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A B S T R A C T

This work tests the possibility to monitor fruit growth as a potential physiological indicator for tree water status
and productive performance in apple, for potential implementation in decision support systems for irrigation
scheduling. Starting from 10 weeks after full bloom (WAFB), a wide range of plant water statuses was induced in
a “Gala” apple orchard by applying different shading (with red-50%, white-50%, and black-20% nets) and
irrigation levels (severe-SS, moderate-MS and no-NS stress). For each net*irrigation treatment combination,
midday stem water potential (mSWP) was assessed weekly, while fruit diameter variations were continuously
monitored using automatic fruit gauges, from 10 WAFB until harvest. Leaf gas exchanges were also monitored at
14 and 16 WAFB. As expected, the different net*irrigation treatment combinations widely affected mSWP, leaf
gas exchanges and fruit growth. On all dates of measurement, leaf gas exchanges were tightly correlated with
mSWP, while daily fruit growth showed significant but weaker correlations with mSWP. In all cases, these
relationships indicated the onset of drought stress below the threshold of about 1.2 g fruit−1 day−1, which
corresponded to mSWP below -1MPa. Almost no correlation was found between mSWP and the other para-
meters derived from the fruit daily growth pattern (midday, maximum and minimum absolute growth rates
(AGR) and fruit shrinkage). Based on these results, we can conclude that, although fruit daily growth rate is not
related to mSWP as tightly as leaf gas exchanges, it represents a promising physiological indicator to be im-
plemented in a decision support system for irrigation scheduling. Specific fruit growth thresholds indicating the
onset of drought should be defined, depending on the orchard conditions and productive target.

1. Introduction

Climate change is leading to high and severe constraints for irri-
gation, due to reduced water availability, increased evapotranspiration
and water competition with other sectors (e.g. industry, civil uses etc.)
(IPCC, 2014). Therefore, the development of appropriate strategies to
increase plant water use efficiency and optimize irrigation scheduling is
highly encouraged, worldwide.

To this extent, decision support systems (DSSs) represent promising
tools to help growers optimizing their irrigation management, although
a wide range of different approaches exists. The more traditional ones
are based on models allowing to estimate crop evapotranspiration (ETc)
and/or soil water balance (Allen et al., 1998), using data from weather
stations as inputs. These systems are available online in different areas

and give remote advice for irrigation scheduling, although sometimes
they are not sufficiently accurate (Jones, 2004). Other DSSs are based
on monitoring soil water status through soil moisture sensors (Jones,
2004). Both these approaches are indirect, as plant water needs are
assessed by monitoring the surrounding environment while it would be
highly desirable to schedule irrigation based on the actual plant water
status, as this latter changes depending on several tree-related factors
such as rootstock, source/sink ratio, phenological stage etc. (Naor,
2000, 2001a; Morandi et al., 2014b).

Plant water status can be assessed through various physiological
parameters that, alone or in combination, provide very useful in-
formation on crop water requirements and physiological performances.
However, discussion is still ongoing on which plant parameter is the
more convenient in terms of reliability, cost and ease of monitoring

Abbreviations: AGR, fruit absolute growth rate; NS, not stressed; MS, moderately stressed; SS, severely stressed; W, trees under the white shading net (50% shading);
R, trees under the red shading net (50% shading); B, trees under the black hailing net (20% shading); mSWP, midday Stem Water Potential; Pn, Photosynthesis; gs,
stomatal conductance; Tr, Transpiration; WAFB, weeks after full bloom
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(Fernández et al., 2008; 2011a; 2011b; Fernández, 2017).
Stem water potential (Scholander et al., 1965) is probably the most

reliable indicator for plant water status and it is often considered as a
reference by the scientific community (Turner and Long, 1980; Naor,
2000, 2006a). Nevertheless, current protocols for its assessment are
destructive and time consuming and are not suitable for measurements
in commercial orchards. Other parameters include plant growth rate,
leaf water potential, leaf relative water content (RWC), stomatal con-
ductance and photosynthesis. All tend to be labour intensive and/or
destructive. Remote sensing approaches can also be used in the detec-
tion and quantification of water stress, for example with thermal
cameras able to monitor canopy temperature and thus transpiration
rate (Jones, 2014). Most of these methods, though precise and accurate,
are not considered user friendly and, as a matter of fact, they require
sophisticated equipment, a high level of technical skills and need re-
plicates for reliable outputs (Jones, 2004).

Researchers are currently working actively to provide solutions and
applicable tools for plant-based DSSs. Recent improvements in sensing
technology have promoted a new generation of sensors, enabling to
continuously monitor some physiological parameters at plant level
(Scalisi et al., 2017). For example, the measurement of the trunk sap
flow can be easily automated and provides continuous and direct
measurements of plant water flow (Fernández et al., 2008). Stem dia-
meter shrinkage has been reported as a useful indicator for water stress
(Goldhamer et al., 1999, 2000; Goldhamer and Fereres, 2001; Fereres
and Goldhamer, 2003; Naor and Cohen, 2003; Intrigliolo and Castel,
2004), although it decreases with plant age, size and crop load
(Fernández et al., 2011a). Leaf turgor pressure, measured by probes
(Zimmerman et al., 2008), is a cheap and handy method, user-friendly
for farmers without need of specific training (Padilla-Díaz et al., 2016).

However, the fruit represents the actual economic target of the
production and its development is the consequence of many physiolo-
gical processes occurring simultaneously at plant level, which are re-
lated both to the plant status and the environmental conditions.
Therefore, it can be assumed that, if fruit growth is optimal, then all
physiological processes going on at tree level are efficient.

Using the fruit as a monitoring target to evaluate the orchard per-
formance, instead of leaves and stem, has been taken in consideration in
the past, although these attempts did not find actual application in the
field (Assaf et al., 1982; Forshey and Dominick, 1965; Furr and Taylor,
1939; Goel and Cohen, 1989). In modern decision support tools, the
fruit is almost never considered as a physiological indicator for plan-
ning irrigation scheduling, probably due to the lack of user-friendly
tools for monitoring its growth. In apple, pear and actinidia, digital
calipers can be used to monitor fruit growing performances and provide
a feedback about the appropriateness of the orchard management
practices (www.hkconsulting.it). Furthermore, different types of fruit
gauges to accurately monitor the daily pattern of fruit growth rate have
been developed (Morandi et al., 2007; Thalheimer, 2016), and to date
many solutions are commercially available, although some concerns
related to the ease of use and cost effectiveness of these sensors still
remain.

Fruit daily growth patterns are usually characterized by periods of
shrinkage and swelling, leading to a permanent increase in fruit size at
the end of the day (Fishman and Génard, 1998; Lang, 1990; Morandi
et al., 2011a, 2012). The analysis of these periods could provide many
real time information on the plant productive performances, and po-
tentially on its physiological status. However, models are still lacking
for the correct interpretation and commercial exploitation of this
knowledge.

In apple, seasonal fruit growth in weight is described by an expo-
linear model, characterized by an initial stage (cell division) of in-
creasing growth rates, followed by a second stage of constant growth
rates (cell expansion) that last until harvest (Lakso et al., 1995). Fruit
daily growth patterns change depending on the phenological stage.
During the first half of the season, fruit growth is characterized by

relatively high xylem functionality which may cause water backflows
from fruit to stem, when leaf transpiration losses are very high. This
determines periods of shrinkage during the midday hours, which are
followed by periods of strong rehydration during the late afternoon and
the night, when leaves reduce their stomatal conductance (Lang, 1990;
Morandi et al., 2011b). On the contrary, during the second part of the
season, fruit growth is sustained almost completely by phloem flow,
while xylem vessels loose functionality. This determines a continuous
increase in fruit diameter during the day, with a slight growth rate
decrease during the central part of the day (Lang, 1990). However,
regardless of the phenological stage, fruit growth is highly affected by
stem water potential, as vascular flows to and from the fruit are clearly
driven by water potential gradients between the stem and the fruit. As a
consequence, when trees experience drought stress, their stem water
potential is decreased, hence it becomes more difficult for the fruit to
attract water from the vascular tissue and fruit growth rates tend to be
reduced. This effect has been demonstrated via strong correlations be-
tween average stem water potential during the season and harvest fruit
size (Naor et al., 1995, 1997, 2008). These considerations suggest that
monitoring fruit growth may represent a sensitive indicator of plant
water status as well as of the tree productive performances, especially
during the cell expansion stage, when fruit growth rates are constant
(Lakso et al., 1995).

The aim of this work is to test whether fruit daily growth rate re-
presents a reliable indicator of plant water status to be used as a po-
tential monitoring input in future DSSs for irrigation scheduling. To do
this, variability in apple tree water status was induced during the fruit
cell expansion stage, by modulating the water supply and the orchard
light conditions and thus creating a wide range of different situations in
terms of tree water status and fruit growth during a stage which is
considered sensitive to water limitations and thus critical to reach ac-
ceptable yields and fruit sizes.

2. Materials and methods

2.1. Plant material

The trial was carried out in 2015, at the experimental farm of the
University of Bologna, located in Cadriano (Bologna) (44°30′N; 10°36′E;
27m elevation), in an Imperial Gala apple orchard, grafted on M9. Trees
were spaced 1 x 3.8 m at a density of 3800 trees/ha and were under-
going a transition from the spindle to the solaxe training system (Lauri
and Lespinasse, 2000). The orchard was irrigated using a drip irrigation
system with 2.5 drippers per tree (the distance between emitters was
0.4 m) with a flow of 2.0 L h−1 per dripper. Full bloom occurred on
April 15th while fruit were harvested on Aug 10th, corresponding to 17
weeks after full bloom (WAFB). A weather station (Wi-Net s.r.l. Cesena,
Italy) located in the field recorded temperature, relative humidity, solar
radiation, wind speed and rain, every 15min. During the monitoring
period (from 10 WAFB to 16 WAFB), precipitations were around
20.3 mm, in four events.

2.2. Light management and irrigation treatments

The orchard was divided in three plots where nets having different
colour and shading percentages were applied right after fruit set: i) a
black commercial hail net (20% shading) (B), serving as control; ii) a
red (R) 50% shading net and iii) a pearl white (W) 50% shading net
(Polysack Plastic Industries LTD).

Starting from 10 WAFB, within each light environment, three dif-
ferent irrigation treatments were applied, each to two orchard rows: i)
no stress (NS) where trees were irrigated considering a 100% Etc re-
placement (on the basis of B water requirements) and midday water
potentials were maintained higher than -1MPa; ii) moderate stress
(MS) where midday stem water potentials were maintained between
-1MPa and-1.5 MPa; iii) severe stress (SS) with midday SWP values



below -1.5MPa. In total, 9 different treatments derived from the com-
bination of light and water management treatments: B-NS, B-MS, B-SS
from the black 20% shading net; R-NS, R-MS, R-SS from the red 50%
shading net; W-NS, W-MS, W-SS from the pearl white 50% shading net.

During the experiment a water balance (ETc = ET0 × Kc - effective
rainfall) was calculated, based on the weather data collected by the
station in the field, with ET0 and Kc representing the reference evapo-
transpiration and the crop coefficient, respectively. The Penman-
Monteith method was used to determine ET0 (Allen et al., 1998), while
Kc values were derived based on midday canopy light interception
(Auzmendi et al., 2010). Kc was estimated as 0.6 between 7 and 8 WAFB
and then increased to 0.9 between 9 and 16 WAFB (end of the ex-
periment). Effective rainfall was considered the rain after subtracting
5mm from total rainfall.

For each net, the six central rows were monitored (two rows ran-
domly assigned for each irrigation treatment) leaving one or two rows
of border trees between sectors to avoid any effect of the adjacent light
environment. Within each row three homogeneous central trees (6 trees
per net*irrigation treatment combination) were monitored and the first
and last trees were considered border trees.

2.3. Water relations

During the experiment, midday stem water potential (mSWP) was
measured weekly using a Scholander (Soil moisture Equipment Corp.
Santa Barbara, U.S.A.) pressure chamber. For each tree, an internal leaf,
close to the trunk, was selected and inserted in a black plastic bag
covered by aluminium foil, at least 60 min before the measurement, to
allow equilibration with the stem, according to the methodology de-
scribed by McCutchan and Shackel (1992) and by Naor et al. (1995).
For each date of measurement one leaf per tree was monitored on the
six trees per treatment and means (± SE) were then computed.

2.4. Leaf gas exchanges

At 14 and 16 WAFB, the main leaf gas exchange parameters (net
photosynthesis, transpiration and stomatal conductance) were mea-
sured on one well exposed leaf per tree, on four leaves per treatment at
solar noon, using an open circuit infra-red gas exchange system fitted
with a LED light source (Li-COR 6400, LI-COR, Lincoln, Nebraska,
USA). During each measurement, CO2 was set at 400 ppm while the
LED light source was set to the natural irradiance experienced by the
leaves immediately before the measurements, in each net treatment.

2.5. Fruit measurements

The fruit diameter variations of four fruit per net*irrigation treat-
ment combination were monitored from 10 to 16 WAFB, at 15min
intervals, using custom-built gauges interfaced to a wireless data-logger
system. The gauges consisted of a light, stainless steel frame supporting
a variable linear resistance transducer (Megatron Elektronik AG & Co.,
Munchen, Germany). Temperature effects on the frame and the sensor
were tested and showed negligible errors under normal field conditions
(Morandi et al., 2007). The wireless data-logger system (Wi-Net s.r.l.
Cesena, Italy) (Giorgetti et al., 2014) to which the gauges were con-
nected was composed of wireless nodes, located on the topmost part of
the pillar, at the beginning of the rows, to send a better signal to a
central network node, which acted as a gateway towards the internet,
through a general packet radio service (GPRS) modem. The monitored
fruit (on three different trees per treatment) were homogeneous for size
and position in the canopy.

At each recording time, diameter data (D) from all monitored fruit
were converted to fresh weight (FW) using the following allometric
equation:

=FW g a D mm( ) * ( )b (1)

where a is 0.0006 (± SE 0.00005) and b is 2.9029 (± SE 0.0194). This
equation was obtained by regressing diameter and weight data of about
300 fruit picked from various “Gala” apple orchards during the previous
years. The R2 of the relationship was>0.99.

The conversion of the fruit growth data from diameter to weight
was performed as apple fruit show a linear increase in weight, but not
in diameter, whose growth rate progressively decreases as the fruit
develop, during cell expansion (Lakso et al., 1995).

For each recording time (15min intervals during the 24 h), data
from the 4 fruit per treatment were averaged and standard errors were
computed.

2.6. Harvest yield and mean fruit weight

Harvest was performed when fruit achieved their commercial ma-
turity to avoid possible interactions between fruit maturity and growth.
Maturity was monitored using a DA-meter (Model DA-53500 meter,
Turoni, Forlì, Italy). Two times before harvest, 20 fruits per each
orchard sector and irrigation combination were sampled from several
trees to determine their maturity index. Fruit were harvested when the
mean output of the DA-meter had a value lower than 0.9, indicative of
mature ‘Gala’ apple (Costamagna et al., 2013). Harvest was performed
on the 6 selected trees per each net*irrigation treatment combination.
For each tree, crop load (total number of fruit per tree), total and
marketable yield (Kg tree−1) as well as mean fruit weight (g) were
determined. Marketable yield was calculated taking into consideration
fruit with a diameter higher than 65mm.

2.7. Correlation study

In correspondence with the day when midday stem water potentials
were measured, fruit net daily growth, midday AGR, maximum AGR,
minimum AGR and fruit daily shrinkage (or “fruit central day growth”)
were also calculated for every net*irrigation level combination.

Fruit net daily growth was calculated as the difference in fresh
weight recorded at midnight between two following days. Maximum
AGR and minimum AGR were the maximum and minimum in-
stantaneous fruit growth rates (mg fruit-1 min-1) recorded during the
24 h, respectively. Midday AGR was the instantaneous fruit growth rate
(mg fruit−1 min−1) recorded at the time of mSWP determination. Fruit
daily shrinkage (or “fruit central day growth”) was calculated as the
difference between the maximum and the minimum fresh weights re-
corded between 06:00 and 17:00 h.

At 11, 13, 14 and 16 WAFB the treatment averages for these fruit-
derived parameters were related to midday stem water potential.
Furthermore, at 14 and 16 WAFB, fruit-derived parameters were related
to leaf gas exchanges: photosynthesis, stomatal conductance and tran-
spiration. Furthermore, harvest marketable yield and mean fruit weight
were related to the average seasonal mSWP (calculated as the average
within all dates of measurements) recorded during the experiment;
while mean fruit weight was related to the average daily fruit growth.

All relations were then analysed and the correlation coefficients,
slopes and p-values reported.

2.8. Statistical analysis

Averages of midday stem water potential, leaf gas exchanges and
fruit-derived parameters were separated using a two-way analysis
(ANOVA) with irrigation level and net as factors of the analysis. SNK’s
test (Zar, 1984) was then applied to compare the averages among the
different shading and irrigation treatments.



Fig. 1. Seasonal patterns of midday stem water potential for B treatments (A), R treatments (B) and W treatments (C), with the relative irrigation treatments. The
thick lines represent non-stressed treatments (NS), the dashed ones moderate stressed treatments (MS) and the thin lines the severely stressed treatments (SS).
Symbols represent the mean ± SE of six leaves. Different letters indicate significant difference at P < 0.05. No letters indicate no significant difference.



3. Results

3.1. Water relations

Since the start of irrigation, at 10 WAFB, until harvest, NS, MS and
SS treatments received around 153, 48 and 1.35mm of irrigation, re-
spectively. In all light conditions, mSWP progressively decreased during
the season and showed increasing differences among irrigation levels
(Fig. 1). As for the experimental set-up NS trees always maintained
significantly higher mSWP, never going below -1.2 MPa in any of the
light treatments. MS treatments maintained intermediate values be-
tween -1 and -1.5MPa while SS treatments maintained significantly
lower values under all light conditions, reaching a minimum of
-2.1 MPa, at 14 WAFB, under the control hail net. Furthermore, the
different net*irrigation treatment combinations allowed to reach a wide
range of tree water statuses, especially from 13 WAFB on, with mSWP
values ranging between -1.02 and -1.95MPa, between -0.98 and
-2.08MPa and between -1,01 and -1.91MPa at 13, 14 and 16 WAFB,
respectively (Fig. 1).

3.2. Leaf gas exchanges

The different net*irrigation treatment combinations affected leaf gas
exchanges and induced a wide range in the average values among ir-
rigation treatments. In both dates, NS trees maintained the highest
values either in photosynthesis (Fig. 2), stomatal conductance and
transpiration (data not shown), followed by MS and SS trees. Under all
nets, high stress conditions induced an almost complete stomatal clo-
sure (0.05 and 0.06mol m−2 s-1 at 14 and 16 WAFB, respectively) while
photosynthesis decreased accordingly, of more than 70% from NS to SS
treatments (Fig. 2). On the contrary, no differences were recorded
among the different nets (Fig. 2).

3.3. Fruit measurements

Fruit growth measurements showed wide variations in fruit growth
rate during the 24 h (Fig. 3), with periods of rapid growth, usually re-
corded in the late afternoon and during the night, followed by periods
of reduced or even negative growth rates, during the central part of the
day. At 11 WAFB, hourly variations in fruit growth rate were wider,
with periods of shrinkage, from 9:00 to 15:00 h, (Fig. 3a-b-c) and
swelling, from 15:00 to ca. 8:00 h. As the fruit developed, shrinkage
was substituted by a steady state (at 13 WAFB) (Fig. 3d-e-f) and then by
a simple reduction in fruit growth rate (16WAFB) (Fig. 3g-h-i) during
the central hours of the day. During the whole experiment, net and
irrigation treatments strongly affected fruit growth rate both on a daily
basis and at different times during the day, showing a wide range of

responses. In general, SS treatments showed the lowest fruit daily
growth rates, regardless of the monitoring period with values always
below 1 g fruit−1 d−1 (Fig. 3a-d-g).

3.4. Harvest yield and mean fruit weight

As expected, the net*irrigation treatment application induced a wide
range of different productive performances, with marketable yield va-
lues ranging from 1.9 to 11.52 kg tree−1 and mean fruit weight values
ranging from 100 to 146 g. At harvest, trees under the R and W net had
a total crop load of 92 ± 9 and 85 ± 10 fruit tree-1, respectively;
while trees under the B hail net showed a higher crop load, reaching an
average of 125 ± 7 fruit tree-1. Mean fruit weight was significantly
affected by the irrigation treatment with significantly lower values in
the SS trees. Similarly, irrigation treatments widely affected marketable
yield, with average values (± SE) of 9.9 ± 0.79, 6.9 ± 0.48 and
2.6 ± 0.48 kg tree−1 for NS, MS and SS treatments, respectively. On
the contrary, marketable yield was not affected by the different nets,
with average values of 6.8 ± 1.3, 5.9 ± 0.7 and 7 ± 1 kg tree-1 in the
B, R and W trees, respectively.

3.5. Correlation study

A significant negative relationship between daily fruit growth and
mSWP was found (Fig. 4; Table 1), with r values around or above 0.70.
On the contrary, no correlation was found between the other fruit-de-
rived parameters (midday AGR, max AGR, min AGR, fruit shrinkage)
and mSWP, except at 16WAFB, when fruit central day growth showed a
positive relationship with mSWP (r= 0.66).

Concerning leaf gas exchange parameters, on all dates they were
highly related to mSWP (Fig. 5; Table 1), with decreasing photo-
synthesis (Fig. 5a-b), stomatal conductance (Fig. 5c-d) and transpiration
(Fig. 5e-f) in trees with lower mSWP values (r> 0.9; P < 0.01). Fruit
daily growth was positively related to leaf gas exchanges both at 14 and
16 WAFB, but not the other fruit-related parameters, such as midday
AGR, max AGR, min AGR and fruit shrinkage / fruit central day growth
(Table 1). Harvested marketable yield and mean fruit weight were
linearly related to seasonal average mSWP (r= 0.91), with higher yield
and fruit weight in correspondence with less negative mSWP (Fig. 6a
and b). Similarly, mean fruit weight was positively and linearly related
with the average fruit daily growth recorded during the cell expansion
stage (Fig. 7).

4. Discussion

Conditioning the orchard light environment, while modulating the
irrigation supply, allowed to obtain a range of different conditions in

Fig. 2. Leaf photosynthetic rates in non-stressed (NS), moderately stressed (MS) and severely stressed (SS) trees under B (black), R (red) and W (white) net treatments
at 14 (A) and 16 (B) WAFB. Each bar represents the mean ± SE of 6 leaves. Different letters indicate significant difference among irrigation treatments at P < 0.05.



terms of tree water status, with mSWP ranging from about -1MPa down
to -2MPa, (Fig. 1), thanks to the little precipitations recorded during
the season. As apple is very sensitive to water stress during the cell
expansion stage (Naor, 2012), variations in mSWP induced by the ne-
t*irrigation treatment combinations led to a wide range of different
productive performances, with harvest mean fruit weight and market-
able yield showing a positive relationship with mSWP (Fig. 6). Similar
results were found by Naor et al. (1999; 2001a) who showed how
higher stem water potentials during the season induced commercial
yields in peach and pear.

In conditions of moderate to high drought stress, stem water po-
tentials and leaf gas exchanges were reduced and fruit growth took
benefit from the presence of stronger shading, showing higher daily
growth rates under 50% shading nets, compared to the control (20%
shading net), on all dates monitored (Fig. 3). Although the scope of this
paper is not to investigate the effect of shading nets, these findings are
in agreement with results found by Lopez et al. (2018) in the same
orchard, where in a situation of water stress the presence of shading led
to an increase in fruit production, with no decrease in photosynthesis,
compared to full light conditions. Such positive responses of fruit
growth to shading might be attributed to the less negative stem water
potential recorded in these conditions (Fig. 1) and to the lower VPDs
typical of shaded environments (Morandi et al., 2016).

Midday stem water potential is considered by literature one of the
most reliable references for tree water status, as it usually reflects very

well the soil water availability, the VPD and the tree physiological
performances in terms of leaf gas exchange and fruit size (Naor et al.,
1997, 1999, 2001a, 2001b, 2006b). This is confirmed by the positive
and strong relationships found between mSWP and either photosynth-
esis, stomatal conductance and transpiration (Fig. 5), with trees sub-
jected to stress showing decreasing leaf gas exchanges (Fig. 2) and thus
confirming midday stem water potential as a reliable reference para-
meter for tree water status.

However, in commercial orchards, fruit are the real target of the
production and maximising photosynthesis may not always represent
the most resource-efficient solution in terms of productivity, as not all
carbohydrates are allocated to fruit sinks, due to the strong competition
with the growing shoots (Dejong, 1999). Therefore, physiological in-
dicators for plant water status such as stem water potential, leaf pho-
tosynthesis or stomatal conductance may not necessarily be highly re-
lated to tree productive performances, as this latter also depends on
other management factors, such as the canopy source/sink ratio.

It is well known how vascular flows sustaining fruit growth are
driven by water potential gradients between the stem and the fruit
(Fishman and Gènard, 1998) and, for a given fruit water potential, the
higher the stem water potential, the higher the relative stem-to-fruit
gradient. Due to this likely “cause-effect” relationship among stem
water potential and fruit vascular inflows, a positive linear relationship
was found between mSWP and fruit daily growth, regardless of the
monitored period (Fig. 4a-d). These relationships show how, regardless

Fig. 3. Fruit daily growth patterns under B (bold lines), R (dashed lines) and W (normal lines) net treatments in severely (A, D, G), moderate (B, E, H) and non-
stressed (C, F, I) conditions, at 11 (A–C) 13 (D–F) and 16 (G–I) WAFB. Each line represents the mean of four fruit. Different letters indicate significant difference at
P < 0.05. No letters indicate no significant difference.



Fig. 4. Relationships between midday stem water potential and daily fruit growth at 11 (A), 13 (B), 14 (C) and 16 (D) WAFB. Relationships include data from all
net*irrigation treatment combinations. Each symbol represents the mean (± SE) of four fruit. For each relationship, r and p values, as well as the slope (s) are
reported.

Table 1
Correlation coefficient (r), slope and significance (p value) of the linear relationships between the calculated fruit parameters (vertically listed) and the physiological
parameters (horizontally listed), at 14 and 16 WAFB.

Midday physiological parameters

Photosynthesis Conductance Transpiration mSWP

r slope p r slope p r slope p r slope p

14 WAFB
Fruit parameters Midday AGR 0.32 −2.74E+03 0.39 0.27 −3.05E+01 0.47 0.29 −1.02E+03 0.45 0.54 −2.82E+02 0.13

Midday RGR 0.32 −2.59E+05 0.40 0.27 −2.88E+03 0.48 0.28 −9.56E+04 0.46 0.53 −2.55E+04 0.13
Max AGR 0.00 4.74E+02 0.99 0.01 8.48E+00 0.98 0.00 2.63E+02 0.99 0.04 −9.22E+00 0.58
Min AGR 0.37 7.93E+02 0.32 0.33 9.22E+00 0.38 0.32 2.87E+02 0.39 0.46 6.17E+01 0.19
Net gained grammes 0.82 1.16E+01 < 0.01 0.79 1.50E-01 0.01 0.78 4.72E+00 0.01 0.86 7.08E-01 < 0.01
FShrinkage 0.14 −9.24E+00 0.72 0.10 −1.00E-01 0.80 0.10 −3.28E+00 0.79 0.42 −1.01E+00 0.43

16 WAFB
Fruit parameters Midday AGR 0.49 5.67E+03 0.17 0.53 1.40E+02 0.14 0.52 3.94E+03 0.15 0.46 4.19E+02 0.21

Midday RGR 0.39 5.19E+05 0.29 0.39 1.18E+04 0.30 0.40 3.46E+05 0.28 0.33 3.49E+04 0.37
Max AGR 0.48 1.26E+03 0.19 0.49 3.00E+01 0.17 0.49 8.54E+02 0.17 0.47 9.94E+01 0.19
Min AGR 0.05 −1.04E+02 0.97 0.11 −4.87E+00 0.87 0.11 −1.47E+02 0.85 0.07 −1.08E+01 0.94
Net gained grammes 0.74 8.26E+00 0.01 0.68 1.75E-01 0.02 0.68 4.95E+00 0.03 0.70 6.24E-01 0.02
FShrinkage 0.66 2.07E+01 0.05 0.67 4.80E-01 0.05 0.67 1.37E+01 0.05 0.66 1.64E+00 0.05



of the date of measurement, daily fruit growths below 1.2–1.3 g day−1

correspond to mSWP values below -1MPa (Fig. 4), which is considered
the threshold below which a mild drought stress can appear, in apple
(Naor et al., 1995; Naor, 2012; Lopez et al., 2018). Therefore, in our
experimental conditions, fruit growth below 1.2–1.3 g fruit−1 day−1

can indicate the onset of drought stress and thus the need to increase
irrigation. As apple fruit grow in weight is constant from the beginning
of cell expansion until harvest (Lakso et al., 1995), such reference value
does not change from 11 to 16 WAFB (Fig. 4). Clearly, this value is
referred to the specific conditions (in terms of orchard age, crop load
and nutritional status etc.) of the orchard where the experiment was
conducted and, therefore, it can vary for other orchards and varieties.

The other physiological parameters derived from the analysis of the
fruit daily growth pattern, such as midday, max and min AGR and daily
shrinkage (or central day growth), did not show any consistent

relationship with mSWP, thus indicating a lower application potential
for these parameters. These data are in agreement with Morandi et al.
(2016), where a similar study was conducted in the same orchard but in
a previous year and, due to the frequent rainy events, stem water po-
tential never reached values below -1.2MPa, with correspondent fruit
growth rates of about 1.3 g d−1.

The correlation between fruit daily growth and mSWP was not as
tight as the one between leaf gas exchanges (photosynthesis and sto-
matal conductance) and mSWP (Table 1), where extremely high r va-
lues were found (Fig. 5). This might be due to the fact that, while
stomatal opening directly responds to water availability, fruit growth is
probably less dependent on the xylem contribution at this stage of de-
velopment. In fact, after about 55 days after full bloom, Gala apples
tend to show disruptions in the fruit xylem vessels (Dražeta et al., 2004)
with consequent losses in xylem functionality. Therefore, from 10

Fig. 5. Relationships between midday stem water potential and leaf photosynthesis (A–B), stomatal conductance (C–D) and transpiration (E–F), at 14 (A, C, E) and 16
(B, D, F) WAFB. Relationships include data from all net*irrigation treatment combinations. Each symbol represents the mean (± SE) of four fruit. For each re-
lationship, r is reported.



WAFB onwards, apple fruit growth may be less dependent on mSWP
compared to leaf gas exchanges. In fact, at this time of the season apple
fruit growth is almost totally sustained by phloem flow (Lang, 1990),
whose unloading process is known to be apoplastic (Zhang et al., 2004),
thus actively carried out by specific carbohydrates transporters that
may reduce the dependence on hydrostatic pressure gradients along the
vascular path (Münch, 1930), for the fruit to grow. This is probably the
reason why fruit growth was relatively less sensitive to changes in
mSWP compared to leaf gas exchanges, although further studies would
be needed to clarify this aspect.

On the contrary, average fruit growth rates during the season
showed a tight correlation with final fruit size (Fig. 7), thus confirming
how monitoring fruit growth rate may represent a viable alternative to
assess tree productive performance and may provide useful feedbacks
to drive irrigation scheduling, although the optimal fruit growth rate
may change with variety, orchard conditions and productive target.

In recent years, monitoring the growth rate of a significant sample
of fruit has been used as decision support tool for orchard management
(mainly irrigation and crop load management) (www.hkconsulting.
com). This protocol, which is commercially adopted, is limited by the
need to monitor fruit growth manually, using a digital calliper, so that
feedbacks to the grower are given at large time intervals, of about
seven-ten days. The adoption of automatic fruit gauges would surely
facilitate fruit growth monitoring, avoiding the necessity for manual
measurements, whereas allowing sudden corrective actions when fruit
growth rate is reduced at a given critical threshold.

However, statistical representation in the field remains a critical
issue, as the higher the number of monitored fruit, the more reliable the
measurement. Geostatistical approaches are required to assess the
minimum number of fruit gauges needed to represent the “within
orchard” and “within tree” variabilities, as well to correctly choose fruit
samples within the orchard and the tree.

5. Conclusions

Results from this paper show how, in apple, the continuous mon-
itoring of fruit growth rate with automatic fruit gauges may represent a
promising tool to be implemented in a decision support system for

Fig. 6. Relationships between seasonal mean stem water potential (Mpa), marketable yield (kg) (A) and harvest fruit size (g fruit−1) (B). Relationships include data
from all net*irrigation treatment combinations.

Fig. 7. Relationships between seasonal mean daily fruit growth (g fruit−1 d−1)
and harvest fruit size (g fruit−1). The relationship includes data from all ne-
t*irrigation treatment combinations.



irrigation scheduling. To this end, fruit daily growth rate represents the
fruit parameter showing the best correlation with plant water status,
thus having the potential to be used as a reference trait for irrigation
scheduling.

In our experimental conditions, a fruit daily growth rate of 1.2–1.3 g
day−1 represented the threshold, indicating the onset of a mild water
stress and thus the need for irrigation, although such threshold may
change depending on the orchard conditions and productive target.

Further studies are needed to validate fruit growth thresholds to be
used for drought stress detection, as well as the development of geos-
tatistical approaches to rationally address the existing variability within
the orchard and the tree.
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