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Abstract: Two trials were conducted under Mediterranean conditions to monitor several physio-
logical indicators before harvest (leaf chlorophyll concentration, quantum yield of photosystem II
electron transport, stem water potential, and stomatal conductance) and some agronomic perfor-
mance parameters before and at harvest (vigor, fruit growth, fruit size, fruit weight, and yield), of
‘Vairo’ almond and ‘Big Top’ nectarine cultivars grafted onto eight Prunus rootstocks, six of which
are common in both cultivars. For both ‘Vairo’ almond and ‘Big Top’ nectarine cultivars, factors
including rootstock, date, and the interaction between rootstock and date, from fruit set to harvest
were evaluated. Significantly affected were certain physiological and agronomical traits which were
evaluated before harvest, with stem water potential being the parameter affected by interaction in
both cultivars. In fact, the stem water potential presented low levels in Rootpac-20 and high levels
in Rootpac-40 for both cultivars. With regard to the other physiological traits evaluated during the
growing period, changes in stomatal conductance were observed in ‘Vairo’, but not in ‘Big Top’.
Comparing rootstocks throughout the season, Rootpac-40 and IRTA-1 exhibited the highest stomatal
conductance values, whereas the lowest was observed in Rootpac-R; Rootpac-20 and Ishtara also
presented low values. Regarding agronomical traits at harvest, GF-677 and IRTA-1 produced high
yields for ‘Vairo’ almond cultivar, whereas Rootpac-40 and Ishtara performed better with ‘Big Top’
nectarine cultivar.

Keywords: Prunus dulcis; Prunus persica; photosynthesis; transpiration; water use efficiency; tree
vigor; yield efficiency

1. Introduction

Almond (Prunus dulcis (Mill.) D.A. Webb. syn. P. amygdalus (L.) Batsch) and peach
(Prunus persica (L.) Batsch) belong to the genus Prunus, subgenus Amygdalus, and family
Rosaceae. Both species are diploid, with n = 8 for almond and 2n = 16 for peach [1,2].
Unlike peach—and other Prunus fruits whose commercial interest lies in their juicy flesh
or mesocarp—almond is the only Prunus species grown for its edible seeds [3]. Today, the
total worldwide production of almonds is 1,684,395 t of kernel, from a production area of
2,162,263 ha (in 2020). They are cultivated in more than 50 countries, with approximately
79% being produced in California, and with other major producers being Spain (7%),
Australia (7%), and the Mediterranean Basin [4,5]. In terms of crop area, Spain was
the second largest almond producer, in 2020, and had the largest area under cultivation
(718,540 ha) [4,6]. Spain is also the world’s second largest peach producer, after China,
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with an average annual production (from 2018 to 2020) of 1,453,000 t, and the leading
peach exporter, with exports of 785,000 t/year for the same period [6]. The large-scale
introduction of new cultivars, rootstocks, and training systems, for both species, has made
Spain the world-leader in the use of technological innovation in the production of these
two crops [7,8].

As with other tree fruit crops, the planting and long-term management of new sustain-
able agro-systems for almond and peach production must consider the impact of potential
changes in climatic and edaphic conditions when selecting new cultivars and rootstocks.
Adapting plant material, and in particular rootstock, to meet future challenges will be essen-
tial for the economic and environmental sustainability of new orchards. In fact, combining
appropriate plant material with the best training systems and crop production technology
is, and will be, the main pillar of efficient and sustainable production [9].

Many plants now have integrated signaling and response mechanisms to help them
tolerate constantly changing environments [10]. As a result, plant status can be assessed
through a series of physiological parameters that, whether used alone or in combination,
provide useful information on their physiological performance [11]. The literature lists
many such parameters. Some of these, such as stem water potential, plant growth rate,
stomatal conductance, and photosynthesis, are destructive and labor intense, while others,
such as remote sensing, trunk sap flow, stem diameter shrinkage, and daily fruit growth
rates, are more precise and are non-destructive, but require sophisticated equipment and
high-level technical skills [11–15].

The sustainability of production, viewed from both the environmental and grower
perspectives, will also be determined by the genetics of the chosen plant materials and the
efficient use of other inputs [16]. Once appropriately defined, this efficiency will be based
on the right combination of cultivar/rootstock and mainly determined by the training
system and the fruit production technology [9,17,18]. Thus, bidimensional canopies, for
more intensive systems, must be combined with available data about plant and soil status,
climatic conditions, etc. This must be achieved through digitalization, where necessary, to
achieve a more efficient application of technology in production (irrigation, fertilization,
pruning, harvest time, etc.) and to help growers and technicians to take relevant decisions.

For Prunus, as with other tree fruit species, climate change is imposing major and
severe constraints on productivity. This relates to blooming (chill and heat accumulation,
flowering time, pollination, and flower fecundation), irrigation (reduction of water avail-
ability, increasing evapotranspiration and competition for water with other sectors) and
other associated biotic and abiotic stresses. These last ones include increases in mean
temperatures of up to 2.4 ◦C by the end of the century, unpredictable precipitation patterns,
changes in the dynamics of pest and disease populations, and increases in atmospheric
concentrations of CO2 [19–22]. Rising temperatures and extreme weather events are in-
creasingly affecting the Mediterranean basin, which is an area that has been classified as
extremely vulnerable to global warming [23], and such events are expected to become
worse by the end of the century [24]. To minimize the impact of climate change, but also
maintain the most efficient possible use of inputs in orchards, in the future, it will be
necessary to accurately select the optimum combination of cultivars and rootstocks for each
set of edaphoclimatic conditions. To achieve these objectives, it is essential to know, and
understand, the physiological and productive performance of different cultivar × rootstock
interactions under the prevailing agroclimatic conditions and to thereby enhance sustain-
able crop production.

In addition to examining the most appropriate choice of rootstock required to minimize
the negative impact of climate change, many studies of Prunus spp. have demonstrated
that it can help improve fruit quality and yield efficiency [8,25–29]. To date, there have
been few Prunus rootstock studies related to physiological and agronomical performance
before harvest (conducted throughout the growing season) [15,30]. Other studies have
demonstrated the effect of rootstock, row orientation and cultivar on bud differentiation,
leaf area index (LAI), yield efficiency and fruit quality in almond [31,32]. However, to the
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best of our knowledge, no previous studies have tried to interrelate all these parameters for
two Prunus species.

The aim of this study was to characterize physiology and agronomy of two different
Prunus species (P. dulcis and P. persica) grafted onto different Prunus rootstocks, some of
them in common. Therefore, some physiological traits before harvest (leaf chlorophyll con-
tent, photosynthesis, stomatal conductance, and tree water status) and some agronomical
assessments made both before and at harvest (fruit growth, tree vigor, production, fruit
size and fruit weight) were evaluated in ‘Vairo’ almond and ‘Big Top’ nectarine cultivars.

2. Materials and Methods
2.1. Plant Material, Site Description and Experimental Design
2.1.1. Almond

This study was carried out over one growing season (2017). It was conducted at an
IRTA experimental orchard, located at Les Borges Blanques, NE Spain (41◦30′31.89” N;
0◦51 10.70” E), and used ‘Vairo’ as the scion cultivar [33,34]. ‘Vairo’ was selected due to its
high vigor, late-flowering and self-pollinating characteristics. Eight rootstocks of different
genetic origins were evaluated (Table 1).

Table 1. List of the rootstocks evaluated for ‘Vairo’ almond and ‘Big Top’ nectarine cultivars, their
genetics, and their origins.

Cultivar Rootstock Genetics Origin a

‘Vairo’ Adesoto® 101 P. insititia (open pollination of Pollizo de Murcia) CSIC, Spain
INRA® GF-677 P. amygdalus × P. persica INRA, France
IRTA-1 P. amygdalus × P. persica IRTA, Spain
IRTA-2 P. cerasifera × P. dulcis IRTA, Spain
Ishtara® (Ferciana) (P. cerasifera × P. salicina) × (P. cerasifera × P. persica) INRA, France
Rootpac®20 (Densipac) P. besseyi × P. cerasifera AI, Spain
Rootpac®40 (Nanopac) (P. amydalus × P. persica) × (P. amydalus × P. persica) AI, Spain
Rootpac®R (Replantpac) P. cerasifera × P. dulcis AI, Spain

‘Big Top’ Adesoto® 101 P. insititia (open pollination of Pollizo de Murcia) CSIC, Spain
INRA® GF-677 P. amygdalus × P. persica INRA, France
IRTA-1 P. amygdalus × P. persica IRTA, Spain
Ishtara® (Ferciana) (P. cerasifera × P. salicina) × (P. cerasifera × P. persica) INRA, France
Penta P. domestica CREA Rome, Italy
Rootpac®20 (Densipac) P. besseyi × P. cerasifera AI, Spain
Rootpac®40 (Nanopac) (P. amydalus × P. persica) × (P. amydalus × P. persica) AI, Spain
Rootpac®70 (Redpac) (P. persica × P. davidiana) × (P. amygdalus × P. persica) AI, Spain

a AI = Agromillora Iberia S.L. nursery company, Spain; CREA = Consiglio per la ricerca in agricoltura l’analisi
dell’economia agrarian; CSIC = Consejo Superior de Investigaciones Científicas; INRA = Institut National de la
Recherche Agronomique; IRTA = Institut de Recerca i Tecnologia Agroalimentàries.

The experimental orchard was planted in March, 2010, using dormant bud plants. It
had a loam clay soil, with a good water-holding capacity, was well drained and fertile,
and had an organic matter content of around 2%. The trees were trained to an open
vase system, with a tree spacing of 5 m × 4.5 m. The trees were drip-irrigated. The
climate was cold semiarid Mediterranean (Bsk, according to the Köppen-Geiger climate
classification system), with mean annual rainfall of 350 mm and a mean summer daily
temperature of 32 ◦C. The plots were subject to IPM management, according to general
industry standards. The experiment was set up in a randomized complete block design,
with 6 single-tree replications.

2.1.2. Peach

This study was carried out over one growing season (2017). It was conducted at
the IRTA experimental orchard, located at Gimenells, NE Spain (41◦39′18.77′ ′ N and
0◦23′31.41′ ′ E). The mid-season nectarine ‘Big Top’, which is a yellow fleshed cultivar,
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released by Zaiger Genetics Inc., was selected as it is the most widely planted and popular
nectarine grown in Europe and a key reference cultivar [28]. The attributes of the ‘Big
Top’ nectarine cultivar include its intense, early, red color, sweet taste, slow softening and
excellent postharvest storage potential [35–37]. Eight rootstocks of different genetic origins
were evaluated (Table 1).

Dormant bud trees were planted in the winter of 2008, on Aquic Xerofluent soil. They
were then trained to an open vase system, known as a Catalan vase, which is relatively
small and easy-to-train, and spaced at 5 m × 2.6 m. The trees were then drip-irrigated. The
climate was cold semiarid Mediterranean (Bsk, according to the Köppen-Geiger climate
classification system), with annual precipitation of 350 mm, and a mean summer daily
temperature of 32 ◦C. The plots were subject to IPM management, according to general
industry standards. The experiment was set up in a randomized complete block design,
with four blocks, with the base plot consisting of three trees per scion-rootstock combination.
The central tree in each base plot was used for the study.

2.2. Agronomical Assessments before Harvest
2.2.1. Almond

To evaluate fruit growth (FG), the fruit and kernel dimensions (length (L), diameter (D),
and width (W)) [38] were monitored once every 2–3 weeks until harvest, using a Digital
Vernier Caliper (Absolute Digimatic Caliper Mitutoyo). Five fruits per tree/replication
and rootstock were randomly harvested, from different branches around the tree, from
mid-May to the end of August. The basic ellipsoid volume formula: V = 4/3 πLWD was
used to calculate the fruit volume.

2.2.2. Peach

To evaluate fruit growth (FG), two fruiting shoots on each central tree/replication and
rootstock, each containing 3 fruits, were selected and tagged [37]. The fruit diameter (FD)
was then measured on a weekly basis using a Digital Vernier Caliper from the end of April
to the end of June.

2.3. Physiological Assessments before Harvest

The physiological measurements used in this study were taken between May and
September for ‘Vairo’ almond cultivar and between May and July for ‘Big Top’ nectarine
cultivar.

2.3.1. Leaf Chlorophyll Concentration

Leaf chlorophyll concentration, or leaf greenness (SPAD value), was measured using a
SPAD-502 meter hand-held device (Konica Minolta SPAD-502 Plus) [15]. Measurements
were taken once every two weeks, from each tree in each replicate and from each central
tree replicate, for both almond and peach trees, from 2–3 randomly selected leaves, which
were at the same height and stage of development.

2.3.2. Quantum Yield of Photosynthesis

The effective quantum yield of photosystem II electron transport (ΦPSII) was checked
using a leaf fluorometer (FluorPen FP100 Photon Systems Instruments) [15]. Measurements
of leaf chlorophyll concentration were taken once every two weeks, from three randomly
selected leaves which were at the same height and stage of development.

2.3.3. Stem Water Potential

The stem water potential (SWP) was used to monitor the tree water status, expressed
in MPa. The SWP was measured using a digital pressure chamber (SF-Pres, Type “Scholan-
der”) [12,15]. Once every two weeks, two additional mature leaves per tree were randomly
selected, bagged in black plastic covered by aluminum foil for two hours to equilibrate the
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water potential between their leaves, stems, and branches, and then measured. The SWP of
the bagged leaves was measured at between 12:30 h and 14:30 h.

2.3.4. Stomatal Conductance

Stomatal conductance (SC) is an indicator of the foliar transpiration rate and of a
plant’s water status; it is measured in mmol m−2 s−1 [39]. It was measured using a leaf
porometer (Decagon SC-1 Leaf Porometer). Measurements were made once every two
weeks, from two leaves per tree, and taken at between 12:30 h and 14:30 h.

2.4. Agronomical Assessments at Harvest
2.4.1. Almond

The harvest date was established when >75% of the almond fruits growing on most of
the rootstocks had completely dried hulls. At harvest, the trees were shaken mechanically,
using commercial equipment. In-shell nuts were then collected, using a reversed-umbrella,
and shelled and dehulled with a self-moving production huller. Once the in-shell nuts
had been dehulled, their fresh weight was measured, and the gross yield per tree was
calculated [27].

A 1 kg in-shell nut sample was collected from each replicate and naturally dried for
about three–four weeks (until reaching 6% kernel moisture). The dry weight was deter-
mined and then one sample of 100 in-shell nuts per 1 kg was collected to determine shell
and kernel dry weights, and the shelling percentage (kernel weight/in-shell weight * 100).
The kernels were separated by sieving them into four different categories, based on their
respective calipers (<12 mm; 12 mm≤ 14 mm; 14 mm≤ 16 mm; and≥16 mm). Kernel yield
was calculated by multiplying the in-shell nut yield (kg tree−1) by the shelling percentage
(kernel weight/in-shell weight [27].

Tree vigor (cm2) was measured at the end of the season. It was evaluated based on
the trunk cross-sectional area (TCSA) at 20 cm from the graft union. Kernel efficiency,
expressed as g cm−2, was then calculated [27].

Because of the great differences in tree vigor and size, corresponding to the different
rootstocks, and the fact that the same planting distance was used for all the rootstocks, we
had to adjust the tree spacing and consequently planting density based on the vigor (TCSA)
of each rootstock. We calculated the theoretical kernel yield per hectare by multiplying
kernel yield per hectare by a theoretical coefficient which expresses the relative vigor (%)
when comparing each rootstock with the reference rootstock GF-677 [27].

2.4.2. Peach

‘Big Top’ trees were harvested in two different picks that were made 4–7 days apart.
The criteria established for the first pick were: fruit size ≥60 mm and fruit color ≥80% of
fruit surface. After each of the two picks, the whole yield of each control tree was graded
for fruit size and weight using a commercial electronic fruit grader (MAF RODA Iberica,
Alzira, Spain). Total yield per tree, average fruit weight and the total number of fruits per
fruit size (<60 mm; 60−65 mm; 65−70 mm; 70−75 mm; and >75 mm) were then calculated
for each pick.

At the end of the season, in order to measure the vigor, the tree circumference was
measured at 20 cm above the graft union, and the trunk cross-sectional area (TCSA, cm2)
was then calculated. After that, the yield efficiency (kg cm−2) was calculated [28].

Because of the great differences in tree vigor and size corresponding to the different
rootstocks and the fact that the same planting distance was used for all rootstocks, we had
to adjust the tree spacing and consequently planting density based on the vigor (TCSA) of
each rootstock. We calculated the theoretical fruit yield per hectare by multiplying yield per
hectare by a theoretical coefficient which expresses the relative vigor (%) when comparing
each rootstock with the reference rootstock GF-677 [27,28].
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2.5. Statistical Analysis

Data evaluated before the harvest, for both ‘Vairo’ and ‘Big Top’ cultivars, were
analyzed using a linear mixed model with a repeated-measures design. The data were
then square root transformed to normalize their distribution. This model included the
replicate as a random effect, and rootstock, date, and their interaction as fixed factors. If the
interaction was significative, one-way analysis of variances (ANOVA) was used to evaluate
the effect of the rootstock at each date and also the harvest data parameters. Tukey’s HSD
test with a 95% confidence interval was used as a post hoc test for means separation. A
two-way hierarchical cluster was performed with Ward’s criterion [40,41] for ‘Vairo’ and
‘Big Top’ cultivars to classify the same rootstocks; this was evaluated based on all the
coincident assessments performed on the two cultivars. All the data were standardized
before their analysis. The date was expressed as a Julian day. The data were analyzed
using the JMP® statistical software (Version 16; SAS Institute Inc., SAS Campus Drive, Cary,
NC, USA).

3. Results
3.1. Agronomical and Physiological Assessments before Harvest

For ‘Vairo’ almond cultivar, Table 2 shows that rootstock and date, but not their
interaction, affected the two agronomical traits evaluated (FV and KV) before harvest. On
all the assessment dates, the values of the two parameters were highest for GF-677 and
Rootpac-40 trees and lowest for Rootpac-20 and Rootpac-R trees (Table 3). In contrast, for
‘Big Top’ nectarine cultivar, date was the only variable that influenced FD as a normal factor
in fruit growth (Table 2).

For ‘Vairo’ cultivar, all the physiological parameters evaluated were influenced by the
rootstock and date interaction, with the exception of the quantum yield of photosynthesis
(ΦPSII) (Table 2). In this case, Rootpac-20 was the only rootstock that induced differences
in ΦPSII, exhibiting low values compared to the rest of the rootstocks evaluated (Table 3).
Leaf greenness (SPAD) values constantly increased through the period in which all the
rootstocks were evaluated (Figure 1a), although there were some differences between them.
On the last measurement date (Julian day 246, which was 12 days before harvest), the SPAD
values were over 38. The GF-677 and IRTA-1 rootstocks tended to produce the highest
SPAD values on ‘Vairo’, whereas Ishtara and Rootpac-20 produced the lowest (Figure 1a).
Changes in stomatal conductance (SC) were also observed during the growing period
(Figure 1b). Comparing rootstocks over the whole season, Rootpac-40 and IRTA-1 had the
highest values, whereas Rootpac-R produced the lowest, although Rootpac-20 and Ishtara
also presented low values (Figure 1b). A general decrease in stem water potential (SWP)
values was observed over the period of evaluation (Figure 1c). ‘Vairo’ trees grafted onto
Rootpac-R and Rootpac-20 presented the lowest values from the beginning of the trial and
until Julian day 206, with the former continuing to decrease until it reached values of below
−1.6 MPa. However, ‘Vairo’ trees grafted onto Rootpac-40 showed the opposite tendency
(Figure 1c).

For ‘Vairo’ cultivar, all the physiological parameters evaluated were influenced by the
rootstock and date interaction, with the exception of the quantum yield of photosynthesis
(ΦPSII) (Table 2). In this case, Rootpac-20 was the only rootstock that induced differences
in ΦPSII, exhibiting low values compared to the rest of the rootstocks evaluated (Table 3).
Leaf greenness (SPAD) values constantly increased through the period in which all the
rootstocks were evaluated (Figure 1a), although there were some differences between them.
On the last measurement date (Julian day 246, which was 12 days before harvest), the SPAD
values were over 38. The GF-677 and IRTA-1 rootstocks tended to produce the highest
SPAD values on ‘Vairo’, whereas Ishtara and Rootpac-20 produced the lowest (Figure 1a).
Changes in stomatal conductance (SC) were also observed during the growing period
(Figure 1b). Comparing rootstocks over the whole season, Rootpac-40 and IRTA-1 had the
highest values, whereas Rootpac-R produced the lowest, although Rootpac-20 and Ishtara
also presented low values (Figure 1b). A general decrease in stem water potential (SWP)
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values was observed over the period of evaluation (Figure 1c). ‘Vairo’ trees grafted onto
Rootpac-R and Rootpac-20 presented the lowest values from the beginning of the trial and
until Julian day 206, with the former continuing to decrease until it reached values of below
−1.6 MPa. However, ‘Vairo’ trees grafted onto Rootpac-40 showed the opposite tendency
(Figure 1c).

A different trend was observed for ‘Big Top’ trees. Their rootstock only affected SC,
while the date affected both SWP and SC; however, the rootstock and date interaction only
affected the SWP (Table 2). Slightly significant differences were observed among rootstocks
for SC (Table 3). On average, they all exhibited similar values, except for Penta rootstock,
which produced values of below 400 mmol m−2s−1. SWP values decreased constantly for
all the rootstocks (Figure 1d), in a similar way to that observed with ‘Vairo’ cultivar. ‘Big
Top’ trees grown on Rootpac-20 seemed to be the ones most affected, with values falling to
−1.32 MPa, whereas Rootpac-40 was the least affected.

Table 2. Statistical significance of rootstock, date, and the interaction between rootstock and date,
based on agronomical and physiological assessments made before harvest, corresponding to eight-
year-old ‘Vairo’ almond trees and ten-year-old ‘Big Top’ nectarine trees.

Cultivar Variable a Experimental Factor DF F Value Prob > F

‘Vairo’ FV Rootstock (R) 7 5.4126 0.0003
Date (D) 4 3.8528 0.0052
R × D 28 1.1000 0.3453

KV Rootstock (R) 7 7.3616 <0.0001
Date (D) 4 8.8201 <0.0001
R × D 28 0.6491 0.9099

SPAD Rootstock (R) 7 7.6642 <0.0001
Date (D) 7 107.8379 <0.0001
R × D 49 1.8097 0.0007

ΦPSII Rootstock (R) 7 28.2668 <0.0001
Date (D) 7 79.1444 <0.0001
R × D 49 1.1317 0.2508

SWP Rootstock (R) 7 7.6969 <0.0001
Date (D) 7 155.8832 <0.0001
R × D 49 1.7082 0.0025

SC Rootstock (R) 7 10.1479 <0.0001
Date (D) 7 127.2204 <0.0001
R × D 49 2.1929 <0.0001

‘Big Top’ FD Rootstock (R) 7 0.6391 0.7189
Date (D) 5 1605.9050 <0.0001
R × D 35 0.3718 0.9994

SPAD Rootstock (R) 7 1.3513 0.2764
Date (D) 5 1.4189 0.2223
R × D 35 0.7191 0.8691

ΦPSII Rootstock (R) 7 1.2210 0.3352
Date (D) 3 4.5479 0.0039
R × D 21 1.0670 0.3827

SWP Rootstock (R) 7 2.0320 0.0987
Date (D) 3 90.6405 <0.0001
R × D 21 2.5176 0.0005

SC Rootstock (R) 7 2.7790 0.0326
Date (D) 3 63.9466 <0.0001
R × D 21 1.3391 0.1539

a FV, fruit volume; FD, fruit diameter; KV, Kernel volume; SC, stomatal conductance; ΦPSII, Quantum yield of
photosynthesis.
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Table 3. Agronomical and physiological assessments made before harvest, corresponding to eight-
year-old ‘Vairo’ almond trees and ten-year-old ‘Big Top’ nectarine trees grafted onto eight different
Prunus rootstocks.

‘Vairo’ ‘Big Top’

Rootstock FV a,b (cm3) KV a,b (cm3) ΦPSII a,b Rootstock SC a,b

Adesoto 101 36.5 ab 6.1 ab 0.76 a Adesoto 101 407.9 ab

GF-677 38.8 a 6.8 a 0.76 a GF-677 432.8 a

IRTA-1 35.6 ab 6.2 ab 0.76 a IRTA-1 439.9 a

IRTA-2 35.9 ab 6.1 ab 0.76 a Ishtara 467.6 a

Ishtara 34.4 ab 5.8 b 0.75 ab Penta 365.3 b

Rootpac-20 32.5 b 4.8 c 0.74 b Rootpac-20 462.9 a

Rootpac-40 39.1 a 5.9 ab 0.76 a Rootpac-40 463.5 a

Rootpac-R 32.7 b 5.6 bc 0.76 a Rootpac-70 465.1 a

p ≤ 0.05 0.0003 <0.0001 <0.0001 p ≤ 0.05 0.0326
a FV, fruit volume; KV, Kernel volume; SC, stomatal conductance; ΦPSII, Quantum yield of photosynthesis.
b Means within a given column followed by different letters denote significant differences among rootstocks
(Tukey’s honestly significant difference test, p ≤ 0.05).
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Figure 1. Seasonal patterns of leaf chlorophyll content (SPAD) (A), stomatal conductance (B) and tree
water status (C) for ‘Vairo’ almond cultivar and the seasonal patterns of tree water status (D) for ‘Big
Top’ nectarine cultivar grafted onto eight different Prunus rootstocks. Ns = not significant; * p ≤ 0.05;
** p ≤ 0.01; *** p ≤ 0.001.

3.2. Agronomical Assessments at Harvest

For ‘Vairo’ almond cultivar, the trees grown on IRTA-2 were the most vigorous, accord-
ing to their TCSA values (Table 4). The observed values did not however differ significantly
from those relating to GF-677. In contrast, IRTA-1, followed by Rootpac-20, Ishtara and
Rootpac-R, induced lower vigor in ‘Vairo’ cultivar. The GF-677, IRTA-1, and Rootpac-40
trees produced the highest yield and kernel efficiency values. They also presented the
highest shelling percentage, whereas the highest kernel weights were for GF-677, IRTA-1,
IRTA-2 and Adesoto 101 (Table 4). Rootpac-20, together with Rootpac-R and Ishtara, in-
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duced low vigor, produced small kernels and had low yield values and, therefore, also low
kernel efficiency values.

Table 4. Agronomical data at harvest for ‘Vairo’ almond cultivar grafted onto eight different Prunus
rootstocks at the IRTA’s Lleida Experimental Station (Borges Blanques, Lleida) in the eighth crop
year (2017).

Rootstock TCSA a,b

(cm2)
Yield b

(Kernel
tree−1)

Yield b,c

(Kernel
ha−1)

Kernel
Efficiency b

(kg cm−2)

Percentage
Vigor d

Theoretical
Kernel Yield
b,e (kg ha−1)

Shelling
b (%)

Kernel
Weight b (g)

Adesoto 101 242.3 bc 7.9 cd 3035.5 cde 0.032 cd 76.4 3739.9 cd 28.0 d 0.88 abc

GF-677 317.9 ab 13.9 a 6971.8 a 0.043 ab 100.0 6971.8 a 31.9 ab 0.98 a

IRTA-1 200.0 c 9.1 bc 4272.5 bc 0.052 a 52.1 6020.2 ab 32.7 a 0.91 ab

IRTA-2 345.9 a 10.5 b 4224.6 bcd 0.031 cd 110.9 3681.8 cd 30.7 abc 0.91 ab

Ishtara 215.8 c 7.9 cd 3227.7 bcde 0.037 bcd 68.9 4212.9 bcd 29.4 cd 0.82 bcd

Rootpac-20 204.7 c 5.5 d 2122.5 e 0.029 d 63.6 2906.5 d 29.1 cd 0.76 d

Rootpac-40 255.5 bc 10.7 b 4674.7 b 0.042 abc 81.9 5442.3 abc 29.6 bcd 0.87 bc

Rootpac-R 229.7 c 6.6 cd 2696.6 de 0.029 d 72.5 3435.1 d 31.7 abc 0.79 cd

p ≤ 0.05 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001
a TCSA, trunk cross-sectional area. b Means within a given column followed by different letters denote significant
differences among rootstocks (Tukey’s honestly significant difference test, p ≤ 0.05). c Calculated according to
tree spacing of the study (5 m × 4.5 m). d It expresses the relative vigor (%) when comparing each rootstock
with the reference rootstock GF-677. e Theoretical values were calculated by multiplying yield per hectare by a
theoretical coefficient which expresses the relative vigor (%) when comparing each rootstock with the reference
rootstock GF-677.

Kernel size distribution was only affected by rootstock on those kernels that were
smaller than 12 mm (Figure 2). Rootpac-20, followed by Rootpac-R, Ishtara and IRTA-1,
exhibited the highest percentage of fruits with a kernel size of less than 12 mm.
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Figure 2. Mean kernel distribution of fruits from ‘Vairo’ almond cultivar grafted onto eight differ-
ent Prunus rootstocks at the IRTA’s Lleida Experimental Station (Borges Blanques, Lleida) in the
eighth crop year (2017). For each distribution, different letters denote significant differences among
rootstocks (Tukey’s honestly significant difference test, p ≤ 0.05).

‘Big Top’ trees grown on Rootpac-70 were the most vigorous, but also the least pro-
ductive and efficient (Table 5). In contrast, Ishtara, followed by Rootpac-20, Rootpac-40
and Adesoto 101, were the most productive and efficient trees. No significant differences
were found between rootstocks in terms of fruit weight (Table 5) or the distribution of each
fruit size (Figure 3). The most important fruit size for ‘Big Top’ was 65–70 mm; all ‘Big Top’
rootstocks produced 30–40% of their total fruits within this size range (Figure 4).
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Table 5. Agronomical data at harvest for ‘Big Top’ nectarine cultivar grafted onto eight different
Prunus rootstocks at the IRTA’s Lleida Experimental Station (Gimenells, Lleida) in the tenth crop
year (2017).

Rootstock TCSA a,b

(cm2)
Yield b

(kg tree−1)
Yield b,c

(kg ha−1)

Yield
Efficiency b

(kg cm−2)

Percentage
Vigor d

Theoretical
Yield e

(kg ha−1)

Fruit Weight
b (g)

Adesoto 101 120.5 b 37.2 ab 28,626.0 ab 0.31 a 74.2 35,772.1 a 163.6 a

GF-677 169.1 b 31.4 b 24,146.6 ab 0.19 ab 100.0 24,146.6 ab 174.5 a

IRTA-1 153.5 b 36.1 ab 27,780.1 ab 0.23 ab 93.5 29,441.0 ab 154.8 a

Ishtara 152.7 b 47.2 a 36,296.8 a 0.31 a 93.0 37,746.1 a 160.1 a

Penta 147.1 b 29.1 b 22,379.8 b 0.20 ab 88.6 25,018.1 ab 164.7 a

Rootpac-20 142.7 b 42.8 ab 32,938.8 ab 0.30 ab 91.7 35,842.2 a 159.7 a

Rootpac-40 141.1 b 42.2 ab 32,471.0 ab 0.32 a 80.6 38,554.9 a 164.4 a

Rootpac-70 227.2 a 37.1 ab 27,981.3 ab 0.15 b 136.3 17,822.0 b 171.4 a

p ≤ 0.5 <0.0001 0.0295 0.0295 0.0023 - 0.0028 0.9192
a TCSA, trunk cross-sectional area. b Means within a given column followed by different letters denote significant
differences among rootstocks (Tukey’s honestly significant difference test, p ≤ 0.05). c Calculated according to tree
spacing of the study (5 m × 2.6 m). d It expresses the relative vigor (%) when comparing each rootstock with the
reference rootstock GF-677. e Theoretical values were calculated by multiplying yield per hectare by a theoretical
coefficient which expresses the relative vigor (%) when comparing each rootstock with the reference rootstock
GF-677.
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Figure 3. Mean distribution of fruit size for ‘Big Top’ nectarine cultivar grafted onto eight Prunus
rootstocks at the IRTA’s Lleida Experimental Station (Gimenells, Lleida) in the tenth crop year (2017).
For each distribution, different letters denote significant differences among rootstocks (Tukey’s
honestly significant difference test, p ≤ 0.05).
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Figure 4. Clustering the six common rootstocks based on the most relevant traits evaluated. Data
about their physiological parameters were collected from the last date of the evaluations applied
to both cultivars. The same nomenclature has been used for both cultivars: fruit weight and yield
efficiency for ‘Vairo’ almond cultivar represent kernel weight and kernel yield efficiency, as shown in
Table 4. The letter V after each of the traits evaluated refers to ‘Vairo’ and the B refers to ‘Big Top’.

3.3. Overall Rootstock Performance and Interaction with Almond and Peach

Taking the values for the last day of the evaluation for all the physiological assessments
together and combining them with those for the most relevant agronomical assessments at
harvest (vigor, fruit weight, and yield efficiency), for both ‘Vairo’ and ‘Big Top’ cultivars,
the six common rootstocks were grouped within three clusters (Figure 4). The first cluster,
which included Adesoto 101, Ishtara, and Rootpac-20, was characterized by mainly low-to-
medium SPAD, ΦPSII, fruit weight, vigor, and SC values, and medium-level SWP values
for the ‘Vairo’ almond cultivar, and medium-to-high ΦPSII values, and medium-level fruit
weight and SC values for ‘Big Top’ nectarine cultivar. Rootpac-40 clustered alone, since it
had the highest SWP and SC values on both cultivars, and the highest yield efficiency for
‘Big Top’ nectarine cultivar. For the rest of the traits considered in this dendrogram, Rootpac-
40 exhibited medium-to-high values on both cultivars. The last group was comprised by
IRTA-1 and GF-677. Both rootstocks had high SPAD, ΦPSII and yield efficiency values, and
medium-level SC values for ‘Vairo’ almond cultivar, and medium-level SWP and SPAD
values, and low yield efficiency and SC values for ‘Big Top’ nectarine cultivar.

4. Discussion

There is an increasing interest in selecting and breeding Prunus rootstocks that are
better adapted to different cultivation areas. This adaptation process must take into account
the scenario of climate change, in which efforts must be directed towards obtaining greater
water-use efficiency (WUE), a better photosynthetic balance; a higher osmotic adjustment;
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and better nutrient efficiency, in order to improve water productivity, yield efficiency and
fruit quality and to better adapt fruit production to future climate change [12,16,20].

In this study, we evaluated the adaptive response of several different Prunus root-
stocks grafted with ‘Vairo’ almond and ‘Big Top’ nectarine cultivars and grown under
Mediterranean conditions, in the 2017 growing season. In general, the almond cultivar
was more affected by changes in rootstock than the peach cultivar, based on a series
of parameters that were mainly related to compatibility and the vigor provided by the
rootstock. Improving almond crop efficiency involves seeking high production, with a
large number of fruits; this is the opposite of improving peach crop efficiency, in which the
number of fruits is determined and forced. Then, an appropriate crop load management is
achieved by thinning to obtain optimum pack-out [8]. For this reason, any physiological
influence from the rootstock could have a dramatic impact on kernel weight and yield in
the almond cultivar, but much less in the peach cultivar.

To be more precise, for ‘Vairo’ almond cultivar, the agronomical assessments under-
taken throughout the growing season (before harvest) were significantly affected by both
rootstock and date, but not by the interaction rootstock × date. To the best of our knowl-
edge, there is no previously published data available on Prunus rootstocks grafted with
‘Vairo’ almond cultivar, or even on other almond cultivars, grown under similar or different
climatic conditions, influencing fruit growth during the season. As is evident, the differ-
ences found in kernel size and fruit weight at harvest started to emerge from the beginning
of the growing season, when the rootstock had a clear influence on fruit growth. This could
have been due to differences in rootstock efficiency in the use of inputs, such as water and
nutrients, which were also demonstrated by differences in their respective physiological
parameters. This could also have been due, in both cases, to the different genetic rootstock
backgrounds (plum, peach, almond × peach, interspecific Prunus hybrids), as illustrated in
Table 1.

Throughout the experiment, Ishtara and Rootpac-20 produced the lowest SPAD values
in ‘Vairo’ leaves. The results for ‘Vairo’ were within the range reported by Yahmed et al. [15]
for other almond cultivars, such as ‘Belona’, ‘Soleta’, ‘Guara’, ‘Lauranne’, and ‘Tuono’.
On the other hand, despite no differences being found between rootstocks for ‘Big Top’,
Ishtara and Rootpac-20, they also tended to exhibit lower SPAD throughout the growing
season than the rest of the rootstocks evaluated. In fact, Reig et al. [28] reported low SPAD
values, below 30, for both rootstocks when Fe-chelate was not applied after fruit set through
harvest date in the 2019 season. These results therefore suggest that Rootpac-20 and Ishtara
could be equally sensitive to calcareous soil conditions for both Prunus species: almond
and peach, and that under conditions in which they receive insufficient Fe-chelate doses,
they may more readily present symptoms of chlorosis. It is also worth mentioning that in
the SPAD evaluation, the IRTA-1 rootstock showed a similar trend to that of GF-677, with
both producing their highest SPAD values on the last day of evaluation. In this case, their
genetic backgrounds were similar: peach × almond (Table 1). This trend was not, however,
observed when the ‘Big Top’ cultivar was evaluated. In summary, rootstocks from crosses
of Prunus cerasifera may be more susceptible to chlorosis in calcareous soils, as has been
widely reported by other authors [42,43].

Changes in ΦPSII were observed in rootstocks grafted with ‘Vairo’ almond cultivar.
The lowest value for ΦPSII associated with Rootpac-20 was in line with the SPAD values
and results reported by Yahmed et al. [15] for various almond cultivars. For ‘Soleta’ almond
grafted onto Rootpac-20 and GF-677, Casanova-Gascón et al. [30] reported values of over
0.8, indicating an absence of environmental stress in those trees. In our study, conducted
throughout the growing season vegetative cycle, all the rootstocks, for both ‘Vairo’ and ‘Big
Top’ cultivars, showed values close to 0.8, but always below this level, indicating that the
climatic conditions were up at the limit for stressing trees.

In this study, SWP was used to evaluate the plant water status. This parameter
was significantly affected by the rootstock × date interaction on both Prunus species.
Throughout the growing season, the rootstock distribution differed between the dates of
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evaluation and the Prunus species. The SWP decreased throughout the growing season in
both Prunus species evaluated, regardless of their rootstocks and despite all the trees being
watered. This decrease was also related to the increase in temperature and high evaporative
demands [44] registered during the growing season. ‘Vairo’ trees grown on Rootpac-R
showed the worst water status after the second evaluation date, whereas those grown
on Rootpac-40 exhibited the best water status throughout the growing season, producing
their highest value on the last evaluation date; this result agreed and was within the range
values reported by Yahmed et al. [15] under Tunisian conditions. One important difference
between the two rootstocks was their background, and particularly the absence of P. persica
in the case of Rootpac-R (Table 1). The low SWP values for Rootpac-R suggest that this
rootstock was acting as if it had a lower hydraulic conductivity or root biomass than the
others and that this caused a fall in stem water potential [12].

On the other hand, in our study, Rootpac-40 induced medium-to-low vigor in ‘Vairo’
almond cultivar. Under our climatic conditions, these results were not, therefore, in
agreement with previous studies [15]. They reported that dwarf rootstocks exhibited lower
SWP values than the most vigorous ones, and that this could have been related to the low
hydraulic conductivity of the root system of the dwarfing rootstock or to that at the graft
union. It is worth mentioning that Rootpac-20, which showed similarly low SWP values
to Rootpac-R at the beginning of the evaluation, subsequently exhibited an increase in its
values, which reached similar levels to those of the rest of the rootstocks evaluated by the
last day of evaluation. These results could suggest that despite both rootstocks displaying
low vigor, Rootpac-20 recovered earlier due to rain and its more superficial root system [7].
In fact, because of its combination of multiple fine superficial roots and a few (3 to 5) strong
roots, which give it good anchorage, it is able to stand upright without the need for any
support structure.

For ‘Big Top’ trees, Rootpac-40 rootstock showed the same tree water status tendency
as observed with ‘Vairo’ trees, but Rootpac-20 had the most unfavorable status. As reported
for ‘Vairo’, and in agreement with Yahmed et al. [15], Rootpac-40 rootstock seemed to be
very efficient in terms of water-use efficiency, regardless of the soil conditions or the scion
that they were grafted with.

Stomatal conductance (SC), which was used as an indicator of foliar transpiration and
plant water status, is related to the opening and closing of plant stomata. Stomatal closure
limits photosynthesis and therefore has an important influence on plant function, growth,
and yield [14]. As a result, stressed trees exhibited lower SC values when maintaining
adequate water levels. As mentioned above, the trees in this study were not drought
stressed, but the rootstock effect observed throughout the growing season was clearly
reflected in ‘Vairo’ trees. The Rootpac-R rootstock exhibited the worst SC values throughout
the growing season, whereas the rest of the rootstocks showed higher values after the fourth
evaluation date, with these being highest for the IRTA-1 and Rootpac-40 rootstocks. The
decrease in values for all the rootstocks from the third evaluation date until the last one
(in the summer period), combined with the decrease in SWP, observed in the same period,
could perhaps be explained by plants adapting by closing their stomata to regulate the
flux of water in response to the increase in temperature. However, not all rootstocks adapt
equally, as mentioned above. For ‘Big Top’, rootstock only slightly affected the SC values,
with the Prunus domestica rootstock, Penta, exhibiting the worst performance.

Fruit growth is the consequence of many different physiological processes that occur
simultaneously at the plant level; these are related to both plant status and environmental
conditions. When fruit growth is optimal, all the physiological processes within the tree are
efficient. However, when trees experience drought stress, fruit growth is highly affected by
SWP. In fact, their SWP decreases, and fruit growth rates tend to be reduced as it becomes
more and more difficult for the fruit to obtain water from the vascular tissue [11]. The
trees in this study were not drought stressed. For this reason, despite the rootstock effect
being present throughout the growing season, it was clearly reflected in tree water status
for both Prunus species, but not in fruit and kernel growth, which were expressed as fruit
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volume and kernel volume for ‘Vairo’ almond cultivar, and as fruit diameter for ‘Big Top’
nectarine cultivar. These results also confirmed that some rootstocks had lower hydraulic
conductivities than others.

At the orchard level, the fruit represents the actual economic target of production, and
the yield and yield efficiency are the maximum expressions of orchard profitability for
apple [45,46], peach [8], pear [47] and almond orchards [27]. Hernandez-Santana et al. [14]
have suggested that certain agronomic traits, such as vigor and yield parameters, and
even some quality attributes, are a consequence of differences in either the root system
architecture or the hydraulic properties of a given rootstock. These differences could
influence the transpiration rate through their effects on stem water potential and the control
of stomatal conductance. In agreement with this line of thought, GF-677, IRTA-1 and
Rootpac-40 induced the highest theoretical kernel yields. Best fruit weights were obtained
with GF-677, IRTA-1, IRTA-2 and Adesoto 101, and greater yield efficiencies resulted from
GF-677, IRTA-1 and Rootpac-40 in ‘Vairo’ trees. The lack of compatibility observed in
this trial and also reported by Lordan et al. [27] between some rootstocks with P. cerasifera
as a parent (Rootpac-20 and Rootpac-R) and ‘Vairo’ almond cultivar could also help to
explain the lower kernel yield and fruit weight values (Table 4). These results contrasted
from high values obtained with Rootpac-40 (P. Amygdalus × P. persica) or Adesoto 101
(P. insititia). In contrast, for other rootstocks, which also had P. cerasifera as a parent (such
as the vigorous rootstock IRTA-2), this lack of incompatibility could have been disguised;
this may have been the case with high vigor cultivars, such as ‘Vairo’ [27]. However, when
‘Vairo’ was grafted onto GF-677 rootstock, which was one of the most vigorous rootstocks
and produced intermediate SWP and SC values, it produced high yields and showed a
good level of kernel efficiency.

For ‘Big Top’ nectarine cultivar, Rootpac-20 and Rootpac-40 had similar performances
in terms of vigor and fruit yield. However, Rootpac-40 was more efficiently based on yield
efficiency values (Table 5) and fruit size (Figure 4) than Rootpac-20, as were Ishtara and
Adesoto 101. The results from this last rootstock agreed with those for previous long-term
studies of Prunus rootstocks grafted with ‘Big Top’ [28,40,48], despite the fact that more
and different rootstocks were evaluated. These results also suggested that rootstocks with
P. cerasifera (Rootpac-20) as a parent were not ideal in terms of compatibility for grafting
with ‘Big Top’ and other nectarine cultivars. Furthermore, different trials conducted with
Rootpac-40 and GF-677 rootstocks grafted with ‘Noracila’ and ‘Luciana‘ nectarine cultivars,
reported by Iglesias and Echeverría [8], clearly demonstrated the benefits of intensification
by combining size-controlling rootstock (Rootpac-40) and training systems (central leader)
in terms of early yields, cost reduction, fruit quality improvement and greater grower
profitability. In any case, for each specific cultivar × rootstock combination, the selection of
the right spacing is the fundamental consideration in order to reach optimum production
levels, as has been demonstrated for both almond [7] and peach [8]. The differences between
almond and peach trees concerning crop load management, the need for thinning and high
labor costs for peach management have a clear influence on the training system/rootstock
that should be used.

Finally, clustering the six common rootstocks on both the Prunus cultivars: ‘Vairo’
and ‘Big Top’, for the same, and most relevant, traits allowed us to confirm the different
performances of each one according to the cultivar with which it was grafted, and enabled
us to classify the rootstocks into three different large groups. These differences could
be largely attributed to how the genetic background of the rootstock interacted with the
genetic background of the cultivar.

5. Conclusions

This is the first report evaluating the physiological and agronomical performance
of different Prunus rootstocks grafted with scions from different Prunus species: almond
and peach. It is difficult to contrast our results with those of other studies as most of the
parameters evaluated have yet to be tested with ‘Vairo’ and ‘Big Top’, and particularly
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those which were evaluated before harvest and during the growing season. Based on our
results, and under our climatic conditions, the dwarfing rootstock IRTA-1 had the best
performance for ‘Vairo’ almond cultivar; this was followed by the GF-677 rootstock. Both
rootstocks presented high values on all traits evaluated. In contrast, the dwarfing rootstock
Rootpac-20 did not perform like any of the other rootstocks evaluated when it was grafted
with ‘Vairo’ almond cultivar; in fact, we observed a significant lack of compatibility, causing
low values on most of the traits evaluated. It did, however, perform well when grafted with
‘Big Top’ nectarine cultivar. Adesoto 101 and Ishtara also exhibited good performance for
‘Big Top’ nectarine cultivar. Rootpac-40 was the only rootstock which performed well on
both species. Finally, contrasting the agronomical performance of Prunus rootstocks grafted
with P. dulcis and P. persica could help Prunus rootstock breeders, and therefore also almond
and peach growers, to obtain more information prior to the release, or purchase, of what are
currently the most appropriate rootstocks. It is also important to point out that the interest
of a specific degree of vigor induced by the rootstock is dependent on the species. Thus,
in almond with an important degree of mechanization of pruning or harvesting, the final
volume of the tree is not a limiting factor. On the contrary, in peach where labor represents
the main cost of production, having reduced bidimensional with good accessibility canopies
from size-controlling rootstocks is the key factor for grower profitability.
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