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ABSTRACT

Water scarcity in semiarid regions of Europe threatens the sustainability of fruit tree
orchards unless irrigation water is optimized and scheduled in deficit irrigation strategies.
Stomatal conductance (g;) is one of the best indicators of plant water stress, since it is placed
in the crossroad between water and CO, fluxes at the leaf level. Unfortunately, it is not
possible to measure g automatically and continuously, which reduces its potential for
irrigation scheduling. In this work we examined the use of sap flux density (J;) in the outer
rings of the sapwood of olive trees as a surrogate of g.. The working hypothesis was that as
olive trees are well-coupled to atmosphere because of their small leaves, the ratio of J; to air
vapor pressure deficit (D) should correlate well with the dynamics of g, in the canopy. It was
also expected that current year, sun exposed leaves were mainly connected to the outer
rings of the sapwood, and the oldest, shaded leaves to the inner rings. This was tested by
measuring g in new, sun-exposed leaves vs g in old, shaded leaves. Both hypotheses were
contrasted and our results confirmed that g, can be estimated from J,/D (R2 of the
relationships were always higher than 0.8). A wide range of estimated g, values (0.350-0.025
mol m? s?) were derived from J; measurements in an olive orchard under three different
irrigation regimes. Results were satisfactory and open the possibility of applying this method
to estimate g and use it either as a reliable water stress indicator or in transpiration and
photosynthesis models applied to fruit tree orchards under a wide range of water stress

conditions.
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INTRODUCTION

Expected climate conditions in the Mediterranean area demand an increasing use of
sustainable water use practices in agriculture, such as deficit irrigation (D). The correct use of
the most successful deficit irrigation strategies, such as regulated deficit irrigation (RDI;
Chalmers et al.,, 1981) requires both a good understanding of physiological mechanisms
involved in the response of plants to water stress, and the use of reliable and sensitive
indicators of water stress (Fernandez, 2014a). For the latter, special attention has been paid to
plant-based methods, since plant measurements have the advantage of integrating the soil
and atmospheric water status, as well as the response of the plant to the surrounding
conditions (Jones, 2004). New methods have been developed for non-destructive, automatic
and continuous measurements, such as dendrometers, sap flow and turgor-related probes.
These new methods have several advantages compared to conventional plant-based methods,
e.g. water potential or stomatal conductance, which are commonly destructive and time and

labor consuming (Fernandez, 2014b).

Stomatal conductance (g;) is a good plant-based indicator for irrigation purposes. Besides g;
quick response to increasing water stress, stomatal closure limits photosynthesis (Flexas et al.,
2013) and thus, it has important implications for plant function, growth and yield (Brodribb
2009). Indeed, stomatal control is regulated to optimize the outward diffusion of water vapor
and the diffusion of CO, into the leaf during photosynthesis (Hetherington and Woodward,
2003). However, its use for irrigation scheduling purposes faces a major limitation from the
difficulty of being automatically and continuously monitored. Yet g can be derived easily from
transpiration measurements based on a simplification of the Penman-Monteith equation

under certain circumstances, as transpiration proceeds largely at the imposed rate which
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depends mainly on atmospheric conditions (McNaughton and Jarvis, 1983). Transpiration
values can be estimated from sap flow related measurements. Sap flow methods work
automatically and continuously, and are relatively inexpensive and user-friendly compared to
other approaches (Wullschleger et al., 1998). Total sap flow or tree transpiration (L h™) is
calculated from upscaling the sap flux density (J,, mm h') measured at discrete single points in
the sapwood to tree scale (sapwood or leaf area based). However, J; is very variable both at
different azimuthal locations (Lopez-Bernal et al., 2010) and along the radial profile (Swanson,
1994). It has also been observed to change not only in the short-term (Ford et al., 2004b;
Poyatos et al., 2007; Hernandez-Santana et al., 2008), but also in the long-term as new xylem
forms (Beauchamp et al., 2012). The azimuthal variability is a source of uncertainties in the
upscaling to the whole tree transpiration, as several authors have reported (Lépez-Bernal et
al., 2010; Vandegehuchte et al., 2012). However, the radial variability provides information
about the water status of the plant, useful for irrigation scheduling. Indeed, a number of
factors have been reported as responsible for the dynamic radial variation of J;, including
changes in soil water status (Fernandez et al., 2001; Nadezhdina et al.,, 2007 but see
Beauchamp et al., 2012), mobilization of water stored in the inner sapwood (Ford et al.,
2004a,b) to compensate for cavitation in the outer rings (Granier et al., 1994; Ford et al.,
2004b; Poyatos et al., 2007), water uptake from deep roots (Nadezhdina et al., 2007; Cermak
et al., 2008), stomatal closure in the exposed leaves in response to evaporative demand
(Fernandez et al., 2001; Ford et al., 2004b, Nadezhdina et al.,, 2002; Poyatos et al., 2007;
Hernandez-Santana et al., 2008), distribution of foliage in the crown (Fiora and Cescatti, 2008)
and changes in the distribution of incident radiation across the canopy (Ford et al., 2004a;

Jimenez et al., 2000).

Specifically, quick variations in Js radial profiles have been proposed to be explained by a

differential transpiration between the older leaves, lower in the canopy and thus increasingly
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shaded, and the younger, better illuminated leaves, in the upper parts of the canopy. The older
leaves would be hydraulically connected to older, inner sapwood and the younger to outer
sapwood (Dye et al., 1991; Jiménez et al., 2000; Fiora and Cescatti, 2008). Despite all the
evidences and hypotheses proposed, however, there has been no direct assessment, to the
best of our knowledge, of the link between g, in sun and shade leaves with differential Js in
younger and older sapwood areas of the same conductive organ, respectively. It is clear that
the xylem of leaves produced during a given year is connected preferentially to the stem xylem
formed on the same year but little is known on how ageing leaves maintain a connection with
the xylem and phloem as the stem grows (Maton and Gartner, 2005). In this study we aimed to
assess the links between J; measured in the trunk of olive trees, at different depths below the
cambium, and concomitant g; measurements in leaves of different age and locations in the
canopy. Our objectives were: (i) to determine if there is a robust relationship between g;
measured in the tree canopy and J; measured in tree trunk, (ii) to assess whether changes in
the radial profile of J; can be attributed to changes in the behavior of g, of sun-exposed, new
leaves (hereafter reported as SUN leaves) vs. g, of shade, old leaves (hereafter SHADE leaves)
in response to water stress, and (iii) to determine whether changes in the radial profile of J;
mediated by g can be related to changes in soil water deficit and air vapor pressure deficit (D).
Our findings could have a great potential in agriculture, because of the usefulness of g, as

water stress indicator to schedule irrigation (Jones, 2004).

MATERIALS AND METHODS

Experimental conditions

Measurements were made at two experimental orchards in different years. A summary of the

measurements of each orchard is presented in Table 1. Both orchards are located in an area
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with Mediterranean climate. Annual average precipitation and potential evapotranspiration
are 534.0 mm and 1541.5 mm, respectively, with hardly any rainfall during the summer
months. Average maximum and minimum air temperatures in the area are 24.9 °C and 10.7 °C,
respectively (period 2002-2012). The hottest months are July and August. Average maximum

temperatures over 40 °C are recorded nearly every year, with peak values rarely over 45 °C.

The first set of measurements were conducted in 1998 in the olive orchard of La Hampa, the
experimental farm of the Instituto de Recursos Naturales y Agrobiologia (IRNAS, CSIC), close to
Coria del Rio, Seville (latitude 37217’ N, longitude 623’ W, altitude 30 m). The trees were 30-
year-old ‘Manzanilla de Sevilla’ olive trees (Olea europaea L.) at 7 m x 5 m spacing (286 trees
ha™). The soil of the orchard is a sandy loam (Xerochrept) of variable depth. Two irrigation
treatments were studied: well-watered trees (WW), in which trees were irrigated daily to
replace the crop water needs, and rain-fed trees (WS) (see details in Fernandez et al., 2003).
Irrigation needs (IN) in the WW trees were calculated as IN=ET.-P., being ET. the maximum
potential crop evapotranspiration calculated with the crop coefficient approach (Allen et al.,
1998) and P. the effective precipitation calculated as 75% of the precipitation recorded in the

orchard (Orgaz and Fereres, 2001).

The second set of measurements were made in a commercial hedgerow olive orchard,
Sanabria, in southwest Spain (37° 15" N, -5° 48" W). Trees (Olea europaea L., cv Arbequina)
were planted in 2007, at 4 m x 1.5 m (1667 trees ha™), in rows oriented N-NE to S—SW.
Measurements were made in the 2012 summer, when trees were 2.40 m tall and the crown
was 1.96 m x 1.5 m on average. The studied trees were central individuals located in 12 m x 16
m plots with 24 border trees. We had three irrigation treatments, Fl, 60RDI and 30RDI, with
four plots per treatment, arranged in a randomized block design. In the FI plots daily irrigation
was supplied to replace 100% of IN calculated, once again, with the crop coefficient approach.

In the 60RDI and 30RDI plots we applied two regulated deficit irrigation treatments in which
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total irrigation supplies amounted to 60% and 30% of IN, respectively. In May and June RDI
trees were irrigated daily. In July and August, however, trees were irrigated only two days per

week in 60RDI and one day per week in 30RDI. Details are given in Fernandez et al. (2011).

Sap flux density measurements

The Compensation Heat Pulse (CHP) method (Green et al., 2003) was used to derive sap flux
density (J;, mm h) values within the sapwood of the sampled trees (Tranzflo NZ Ltd.,
Palmerston North, New Zealand) in both sets of experiments. Briefly, CHP consists on
measuring the time for the temperature difference registered by two temperatures probes
situated 10 mm downstream and 5 mm upstream of a heater probe to become 0 after
releasing a heat pulse. Details on the calibration and testing of the technique for the olive tree,
as well as on data analysis, are given in Fernandez et al. (2001, 2006). At La Hampa
experimental farm three sets of heat-pulse probes were installed at three equal spacings
around the azimuth of control and water stressed tree trunks at 0.5 - 0.6 m aboveground. Two
trees were instrumented for each water treatment. Each probe had four thermocouples, at 5,
12, 22 and 35 mm below the cambium. Heat pulses (60 J; 60 W over 1 s) were applied once
every 30 min. The data were collected in 1998, from March 24 to the end of September, with a
Campbell CR10X data logger (Campell Scientific Inc., USA). At the Sanabria experimental
orchard one central tree per plot, in three plots per treatment, was instrumented with two sap
flow probe sets, at the east and west facing sides of the trunk and at 0.3 - 0.4 m aboveground.
Each temperature probe measured the sap velocity at 5, 10, 15 and 20 mm below the
cambium. Measurements were made every half hour, for the entire experimental period (from
May 4 to October 21, 2012). A CR10X datalogger connected to a AM25T multiplexer (Campbell,
Campbell Scientific Ltd., Shepshed, UK) were used to release the heat pulses and collect the
probe outputs. Sap flux density measured in the trunk at 5 mm depth from the cambium will

7
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be reported as Js; whereas J; determined at 10 mm in Sanabria orchard and 12 mm in La

Hampa farm will be reported hereafter as Js,.

Meteorological conditions and soil water content

Main weather variables in both orchards were monitored by a weather station (Campbell
Scientific Ltd., Shepshed, UK) located in the center of each experimental area. Meteorological
sensors were between 2 m and 3 m above the canopies. The station recorded 30 min average
values of wind speed (u), air temperature (T,), air humidity (RH,), global solar radiation (R;), net
radiation (R,), photosynthetically active radiation (PAR), and precipitation (P). At La Hampa
orchard the volumetric soil water content (89,) was estimated with a neutron probe (Troxler
3300, Research Triangle Park, North Carolina, USA) measuring every 0.1 m, from 0.3 m down
to the maximum depth explored by the roots (see Fernandez et al., 2003 for details). In the top
soil layers the volumetric soil water content (8,) was measured by gravimetry. At the Sanabria
orchard ¢, was measured with a Profile probe (Delta-T Devices Ltd, Cambridge, UK) and two
access tubes per plot, at ca. 0.5 m from the tree trunk. One of the access tubes was at 0.1 m
from a dripper, i.e. in the soil volume wetted by irrigation. The other was at 0.4 m from the
dripper, i.e. in drying soil during the irrigation season. In each access tube we measured 9, at
0.1,0.2,0.3,0.4, 0.6 and 1.0 m depth, 1-2 times per week, all along the irrigation season. The
Profile probe was calibrated in situ by Fernandez et al. (2011). We used the collected 39, values
to calculate the relative extractable water (REW) in the root zone as REW=(R-Rmin)/(Rmax-
Rumin),where R (mm) is the actual soil water content, Rni» (mm) the minimum soil water content

measured during the experiments, and R.x (mm) is the soil water content at field capacity.

Stomatal conductance

Measurements of stomatal conductance (g;) in La Hampa were made in three leaves of each

instrumented tree on DOY 131. Two replicates per tree were taken by using a LI-6400 portable
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photosynthesis system (LI-COR, Lincoln NE, USA) with a 2 cm x 3 cm standard chamber. SUN
and SHADE leaves were selected depending on their age, current or last-year grown, which can
be clearly determined from their location in the shoot. SUN and SHADE leaves had an average
PPFD at midday of 934 + 95.2 umol m?s™ and 267 + 43.8 umol m™” s Measurements were
made at 8.30 GMT when g, was at its maximum (Fernandez et al., 1997). At the Sanabria
orchard g, measurements were conducted in trees of the three irrigation treatments, next to
the ones where J; was measured (one tree per plot, in three plots out of the four plots per
treatment). Measurements were conducted as described for La Hampa, every two weeks
during the whole irrigation season. In all cases measurements were taken at ambient light and
CO, conditions. Additional measurements of g, were conducted in one Fl plot and in one 30RDI
plot, on two days when the 30RDI trees were under different soil water conditions (day of year
- DOY - 177, 8, = 0.233 cm® cm®; DOY 216, 9, = 0.174 cm® cm™). In those plots g, was
determined every 1.5 h from dawn to dusk, in four SUN and four SHADE leaves from the outer
and inner part of the canopy, respectively, facing SE, at ca. 1.5 m above ground, in one 30RDI
and one Fl tree, both instrumented with sap flow sensors. Hereafter these trees will be
referred to as the water stressed tree (WS) and the well-watered tree (WW), respectively. SUN
and SHADE leaves had an average PPFD at midday of 588 + 81.1 umol m?s™ and 148 + 19.9

umol m?s™tinDOY 177 and 742 + 219.3 umol m?s™and 114 + 44.9 umol m?s™in DOY 216.

A Student’s t test was used to assess differences between mean values of gs by canopy
exposure (SUN and SHADE g,) after passing the normality test (Shapiro-Wilk). Significant
differences were reported at a = 0.05. D was Ln-transformed so we obtained linear
relationships, easier to interpret. Statistical analyses were conducted with SigmaPlot (version

12.0, Systat Software, Inc., San Jose, California, USA).

RESULTS
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Relationship between radial profiles of sap flux density and stomatal conductance

Figure 1 depicts the dynamic shape of the radial profile of Js in an olive tree trunk. Data shown
in the figure were collected on June 27 of 2012, a day when g, was measured along the day
and both WW and WS trees were not water-stressed. As D increased early morning (from 8.00
to 11.00 GMT, Fig. 1a), Js values increased at all explored xylem depths (Fig. 1b). However,
between 11:00 GMT and 15:00 GMT, when D was still increasing, Js; increased but Jg;
decreased. Furthermore, the Js, increase observed from 11.00 to 15.00 GMT was not
correlated to the magnitude of D increase, which was even larger to the one observed from
8:00 GMT to 11:00 GMT. These results could be explained by J; being limited by decreasing g
from early in the morning, which counterbalances the driving force of the increasing
atmospheric demand. This supports our hypothesis on the role of stomatal regulation in
transpiration and its effect on Js profiles in the trunk, as reported in previous works mentioned

in the Introduction. The rest of this section is devoted to test this hypothesis.

To test the relationship between g, and J; we conducted regressions between mean g, values
of SUN and SHADE leaves and Js; and Js, divided by D to remove the D effect. All relationships
established between g, and J;/D were highly significant (Fig. 2) regardless of the water deficit
or the leaf exposure. These relationships were found in two unrelated experiments with trees
of different age and cultivar (5-year-old ‘Arbequina’ trees in Sanabria and 30-year-old
‘Manzanilla’ trees at La Hampa). The relationships were unique even on days with different
water deficits (Fig. 2a,b). In all cases the coefficients of determination were higher than 0.80
and highly significant (P<0.0001). Relationships were found to be different for SUN and SHADE
leaves, suggesting a different behavior in both populations of leaves in response to
environmental conditions. Moreover, these relationships showed around a 10% better fit on
average when Js; was related to SUN leaves, and Js, with SHADE leaves (Fig. 2), than Js; with

SHADE leaves and Js, with SUN leaves (data not shown).
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The response of gs measured in SUN and SHADE leaves to LnD (Fig. 3) help us to understand
the role of main environmental drivers in the g - J; relationship, and to further assess the
effect of LnD on the Js;/Js, ratio observed at different levels of soil water deficit in both WW
and WS trees (Fig. 4). Both types of leaves responded to increasing D by reducing their g; (Fig.
3). The response was greater in SUN leaves than in SHADE leaves, especially in WW trees (Fig.
3a,c). In the WS trees similar values of g, were found in SUN and SHADE leaves (Fig. 3b,d),
suggesting that soil water deficit induced a larger depression in g; of SUN leaves, which are
more related to the younger, more exposed leaves. There was also a hysteresis effect between
the high g, values recorded in the morning and the lower g, measured in the afternoon in the
SUN leaves of the WW tree at Sanabria (Fig. 3a). All g; measurements were conducted on the
east part of the canopies, such that the hysteresis could have been caused by changes on
radiation interception along the day. Accordingly to the derived LnD-g; relationships, the g
sensitivity decrease to D (magnitude of the reduction in gs with increasing D; Oren et al., 1999)
was more pronounced in SUN leaves than in SHADE leaves (67% in Sanabria orchard and 86%
in La Hampa farm) in the WW tree than in the WS tree (27% in Sanabria orchard and 44% in La
Hampa farm). We used the g values of central day hours from 8.30 to 15.30 GMT with the
data of Sanabria orchard and from 8.00 to 17.00 GMT in La Hampa farm to avoid hysteresis

effect.

Significant relationships were found between Js;/Js, ratios and LnD (Fig. 4), independently of
tree age and cultivar. This consistency and robustness was likely a consequence of both the
different sensitivity of g; to D of SUN and SHADE leaves (as seen in Fig. 3) and the correlation
found between g, and Js; and SUN leaves and Js, and SHADE leaves (Fig. 2). For the Sanabria
orchard, where two different days were analyzed simultaneously, the slopes of Js;/Js; vs LnD
were very similar between the two studied days both in the WW (Fig. 4a) and WS tree (Fig.
4b). The decrease of Js;/Js, with higher D values in both trees could be explained by the

different response of g; to D in SUN and SHADE leaves (Fig. 3). However, while for the WW tree

11
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the two curves were indistinguishable, in the WS tree the Js;/Js, ratios were higher for the D
range occurring on the day with no soil water deficit (DOY 177) than on the day with soil water
deficit (DOY 216). This could have been a consequence of a proportionally greater decrease in

Js; than in Js, under water stress conditions.

Testing the seasonal changes of J;/D and its representativeness of gs

After demonstrating the correlation between the dynamics of J; in the outer xylem of the trunk
and that of g in the canopy, we intended to infer the seasonal changes of g, in the Sanabria
orchard, where we had established three water treatments. The D and R, courses for a growing
season (May to September) are shown in Fig. 5a,b. The figure also shows REW values for the
three treatments (Fig. 5c). We calculated the time course of g, through the 170 days
represented in the figure (from DOY 125 to DOY 295), for the three irrigation treatments, using
the inverse relationship of g.-J;/D, (Fig. 6). We used SUN and Js; and not SHADE and Js, because
gs measurements at 8:30 GMT were only conducted in SUN leaves. The J/D- g relationships
(Fig. 2) indicated a constant relationship for each tree regardless the level of water stress.
Thus, we estimated the ratio between g, and J,/D for each tree using data from the first
measurement day only (in May, calibration dataset). Then we used that single ratio value to

calculate g, for the rest of the season (validation dataset).

Usually J,/D values derived from the outputs of sap flow probes installed in the east side of the
trunk fitted better with g, than values from the west-oriented probes (data not shown). Likely,
this was because gs was always measured in the east side of the canopy. The seasonal course
of the calculated g, was mainly driven by D and REW (Fig. 6a, b, c). Values of g, decreased as D
increased. On the contrary, g, decreased with REW. Indeed, the dynamics of g, were
dependent on the irrigation treatment. In the studied period, Fl trees were irrigated daily,
while 60RDI and 30RDI trees were often irrigated just once or twice per week. Soil water

availability explains that g; showed lower values in these two deficit irrigated trees than in the
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Fl trees. It was also observed that calculated g; in the 60RDI tree was higher for the period with
daily irrigation (DOY 165-185) than when water was supplied just once per week (DOY 185-
210). For all treatments, calculated g, values using Js; agreed reasonably well with measured g,
values (Fig. 7), for a wide g range (0.350 mol m™ s™ to 0.025 mol m?s) , as shown by the R

values (0.93, 0.83 and 0.81 for trees of FI, 60RDI and 30RDI trees, respectively).

DISCUSSION

Do radial profiles of sap flow in the tree trunk reflect stomata dynamics in the canopy?

Our results confirm our hypothesis that the diurnal dynamics of Js in the olive trunk reflect
directly gs dynamics at leaves in the canopy. The robust relationships found between g and
Ji/D using measurements under different soil and atmospheric water conditions highlights the
fact that unique relationships between these variables can be established regardless the
environmental conditions (Fig. 2). These relationships were obtained with two olive cultivars of
different age growing in different orchards, extending the confidence on our results further. In
addition to test for any potential influence of the cultivar in the results obtained, both
orchards represent two different systems in which the structure of the canopy (hedgerow at
Sanabria vs isolated trees at La Hampa) and age and size of the trees (larger at La Hampa with
more irregular trunk sections than at Sanabria) were clearly contrasted. This minimizes the
concerns about issues related to the assumption of a complete coupling to the atmosphere
and with the maintenance of the relationship between J; in irregular trunks and g, in the
canopy. Although the relationships plotted in Fig. 2 are empirical, they are physiologically
based and rest on the well documented fact that in olive trees most of the transpiration is
driven by D (Moreno et al, 1995; Tognetti et al., 2009). Under these conditions of high coupling
to the atmosphere, stomata can exert a fine control of transpiration, being changes on
stomatal closure directly reflected in the transpiration flux estimated from sap flow related

measurements in the tree trunk. This would explain the robust J,/D-g, relationships shown in
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Fig. 2 for a wide range of g, and conditions. It is significant that the increase in D between
11:00 GMT and 15:00 GMT only represented a small increment in Js,, but a decrease in Js;. This
can be explained if g; decreased in SUN leaves enough to compensate for the increase in D.
This is also supported by the response of g, to D depicted in Fig. 3, in which it is shown that
SUN and SHADED leaves respond differently to increasing atmospheric demands. Moreover,
the agreement between J; and g; was, on average, ca. 10% better when J; values derived from
measurements at 5 mm below the cambium, i.e. in the outer part of xylem where new tissues
are, were related to g; measured in SUN leaves than when related to g, measurements in
SHADE leaves. These results support the hypothesis that SUN leaves are hydraulically
connected mostly to the newer, outer sapwood, while the SHADE leaves are connected to
older, inner sapwood. According to Granier et al. (1994), this differential connection implies no
significant radial water transport in the olive xylem. In agreement with that, Jiménez et al.
(2000) reported that high sap flow values in outer sapwood layers are to some extent linked to
high transpiration rates of the well-illuminated upper canopy, whereas lower sap flow rates in
the inner sapwood layers reflected the low transpiration rates of the partially shaded, lower
parts of the canopy. Indeed, studies on leaf gas exchange in Mediterranean species showed
that g, was much lower in needles of Abies pinsapo (Sancho-Knapik et al., 2014) or leaves of
Eucryphia cordifolia (Morales et al., 2014) in the shade than in the sun. The association of sap
fluxes in the outer rings with new leaves and inner ones with older leaves would mean a
compartmentalization of the hydraulic system that suggest a low interconnectivity among
xylem vessels. Plants adapted to dry environments are known to have a low hydraulic
conductivity, as it is the case of olive (Diaz-Espejo et al., 2012; Tognetti et al., 2009). Clearly,
additional information seems to be necessary before establishing the fundamentals of leaf-
stem xylem connections, which, as suggested in this study, might be of capital importance to

understand the functioning of whole trees.
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If stomata of SUN leaves respond more markedly to D than stomata of SHADE leaves (Fig. 3),
and provided that there is a preferential hydraulic connection between young leaves and the
most external vessels in the xylem, as Fig. 2 suggests, reduction in the Js/Js, ratio as D
increased can be expected. This was the case, as shown in Fig. 4. The slope and y-intercept of
the relationship between Js;/Js, and D hardly varied among days in WW trees (Fig. 4a,c).
However, under dryer situations the y-intercept varied in WS trees, since more sap appears to
be conducted deeper into the sapwood, resulting in a proportionally higher contribution of Jg
from deeper sapwood than from outer, newer sapwood. Our results suggest that changes in
the recorded J; radial profiles were likely related to a differential response of g, between SUN
leaves and SHADE leaves to both soil water deficit and D (Fig. 2). This is in agreement with
diurnal changes in the sap flow profiles reported by Fernandez et al. (2001), also in olive. This
species has a low hydraulic conductivity (Diaz-Espejo et al., 2012), and keeps their stomata
fully open only in the morning hours when D is still low. Later on the day, the stomata close in
response to increasing D, especially in SUN leaves. This can explain the observed changes in
the shape of the recorded diurnal profiles. The greater sensitivity of g, to D of SUN leaves as
compared to SHADE leaves was dramatically reduced with water stress (Fig. 2), such that,
under dry conditions, the response of g, to D was very similar in SUN and SHADE leaves. Loss of
stomatal control in older and more shaded leaves might be explained by two main reasons: (i)
a delayed response of stomatal closure to dehydration as leaf ages (as suggested by Fernandez
et al., 1997) and (ii) a major decoupling from surrounding atmosphere. SHADE leaves are not
so well coupled to the atmosphere as SUN leaves, probably because the boundary layer
around the leaves is not as easily removed as it is in the outer part of the crown. Thus, SHADE
leaves may not respond so well to the surrounding atmospheric conditions. The spatial
distribution of leaf-to-air coupling (McNaughton and Jarvis, 1983; Jarvis and McNaughton,

1986) within individual plant foliage can determine whether transpiration in sun-exposed and
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more shaded leaves is differently controlled either by D and g (imposed evaporation, strong

coupling) or by net radiation (equilibrium evaporation, weak coupling).

It has also been reported, for different species and conditions, that, under increasing soil water
deficit, flow in the inner xylem remained relatively constant, whereas flow in the outer xylem
decreased, resulting in a greater contribution of the inner xylem to total sap flow (Granier et
al., 1994; Fernandez et al., 2001; Ford et al., 2004b; Nadezhdina et al., 2007). Poyatos et al.
(2007) found in pubescent oak a proportionally greater contribution to total trunk flow from
the outer xylem during conditions of high evaporative demand, whereas Ford et al. (2004a), in
agreement with our results (Figs. 1, 4), found that high evaporative conditions were
responsible for the mobilization of water in the inner sapwood of pine trees. An interesting
aspect of our results is that the g sensitivity to D (the slope of LnD-g, relationship, according to
Oren et al., 1999) decreased in SUN leaves under water deficit conditions to levels of SHADE
leaves. Finally, it should be noted that the observed hysteresis due to the time of the day in
the LnD-g; relationship of SUN leaves under well-watered conditions was likely due to the
different regime of light interception by the canopy, and reinforces the idea of a close
connection between foliage elements and the conductive tissue in the trunk. Hysteresis has
also been reported by Poyatos et al. (2007) and Alvarado-Barrientos et al. (2013), among
others, and do not affect our conclusions.

The major limitation of our approach is the empirical nature of the calibration factor relating
J/D with g,. As this relationship is empirical, it could change with tree size or other
characteristics of the tree or the canopy. However, we have shown how the calibration factors
are similar between different trees, given a similar wood anatomy as it happens within a single
species. In our study, we demonstrated that even in orchards where trees are isolated (La
Hampa) or planted in hedgerows (Sanabria) the approach works fine. Still, the natural
variability between trees and within a single tree is another important point to be considered,

as in any ecophysiological study. Other shortcomings of this approach are the mechanisms that
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can produce time lags between J; in the trunk and g; in the canopy such as water storage and

fluctuating light conditions (i.e. cloudiness).

Use of J4/D to simulate seasonal changes of g; automatically in the field from sap flow data

Our results show that, at least in olive, gs can be determined from J; data directly. This way of
estimating g; avoids the J; up-scaling process in the calculation of tree transpiration to
estimate canopy conductance (g.) as it is commonly done. Former attempts to estimate
stomatal conductance from sap flow measurements were based on inverting Penman-
Monteith equation. That approach requires the use of absolute values of total plant
transpiration, which in turn requires knowing and integrating both the sap flux velocities in the
trunk and the total leaf area. Thus, our method avoids the uncertainties derived from the
required upscaling from measurements at single points in the trunk to the whole tree
(Shinohara et al., 2013). The J; up-scaling to tree transpiration has been proved to be difficult
given the J; azimuthal and radial variability and the conductive surface area asymmetry in olive
(Fernandez et al., 2006; Lopez-Bernal et al., 2010; Vandegehuchte et al., 2012; Hernandez-
Santana et al. 2015). However, our approach does not require integrating J; at different
locations in the tree trunk. It can be used with a single-point sensor, since only the most
external J; is used. As shown along this study, this approach is sensitive enough to allow us
inferring how stomata respond to the two main driving variables of transpiration under water
stress: atmospheric and soil water deficit (Fig. 6). Other methods, like Bowen ratio or eddy-
covariance, are expensive, need many assumptions and corrections and require intense
training. Our results facilitate two interesting applications. First, g, can be derived from
continuous and automatic measurements of J;, which suggests the possibility of using short-
term changes of g, (through J) as a plant-based indicator for irrigation scheduling. We have
shown in three different trees under three irrigation treatments that an initial and single

calibration was sufficient to derive g for the whole season (Fig. 6). This robustness of the
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relation g,- J;/D is also supported by Fig. 2. Our approach is more related to the use of g, as an
indicator of water stress, rather than to estimate the total tree transpiration. However, the
inclusion of this estimated g, in wide-used models of transpiration like Penman-Monteith
(Zhang et al.,, 1997) would help to solve one of the biggest troubles when applying this
equation: the effect of water stress. The response of stomata to driving environmental
variables has been tried to be modelled by several approaches (Jarvis, 1976; Leuning, 1990;
Diaz-Espejo et al., 2012; Peak and Mott, 2011). But a reliable g; model incorporating
mechanistically the response of stomata to water stress is still elusive (Buckley and Mott,
2013; Egea et al., 2011). Our results could help to solve this problem since J,/D was able to
track adequately the daily and hourly dynamics of g, in FI, 60RDI and 30RDI trees, as it is shown
in Fig. 6 and Fig. 7. A second application is related to the influence of g; on photosynthesis.
Stomata closure determines, to a large extent, the use of water by fruit trees under water
stress conditions, but also CO, assimilation rate. Thus, g is the main determinant of
photosynthesis limitation under water stress conditions (Flexas et al., 2004). Hence, once the
course of g, along the season is known we might be able to estimate net CO, assimilation by
leaves and to estimate the limitation to photosynthesis imposed by stomata closure. This can
be achieved by either applying process-based models of photosynthesis (Diaz-Espejo et al.,
2006) or by simple empirical relationships between photosynthesis rate and g; (Fernandez et
al., 2008; Medrano et al.,, 2002). In an agronomical context, the prediction of net CO,
assimilation rate should be a target indicator to assess the effect of water stress on yield. The
method we propose would help to overcome the main challenge for its determination, which
is the response of stomatal conductance to water stress. Our derived variable (J/D) is a close
surrogate of g which is widely accepted as one of the most sensitive physiological variables to
water stress. Thus, irrigation can be programmed based on a level of g, indicating moderate

water stress.
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CONCLUSIONS

We found a remarkable good correlation between the dynamics of J/D and g,, both at the
diurnal and seasonal levels in trees under three different irrigation regimes, which suggests
that J/D values could be used to derive g in trees under field conditions. Our approach is
based on the change in the radial profile pattern of J; in the trunk which is related and
explained by a different response of g, in sun-exposed and shade leaves to D, under
contrasting soil water conditions. We have shown that it is possible to estimate g, in olive trees
automatically and in-continuous under field conditions by using sap flux density data directly
without need of upscaling to tree transpiration. Considering that automatic and continuous
records of J;/D can be easily obtained and g, is one of the best plant-based water stress
indicators, our findings have a great potential to improve irrigation scheduling in fruit tree
orchards. Apart from irrigation scheduling purposes, our approach could also be used in plant
physiology studies on plant response to water stress, since the automatic and continuous
monitoring of g; from sap flow related measurements will allow the maintenance of targeted
levels of stress as a function of g,. The value of g, is a good reference parameter for moderate,
mild and severe levels of water stress and the pool of physiological mechanisms of response to
water stress associated with them. Still, further studies are required both to understand the
hydraulic links between radial variation of sap flux density and the behavior of stomata in the
canopy, and to assess whether the method is applicable to species with different

characteristics than olive, with larger leaves, closer canopies or different hydraulic functioning.
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609 Tables

610  Table 1. Summary of measurements and sample sizes conducted in the two studied orchards.

La Hampa Sanabria
# Trees # Leaves # Trees # Leaves
Sap flow probes 2 9
Regular stomatal conductance 2 18 18 (1 leaves/tree)
Daily cycles of g; on SUN-SHADE leaves 2 4 2 8 (4 leaves/tree)
611
612
613
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Figure legends

Figure 1. a) Diurnal course of air vapor pressure deficit (D). Grey squares represent D at the three times
of the day plotted in b) panel. b) Example of the diurnal change in the radial pattern of sap flux density
(Js) from probes in a well-watered olive tree (treatment WW; see text for details) at Sanabria orchard on
25 June 2012 (DOY 177) at three different times of the day. It can be observed how J; at 20 mm
increased relatively more than J; at 10 mm as D increased during the day.

Figure 2. Relationship between stomatal conductance (g;) and sap flux density (J;) at 5 mm below the
cambium for SUN leaves (Js;) and 10 mm below cambium for SHADE leaves (J,,) divided by the air vapor
pressure deficit (D). Data in panels a) and b) belong to Sanabria orchard and show two different days, on
DOY 177 both trees were well irrigated but in DOY 216 one tree was well-watered (WW) and the other
one was water-stressed (WS). In c) and d) we have the results of La Hampa orchard representing one
single day. In both cases black symbols represent sun leaves and white symbols shaded leaves. Trees
under well-watered conditions (WW) are represented in upper panels a) and c), and trees under water
stress (WS) in lower panels b) and d). Each point represents the average of four g, measurements. All
fitted curves were statistically significant (P<0.0001).

Figure 3. Response of stomatal conductance (g;) to the natural logarithm of air vapor pressure deficit
(LnD) in sun exposed, young leaves (SUN, black circles) and shaded, old leaves (SHADE, white circles).
Data in panels a) and b) belong to Sanabria orchard and show two different days, and c) and d) to La
Hampa orchard representing one single day. Trees under well-watered conditions (WW) are
represented in upper panels a) and c) and trees under water stress (WS) in lower panels b) and d). Each
point represents the average of four g; measurements taken at different times of the day from 7:00 to
18:30 GMT on the 3™ of August of 2012 (DOY 216). The curves were significant (P<0.05) as fitted using
the g; values of central day hours from 8.30 to 15.30 GMT to avoid hysteresis. Grey arrows indicate the
course of g, along the day facilitating the visualization of hysteresis.

Figure 4. Relationship between the natural logarithm of air vapor pressure deficit (LnD) and the ratio of
sap flux density (J;) measured at 5 mm (Js;) and 10 mm (Js,) below the cambium. Data in panels a) and b)
belong to Sanabria orchard and show two different days, and c) and d) to La Hampa orchard
representing one single day. Trees under well-watered conditions (WW) are represented in upper panels
a) and c) and trees under water stress (WS) in lower panels b) and d). In panel a) and b) white circles
represent DOY 177 and black circles DOY 216. All fitted curves were statistically significant (P<0.01).

Figure 5. Temporal course of a) air vapor pressure deficit (D), b) solar radiation (R,) and c) relative
extractable water (REW) in the three irrigation treatments at Sanabria experimental orchard. In panel c)
black circles are REW in full irrigation treatment (Fl), white circles are REW in the deficit irrigation
treatment in which only 60% of irrigation needs were covered (60RDI) and black triangles are REW in the
irrigation treatment where only 30% of the irrigation needs were replaced (30RDI) along the long-term
experiment.

Figure 6. Lines show the temporal changes of stomatal conductance (g) calculated from sap flow
measurements applying the relationship found in Fig. 2 between g, and sap flux density (J;) measured at
5 mm below the cambium (Js;) divided by air vapor pressure deficit (D). Panels represent: (a) full
irrigation treatment (Fl), (b) deficit irrigation treatment in which only 60% of irrigation needs were
replaced by irrigation (60RDI) and (c) deficit irrigation treatment in which only 30% of irrigation needs
were replaced by irrigation (30RDI) trees (grey line). Black circles are the average of two independent g,
measurements at 8:30 GMT as explained in Material and Methods. Stomatal conductance estimated
from J,/D at 8:30 GMT, the same time that g, was measured, is represented for comparison purposes.

Figure 7. Comparison of measured stomatal conductance (gs) and calculated g, through sap flux
density/air vapour pressure deficit (J,/D) relationship for all days represented in Fig. 6 and all three
treatments as indicated in the legend. P<0.0001; r’= 0.86.
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661  ADDITIONAL FIGURES (not for publication)
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663 Extra figure 1. Diurnal evolution of sap flux density (J;) at four different depths below the

664  cambium in the sampled tree shown in Fig. 1.
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Extra Figure 2. Stomatal conductance values of SUN leaves correlated to J; values at 10 mm
(Js2) and g, values of SHADE leaves correlated to J; values at 5 mm (J;). In the table below are
shown the coefficients of determination to demonstrate that g; SUN correlated better with Jq,,
and g, SHADE with J5;. As commented in our reply to reviewers, we consider that this plot and
table do not deserve publication.

gs SUN gs SHADE

Jsl JsZ Jsl Jsz
WW tree 0.80 0.71 0.75 0.84
WS tree 0.84 0.72 0.77 0.82
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