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Abstract

In recent decades, wild cherry has been one of the species most widely used for
reforestation in Europe. Studies aiming to select and improve trees to give them the best
growth rates and wood properties have increased in response to growers’ demands.
However, information relating to key physiological processes such as transpiration or
stomatal conductance and to the effect of the common practice of pruning on plant-water
relations is scarce. The main objective of this study was to assess the effects of
environmental conditions on canopy conductance dynamics. Its secondary objective was
to examine the short- and medium-term effects of branch pruning on tree transpiration,
growth and derived water productivity. To this end, we measured sap flow in an
experimental plantation where trees were subjected to drip irrigation and rain-fed
conditions and where variables characterizing climate, soil and tree growth were also
monitored. The results demonstrated that the Jarvis-Stewart approach was appropriate for
studying the responses of canopy conductance to environmental factors. As well as the
role of vapour pressure deficit and net radiation in controlling the daily variations of
canopy conductance, the single effects of decreasing soil water content (optimum relative
extractable water, REW, higher than 0.4) and increasing air temperature (optimum of
21°C), as summer conditions approached, were correctly incorporated into the modelling
exercise. Soil water content exerted the greatest control on canopy conductance for trees
growing under rain-fed conditions, while air temperature did for irrigated trees. Pruning
significantly reduced transpiration to about 35% when pre- and post- sub-periods were
compared, but also affected annual water productivity regardless of the irrigation
treatment. To assess the long-term effects of pruning on water productivity,

measurements in both pruned and unpruned trees would be desirable.
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Introduction

Agriculture in Mediterranean areas suffers natural water scarcity and high
unpredictability of extreme climatic events, both expected to increase in the future and
thus affecting crop production (Fereres and Soriano, 2007). Diversification of land use
may allow farmers to adapt better to these new conditions, given that plant species differ
in their environmental responses. In Europe, forest plantations for wood production have
been widely promoted in recent decades, mainly to confront desertification and rural
abandonment (e.g. EU Regulation 2080/92), especially short-rotation plantations of

species with rapid growth rates.

In the last two decades, wild cherry (Prunus avium L.) has been a species widely used in
reforestation programmes that used noble hardwood (Ducci et al., 2013; Montero et al.,
2003). Studies aiming to select and improve wild cherry trees in order to give them the
best growth rates, forms and wood properties have increased in response to growers’
demands (Ducci et al., 2013; Nocetti et al., 2010; Diaz et al., 2007; Curnel et al., 2003;
Martinsson, 2001). Wild cherry plantations have also been established in Mediterranean
areas, although these areas are outside the natural range of this species and irrigation is
normally required to face summer drought (Ducci et al., 2013) and to reduce the rotation
length when grown under such conditions (Molina et al., 2016a). Most of the irrigated
plantations are nowadays managed in line with selvicultural guidelines, which are mainly
concerned with the effects of pruning and thinning interventions on diameter growth
(Vilanova et al., 2018; Cisneros et al., 2006). However, in contrast with tree plantations
for fruit or nut production, little attention has been paid to the role of environmental

conditions and management on tree transpiration in plantations for wood production (e.g.
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Lambs et al., 2008; Cabibel and Isbérie, 1997), even though this variable is essential to
proper irrigation and to the evaluation of new water management strategies, especially in

areas with limiting conditions (Fereres and Soriano, 2007).

Understanding to what extent canopy stomatal conductance (gc) is dependent on
environmental variables is crucial, given its essential role in the regulation of both water
losses by transpiration and CO> uptake for photosynthesis and, therefore, in plant growth
and yield (Granier et al., 2000; Jarvis and McNaughton, 1986). For this reason, gc is
considered a good plant-based indicator for irrigation purposes (Hernandez-Santana et
al., 2016). However, its use for management purposes is greatly limited by the difficulty
of monitoring it continuously and by the errors associated with the subsequent up-scaling
from leaves to tree or canopy surfaces (Ewers and Oren, 2000). In contrast to this
approach, the “up-bottom” approach, based on the combination of the Penman-Montheith
equation and sap flow measurements, provides a direct estimate of g, as the canopy is
considered as a big “leaf” (Magnani et al., 1998). The Jarvis-Stewart modelling approach
(Stewart, 1988; Jarvis, 1976) is commonly used for studying the combined effects that
environmental factors such as vapour pressure deficit or soil water content may have on
gc (del Campo et al., 2019; Kucera et al., 2017; Hernandez-Santana et al., 2016). The
multiplicative approach followed in the modelling assumes that environmental factors
affecting gc are not interacting, so every effect is described singly (Granier et al., 2000;
Jarvis, 1976). However, as summer approaches in semi-arid conditions, advancing soil
water depletion, vapour pressure deficit reduction and air temperature increase may affect
gc in concert, meaning that their separate effects could not be assessed properly. The
combined study of sap flow in trees subjected to distinct environmental conditions may

help overcome this problem for a particular species. In this respect, comparing trees which
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are well-watered with trees growing under natural semi-arid conditions may help greatly

to isolate, for example, the effect of soil water availability on stomatal regulation.

Branch pruning in forest plantations is a common practice that aims to get a maximum of
free tree trunks and so increase timber value (Springmann et al., 2011; Kupka, 2007).
While most of the literature on branch pruning focuses on its effects on Eucalyptus
plantations (e.g. Mufioz et al., 2008; Pinkard et al., 2004; Pinkard and Beadle, 2000), for
which it has been suggested that an optimum of pruning 40 to 50% of the total crown
increases diameter growth, the results in wild cherry tree plantations indicate the opposite,
with negligible or even negative effects of pruning on diameter and height growth
(Springmann et al., 2011; Kupka, 2007). On the other hand, branch pruning immediately
reduces transpiration by removing part of the trees’ leaf area and by reducing the ratio
between leaf area and conducting sapwood (Forrester et al., 2012). It may also improve
the water status of the retained leaves and increase their stomatal conductance (Pinkard
et al., 1998), counterbalancing the reduction in transpiration. The effect that this practice
may have on tree water use is still poorly documented for wood plantations, unlike fruit
plantations, which means it is not well known how much water productivity or the water

transpired per yield (Molden et al., 2010) might be affected.

The study reported here specifically addressed transpiration of wild cherry trees during
the two growing periods by measuring sap flow in an experimental plantation where trees
were subjected to contrasting soil water content treatments, i.e. drip irrigation versus rain-
fed conditions. Variables characterizing environmental conditions and tree growth were
also monitored. The first growing period was characterized by typical crown temporal
evolution for broad-leaf species, while the second growing period saw intense crown
pruning of all the trees in the plantation. The main objective of this study was to assess

the effects of environmental conditions on canopy conductance dynamics by following
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the Jarvis-Stewart modelling approach during the first growing period. Secondly, we
assessed the short- and medium-term effects of branch pruning on tree transpiration,

growth and derived water productivity.

Materials and methods

Study site and experimental design

The site is located near Barcelona, at IRTA’s experimental station in Caldes de Montbui
(41°36°47" N, 2°10°11"" E) at a height of 170 m asl. The climate is Mediterranean with
a mean annual (1991-2010) temperature of 14.4 + 0.2°C, reference evapotranspiration of
846.8 = 23.3 mm and rainfall of 599.4 + 33.4 mm. Data were obtained from a weather
station on the site (Servei Meteorologic de Catalunya, UTM X430803, UTM

XY4607309).

The experimental plantation was established in 2006 at a tree density of 625 trees ha™ and
with spacing between the trees and between the rows of 4 m (16 m? tree’!), and used the
clone Salamanca 4 (Sa-4) most planted in Mediterranean areas of Spain. The selected site
was an alluvial terrace with two zones clearly showing different soil performances and
separated by a transition zone with mixed materials from both. The experimental design
followed a split-plot structure with three replications arranged in a complete block design
(Molina et al., 2016a). The main plot factor was soil management (soil tillage to 30 cm
depth versus no tillage) and the sub-plot factor was drip irrigation (I, irrigated or NI, non-
irrigated). The sub-plots were separated from each other by buffer tree rows and each sub-
plot contained four sample trees. Irrigated treatments were drip-irrigated from May to
September with 4 emitters (16 | h ‘tree ) and daily doses were calculated at the beginning
of each week as a function of the weekly sums of reference evapotranspiration and rainfall
during the previous week. There was no irrigation when evapotranspiration was lower

than rainfall (Molina et al., 2016a).
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In December 2010, average tree height was 4.7+0.1 m and the mean diameter at breast
height was 5.7£0.1 cm. Trees were pruned every two to three years during the growing
season, with approximately one third of the total crown volume removed from the lowest

part of crowns.

Measurements of meteorology and soil water content

Meteorological conditions were measured at two locations, i.e. 2 m high at a standard
weather station located in an open area 50 m away from the plantation and at a tower
placed approximately in the centre of the plantation and 2 m above the canopy’s height.
At the standard weather station, rainfall (ECRN-100, Decagon Devices, Pullman, USA),
air temperature and humidity (RH-T sensor, Decagon Devices, Pullman, USA), wind
velocity and wind direction (Davis cup anemometer, Decagon Devices, Pullman, USA)
and solar radiation (PYR Solar radiation sensor, Decagon Devices, Pullman, USA) were
measured every 60 seconds and averaged every 30 minutes (Em-50, Decagon Devices,
Pullman, USA). At the tower, net radiation (Q7.1-L REBS Net Radiometer, Campbell
Scientific, USA) was measured together with air temperature and humidity, wind velocity
and wind direction and solar radiation (with the same sensors described above). The data
collected were systematically verified by comparison with data from an official
meteorological station (Servei Meteorologic de Catalunya, UTM X430803, UTM

Y4607309) located about 500 m from the plantation.

Soil water content (SWC) was measured under the crown projection of sample trees with
3 sensors for each tree. At the mid-point between the southern drip emitter and the tree
trunk (1), and at the same position for the non-irrigated trees (NI), 10 cm-long probes (10-
HS, Decagon Devices, Pullman, USA) were vertically inserted, with their centres at soil
depths of 25, 50 and 100 cm. 60-second measurements were averaged and stored every

30 minutes (Em-5, Decagon Devices, Pullman, USA). To avoid bad contact between the
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sensors and the soil matrix, gravel was removed before installation. Sensor readings were
systematically corrected by taking into account the volumetric percentage of gravel

calculated for each measurement point (Molina et al., 2016a).

Time series of SWC for every probe were later converted to relative extractable water by

roots (REW, dimensionless), following Granier et al. (2000):
REW = (W — Wp) / (Wrc-Wn) Eq.(1)

where W is the 30 min-value of soil water content (cm3.cm), W, is the minimum soil
water content during the study period and Wec is the soil water content at field capacity.

Finally, mean REW values were obtained for both | and NI trees.

Canopy cover, tree growth dynamics and tree biomass removal by branch pruning

Relative canopy cover (RCC, %) was calculated approximately every twenty days in the
early morning by means of sky-oriented photographs taken with an 18 mm-lens Canon
EOS 400D digital camera mounted on a tripod 50 cm high and horizontally levelled. Two
sky-oriented photographs were taken of each tree at two fixed positions (north and south)
50 cm apart from the tree trunk. The images were analysed with a standard software that
calculates RCC based on HUE data for every sample tree by considering all the pixels in

green, brown and yellow (Casadesus et al., 2007).

Tree diameter (cm) was measured monthly at breast height (1.4 m) with a diameter tape;
and tree height (m) was obtained with a telescopic height pole at the beginning and end

of every year.

All the trees in the experimental plantation were pruned in the second year of the study
(mid-June 2013): from one to four branches were cut from the lowest part of the tree

crowns. Weight of total fresh biomass removed for each tree was calculated in the field,
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while dry total weight was obtained after calculating the ratios of fresh to dry weight for
the leaves and woody materials (1 sub-sample taken from each sample tree) in the
laboratory. In addition, allometric relationships were obtained from the diameters of all

the branches removed by the pruning.

Sap flow: measurements, potential sources of errors and tree transpiration estimate

Sap flow was measured in all the sub-plots: one tree in each in the 2012 growing season
and two trees in each in the 2013 growing season. For this study, we selected the trees
growing in the part of the plantation with better soil performance, characterized by a
sandy-clay-loam texture, about 10% gravel content and available soil water of 112 mm
to a soil depth of 100 cm. Also, given that soil management showed no significant effect
on tree growth rates (Molina et al., 2016a), trees from both soil treatments were included.
Thus sap flow sensors based on the heat ratio method (HRM) (Burgess et al., 2001),
installed in mid-March, measured 4 and 3 trees (2012) and 6 and 5 trees (2013) for | and
NI treatments, respectively. The biometric characteristics of the trees measured are given

in Table 1.

[TABLE 1 AROUND HERE]

Sap flow sensors (ICT International, Australia) were programmed to measure every 100
seconds and to average the data every 30 minutes. One sensor was installed at each sample
tree, 1.3 m high and on the east side of the trunk. The velocity of the heat pulse emitted
by the heater needle was measured by thermocouples placed 1.25 and 2.75 cm from the
cambium, and 5 cm above and below the heater (Burgess et al., 2001). Thermal diffusivity
and wood moisture fraction values were calculated from several tree ring cores, following
Kravka et al. (1999). To correct heat pulse velocities when necessary, the alignment of

the probes was checked yearly by testing the difference between the measurements and
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the baseline, which corresponded to the zero sap flow measured during the first leafless
week in December. A possible underestimate caused by the probe-induced effects of
wounding (Barret et al., 1995) was assessed for each sample tree by comparing the time
series of mean daily sap flow values normalized by reference evapotranspiration and
REW. This controlled the effects of environmental conditions on trees’ dynamics. Clear
decreases (approximately 3 days long) were observed in the time series between 15 and
25 days after sensor installation, followed by very similar patterns that did not seem to be
further affected by wounding. According to these dynamics and following the
recommendations of Wiedemann et al. (2016) for correcting the wound effect in diffuse-
porous species, correction factors were calculated for each sample tree by comparing the
normalized mean daily sap flow values between the 10-days periods of before and after
the described wounding effect appeared. Thus, the time series of sap flow for each tree
were multiplied by the obtained correction factors, and the sap flow data which covered
the period from sensor installation until the decrease leaded by the wounding effect were

not included in further analyses.

As azimuthal and radial variations of sap flux density may lead to major biases in tree
transpiration calculations (e.g. Kume et al., 2012), two independent experiments were run
during the 2014 growing season in order to establish the application of correction factors
to our previous sap flow data when necessary (Molina et al., 2016b). Both experiments
used sensors which estimate sap flow based on measurements of heat pulse velocity at
different sapwood depths. Briefly, the azimuthal variation was analysed by measuring sap
flux density by 4 HRM sensors (as used in this work) located at the four compass points
of 6 trees. The radial variation was tested by measuring sap flux density with
Compensation Heat Pulse Method (CHPM) sensors (Green et al., 2003) placed 1.0, 1.9

and 3.0 cm from the cambium of 14 trees (east side). On the one hand, the azimuthal
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variation results showed that the ratio between the sap flux density on the east side and
the average from the four sides ranged from 0.73 to 1.46, with no clear systematic pattern
observed between trees. Thus, in this study no further correction was made to the readings
taken on the east sides. On the other hand, we considered that our HRM sensors with
measurements at two sapwood depths were sufficient to characterize the radial profile of
sap flux density in our small trees (inner measurement covering a mean 72.4% of total
sapwood in 2013, the study year with the highest values), as comparisons between the
radial profiles obtained with HRM and CHPM measurements followed similar patterns

in most of the sample trees.

Sapwood increment during the growing season was also taken into account because the
wild cherry trees were young and they can be considered a fast-growing species at this
age (Guan et al., 2012). It was assumed that sapwood depth grew proportionally to tree
diameter in the growing season, as in other young fast-growing trees (Guan et al., 2012).
To estimate the sapwood area from stem diameters, thickness of sapwood and bark was
visually identified in several tree cores during the experiment (Molina et al., 2016b;
Nadezhdina et al., 2002). Sapwood area (SW, cm?) was calculated monthly as a function
of diameter at breast height (SW = 0.93 x DBH%?8 R?=0.98, n=20). Moreover, based
on our field observations and following Beauchamp et al. (2013), as the sensors remained
in a fixed location during the growing season, trees grew around the sensors. For each
month, the sapwood area was divided into two concentric bands (outer and inner band),
delimited by the mid-point between the thermocouple locations (Bleby et al., 2004;
Hatton et al., 1990). The sapwood increment during the month was assigned to the outer
thermocouples, i.e. the cross-section area of the outer band was equal to the increment
band due to the growth of trees around the sensors during the month plus the previous

outer band. Tree transpiration (I-s) was calculated by multiplying the outer band by the
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sap flux density measured in the outer thermocouples; and the inner band, by the inner
sap flux density measured in the inner thermocouples; and then adding both and

multiplying this value by numeric factors to obtain the proper units.

Data treatment and analysis

Canopy conductance responses to environmental factors

The responses of canopy conductance (ge, mm-s™) to environmental factors were studied
for the 2012 growing season, in order to avoid the effect that branch pruning has on
canopy cover and thus on transpiration dynamics. The period in which canopy cover
showed very similar values (from mid-April to mid-November) was selected. gc was
computed by the inverse form of the FAO-Penman-Monteith equation (Allen et al.,

2006), as follows:

_ ga'a-k-Ea .
9e A-Rn-\-Eq: (A+0)+pa-cp-ga-(es-ea)

1000 Eq.(2)

where g, is the aerodynamic conductance (mm-s™), @ the psychrometric constant (66.5
Pa K1), A the latent heat of vaporisation calculated from air temperature (2.407-2.511
MJ-kg™?), Ea the mean transpiration for 1 and NI trees normalized by dividing tree
transpiration by crow projection (mm-s™), A the slope of the saturated vapour pressure
versus temperature curve, Rn the available energy (MJ-m2-s; assumed to be equal to net
radiation and ignoring the usually small changes in net soil- and within-canopy heat
fluxes), pa (kg-m=) is the density of air, cp the specific heat of air at constant pressure
(1.013 MJ-kgt-K™), and (es — ea) (Pa) the saturation vapour pressure deficit, VPD.

Aerodynamic conductance was calculated from wind speed according to Thom (1975):

ga= ":l—“d] 1000 Eq. (3)

[In 7555
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where k is the von Karman constant (0.40), u (m-s™) wind speed measured at height zm
(8 m), zd (m) the zero-plane displacement height (taken as 0.75 h where h is the average

canopy height of 6 m), and z0 (m) the surface roughness (0.1 h).

gc was estimated for daytime hours and when DPV was higher than 600 Pa due to the
likely errors associated with sap flow measurements under low DPV values (Ewers and
Oren, 2000; Granier et al., 2000). In addition, as only dry-canopy conditions were
considered (Garcia-Santos et al., 2009; Harris et al., 2004), the time intervals with
measured rainfall and a post-precipitation period of 4 h to allow the canopy to fully dry

out were excluded.

The gc values found with Eq. (1) were all regressed against net radiation (Rn, MJ-m2.s’
1, vapour pressure deficit (VPD, kPa), air temperature (T, °C) and relative extractable
soil water content (REW). Different non-linear relationships proposed in the literature
were compared (see, for instance, Kucera et al., 2017; Harris et al., 2004) by studying the
fit of the regression lines between the measured and the modelled values and the visual
inspection of residuals. The relationships (henceforth response functions) were estimated
for the upper envelope of data points by the quantile regression technique (quantiles
ranging from 95 to 98%) in order to reduce as much as possible the effects that the other
interacting environmental factors may have when describing the single relationships
(Figure 1). In addition, since a time lag between tree sap flow and canopy transpiration
has often been reported as leading to an increase in the scatter of data in the relationships
between gc and environmental variables (Kucera et al., 2017; Granier et al., 2000), the fit
for different time lags (from 30 minutes to 2 hours) was studied, with the fit without any

time lag being the one that correlated better with all the environmental variables.

[FIGURE 1 AROUND HERE]
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The response functions selected were the following:

f(RN) = o Eq. (4)
f(VPD) = aj-a>' In(DPV) Eq. (5)
f(T) = T*-a3+T-as Eq. (6)
f(REW) = (a5+af,~REW—((a5+af,~REl\.2\A/‘)2—2.8~a5~af,~REW)A0.5) Eq. (7)

The empirical multiplicative algorithm defined by Stewart (1988) and following Jarvis

(1976) was then adopted:
dc = go + Omax-f(RN)-f(VPD)-f(T)-f(REW) Eqg. (8)

where gc is the estimated canopy conductance, go is the baseline canopy conductance not
modulated by environmental conditions and considered as cuticular conductance
(Magnani et al., 1998) and gmax is maximum canopy conductance (mm-s?), which is
multiplied by the response functions that affect stomatal closing and opening and for

which values ranging from 0 (full closure) to 1 (maximum stomatal opening) are assigned.

The optimum models were selected by considering three datasets: data from the | trees
(model 1), data from the NI trees (model NI) and data from both I and NI trees (general
model). The parameters for every tested model were calibrated by minimizing the
differences between the predicted and the observed values through the Gauss-Newton
algorithm (Annex 1). The different multiplicative model structures were compared
through the Akaike information criterion (AIC), which is a model optimality
measurement that trades off complexity and the fit of the model (Akaike, 1973), so that
the models with the lowest AIC value were selected (Annex 1). The performance of the

selected models for the three datasets was evaluated by splitting the 2012 data into two
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datasets, one for calibrating the parameters (even days) and the other for validating them
(uneven days) (Granier et al., 2000; Gash et al., 1989). Model goodness-of-fit was
evaluated in terms of mean squared errors of prediction (MSE, mm-s™), normalized root-
mean-square deviation (NRMSD, %) and by studying the fit of the regression lines

between the observed and the predicted values (Kucera et al., 2017; Petzold et al., 2011).

Assessing the branch pruning effects on tree transpiration, growth and water

productivity

Branch pruning effect was assessed in two ways. On the one hand, cumulative tree
transpiration from the 7-day sub-periods before and after pruning was statistically
compared through paired t-student tests for the | (n=6 trees) and NI (n=5 trees) trees,
given the similarity in the environmental conditions (Table 2). On the other hand, total
transpired water, wood volume increment and water productivity, as the ratio between the
former variables (WP, m*-1"Y) (Molden et al., 2010; Fereres and Soriano, 2007), were
calculated for every study year. The wood data for the sample trees were obtained from a
previous study carried out within the experimental plantation (Molina et al., 2016a). In
this case, the statistical comparisons through paired t-student tests included the trees in

which transpiration was measured in both growing seasons (n=7; Table 1).

[TABLE 2 AROUND HERE]
All statistical analysis, non-linear and quantile regressions were done in R (R Core Team,
2013). Statistical tests and fitted parameters were significant with a significance level of

p<0.05.
Results

Environmental conditions during the study period
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Both growing seasons were characterized by dry summers (June-August) with low
rainfall inputs (63 and 43 mm in 2012 and 2013, respectively, or 14 and 7% of annual
rainfall) and high values for reference evapotranspiration (mean daily values of 5 and 4
mm day in 2012 and 2013, respectively) (Figure 2), although it was higher in 2012 due
to the higher magnitude of the environmental drivers (Table 3). The REW dynamics
reflected the different water inputs in the I (rainfall + irrigation) and NI (rainfall) trees:
6,417 and 6,903 mm versus 414 and 485 mm for the 2012 and 213 growing seasons,
respectively. Furthermore, the NI trees showed strong soil water depletion in both
growing seasons, although this started later in 2013 because of a higher rainfall recharge
in early spring (121 versus 63 mm in April 2012 and 2013). In contrast, REW in the I
trees was most of time close to 1 (close to field capacity) and consequently higher than
0.4 as the threshold from which tree transpiration is expected to be affected (Granier et
al., 2000), except for a period of about 20 days between April and May 2012 when

irrigation system failed.

[FIGURE 2 AROUND HERE]
[TABLE 3 AROUND HERE]

Modelling the canopy conductance responses to environmental factors

The temporal dynamics of relative canopy cover and tree transpiration for the 2012

growing season are shown in Figure 3.

According to the deciduous character of wild cherry tree, the sprouting of the leaves made
canopy development to start at the beginning of April, reaching its maximum values in
June (68.7+9.6 versus 50.8+15.3% for | and NI, respectively). Leaves remained in crowns

until the end of November.
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Transpiration at the beginning of the growing season clearly followed the pattern in
canopy cover and was quite similar in the two treatments, although it showed steadily
diverging decreases for both 1 and NI trees as summer conditions approached. The
differences in timing and magnitude for the transpiration responses between the | and NI
trees indicated that the regulation of stomatal conductance was not affected in the same
way by the environmental conditions (Figure 4). For both treatments, and with the
magnitude depending on the day considered, canopy conductance was maximum at early
hours; after peaking, it decreased to a lower value that was maintained during the central
hours; then it peaked again before decreasing until the end of the hours of light (Figure

4).

[FIGURE 3 AROUND HERE]

[FIGURE 4 AROUND HERE]
The canopy conductance modelling started with the analysis of all the possible
combinations among the response functions (Annex 1). Table 4 shows the optimum
models when considering one, two or three response functions, since the models did not
converge when all the environmental variables were included. As indicated by both the
reduction in the AIC values and the statistics quantifying the model’s goodness-of-fit
(Table 4), the steady introduction of the response functions improved the model
performance for the | and NI datasets (model I and model NI), while the general model
achieved the best results when taking into account two response functions instead of three.
The environmental variables considered varied depending on the model: while the
response function introduced for soil moisture improved both model fit and quality for
model | and the general model, it was the response function for air temperature that did
so in the case of | trees (Annex 1). The comparisons between the observed and the

modelled values showed poor results when including all the data (general model), but
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acceptable results for the | and NI datasets (model |1 and model NI), although the latter
had a slightly better model performance, as indicated by an adjusted R? of 0.81 (Figure
5) and a NRSMD value of 6.21% (Table 4). It should also be noted that both model I and
model NI, but especially the latter, underestimated canopy conductance for high observed

values (Figure 5).

[FIGURE 5 AROUND HERE]
[TABLE 4 AROUND HERE]

Branch pruning effects on transpiration, growth and water productivity

Mean total dry weight removed by pruning was 7.20 + 2.38 kg-tree’l, while relative
canopy cover reduction showed a mean value of 52.7 = 9.7%. As expected, biomass
removal correlated significantly with relative canopy cover reduction; and the allometric
relationships between branch diameter and total fresh weights showed very good fits
(Annexes 2 and 3). Pruning also affected tree transpiration in the short term, with
significantly higher cumulative values for both I (p=0.042) and NI (p=0.048) trees in the
pre-pruning period, translated into mean decreases of 30.9 + 20.7 and 38.4 + 26.8%,

respectively.

To assess the effect of branch pruning in the medium term, wood increment, total
transpired water and water productivity in 2012 and 2013 were compared. Paired t-
students’ tests showed that tree transpiration, though higher in 2012, did not differ
between 2012 and 2013 in either |1 or NI trees. However, wood increment was
significantly higher in 2013 despite the reduction of crown biomass by pruning (Figure
6), while water productivity also showed significantly higher values in 2013 for both |
and NI trees (Figure 6). It is, therefore, important to highlight the influence of the timing
of pruning when evaluating water productivity. In the period before the 2013 pruning,

most of the diameter growth had already been achieved, with 74 and 96% of the total
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diameter increment for | and NI trees, respectively (Figure 7). In contrast, in the same
period of 2012, characterized by worse soil water content conditions, diameter growth

accounted for 62 and 58% of the total diameter increment for | and NI trees, respectively.

[FIGURE 6 AROUND HERE]

[FIGURE 7 AROUND HERE]

Discussion

Wild cherry transpiration and canopy conductance under drip irrigation and rain-fed

conditions

Our cherry trees (7 years old in 2012) gave mean transpiration values of 3.1 and 6.2 litres
day? in the 2012 growing season (Figure 3, right), when growing under rain-fed
conditions (NI) or drip irrigation (1), respectively. These values are in the low range when
compared with other cherry plantations growing in Mediterranean areas, which was
probably caused by the reduced ratios between leaf area and conducting sapwood in our
trees because of the intensive pruning in the initial years of the plantation. Juhasz et al.
(2013) found cumulative values ranging from 10.9 to 23.6 litres day* for trees of a similar
age and tree density to ours, but selected and managed for fruit production. Cabibel and
Isbérie (1997) compared transpiration during one summer month in 12 year-old trees
growing under irrigation versus rain-fed conditions and obtained 101 versus 15 litres day-
! respectively. Chifflot (2003) observed mean tree water consumption of about 5 litres
daytin 17 year-old wild cherry trees growing under irrigation conditions. Finally, Lambs
et al. (2008) found mean tree water consumption of 9.5 litres day™ in 7-year old wild

cherry trees growing under rain-fed conditions.
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In line with the tree transpiration observed, canopy conductance (maximum values no
higher than 0.02 mm- s%; Figure 4) was also much lower than in other broad-leaf species,
since there is no available information for cultivated wild cherry trees for direct
comparisons. As examples, Magnani et al. (1998) obtained a mean value of 5 mm-s in
a mature beech forest, while del Campo et al. (2019) obtained maximum values close to

2 mm-s in a disperse oak coppice forest growing under water-limited conditions.

Daily courses of canopy conductance in | and NI trees were quite similar, although the
magnitude and the cumulative effect of the environmental variables differed, as discussed
below. Normally, canopy conductance was large early in the morning under conditions
of sufficient solar radiation and low vapour pressure deficit (Figure 4). This then
decreased steadily during the day before a second maximum of canopy conductance was

sometimes observed late in the afternoon (Kucera et al., 2017; Magnani et al., 1998).
Canopy conductance response to environmental conditions

The aerodynamic coupling between plant and atmosphere is considered a prior
requirement to a proper assessment of canopy conductance responses to environmental
variables (Zhang et al., 2016; Magnani et al., 1998; McNaughton and Jarvis, 1983). In the
air surrounding leaves, a quasi-laminar flow of heat and vapour (boundary-layer
resistance) is likely to appear, which results in the turbulent flow (turbulent resistance)
driven by air eddies not being directly linked to the physiological behaviour of leaves and
decreasing aerodynamic conductance. To evaluate this, the classical approach of
McNaughton and Jarvis (1983) is normally followed (e.g. del Campo et al., 2019; Zhang
et al., 2016), where a decoupling coefficient Q is calculated. Broad-leaf forests are
recognized as those ecosystems that are more prone to be decoupled due to both large leaf

size and higher stomatal than aerodynamic conductance (Magnani et al., 1998; Jarvis and
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McNaughton, 1986). This aspect is, however, only partially true for tree plantations
growing under low tree density conditions and low values of LAI, in which the leaf
boundary layer may have a negligible effect on aerodynamic conductance (del Campo et
al., 2019; Zhang et al., 2016; Nicolas et al., 2008). In our case, calculated Q values were
no higher than 0.01 at any time (data not shown), indicating a very high coupling between

tree crowns and atmosphere under our experimental conditions (Magnani et al., 1998).

After calculation of gc values by means of the inverted form of the Penman-Monteith
equation, the second step in the modelling exercise was to study the various relationships
between gc and the environmental variables measured under optimal conditions (upper
envelope through quantile regression at 95-98%). gc followed the generally expected
patterns; all the selected relationships had already been satisfactorily used for other
species and environmental conditions: the Michaelis-Menten quadratic form for net
radiation (Thornley and Johson, 1990), the negative relationship with In D (Oren et al.,
1999) and the polynomial relationships with air temperature (Gash et al., 1989) and with
REW (Granier et al., 2000). From these fits, information for better management of wild
cherry tree plantations for timber production can be drawn. Optimum responses of canopy
conductance to temperature were in the range of 15 to 25°C, with the optimum
temperature value being close to 21°C. In addition, the effect of REW on canopy
conductance was almost linear until reaching a value close to 0.4, after which a plateau
was observed. While the observed pattern of gc with REW is commonly described
elsewhere (Granier et al., 2000), the effect of temperature was more similar to effects
reported for species growing under non-limiting conditions, such as poplar in Germany
(Petzold et al., 2011) or cypress and cedar in mountain areas of Japan (Saito et al., 2017).
In this sense, the clone considered in the present study (Salamanca-4) comes from a region

of Spain where climate is continental and rainfall does not act as a limiting factor. The
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clear steep decrease in gc from the optimum temperature to higher values indicates that
transpiration was highly controlled by stomatal regulation once summer conditions
approached, when days with maximum temperatures between 30 and 45°C showed

relative canopy conductance of about 10% in both | and NI trees.

The general model taking into account both I and NI data did not show satisfactory results,
since the different responses of canopy conductance between the | and NI trees to
environmental factors such as REW lead to poor fits. In contrast, the modelling of the |
and NI datasets independently showed model performances comparable to other studies
that followed a similar modelling procedure (Kucera et al., 2017; Granier et al., 2000;
Magnani et al., 1998). While the daily variations in gc were highly controlled by the
dynamics of net radiation and DPV, the progressive response of gc to summer conditions
differed between the models considered. In the case of the general model, as the response
functions for DPV and net radiation were followed by that for REW, it can be stated that
REW exerted greater control on stomatal regulation in our clones of wild cherry trees
than air temperature did. This, however, was not the case for the I trees, for which REW
also probably affected gc dynamics (especially at the beginning of the growing period),
but to a lesser extent than air temperature did. This aspect, together with the clear negative
impact of REW leading to a decreased gc pattern in the NI trees, highlight the key roles
of both interacting environmental factors in controlling the progressive physiological
adjustments of Prunus avium to semi-arid conditions. Furthermore, the cumulative
diameter increments in the July-November period of 2012, like those with more
pronounced differences between the treatments, showed very similar values (42.8 versus
38.4 for I and NI), thus indicating that the single control on growth of air temperature
(whether controlling gc, photosynthetic activity or both) can be comparable to the effects

of REW and air temperature acting in concert.
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The effect of branch pruning on transpiration, growth and water productivity

In our study, branches were removed to a predetermined height at the beginning of the
summer period, as a better wound occlusion was expected at that time (Springmann et al.,
2011). It is clear that branch pruning directly reduces the leaf area available for
photosynthesis and transpiration. Intuitively, one would expect pruning to reduce the
growth of trees, at least in the short term. However, the photosynthetic activity of
remaining leaves may be enhanced by pruning, leading to a compensatory growth effect
(Pinkard et al., 1998). This has been seen especially in Eucalyptus plantations, for which
it has been suggested that an optimum total crown reduction of about 50% increases
diameter growth in the medium term (e.g. Mufioz et al., 2008; Pinkard et al., 2004;
Pinkard and Beadle, 2000). In contrast, negligible or even negative effects have been
described in wild cherry plantations (Springmann et al., 2011; Kupka, 2007). Springmann
et al. (2011) found significant lower stem diameter growth in the years after pruning,
when comparing conventionally pruned and control trees. In our case, despite the lack of
unpruned trees in the experiment, the results may also help improve the management of
noble wood plantations by taking into account not only growth aspects but also water use
considerations. Comparison between the pre- and post-pruning periods under similar
environmental conditions showed that a mean canopy reduction of about 53% (52.4
versus 53.1% for | and NI trees) was translated into tree transpiration decreases of 31 to
38%. This non-linear relationship between biomass removal and water consumption
contrasts with the significant linear relationships between pruning intensity or leaf area
removed and tree transpiration observed by Bayala et al. (2002) and Kou-Tan Li et al.
(2003), which is probably explained by the differing stomatal responses to the micro-
meteorological conditions between the remaining upper leaves and those removed by

pruning from the base of crowns. Nicolas et al. (2008) pointed out that shaded leaves of
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lemon trees transpired less than exposed ones and that stomatal conductance was less
important in controlling transpiration due to bigger decoupling between g of the shaded
leaves and the atmosphere. Therefore, the removing of upper leaves with better light
conditions in our trees would probably cause transpiration to reduce the crown in a more

linear way.

Apart from the short-term effects, water productivity in 2012 and 2013 was significantly
enhanced by tree pruning due to both reduced transpiration and increased wood volume
production, regardless of the irrigation treatment. Most tree diameter growth was
achieved before pruning in 2013 for both the I and NI trees, while this was not the case
for the same time period in 2012. As shown here, as summer conditions approach, the
responses of canopy conductance to vapour pressure deficit and air temperature gradually
move away from the optimum ones, which points to the crucial role of soil water content
at this time of year for obtaining optimum growth rates. Therefore, to maximize water

productivity, irrigation must be controlled accurately and branches need to be pruned

properly.

Conclusions

This study demonstrates the suitability of the Jarvis-Steward approach for a proper
assessment of the effects of environmental factors on the regulation of canopy
conductance in wild cherry trees growing under Mediterranean conditions and two
contrasting water availability regimes. Apart from the role of vapour pressure deficit and
net radiation in controlling the daily variations of canopy conductance, the single effects
of decreasing soil water content and increasing air temperature, as summer conditions
approach, were properly described and incorporated into the modelling exercise. As

expected, soil water content exerted the highest control on canopy conductance for trees
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growing under rain-fed conditions, while air temperature was the most limiting factor for
irrigated trees. In addition, branch pruning significantly reduced transpiration to about
35% when the pre- and post-sub-periods were compared, and affected water productivity
regardless of the irrigation treatment. An investigation into the long-term effects of
pruning on water productivity in both pruned and unpruned trees would be desirable for

a further assessment of conventional pruning in tree plantations to produce noble wood.

Acknowledgments

This research was financially supported by the GRIFO (AGL2010-21012) and
CONSOLIDER-MONTES (CSD 2008-00040) projects. A.J. Molina is beneficiary of a
Juan de la Cierva post-doctoral fellowship. A. Galindo is beneficiary of a Ramén Areces
foundation post-doctoral fellowship. The field work of Eulalia Serra, Beatriz Grau, Marc

Ferrer and Cristian Morales is greatly appreciated.

References

Akaike, H.,1973. A new look at the statistical model identification. IEEE Transactions on

Automatic Control, 19: 716-723.

Allen, R., Pereira, L., Raes, D., Smith, M., 2006. Evapotranspiracion del cultivo: Guias

para determinacion los requerimientos de agua de los cultivos. FAO.

Barret, D., Hatton, T., Ash, J., Ball, M., 1995. Evaluation of the heat pulse velocity
technique for measurement of sap flow in rainforest and eucalyptus forest species of
south-eastern Australia. Plant Cell and Environment, 18: 463-469. doi: 10.1111/].1365-

3040.1995.tb00381.x.

Bayala, J., Teklehaimanot, Z., Ouedraogo, S. J. (2002). Millet production under pruned

tree crowns in a parkland system in Burkina Faso. Agroforestry systems, 54: 203-214.



605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

Beauchamp, K., Mencuccini, M., Perks, M., Gardiner, B., 2013. The regulation of
sapwood area, water transport and heartwood formation in Sitka spruce. Plant Ecology &

Diversity, 6: 45-56.

Bleby, T., Burgess, S., Adams, M., 2004. A validation, comparison and error analysis of
two heat-pulse methods for measuring sap flow in Eucaliptus marginata saplings.

Functional Plant Biology, 31: 645-658.

Burgess, S., Adams, M., Turner, N., Beverly, C., Ong, C., Khan, A., Bleby, T., 2001. An
improved heat pulse method to measure low and reverse rates of sap flow in woody plants.

Tree Physiol., 21:589-598. doi: 10.1093/treephys/21.9.589.

Cabibel, B., Isbérie, C., 1997. Fux de seve et alimentation hydrique de cerisiers irrigués

ou non en localization. Agronomie, 17: 97-112.

Casadesus, J., Kaya, Y., Bort, J., Nachit, M., Araus, J., Amor S,... & Villegas D., 2007.
Using vegetation indices derived from conventional digital cameras as selection criteria
for wheat breeding in water-limited environments. Annals of applied biology, 150: 227-

236.

Cisneros, O., Martinez, V., Montero, G., Alonso, R., Turrientes, A., Ligos, J., Santana, J.,
Llorente, R., Vaquero, E., 2006. Gestion de plantaciones de frondosas para la produccion
de madera de calidad en Castilla y Leon. Actuacion de transferencia ACT2006-00011-

00-00.

Chifflot, V., 2003. Interactions entre feuillus précieux et culture intercalaire en systéeme

agroforestier. 1’Institut National de la Recherche Agronomique. Toulouse. Ms. C.

Curnel, Y., Jaques, D., Nanson, A., 2003. First multisite clonal test of wild cherry (Prunus

avium L.) in Belgium. Silvae Genet., 52: 45-52.



628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

del Campo, A. D., Gonzalez-Sanchis, M., Garcia-Prats, A., Ceacero, C. J., Lull, C., 2019.
The impact of adaptive forest management on water fluxes and growth dynamics in a
water-limited low-biomass oak coppice. Agricultural and Forest Meteorology, 264: 266-

282.

Diaz, R., Zas, R., Fernandez-Ldpez, J., 2007. Genetic variation of Prunus avium in
susceptibility to cherry leaf spot (Blumeriella jaapii) in spatially heterogeneous infected

seed orchards. Ann. For. Sci., 64: 21-30.

Ducci, F., De Cuyper, B., De Rogatis, A., Dufuor, J., Santi, F., 2013. Wild cherry breeding
(Prunus avium L.). In L.E. Paques (ed.), Forest Tree Breeding in Europe: Current State

of the Art and Perspectives, Managing ecosystems 25.

Ewers, B.E., Oren, R., 2000. Analyses of assumptions and errors in the calculation of

stomatal conductance from sap flux measurements. Tree Physiology, 20: 579-589.

Fereres, E., Soriano, M.A., 2007. Deficit irrigation for reducing agricultural water use.

Journal of experimental botany, 58: 147-159.

Forrester, D. 1., Collopy, J. J., Beadle, C. L., Warren, C. R., Baker, T. G., 2012. Effect of
thinning, pruning and nitrogen fertiliser application on transpiration, photosynthesis and
water-use efficiency in a young Eucalyptus nitens plantation. Forest Ecology and

Management, 266: 286-300.

Garcia-Santos, G., Bruijnzeel, L. A., Dolman, A. J., 2009. Modelling canopy conductance
under wet and dry conditions in a subtropical cloud forest. Agricultural and forest

meteorology, 149: 1565-1572.



649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

Gash, J., Shuttleworth, W., Lloyd, C., André, J., Goutorbe, J., Gelpe, J., 1989.
Micrometeorological measurements in Les Landes forest during HAPEX-MOBILHY.

Agricultural and Forest Meteorology, 46: 131-147.

Granier, A., Loustau, D., Bréda, N., 2000. A generic model of forest canopy conductance
dependent on climate, soil water availability and leaf area index. Annals of Forest

Science, 57: 755-765.

Green, S., Clothier, B., Jardine, B., 2003. Theory and application of heat pulse to measure

sap flow. Agronomy Journal, 95: 1371-1379.

Guan, De-Xin, Zhang, Xiao-Jing, Yuan, Feng-Hui, Chen, Ni-Na, Wang, An-Zhi, Wu,
Bing-Jia, Jin, Chang-Jie, 2012. The relationship between sap flow in intercropped young
poplar trees (Populusxeuroamericana cv. N 3016) and environmental factor in a semiarid

region of northeastern China. Hidrol. Process., 26: 2925-2937.

Hatton, T.J., Catchpole, E.A., Vertessy R.A., 1990. Integration of sapflow velocity to

estimate plant water use. Tree Physiology, 6: 201-2009.

Harris, P. P., Huntingford, C., Cox, P. M., Gash, J. H., Malhi, Y., 2004. Effect of soil
moisture on canopy conductance of Amazonian rainforest. Agricultural and Forest

Meteorology, 122: 215-227.

Hernandez-Santana, V., Fernandez, J. E., Rodriguez-Dominguez, C. M., Romero, R.,
Diaz-Espejo, A., 2016. The dynamics of radial sap flux density reflects changes in
stomatal conductance in response to soil and air water deficit. Agricultural and forest

meteorology, 218: 92-101.

Jarvis, P. G., 1976. The interpretation of the variations in leaf water potential and stomatal

conductance found in canopies in the field. Phil. Trans. R. Soc. Lond. B, 273: 593-610.



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

Jarvis, P., McNaughton, K., 1986. Stomatal control of transpiration: scaling up from leaf

to region. Advances in ecological research, 15: 1-49.

Juhész, A., Sepsi, P., Nagy, Z., T6kei, L., Hrotko, K., 2013. Water consumption of sweet

cherry trees estimated by sap flow measurement. Scientia horticulturae, 164: 41-49.

Li, K. T., Lakso, A. N., Piccioni, R., Robinson, T. (2003). Summer pruning reduces
whole-canopy carbon fixation and transpiration in apple trees. The Journal of

Horticultural Science and Biotechnology, 78: 749-754.

Kravka, M., Krejzar, T., Cermak, J., 1999. Water content in stem wood of large pine and

spruce trees in natural forests in central Sweden, Agr. For. Met., 98-99: 555-562.

Kucera, J., Brito, P., Jiménez, M. S., Urban, J., 2017. Direct Penman—Monteith
parameterization for estimating stomatal conductance and modeling sap flow. Trees, 31.:

873-885.

Kume, T., Otsuki, K., Du, S., Yamanaka, N., Wang, Y., Liu, G., 2012. Spatial variation
in sap flow velocity in semiarid region trees: its impact on stand-scale transpiration

estimates. Hydrol. Process, 26: 1161-1168. DOI: 10.1002/hyp.8205.

Kupka, 1.,2007. Growth reaction of young wild cherry (Prunus avium L.) trees to pruning.

J. For. Sci., 53: 555-560.

Lambs, J., Muller, E., Chifflot V., Gavaland, A., 2008. Sap flow measurements of wild
cherry tres (Prunus avium) in an agroforestry System during a dry summer, South-West

of France. Forét-entreprise, 182,



692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

Magnani, F., Leonardi, S., Tognetti, R., Grace, J., Borghetti, M., 1998. Modelling the
surface conductance of a broad-leaf canopy: effects of partial decoupling from the

atmosphere. Plant, Cell & Environment, 21: 867-879.

Martinsson, O., 2001. Wild cherry (Prunus avium L.) for timber production:
consequences for early growth from selection of open-pollinated single-tree progenies in

Sweden. Scand. J. Forest Res., 16:117-126.

McNaughton, K. G., Jarvis, P. G., 1983. Predicting effects of vegetation changes on

transpiration and evaporation. Water deficits and plant growth, 7: 1-47.

Molden, D., Oweis, T., Steduto, P., Bindraban, P., Hanjra, M. A., Kijne, J., 2010.
Improving agricultural water productivity: Between optimism and caution. Agricultural

Water Management, 97: 528-535.

Molina, A.J., Josa, R., Mas, M.T., Verdd, A.M.C., Llorens, P., Aranda, X., Savé, R., Biel,
C., 2016a. The role of soil characteristics, soil tillage and drip irrigation in the timber
production of a wild cherry orchard under Mediterranean conditions. Europ. J.

Agronomy, 72: 20-27. http://dx.doi.org/10.1016/j.eja.2015.09.010

Molina, A.J., Aranda, X., Carta, G., Llorens, P., Romero, R., Savé, R., Biel, C., 2016b.
Effect of irrigation on sap flux density variability and water use estimate in cherry (Prunus
avium) for timber production: azimuthal profile, radial profile and sapwood estimation.

Agricultural Water Management, 164: 118-126.

Montero, G., Cisneros, O., Cairiellas, I., 2003. Manual de selvicultura para plantaciones

de especies productoras de madera de calidad. Ed. Mundi-Prensa. Madrid. 284 pp.



713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

Mufioz, F., Rubilar, R., Espinosa, M., Cancino, J., Toro, J., Herrera, M., 2008. The effect
of pruning and thinning on above ground aerial biomass of Eucalyptus nitens (Deane &

Maiden) Maiden. Forest Ecology and Management, 255: 365-373.

Nadezhdina, N., Cermak, J., Ceulemans, R., 2002. Radial patterns of sap flow in woody
stems of dominant and understory species: scaling errors associated with positioning of

sensors. Tree Physiology, 22: 907-918.

Nicolés, E., Barradas, V. L., Ortufio, M. F., Navarro, A., Torrecillas, A., Alarcén, J. J.,
2008. Environmental and stomatal control of transpiration, canopy conductance and
decoupling coefficient in young lemon trees under shading net. Environmental and

Experimental Botany, 63: 200-206.

Nocetti, M., Brunetti, M., Ducci, F., Romagnoli, M., Santi, F., 2010. Variability of wood

properties in two wild cherry clonal trials. Wood science and technology, 44: 621-637.

Thornley, J. H., Johnson, I. R., 1990. Plant and Crop Modelling. A mathematical approach

to plant and crop physiology. The Blackburn Press.

Oren, R., Sperry, J. S., Katul, G. G., Pataki, D. E., Ewers, B. E., Phillips, N., Schafer, K.
V. R., 1999. Survey and synthesis of intra-and interspecific variation in stomatal

sensitivity to vapour pressure deficit. Plant, Cell & Environment, 22: 1515-1526.

Petzold, R., Schwaérzel, K., Feger, K.H., 2011. Transpiration of a hybrid poplar plantation
in Saxony (Germany) in response to climate and soil conditions. European Journal of

Forest Research, 130: 695-706.

Pinkard, E. A., Beadle, C. L., Davidson, N. J., Battaglia, M., 1998. Photosynthetic
responses of Eucalyptus nitens (Deane and Maiden) Maiden to green pruning. Trees, 12:

119-129.



736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

Pinkard, E.A., Beadle, C.L., 2000. A physiological approach to pruning. The International

Forestry Review, 295-305.

Pinkard, E.A., Mohammed, C., Beadle, C.L., Hall, M.F., Worledge, D., Mollon, A., 2004.
Growth responses, physiology and decay associated with pruning plantation-grown
Eucalyptus globulus Labill. and E. nitens (Deane and Maiden) Maiden. Forest Ecology

and Management, 200: 263-277.

Saito, T., Kumagai, T. O., Tateishi, M., Kobayashi, N., Otsuki, K., Giambelluca, T. W.,
2017. Differences in seasonality and temperature dependency of stand transpiration and
canopy conductance between Japanese cypress (Hinoki) and Japanese cedar (Sugi) in a

plantation. Hydrological processes, 31: 1952-1965.

Springmann, S., Rogers, R., Spiecker, H., 2011. Impact of artificial pruning on growth
and secondary shoot development of wild cherry (Prunus avium L.). Forest ecology and

management, 261: 764-7609.

Stewart, J. B., 1988. Modelling surface conductance of pine forest. Agricultural and

Forest meteorology, 43: 19-35.

Thom, A. S., 1975. Momentum, mass, and heat exchange of plant communities.

Vegetation and the Atmosphere, 1: 57-109.

Vilanova, A., Garcia, D., Abell6, L., Rovira, M., Aleta, N., 2018. Balance de una
produccién combinada: madera de nogal y avellana. Cuadernos de la Sociedad Espafiola

de Ciencias Forestales.

Wiedemann, A., Marafidon-Jiménez, S., Rebmann, C., Herbst, M., Cuntz, M., 2016. An
empirical study of the wound effect on sap flux density measured with thermal dissipation

probes. Tree physiology, 36: 1471-1484.



759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

Zhang, Z. Z., Zhao, P., McCarthy, H. R., Zhao, X. H., Niu, J. F., Zhu, L. W., ... & Huang,
Y. Q., 2016. Influence of the decoupling degree on the estimation of canopy stomatal
conductance for two broadleaf tree species. Agricultural and forest meteorology, 221:

230-241.

Figure captions

Figure 1. Examples of the non-linear regressions between relative canopy conductance

and the environmental variables of net radiation and REW

Figure 2. Time series of (a) reference evapotranspiration (ETo) and rainfall, and (b)
relative extractable soil water (REW) in the 2012 and 2013 growing seasons. I: drip-
irrigated trees, NI: non-irrigated trees. Daily cumulative values are shown for ETo and
rainfall, while 30-min means are given for REW. REW values higher than 1 are equalled

to 1 to make the comparison between the | and NI trees easier

Figure 3. Time series of relative canopy cover (means and standard deviations, %) and
transpiration (means of daily cumulative values, litres-day*; standard deviations are not

shown for clarity) for the I and NI trees during the 2012 growing season

Figure 4. Daily courses of canopy conductance (gc, mm-s™t) in four sample days from the

2012 growing period

Figure 5. Modelled versus observed values of canopy conductance in the validation
dataset (uneven days of the 2012 growing season) for the | and NI trees. A certain level
of colour transparency is applied in order to highlight point density. The 1:1 lines and the

equations for the linear regression fits are also shown
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Figure 6. Wood volume increment (dm?®), cumulative transpired water (I) and water
productivity (dm3.1") for the 2012 and 2013 growing years. Different letters indicate
significant differences between years within each treatment in the Student’s t-tests (p-

value<0.05)

Figure 7. Time series (means and standard deviations) of tree diameters (cm) in the | and
NI trees for the 2012 and 2013 growing seasons. The arrow indicates the moment of

branch pruning



788  Annex 1. Calibrated parameters, Akaike information criterion values (AIC) and the changes in the AIC values (AAIC) with respect to the optimum
789  model for all the models tested considering the three datasets. — means no convergence in the model tested. Rn: net radiation; VPD: vapour pressure

790  deficit; T: air temperature; REW: relative extractable water. Units for the environmental variables are detailed in the Materials and methods section

Data Model ao ai a; as au as as AlC AAIC
Jo+gmax*f(RN) 0.0010742 -1223.6  4164.3
Qotgmax *f(VPD) 1.747 0.20 -4125.1 1262.8
QotQOmax *f(T) 0.0012 0.042 -3772.4 1615.5
Jot+gmax *f(REW) 0.365 2.88 -4279.0 1108.9
Qotgmax *f(Rn)*f(VPD) 0.0000302 2.409 0.28 -4940.2  447.7
Jo+gmax *f(RN)*f(T) -0.0000005 -0.0012 0.042 -3878.1 1509.8
Qotgmax *f(RN)*f(REW) 0.0000048 0.378 3.01 -4382.4 1005.5
Ootgmax *f(VPD)*f(T) - - - - - -
Jo+gmax *f(VPD)*f{(REW) 2.040 0.23 1.110 4.00 -5387.9 0.0
Qotgmax *f(T)*f(REW) -0.0001 0.001 0.100 1.00 2111.1 7498.9
gotgmax *f(RN)*f(VPD)*f(T) 0.0000302 -0.0023 0.098 -4940.6  447.3
Jo+gmax *f(RN)*f(VPD)*f(REW) 0.0000302 2.409 0.28 1.082 1.09 -2177.5 3210.3

o+ Gmax *f(VPDY*(T)*(REW) ; S ] ) ] .
All dataset go+gmax *f(RN)*f(VPD)*(T)*(REW)

Jotgmax*f(RN) 0.0006884 -421.8 3566.5
Jotgmax *f(VPD) 2.058 0.23 -2870.4 1117.9
got+gmax *f(T) -0.0013 0.050 -2417.4 1570.9
Jotgmax *f(REW) - - - -
got+gmax *f(RN)*f(VPD) 0.0000232 2.750 0.32 -3951.6 36.6
Jot+gmax *f(RN)*f(T) -0.0000005 -0.0014 0.051 -2530.9 1457.4

Jot0Omax *f(Rn)*f(REW) - - - - -



791

gotgmax *f(VPD)*f(T)

gotgmax *f(VPD)*f(REW) 0.900 0.11 9.100 7.00 43.0 4031.3
Qo+ 0max *f(T)*f(REW) -0.0001 0.001 0.100 1.00 1748.4 5736.7
gotgmax *f(RN)*f(VPD)*(T) 0.0000232 2.750 0.32 -0.0018 0.087 -3988.3 0.0
Oot0gmax *f(RN)*f(VPD)*f(REW) - - - - - - -
Jot0gmax *f(VPD)*f(T)*f(REW) - - - - - - - -

| dataset  Qgot+gmax *f(RN)*f(VPD)*f(T)*f(REW) - - - - - - - - -
Jotgmax*f(RN) 0.0017720 -1566.1  3068.4
Jot+Qgmax *f(VPD) 1.437 0.17 -2964.4  1670.2
Jo+Qgmax *f(T) -0.0010 0.033 -2872.6  1762.0
Jot+0Omax *f(REW) 0.360 2.10 -3605.5 1029.1
got+gmax *f(RN)*f(VPD) 0.0000540 2.171 0.26 -3439.9 11947
Qot0Omax *f(RN)*f(T) -0.0000019 -0.0005 0.021 -2144.0  2490.6
Oo*gmax *f(RN)*f(REW) 0.0000033 0.369 2.15 -3640.9 993.7
Jot+gmax *f(VPD)*f(T) - - - - - -
gotgmax *f(VPD)*f(REW) 0.200 0.01 9.100 7.00 -1399.1 32355
Jot+gmax *f(T)*f(REW) -0.0001 0.001 0.100 1.00 -72.0 4562.6
gotgmax *f(RN)*f(VPD)*(T) 0.0000540 2.171 0.26 -0.0032 0.120 -3558.214 1076.4
got+gmax *f(RN)*f(VPD)*f{(REW) 0.0000540 2.171 0.25 1.082 13.49 -4634.594 0.0

o+ Gmax *f(VPDY*(T)*(REW)
NI dataset go+gmax *(Rn)*f(VPD)*(T)*(REW) -




792  Annex 2. Relationship between canopy cover reduction (%) and total dry weight of
793  biomass removed (kg) by the branch pruning carried out between of 14" and 15" of June
794  2013. Canopy cover reduction was estimated between the 3™ and the 20" of June
80
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806  Annex 3. Plots and the fitted equations for obtaining a) total biomass fresh weight (kg)
807 and b) length branch (cm) as a function of branch diameter (cm). Mean + SD specific leaf

808  area (SLA) was 15.06+4.02 m?-kg*
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1 Table 1. Tree biometric characteristics (maximum values in growing seasons) of the NI

2 and I trees selected for sap flow measurements. DBH: diameter at breast height, H: height

3 and SW: sapwood area.

2012 2013

Measurement Irrigation Sample DBH H (m) SW DBH H (m) SW
period treatment tree (cm) (cm?) (cm) (cm?)
2012-2013 | 1 9.5 7.1 67.4 11.3 7.6 93.8
2012-2013 | 2 9.6 6.6 68.8 11.1 7.2 90.7
2012-2013 | 3 10.2 6.7 77.2 11.7 7.4 100.2
2012-2013 | 4 8.8 5.8 58.3 104 6.6 80.1
2012-2013 NI 5 7.8 6.4 46.3 8.8 7.1 58.3
2012-2013 NI 6 9.3 6.9 64.8 10.5 7.1 81.6
2012-2013 NI 7 9 5.9 60.8 9.9 6.3 72.9
2013 | 8 8.6 7.1 55.8 11.7 7.7 100.2
2013 | 9 8.2 6.3 51.0 10.1 7.1 75.8
2013 NI 10 8.1 6.4 49.8 9.9 7.1 72.9
2013 NI 11 8 6.7 48.6 10.2 7.3 77.2




Table 2. Statistics for the 7-days sub-periods before and after the pruning for reference
evapotranspiration (Eto), air temperature (T) and relative extractable water for the | (REW

I) and NI trees (REW NI)

Sub-period  Value Eto T REWI REW NI
(mm) (°C)

Mean 410 1758 0.93 0.52

SD 0.87 129 0.10 0.03

Maximum 4.91 19.45 1.00 0.57

Pre-pruning Minimum 2.68 15.60 0.77 0.49
Mean 3.56 20.19 0.92 0.43

SD 097 114 011 0.02

Maximum 4.89 21.79 1.00 0.45
Post-pruning Minimum 2.06 18.80 0.74 0.40




1

2

3

Table 3. Statistics for some variables describing the environmental conditions during the

growing periods. Values for net radiation are calculated taking into account light

conditions. SD is standard deviation.

Year Variable Units Mean Maximum Minimum  SD
Net radiation MJ-m-2-h1 0.0002 0.0008 0.0000 0.0002

Wind velocity m-st 0.57 4.73 0.00 0.64

Air temperature °C 20.26 39.69 -1.19 6.85
Vapor pressure deficit Pa 923.79 5377.16 21.67 907.79

Soil water content_ | cm3-cm® 0.16 0.24 0.11 0.03

Soil water content_ NI cm3- cm?  0.11 0.21 0.07 0.03

REW_|I 0.93 2.52 0.36 0.50

2012 REW _NI 0.36 1.56 0.17 0.39
Net radiation MJ-m-2-h1 0.0001 0.0008 0.0000 0.0002

Wind velocity m-s? 0.37 5.63 0.00 0.49

Air temperature °C 19.27 36.41 2.65 6.60
Vapor pressure deficit Pa 776.94 4798.11 29.03 817.45

Soil water content_ | cm3-cm=3 0.20 0.28 0.16 0.02

Soil water content_ NI cm3- cm?®  0.17 0.26 0.13 0.03

REW_| 0.91 1.84 0.56 0.12

2013 REW_NI 0.71 1.55 0.31 0.24




1

Table 4. Calibrated parameters and statistics for the evaluation of model goodness-of-fit when considering one, two or three response functions.

The values for the parameters go and gmax, €stimated for every tested model, are not shown for clarity. NRSMD stands for normalized root-mean-

square deviation (%).

Data Model ao a a as as as as Intercept Slope Adj. R? NRMSD (%)
Jotgmax*f(REW) 0.365 2.88 0.00330 0.378 0.395 12.66
Jotgmax *f(VPD)*f(REW) 2.040 0.23 0.365 4.00 0.00220 0.586 0.586 10.44

General Model gotgmax *f(Rn)*f(VPD)*f(REW)  0.0000302 2.409 0.28 1.082 1.09 0.00250 0.528 0.528 11.16
JotQmax *f(T) -0.0013 0.050 0.00440 0.365 0.365 11.75
Jotgmax *f(RN)*f(VPD) 0.0000232 2.750 0.32 0.00200 0.714 0.714 7.84

Model | Jot+gmax *f(RN)*f(VPD)*f(T) 0.0000232 2.750 0.32 -0.0018 0.087 0.00190 0.732 0.732 7.59
Jotgmax *f(REW) 0.360 2.10 0.00150 0.591 0.592 9.13
Jotgmax *f(RN)*f(REW) 0.0000033 0.369 2.15 0.00150 0.596 0.598 9.06

Model NI Jo+gmax *f(RN)*f(VPD)*(REW)  0.0000540 2.171 0.25 1.082 13.49 0.00070 0.812 0.810 6.21
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