historical average from January to October), only 460 mm had
been recorded until October 2014. For the sake of simplicity, data herein shown were
collected (on cloudless days) in three distinct periods: (i) drought period
measurements taken at the end of a natural long-term drought, i.e, in 17 October and
05 November 2014 (data were pooled); (ii) recovery phassasurements recorded

in 19 November 2014, i.e. 14 days after the onset of the rainy period (147 mm of
accumulated rainfall); anthe ‘control (reference) conditionsmeasurements made

in 15 January 2015 (303 mm of accumulated rainfall). In January 2015, two sets of
leaves were measured: leaves expanded in the rainy period (new leaves) and leaves

expanded in the drought period (old leaves).

Leaf hydraulic vulnerability measurements

Leaf hydraulic measurements{f§ were made in January 2015 in leaves developed

in the wet season (expected to present maximwy) kccording to the standard
protocol outlined by Brodribb and Cochard (2009). Detached shoots with at least
three expanded leaf pairs from at least three plants were bench driedean@sK
determined at intervals of 0.25-OMiPa (¥|) by measuring the rehydration flux of
water into leaves using a hydraulic flowmetEhe relationship between W) and Keqt

was used to determine thgoR¥), at 50% loss of Ku) from a sigmoidal curve fitted

to the pooled data from each genotype.

Leaf hydraulic measurements using the evaporative flux method

Leaves were measured between 0800 and 1600 h using the evaporative flux method
(Sack et al. 2002; Brodribb & Holbrook 2006). Branches were collected in the field
and brought to the laboratory where leaves were excised and then immediately re-
under water. An entire mature leaf was then enclosed in an opaque lighted conifer
chamber (Li6400-22L) connected agportable open-flow gas exchange systént (
6400XT, LI-COR, Lincoln, NE, USA). Measurements were performed under a
photosynthetically active radiation (PAR) of 1,000 pmol photoifssthat the leaf

level and 400 pmol COmol* air. All measurements were performed af@%nd
vapour pressure deficit was maintained at c. 1.0 kPa. Leaves were allowed to reach a
transpirationh steady state (less than 10% variation over 180 s) and the resulting
transpirational flux was recorded. Leaf water potential was measured with a
Scholander-type pressure chamber (model 1000, PMS Instruments, Albany, NY,

USA) and Ke4s Was then calculated using the following equation:
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Kieat = -E /¥
where E is the transpirational flux aNl is the leaf water potential at steady state
conditions. Leaf size was measured using a flatbed scanner in combination with the
ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Water relations, gas exchange and fluorescence measurements
Measurements of ¥; and instantaneous gas-exchange parameters were simultaneously
performed using completely expanded leaves from the third or fourth pair from the
apex of plagiotropic branches 0800 h, 1200 h and 1600 h (¥, was additionally
assessed at predawn)eaf ¥, was measured using the above mentioned pressure
chamber. In October and January, fully expanded leaves were detached to produce
pressure-volume curves, exactly as described in Pinheiro et al. (2005). From these
curves, the osmotic potential at full turgor (Wxo00), the ¥, at the turgor loss point
(WrLp), the relative water content at the turgor loss point (RWCand the bulk
modulus of elasticity (¢) were estimated. Hydraulic safety margins (HSM) were
calculated as described in Choat et al. (2012) using the average of the four lowest V|
measured under drought or control conditions as the valu&.far Then, a standard
HSM based on 48 (HSMsg) or a more conservative HSM based @g(PISMgg), were
calculated as:
HSMsg = ¥min - Pso or HSMgg = Win - Pss
Leaf gas exchange parameters were determined simultaneously with measurements of
chlorophyll (Chl) a fluorescence using the aforementioned gas-exchange system
equipped with an integrated fluorescence chamber head (LI-6400-40, LI-COR Inc.).
The net CQ assimilation rate (A), stomatal conductance to water vapQuraml
internal CQ concentration (f were measured on attached leaves, under artificial
PAR, i.e., 1,000 pd photons rif s at the leaf level and 400 umol g¢@®ol* air. Al
measurements were performed under naturally fluctuating temperature and vapour
pressure deficit conditions.

After registering the gas exchange parameters, the steady-state fluorescence
yield (Fy) was measured after which a saturating white light pulse (§,0@0 m? s™;
0.8 s) was applied to achieve the light-adapted maximum fluorescefnte Tke
actinic light was then turned off and a far-red illumination was applied (2 pial m
1) to measure the light-adapted initial fluorescencg)(Fhe actual photosystem (PS)

Il photochemical efficiencydes) was determined following the procedures of Genty
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et al. (1989). The electron transport rédfdR) was then calculated froEBTR = ¢ps

B a PPFD, wheren is leaf absorptance arfiireflects the partitioning of absorbed
guanta betwee®S Il and I. The producp a determined for coffee was taken from
Martins et al. (2014). Single pointxWas determined as described in Wilson et al.
(2000) using the Rubisco kinetic properties determined for coffee taken from Martins
et al. (2013) and values of AndETR measured at 0800 h (when photosynthesis rates
are at their maxima).

Statistical analysis

The data from the experiment were analyzed using a completely randomized design
with six replicates. The data were subjected to an analysis of variance (two-way
ANOVA with all main factors evaluated as fixed factors) that was performed using
the general linear models (GLM) procedure of SAS (version 9.1.) adaptng.05.

When any interaction was found significant, the Slice statement of GLM was used to
interpret the dependency effect between factors.

Results

Leaf wvulnerability curves followed a sigmoidal behaviour withaKdeclining
gradually as a fuction of ¥,. The Hybrid 12 displayed lower (more negative) P
(26%) than Catuai. In contrast, there were no cultivar differences in maximum fitted
Kieat Which averaged on. 2.6 mmol HO m? s* MPa’ (Fig. 2). Predawn ¥, wasc. -

1.5 MPa in the dry season and was above -0.1 MPa when the rainy season started.
Under drought, Catuai and Hybrid 12 had their lowest ¥, values ¢. -4 MPa) at
midday and W, recovery was observed at the afternoon; such a recovery was more
prominent in Catuai. In the recovery anadeol conditions | markedly increased in

all time periods with the lowest values observed at midday (c. -1.6 MPa). In the
recovery phase, there was no difference in ¥, from the morning to the afternoon for
both cultivars. Catuai exhibited the same previous behaviour under control conditions;
the Hybrid 12, in turn, displayed a decreasing W) until midday, followed by a ‘P

recovery in the afternoon (Fig. 2).

The variables of tissue water relations based on pressure-volume curves were
similar for both cultivars under a same condition (drought or control) with the
exception of €, which was 50% higher in Catuai in comparison with the Hybrid 12

under drought conditions (Table ¥y p wasc. -2.3 and -1.9 MPa under drought and
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control conditions, respectively; however, osmotic and elastic adjustments were
significant only in Catuai. [k values measured by the evaporative flux method
(averaged on 2.9 mmol,B m? s* MPa") did not differ between cultivars or leaf age
(Fig. 2). Hydraulic safety margins (HSM) based gnd? Rss were negative, implying
that loss of conductivity occurred, for both cultivars under drought. Positive HSM was
found in the recovery and control conditions, but they were narrower in Catuai (by
approximately 0.5 MPa) than in the Hybrid 12 (Table 1).

Stomata conductanceg(gvas curvilinearly related to ¥, when all data were
pooled (Fig. 3). The lower ¥, threshold for gunder drought was associated with ¥, at
Pgg and most ¥| values observed at midday were mn¢gative than those of Wrip. In
contrast, under wet conditions, Wt p defined the lower ¥, for gs values. Maximum g
was greatly constrained throughout the day reachi@g0, 100 and 60 mmol m
2 s! at 0800 h, 1200 h and 1600 h, respectively (Fig. 3)amd g values were
significantly reduced by drought regardless of cultivar. In the recovery period, a 65%
increase in g(relative to drought conditions) was observed for both cultivars at 0800
h. Regarding A no changes occurred in the Hybrid 12 veaesxCatuai showed a 37%
increase in comparison with drought conditions at 0800 h (FigAdand g values
did not increase at 1200 h in the recovery period (relative to drought conditions), but
values at 1600 h were comparable to control conditidnder control conditions, A
and g values were on average 50% higher than those obtained in the recovery period
regardless of cultivar; in addition, no differences were observed between leaves
expanded over the drought (old leaves) or wet (new leaves) pegigdratios ranged
from 75 to 150 umol CO, mol H,O™ with the highest values obtained at morning
under drought conditions. Catuai tended to have highigg ritios in the drought and
recovery periods in comparison with control conditions; such a ratio varied
inconsistently in the Hybrid 12 (Fig. 5).,And g were strongly correlated to each
other regardless of cultivar, water regime or leaf ageqR0, P<0.001). No major
differences in Mmax_single poin@MONg water regimes were found, with an average value
of 81 pumol CO; m? s* (Fig. 5). Finally, there was no clear pattern in ETR among
water regimes; in any case the ETR values tended to be slightly lower in the afternoon
as compared with their counterpart values measured at morning or midday, which did

not differ from one another.
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Discussion

The R, values of coffee leaves is in the lower range reported for montane
rainforest species (Blackman et al., 2010), which suggests that coffee should behave
as a moderately tolerant species to hydraulic dysfunctions. Most importantly, our
vulnerability curves revealed a sigmoidal behaviour, which is in sharp contrast with
the linear behaviour proposed recently for coffee by Nardini et al. (2014). Hence, as
opposed to the suggestion of Nardini et al. (2014), major cavitation events should not
be routine in coffee under well-watered conditions. This statement is in line with
what has empirically been observed in coffee plantations under field conditions (fast
vigour recovery after long-term droughts) as well as with the proposed role for
cavitation representing a threat to the mechanism of sap ascent that must be avoided
(Delzon and Cochard, 2014). In any case, it must be emphasise that, under drought
conditions, both cultivars operated with negative safety margins implying that
hydraulic failure probably occurred in line with the findings of Choat et al. (2012)
(Fig. 2 and Table 1). Indeed, Catuai, the less drought tolerant cultivar, presented high
rates of defoliation whereas the Hybrid 12 was able to retain much of its foliage
(visual observation). In robusta coffee (C. canephora), for example, extensive leaf
fall, that is characteristic of drought-sensitive genotypes, is believed ta be
consequence rather than a defence strategy against drought stress since an improved
water status in the remaining leaves is not observed (DaMatta, 2004).

Coffee seems to behave as an anisohydric species (Tardieu, 1993; Tausend et
al, 2000), thus allowing midday ¥, to decline as soil ¥ declines with drought (Fig. 2)
in order to maintain photosynthetic activity. Although such strategy maximises,WUE
it may come at a cost of increased hydraulic dysfunction, reflecting the trade-off
involving efficiency and safety (McDowell et al., 2008). Interestingly, the high
variability in ¥; under drought (Fig. 3), which would be translated into 20 to 88% loss
of conductivity, suggests this trade-off to happen at the plant level. Such variability
may be a function of the high foliar plasticity in the coffee canopy (Matos et al., 2009)
in addition to canopy control ofggTausend et al. (2000b) showed that partial
defoliation in coffee led to higher transpiration per unit leaf area associated with an
increased stomata coupling with the surrounding atmosphere. Therefore, leaves that
become suddenly exposed with the onset of defoliation and are not able to close
stomata properly, may suffer major hydraulic dysfunction and probably fall whereas

leaves which stayed in the safe W, region will survive. Accordingly, leaves that
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“survived” the drought season (Fig. 4 and Table 1) presented similaf ¥alues to
those of leaves that were developed in the rainy period, indicating that a hydraulic
recovery occurred. Interestingly, the leaves expanded under drought were constrained
at their maximum realizables gnaybe due to cavitation fatigue from the recovery
cycle (Hacke et al., 2001) (Fig. 4). Notably, loss of conductivity in leaves may happen
in the within-xylem and outside xylem components (Scoffoni et al., 2014). As coffee
has an important share of leaf resistances outside the xylem (Gasco et al., 2004) and
the turgor loss point precedesyRFig. 3), it is expected that loss of turgor cause a
significant decline in Ky by affecting extra-xylary pathways (Brodribb and
Holbrook, 2006). Such decline is simpler in nature to be reverted given that it does
not depend on positive pressure to refill emboli (Holloway-Phillips and Brodribb,
2011). On the other hand, cavitation per se may have play a rolg;ilo$s at more
negative W¥|; this may define the point of no return incurring leaf abscission
(Blackman et al., 2009). We contend that ¥ at Rg possibly denotes a good proxy for
leaf death and the upper ¥ threshold for plant death as tree mortality did not occur in
this current study. Noteworthy, such results are in agreement with Urli et al. (2013)
who found stem W at Pgg as the trigger for plant death in angiosperms. This statement
well agrees with earlier attempts to measure stem hydraulic vulnerability in coffee
which would predict coffee death to happen at -68tdPa stem ¥ (Tausend et al.,
2000). In fact, this also corroborates experimental observation of pretaaslow
as -4 MPa in coffee plants without leading to plant death (DaMatta and Ramalho,
2006).

The incomplete recovery of,Aand g following rainfall (recovery phase; Fig.
4) likely indicates ABA accumulation as a way to regulate transpiration rates, thus
promoting gradual hydraulic repair by limiting the rate of stomatal reopening
(Lovisolo et al. 2008). Moreover, even with constraingdly at the morning and
afternoon reached similar or more negative values in comparison with those found in
the fully-recovered leaves (‘control’ conditions) when gs values were twice as high,
evidencing post-drought hydraulic loss (Fig. 3 and 8uch persistent loss of
conductivity possibly reflects cavitation in stem xylem, which is likely to require zero
or positive root pressure for repair (Ewers et al., 1997), thus demanding an extended
period of rainfall and longer time period. Indeed, maximum gas exchange rates were

observed two months after the beginning of the rainy period.
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Regarding stomata control, coffee leaves show a tight coordination betyween A
and g, thus ultimately resulting in extremely high WlU#alues (Medrano et al.,
2009) under drought with little, if at all, variations throughout the day (Fig. 5).
However, such efficiency comes at the cost of reactingjoser to values leading to
c. 20% loss of conductivity and loss of turgor. At this point, it is likely that short-term
diurnal g adjustments rely on fast/active mechanisms involving ABA synthesis and
catabolism in leaves to close stomata and allow plant rehydration as clearly seen at the
afternoon (Fig. 3). Such stomata control of xylem embolism has been reported in
several species (Salleo et al., 2000; Nardini et al.; 2001; Cochard et al., 2002;
Brodribb et al., 2003), which suggests a role for cavitation as a hydraulic signal
promoting stomata closure. However, the mechanisms by which stomata could sense
cavitation and adjustsgemain controversial (Zufferey et al., 2011). In a recent study
Scoffoni et al. (2014) propose that leaf shrinkage may play a rolg,jtholss, but this
is unlikely to be the case of coffee taking into account its very rigid cell walls (high &,

Table 1). In any case, high extra-vascular resistances in coffee (Gasco et al., 2004)
may increase internal water deficits near to the sites of evaporation, therefore
augmenting guard cell sensitivity to ABA (Tardieu and Davis, 2003; McAdam et al.,
2011). We suggest ABA as playing a major role at thisantrol as feedback
inhibition by carbohydrate accumulation seems not occur in coffee plants under
normal growth conditions (DaMatta et al., 2008; Batista et al., 2012). Nevertheless,
we cannot discard an intrinsic guard-cell responsk tr leaf turgor as both passive

and active mechanisms likely interact controlling stomata apertures (Brodribb and
McAdam, 2013; McAdam and Brodribb, 2014). We believe that reductions in leaf
turgor in turn causes reductions in guard cell turgor and thus probably diminishing g
at the morning under drought; but, as the leaf dries out, a passive mechanism alone
cannot guarantee full stomata closure because of mechanical advantage of epidermal
cells (Franks, 2013). Thus, active mechanisms probably ABA-mediated come into
action to ensure proper closure at the afternoon to avoid dantgiagccur. In any

case, differential leaf sensitivity to ABA is likely to occur given the high rangg of
found mainly under drought (Fig. 3). This suggests that some leaves cannot reach
sufficient stomata closure and further ABA-sensitivity studies are necessary to better
elucidate the contribution of passive and active mechanisms controlling coffee

stomata.
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Another important outcome of our study was the confirmation that, even under
severe drought, carbon gain in coffee is strongly limited by diffusive limitations as
evidenced by nearly constant values of ETR apgh\(Fig. 4 and 5) (Galle et al.,
2009). We have previously demonstrated in potted coffee seedlings that gas
exchanges are constrained by a limited hydraulic architecture (Martins et al., 2014)
linked to a low K, that limits water supply and ultimately restricts water demand.
Such hydraulic limitation is expected to be exacerbated under real plantation
conditions, where high temperatures and energy load maximise the evaporative
demand. Thus, the narrow and negative safety margins found in this study would
concern the worst case scenario for coffee. Interestingly, coffee leaves present a lower
Pso than would be expected considering its evolution under a wet, shady environment
(Sylvain, 1955; Blackman et al., 2012). As this improved tolerance to hydraulic
dysfunction can be a result from breeding programs conducted under full sun
conditions, it is imperative to assess the natural hydraulic plasticity in coffee from a
conservation perspective. A complicating factor to model coffee mortality will likely
be the interaction between death by hydraulic failure and/or by carbon starvation
(McDowell et al., 2011). We contend that hydraulic failure will be the major concern
for coffee grown in open areas whereas carbon starvation may be the case for shaded
coffee. Results from Cavatte et al. (2012a) support this assertion as droughted shade
plants presented lower starch concentrations but higher miéidéhan did the sun
plants. In any case, from a survival perspective, coffee seems to be well-adapted to
tolerate drought, with stems apparently very tolerant to hydraulic dysfunction,
capacity to perform elastic and osmotic adjustments (Table 1), and a high capacity to
make over new leaves in additionthe ability to resprout (personal observations). On
the other hand, the operation under narrow safety margins risking the loss of
metabolic costly leaves and dispendious nitrogen (Cavatte et al., 2012b, Martins et al.,
2014b) is not interesting from an economical perspective. Foliage loss will contribute
negatively to final yield at the short-term and foliage recovery will deplete plant
internal reserves at the long term, reducing the lifespan of coffee plantations (DaMatta
et al., 2010). Both factors contribute to diminishing revenue streams from the coffee
crop in a scenario of increased drought frequency.

Conclusion
As other angiosperms, the coffee tree operates under narrow safety margins

even under well-watered growth conditions and it is subjected to hydraulic failure
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upon severe drought events. Recovery of gas exchange to maximum rates took place
two months after the beginning of the rainy period, suggesting the need for positive
root pressures to refill xylem emboli. Difference in the level of foliage retention after
drought between cultivars appears to be related to lower leaf vulnerability to hydraulic
dysfunction, despite minor alteration in gas exchange parameters. In any case, leaves
that did not cross a given threshold for leaf abscission, likely to b&'tta Pgs,
recovered from hydraulic loss presentingq#Similar to the new leaves that were
developed over the rainy season, but constrained at their maximum realizable g
Under wet conditions, stomata aperture is likely regulated to prevent loss of
conductivity of reaching levels higher than 30%. The advantage of such risky
strategy is the maximisation of WiJBvhich may come at the cost of foliage loss.
Further studies to determine hydraulic vulnerability in stems and roots as well in other
varieties, are of utmost importance for a proper assessment of the impact climate

changes will have for the coffee crop.
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Table 1.Water potential at the turgor loss poilt(p, MPa), osmotic potential at full

turgor Wr100), MPa), relative water content at the turgor loss point (R\W®56),

bulk modulusof elasticity (¢, MPa), leaf hydraulic conductance measured with the
evaporative flux method (& EFM, mmol HO mi? s* MPa?), and hydraulic safety
margins Wmin — P, MPa) based onsp or Rg of coffee plants. When underlined,
means for drought-stressed plants differ from those for control plants; * denotes
differences between cultivarB € 0-05). For the I§,s measurements, drought refers to

a leaf expanded under drought, but measured at the same time as the leaves that

developed upon the wet season.

Catuai Hybrid 12
Drought Control Drought Control
Yrip -2.29 -1.87 -2.21 -1.96
War100) -1.89 -1.44 -1.79 -1.63
RWCr.p 91.8 89.2 93.0 89.7
€ 24.1* 15.5 16.1 15.2
Kieat EFM 3.10 3.24 3.31 2.31
Whin drought- Pso~ -1.83 -1.38
Wmin_drought- Pss~ -0.54 -0.13
Wmin wet- Pso 0.52 1.06
Whin wet- Pss 1.81 2.31
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Figure legends

Figure 1. Monthly and accumulated precipitation in Vicosa, southeastern Brazil.
Historical averages concern the period from 1961-2014. Annual precipitation in 2014
was 825 mm, the lowest recorded in the last 25 years.

Figure 2. Responses of leaf hydraulic conductancea{Kto declining leaf water
potential ) during dehydrationand the diurnal ¥, time-course in two coffee
cultivars. Curves fitted are sigmoidal functions. Horizontal dotted lines indigate P

the W, time-course graphs. Only significant differences among means for water
regimes within time are shown, as denoted by different letters; * denotes difference
between cultivars within a given water regime (P<0.05). Each bar represents the mean
(n=6)t SE.

Figure 3. Pooled data showing the diurnal general relationships between stomatal
conductance @ and percentage loss of conductance (PLC) as affected by
increasingly negative leaf water potent(@|). Dashed and dotted vertical lines
indicate the¥, at 50% or 88% PLC. Heavy dashed lines indicate the water potential at
turgor loss (W1Lp). Note the high amplitude in ¥, measured at the drought season at
0800 h and 1200 h.

Figure 4. Time-course of net CQassimilation rate (4, stomatal conductanceg)g

and electron transport rate (ETR) as measured in two field-grown coffee cultivars
grown under full sun conditions and different water conditions. Only significant
differences among means for water conditions within a given time are shown, as
denoted by different letters; * denotes difference between cultivars within a given
water regime (P<0.05). Each bar represents the mean (s SE)

Figure 5. Time-courseof intrinsic water efficiency (#gs), maximum carboxylation
capacity based at a single point{¥ single poix @nd the pooled relationship between

A, and g as measured in two field-grown coffee cultivars planted under full sun
conditions and different water regimes. Only significant differences between means
for water regimes within a same time are shown (P<0.05), as denoted by different

letters. Each bar represents the mean (n = 6) + SE.
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Figure 3
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GENERAL CONCLUSIONS

We have demonstrated the importance of hydraulic parameters in determining
gs dynamics in response to VPD. Our data evidenced that leaf anatomy, through
changes in dynamic capacitance and/or water content, had a significant effect on the
speed of stomata movements in ferns and conifers, thus leading to closure rates as fast
as those seen in angiosperms.

Our water enrichment experiment provided additional evidence in support for
the two pool model in three out of four species with contrasting leaf structure and
drew attention for a possible interplay between vein density and the associated ground
tissues as determinants of the fraction of unenriched water. We proposed that an
increased radial resistance for water transport in ferns can have a role in constraining
the mixing of enriched and unenriched water; also, it highlights the usefulness of
species with low water content in the study of water stable isotopes given the reduced
time required to reach the isotopic steady state.

Leaf hydraulic vulnerability assessment showed that the coffee tree operates
under narrow safety margins even under normal growth conditions and it is subjected
to hydraulic failure upon severe drought events. There seems to be hydraulic
variability in coffee, as the cultivar with the leaves less vulnerable to drought stress
displayed higher foliage retention after a long-term drought event. We also found that
stomata control in coffee under wet conditions appears to be regulated to avoid major
loss of conductivity and it is limited to the water potential at the turgor loss point.
Further studies to determine hydraulic vulnerability in stems and roots as well in other
varieties will be of extreme importance to a proper assessment of the impact climate

change will have for the coffee crop.
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