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Abstract
Cultivation of almond in the Mediterranean region is traditionally done under rainfed conditions and poorly established cropping
practices resulting in low yields. Despite the importance of nitrogen (N) fertilization to increase yield in cultivated species, this
practice is usually neglected in rainfed managed almond orchards. Selection of the most appropriate rate and method of nitrogen
(N) application are utmost factors to maximize almond yield in the considered conditions. Therefore, the aim of this study was to
understand how soil and foliar N fertilization affect physiological and biochemical performance, almond yield, and fruit quality
of almond trees grown under rainfed conditions. A 3-year experiment comprised four soil-applied N rates (0, 25, 50, and
100 kg ha−1) with and without 0.5% foliar N application of urea during the growing season, which was arranged in a randomized
complete block design with three replications. Nitrogen soil fertilization did not influence the leaf gas exchange parameters and
the content of photosynthetic pigments but significantly improved almond yield. There were no particular advantages in foliar
fertilization. Soil application of small doses of fertilizer (e.g., 25 kg N ha−1) per year was optimal for maintaining appropriate
physiological behavior of almond trees under the conditions in which the experiment was carried out, without compromise
almond yield and fruit quality. Thus, the annual application at 25 kg N ha−1 enables substantial reduction of almond production
costs being a positive contribution to environment-friendly farming practices.
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1 Introduction

Almond (Prunus dulcis (Mill.) D.A.Webb.) is one of the most
important nut trees grown in the Mediterranean region, due to

its adaptation to drought (Prgomet et al. 2017). In this region,
almond is generally confined to marginal and non-irrigated
lands. The productivity of such orchards has been quite low
due to the traditional growing practices characterized by low
inputs of labor, fertilizers, and limited irrigation (Cordeiro and
Monteiro 2002). This led to the progressive abandonment of
almond cultivation.

Fertilization is an effective practice to increase the plant
growth, fruit yield, and quality of production (Kumar and
Ahmed 2014). In almonds, nitrogen (N) is one macronutrient
required in large amounts (Muhammad et al. 2018) since it is
vital for the growth of fruiting wood and for fruit growth and
development (Geisseler and Horwath n.d.). Nitrogen is in-
volved in the synthesis of many organic compounds, such as
amino acids, proteins, enzymes, and nucleic acids (Carranca
et al. 2018). It is linked to photosynthetic capacity and carbon
fixation (Khalsa et al. 2017), it participates in cell division and
growth of young tissues (Carranca et al. 2018), and it is espe-
cially important during flowering and fruit set (Brown and
Uriu 1996). Crop yield largely depends on the availability
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and accessibility of N in the soil (Grzebisz 2013). In fruits, N
influences skin color, size, flavor, and composition
(Mandapaka et al. 2017). However, under rainfed conditions,
N fertilization is usually neglected but this view tends to
change due to the increased importance of this type of agri-
culture in the Mediterranean countries (Valverde et al. 2015).

Two of the most common fertilization factors which can
affect the N use efficiency are N rate and N application meth-
od. Nitrogen rates should be adjusted to the almond crop de-
mand, guarantying maximum yield with minimum N loss
(Muhammad et al. 2018). Excessive use of N has resulted in
increasing luxuriant vegetative growth, susceptibility to dis-
eases, such as almond hull rot (Saa et al. 2016), production
costs (Hirel et al. 2011), and environmental damage
(Weinbaum et al. 1992). Besides, excess N can depreciate
the nutritional quality and bioactive properties of almonds
(Aires et al. 2018).

Regarding N application method, soil and foliar N fertili-
zation are commonly used in irrigated almond orchards
(Arrobas et al. 2019). Saa et al. (2017) concluded that a sup-
plementary fertilization to the almond leaves effectively en-
hanced spur leaf area, fruit, and leaf nitrogen concentration,
but no significant effects on spur survival and/or return bloom
were recorded.

Most of the data on N use in almond was obtained from
highly productive irrigated almond orchards and generally
suggested that the tree can respond to N applications up to
300 kg ha−1 year−1 when applied as fertigation (Muhammad
et al. 2018; O’Connell et al. 2016). However, under rainfed
conditions, little information is available on the proper rate of
N and/or N application method despite the importance of this
knowledge for improving N use efficiency.

Previous studies on two cultivars of almond (cv.
Masbovera and Glorieta) grown under rainfed conditions
showed that the application of N and boron (B) to the soil
significantly increased leaf, shell, and hull N and B concen-
trations but leaf sprays of N and B did not increase concentra-
tion of such nutrients in plant tissues (leaves, fruits, and
flowers) (Arrobas et al. 2019). Although leaf N strongly af-
fects photosynthesis (Regni and Proietti 2019), there is not
much information on the effect of N fertilization on the pho-
tosynthetic capacity and overall physiological performance of
almond trees under rainfed conditions. Therefore, the aim of
this study was to evaluate the influence of soil and foliar N
fertilization on the physiological and biochemical mecha-
nisms of almond trees, as well as on yield and fruit character-
istics. We hypothesized that soil and foliar N fertilization can
favorably affect the physiological performance of almond
trees and can also improve fruit yield and quality. The findings
from this study can help to define the best N management
practices on almond under rainfed poorly productive condi-
tions to optimize yield and fruit characteristics, and reduce the
negative effects of N loss on the environment.

2 Material and Methods

2.1 Site Description

The field experiment was carried out at Alfândega da Fé in NE
Portugal (41° 21′ N, 6° 57′W, 576 m a.s.l.), on a 12-year-old
commercial almond (Prunus dulcis cv.Masbovera, grafted on
GF-677 rootstock) orchard of 9.5 ha, planted at 6 × 4 m, dur-
ing three consecutive years (2015 to 2017). The climate is of
Mediterranean type (Köppen climate classification: Csb).
Long-term data (1971–2010) from the nearest weather station
at Mirandela shows an average temperature between 6.3 °C
(January) and 23.9 °C (August) and a mean annual rainfall of
508.6 mm. Most rainfall occurs in fall and winter. During the
study period, 2016 was characterized by high weather insta-
bility, especially concerning the rainfall (Fig. 1). The intense
and continuous precipitation in spring, during blossom,
caused a marked flower drop in most trees, affecting pollina-
tion and fruit formation. On the contrary, the first (2015) and
the third (2017) years of the experiment were very similar in
terms of precipitation (Fig. 1). Meteorological data from an
automatic weather station located near the almond orchard
indicated that for the study period, the warmest and the coldest
months were July 2016 and January 2017, respectively. The
field experiment was established in a loamy textured dystric
Regosol. At the start of the experiment, soil oxidizable carbon
Cwas 14.8 g kg−1 (Walkley-Blackmethod); total nitrogen (N)
was 1.5 g kg−1 (Kjeldahl method); NO3

− was 55.9 mg kg−1

(2 M KCl, spectrophotometry UV); NH4
+ was 36.9 mg kg−1

(phenate method for ammonia); extractable boron (B) was
1.2 mg kg−1 (azomethine method); extractable potassium
(K) and extractable phosphorus (P) were 151.4 mg kg−1 and
31.0 mg kg−1, respectively (ammonium-lactate method); ex-
changeable calcium (Ca), magnesium (Mg), potassium (K),
acidity, aluminum (Al), and cation exchange capacity (CEC)
were 3.7, 0.8, 0.4, 0.3, 0.2, and 6.1 cmolc kg

−1 (ammonium
acetate method, pH 7); pH (H2O) was 5.2; and pH (KCl) was
4.3.

2.2 Fertilizer Treatments

The experiment was conducted through a randomized com-
plete block design with four soil N fertilization rates (0, 25, 50,
and 100 kg ha−1), applied as ammonium nitrate (20.5% N),
and three replications (blocks). In each block, half of the plots
were supplemented with three foliar sprays of N (0.5% N as
urea (46%), 4.4 L water tree−1, during the growing season).
Therefore, each block consisted of 24 plots (four main plots
divided in two subplots) of three similar trees. Soil N fertili-
zation was assigned to the main plots and foliar N sprays were
applied to the subplots. The highest N fertilization to the soil
(100 kg ha−1) was set based on the recommended N fertiliza-
tion for rainfed almond orchards in Portugal (LQARS
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(Laboratório Químico Agricola Rebelo da Silva) 2006), and
the reduced rates were applied to establish the minimum rate
of this macronutrient. The N treatments were labeled as N0
(no soil N fertilizer), N25 (25 kg ha−1 in soil), N50 (50 kg ha−1

in soil), N100 (100 kg ha−1 in soil), F0 (no foliar application of
urea), and F3 (foliar application of urea). Soil N application
occurred once a year (late in March, shortly after bloom), and
foliar applications were performed two or three times during
the growing season (May, July, and August 2015; and June,
July, and September 2016; and May and July 2017, since an
application was at post-harvest and the experiment ended after
the third harvest). All treatments received soil and foliar phos-
phorus (P2O5) and potassium (K2O) at the rate of
50 kg ha−1 year−1.

Every 3 years, the almond orchard was submitted to a more
severe pruning. During this experiment, the almond trees were
pruned more intensively in January 2016 and subjected to
light pruning in 2015 and 2017. No phytosanitary treatments
were applied during the experimental period.

2.3 Data Collection

During the experiment, measurements of leaf gas exchange,
relative water content, and electrolyte leakage were realized at
the harvest date (September). Leaves from around the canopy
were collected to determine leaf photosynthetic pigments.
Almond fruits were also harvested with a trunk shaker and
the yield per tree was recorded. A subsample of fresh fruits
was intended for laboratory analysis.

2.4 Leaf Gas Exchange Measurements

Leaf gas exchange measurements were performed on the up-
permost fully expanded leaf from the middle of the canopy of
three plants per treatment, by using an open portable Infrared

Gas Analyzer System (LCpro+, Hoddesdon, England) with a
2.5-cm2 leaf chamber (ADC-PLC). The measurements were
made in situ at midday (13.00–14.30 h), under a photosyn-
thetic photon flux density (PPFD) always greater than
1500 μmol m−2 s−1. Net CO2 assimilation rate (A,
μmol CO2 m− 2 s−1 ) , s tomata l conductance (g s ,
mmol H2O m−2 s−1), transpiration rate (E , mmol
H2O m−2 s−1), and the ratio of internal to atmospheric CO2

concentration (Ci/Ca) were estimated from gas exchange mea-
surements using the equations derived by von Caemmerer and
Farquhar (1981). Intrinsic water-use efficiency (WUE) was
determined by dividing A by gs (mmol m−2 s−1) following
Iacono et al. (1998).

2.5 Relative Water Content and Electrolyte Leakage
Determination

For the determination of relative water content (RWC), one
leaf per tree was immediately placed into air-tight containers.
RWC was calculated according to the expression of Filella
et al. (1998): RWC (%) = (FW −DW)/(TW −DW) × 100,
where FW is the fresh weight (g), DW is the dry weight (g),
after the leaves were dried at 70 °C to a constant weight, and
TW is the fresh weight at full turgor (g) after immersion of leaf
petioles in distilled water for 24 h at 4 °C in the dark.

The membrane permeability of leaves was evaluated by
electrolyte leakage (EL), as described by Lutts et al. (1996).
Leaf discs (0.8 cm diameter), previously washed with deion-
ized water to remove all surface-adhered electrolytes, were
placed in tubes containing 10 ml deionized water and incubat-
ed at 25 °C on a shaker for 24 h. After this period, the electrical
conductivity of the bathing solution (CE1) was determined,
and the tubes were then autoclaved at 120 °C for 20 min and
maintained at 25 °C. A new reading of electrical conductivity

Fig. 1 Mean air temperature and
total precipitation observed in
Portugal from 1931 to 2017. The
3 years of this experiment (2015,
2016, and 2017) are marked with
white circles (adapted from IPMA
2017)
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(CE2) was done, and the EL was calculated as EL = CE1/CE2

and expressed on a percentage basis.

2.6 Photosynthetic Pigments in Leaves

Quantification of photosynthetic pigments (chlorophyll a [chl
a], chlorophyll b [chl b], total chlorophyll [chl t], and total
carotenoids [carot.]) was analyzed in leaf discs (0.8 cm diam-
eter), collected immediately after leaf gas exchange readings,
frozen in liquid nitrogen, and stored at − 80 °C prior to anal-
ysis. Photosynthetic pigments were extracted in 80% acetone
(v/v), according to Sesták et al. (1971) and Lichtenthaler
(1987), for chlorophyll and total carotenoid determination,
respectively.

2.7 Yield and Fruit Quality Traits

Almond fruits were collected per tree in September and
weighed fresh. Almond yield (t ha−1) was determined for each
treatment. Three samples of 50 fruits each were dried at room
temperature for 1 month. After that, the mass of the nut and
kernel were recorded and the number of fruits per kilogram
was also determined as a measure of almond yield (Reidel
et al. 2001).

2.8 Statistical Analysis

To analyze all data along the 3-year period of the experiment,
repeated measures ANOVA with year of observation as a
within-subject factor and soil and foliar N fertilization as
between-group factors was performed. For each year, differ-
ences between soil N fertilization and foliar N fertilization
were analyzed by a two-way ANOVA. Assumptions of nor-
mality and homogeneity of variance were tested with Shapiro-
Wilk W statistic and Levene’s test, respectively. Mean differ-
ences were separated with the Tukey HSD test at a 5% level of
significance. Principal component analysis (PCA) was used to
get an overall view of the relationship between all measured
parameters.

Statistical analyses were handled using JMP software 7.0
(SAS Institute Inc., Cary, NC, USA). Multivariate analysis
with PCA was performed using Statistica 8 (StatSoft Inc.)
program.

3 Results

3.1 Leaf Gas Exchange Parameters

Leaf gas exchange parameters varied significantly (p < 0.05)
during the experimental period (Table 1). Significantly higher
E, gs, Ci/Ca, and A were observed in the second year, 2016,
while A/gs presented an inverse behavior, peaking in 2015 and

2017 (Table 2). Interestingly, there were no significant differ-
ences in most of the leaf gas exchange parameters between the
first and third years of the experiment (Table 2). In all years of
the experiment (Table 3), the soil fertilization tended to in-
crease E, gs, and A in relation to the N0 treatment, but the
same trend was not observed with A/gs. In fact, only the
N25 treatment (25 kg N ha−1) allowed an increase in the A/
gs values, independently of the year, in relation to the N0
treatment. In 2015 and 2016, maximum E, gs and A values
were achieved with N rate of 25 kg N ha−1, while in 2017,
there was not a clear pattern. Foliar sprays of N did not influ-
ence any of the leaf gas exchange parameters. With respect to
the interaction, none of the combined effects of soil and foliar
fertilization was significant (p > 0.05) in all leaf gas exchange
parameters in each year.

PCA analysis performed with gas exchange parameters
(Fig. 2) showed that the two first component axes accounted
about 50% of the variability of the data set. In this case, A, gs,
and E presented the same variance and were strongly and
positively correlated. In turn, there was an inverse effect of
A/gs and Ci/Ca. The 3 years of the experiment were very dif-
ferent, with 2016 showed an opposite behavior in relation to
2015 and 2017.The N0, N100, and F3 treatments were located
on the left side, while the N25, N50, and F0 treatments were
located on the right side, forming two well-separated groups,
resulted in a clear similarity in the physiological behavior of
almond plants subjected to such N treatments.

3.2 Relative Water Content and Electrolyte Leakage

The leaf relative water content (RWC) varied significantly
with year and foliar fertilization (Table 1). Generally, the
RWC values followed the same trend as leaf gas exchange
parameters (Table 2), being higher in 2016 (77.6% against
72.2% in 2015 and 73.6% in 2017). In each year of the exper-
iment, the application of N to the soil did not significantly
change RWC (p > 0.05) (Fig. 3). In 2015 and 2016, the dif-
ferences between both treatments of foliar N fertilization (F0
and F3) were not statistically significant. However, in 2017,
leaf RWC was significantly higher in the absence of foliar
application of N (Fig. 3).

In terms of the influence of each factor on electrolyte leakage
(EL), differences were only observed among years (Table 1).
Overall, 2015 had the highest EL (37.0%) among the 3 years
of study (26.8% in 2017 and 14.3% in 2016). Soil and foliar N
application did not influence annual EL values (Fig. 4).

3.3 Photosynthetic Pigments

The content of photosynthetic pigments was significantly af-
fected (p < 0.001) by year of the experiment (Table 1), but
there was not a consistent trend. Chl a, chl b, chl t, and the
ratio chl t/carot presented a clear accumulation of its content in
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the third year of the experiment (2017). On the contrary, the
highest chl a/chl b ratio and carotenoids were observed in
2015 (Table 2). When looking to the effect of soil and foliar

N fertilization in each year (Table 4), there was a lack of
significant influence of both factors in the third year of the
experiment. The N soil fertilization influenced the majority of
photosynthetic pigments in 2015 and 2016, except the chl a/
chl b and chl t/carot ratios. In general, any application of N to
the soil promoted the formation of chl a, chl b, chl t, and carot
when compared with the control treatment (N0) and the effect
was most evident when N fertilization is used at the rate
100 kg ha−1. In turn, application of N by foliar spray did not
significantly increase the content of such photosynthetic pig-
ments. The effect of N foliar fertilization only was significant
on the chl a/chl b and chl t/carot ratios determined in 2015, but
no clear trend was visible. For all photosynthetic pigments, the
interaction effects of soil and foliar N fertilization were not
significant (p > 0.05).

The PCA analysis of the photosynthetic pigments data is pre-
sented in Fig. 5. Loading plot for the 1st and 2nd axes explained
28.0% and 18.6% of the total variance, respectively. According
to this analysis, chl a/chl b and chl t/carot ratios were negatively
correlated, while the photosynthetic pigments chl a, chl b, and
chl twere more highly clustered, reflecting the close relationship
between them.This analysis also showed a contrasting separation
between the 3 years of the study. In terms of fertilization, there
was a similarity between N soil fertilization at the rates
25 kg ha−1 (N25) and no N foliar (F0) fertilization.

3.4 Almond Yield and Fruit Quality Traits

On average, almond yield was higher in the first and third
years of the study, respectively, reflecting a strong

Table 1 Results from repeated
measures ANOVA of the effects
of soil and foliar N fertilization
throughout time (year) on leaf gas
exchange parameters (E, gs, Ci/
Ca, A, A/gs), RWC, EL, photo-
synthetic pigments (chl a, chl b,
chl t, chl a/chl b, carot, chl t/
carot), yield, and its components
(almonds per kg, nut, and kernel
mass)

Year Year × soil Year × foliar Year × soil × foliar

E (mmol m−2 s−1) 0.000 0.559 0.260 0.878

gs (mmol m−2 s−1) 0.000 0.569 0.190 0.782

Ci/Ca (μmol mol−1) 0.000 0.952 0.117 0.201

A (μmol m−2 s−1) 0.000 0.684 0.205 0.972

A/gs (μmol mol−1) 0.000 0.431 0.407 0.208

RWC (%) 0.000 0.362 0.017 0.341

EL (%) 0.000 0.794 0.053 0.393

Chl a (mg g−1) 0.000 0.472 0.594 0.269

Chl b (mg g−1) 0.000 0.913 0.988 0.235

Chl t (mg g−1) 0.000 0.929 0.344 0.445

Chl a/chl b 0.000 0.245 0.746 0.773

Carot (mg g−1) 0.016 0.574 0.979 0.967

Chl t/carot 0.000 0.918 0.997 0.212

Yield (t ha−1) 0.000 0.000 0.160 0.442

Almonds per kg 0.000 0.412 0.140 0.406

Nut mass (g) 0.000 0.610 0.261 0.676

Kernel mass (g) 0.000 0.834 0.175 0.636

Only the within-subjects are shown. Significant differences are marked in italics

Table 2 Values (mean ± standard error) of leaf gas exchange
parameters (E, gs, Ci/Ca, A, A/gs), RWC, EL, photosynthetic pigments
(chl a, chl b, chl t, chl a/chl b, carot, chl t/carot), yield, and its components
(almonds per kg, nut, and kernel mass). For each parameter, different
letters indicate significant differences (p < 0.05) according to Tukey’s
HSD test

2015 2016 2017

E (mmol m−2 s−1) 1.08 ± 0.15 a 2.15 ± 0.20 b 1.17 ± 0.13 a

gs (mmol m−2 s−1) 18.97 ± 2.83 a 45.88 ± 4.95 b 26.80 ± 3.33 a

Ci/Ca (μmol mol−1) 0.49 ± 0.02 a 0.61 ± 0.01 b 0.49 ± 0.01 a

A (μmol m−2 s−1) 1.80 ± 0.31 a 3.22 ± 0.35 b 2.57 ± 0.31 b

A/gs (μmol mol−1) 111.56 ± 4.95 b 77.28 ± 2.12 a 109.53 ± 2.65 b

RWC (%) 72.22 ± 0.63 a 77.63 ± 0.51 b 73.61 ± 0.86 a

EL (%) 37.05 ± 0.65 c 14.30 ± 0.34 a 26.80 ± 0.88 b

Chl a (mg g−1) 2.56 ± 0.09 a 2.60 ± 0.08 a 3.53 ± 0.10 b

Chl b (mg g−1) 0.92 ± 0.06 a 1.23 ± 0.05 b 1.34 ± 0.10 b

Chl t (mg g−1) 3.41 ± 0.13 a 3.87 ± 0.14 a 5.53 ± 0.20 b

Chl a/chl b 2.83 ± 0.06 c 2.08 ± 0.07 a 2.44 ± 0.11 b

Carot (mg g−1) 0.63 ± 0.02 b 0.53 ± 0.02 a 0.56 ± 0.02 a

Chl t/carot 5.35 ± 0.09 a 7.43 ± 0.37 b 10.63 ± 0.81 c

Yield (t ha−1) 4.10 ± 0.21 b 0.06 ± 0.01 a 3.68 ± 0.21 b

Almonds per kg 227 ± 9 a 221 ± 4 a 358 ± 5 b

Nut mass (g) 4.64 ± 0.16 b 4.70 ± 0.09 b 2.89 ± 0.04 a

Kernel mass (g) 1.08 ± 0.03 b 1.32 ± 0.02 c 0.89 ± 0.01 a
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variability among years (p < 0.001), especially in 2016
(Tables 1 and 2). Almond yield also was differently influ-
enced by N soil fertilization (Table 1). Considering the
effect of soil and foliar N fertilization in each year, any N
soil treatment tended to increase almond production
(p < 0.001) in relation to the control treatment (N0) espe-
cially in 2015 and 2017 (Fig. 6). In 2015, the highest al-
mond productions were obtained in the N100 treatment
(5.62 ± 0.46 t ha−1), about 114% more than the N0 treat-
ment, and in the N50 treatment (4.49 ± 0.36 t ha−1), 62%
more than the N0 treatment. In the last year of the study
(2017), the greatest production was obtained with an appli-
cation of 25 kg N ha−1 to the soil (N25), with 4.52 ±

0.34 t ha−1, which was about 60% higher when compared
with the N0 treatment. In turn, the minimum yield in 2015
and 2017 was recorded in the N0 treatment (2.63 ±
0.23 t ha−1 and 2.85 ± 0.36 t ha−1, respectively). In 2016,
almond yield was minimal (0.06 ± 0.01 t ha−1) indicating a
clear pattern of alternate bearing. After the 3-year experi-
mental period, almond yield increased with the application
of N to the soil (p = 0.0001), representing a 50–65% in-
crease with respect to the N0 treatment (Fig. 6). Foliar N
application failed to improve (p > 0.05) almond yield in any
of the years of the study and at the end of the 3-year period.
The combination of soil and foliar N fertilization did not
produce significant differences on almond yield (Fig. 6).

Table 3 Transpiration rate (E), stomatal conductance (gs), ratio of
internal to atmospheric CO2 (Ci/Ca), net CO2 assimilation rate (A), and
water-use efficiency (A/gs) of almond leaves in the 2015–2017 period.
Data are means ± standard error. Following two-way ANOVA, for each

parameter, different lowercase letters indicate significant differences
(p < 0.05) among N soil (N0, N25, N50, and N100) and capital letters
represent significant differences between N foliar (F0 and F3) treatments,
according to Tukey’s HSD test

Year Fertilization E (mmol m−2 s−1) gs (mmol m−2 s−1) Ci/Ca (μmol mol−1) A (μmol m−2 s−1) A/gs (μmol mol−1)

2015 Soil N0 0.75 ± 0.06 a 12.02 ± 1.09 a 0.45 ± 0.02 a 1.37 ± 0.13 a 115.31 ± 6.28 a

N25 1.46 ± 0.29 a 26.56 ± 5.56 a 0.46 ± 0.05 a 3.10 ± 0.74 a 124.69 ± 3.61 a

N50 1.09 ± 0.33 a 19.40 ± 6.08 a 0.49 ± 0.04 a 2.18 ± 0.74 a 105.42 ± 8.46 a

N100 1.17 ± 0.43 a 17.89 ± 7.54 a 0.52 ± 0.06 a 1.93 ± 0.85 a 99.29 ± 14.31 a

Foliar F0 1.07 ± 0.18 A 19.41 ± 3.61 A 0.44 ± 0.02 A 2.28 ± 0.40 A 118.59 ± 5.26 A

F3 1.17 ± 0.24 A 18.52 ± 4.52 A 0.52 ± 0.03 A 2.01 ± 0.57 A 101.87 ± 7.70 A

Two-way ANOVA

Soil (S) 0.344 0.268 0.686 0.283 0.183

Foliar (F) 0.893 0.860 0.058 0.654 0.079

S × F 0.096 0.056 0.189 0.078 0.076

2016 Soil N0 1.78 ± 0.29 a 35.24 ± 6.30 a 0.61 ± 0.02 a 2.79 ± 0.52 a 77.14 ± 3.73 a

N25 2.48 ± 0.37 a 55.51 ± 9.45 a 0.59 ± 0.02 a 4.42 ± 0.65 a 82.65 ± 4.67 a

N50 2.26 ± 0.36 a 48.15 ± 8.93 a 0.63 ± 0.03 a 3.50 ± 0.60 a 73.14 ± 6.27 a

N100 1.70 ± 0.50 a 44.61 ± 14.11 a 0.62 ± 0.02 a 3.30 ± 0.94 a 75.98 ± 4.29 a

Foliar F0 2.18 ± 0.74 A 51.13 ± 6.53 A 0.61 ± 0.01 A 3.91 ± 0.47 A 77.03 ± 3.29 A

F3 1.96 ± 0.30 A 40.63 ± 7.39 A 0.61 ± 0.01 A 3.10 ± 0.50 A 77.42 ± 3.54 A

Two-way ANOVA

Soil (S) 0.478 0.502 0.586 0.399 0.642

Foliar (F) 0.538 0.275 0.955 0.238 0.941

S × F 0.274 0.140 0.906 0.245 0.853

2017 Soil N0 1.01 ± 0.17 a 22.10 ± 4.36 a 0.49 ± 0.03 a 2.54 ± 0.55 a 111.68 ± 6.23 a

N25 1.08 ± 0.21 a 24.91 ± 5.28 a 0.45 ± 0.02 a 3.00 ± 0.63 a 121.03 ± 4.32 a

N50 1.39 ± 0.30 a 32.40 ± 7.55 a 0.51 ± 0.02 a 3.46 ± 0.83 a 105.11 ± 5.51 a

N100 1.90 ± 0.35 a 27.80 ± 9.41 a 0.50 ± 0.02 a 2.89 ± 0.89 a 108.14 ± 5.19 a

Foliar F0 1.38 ± 0.16 A 33.18 ± 4.27 A 0.48 ± 0.02 A 3.68 ± 0.40 B 112.96 ± 4.23 A

F3 0.95 ± 0.19 A 20.43 ± 4.55 A 0.50 ± 0.02 A 2.26 ± 0.51 A 110.02 ± 3.78 A

Two-way ANOVA

Soil (S) 0.710 0.689 0.299 0.810 0.257

Foliar (F) 0.099 0.057 0.534 0.049 0.611

S × F 0.211 0.246 0.656 0.295 0.633

Significant differences are marked in italics
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The number of almonds by kilogram (Table 1), used as a
measure of almond yield and almond dimensions, was more
dependent on the year of the study (p < 0.001) than the soil or
foliar N fertilization (p > 0.05). The average number of al-
monds by kilogram was higher in 2017 (358 ± 5) and de-
creased by 36% in 2015 (227 ± 9) and 38% in 2016 (221 ±
4). When data were analyzed separately for each year, the
number of almonds per kilogram was influenced neither by
soil fertilization nor by the application of N via foliar spray.
No significant interactions were also found for this parameter.

Regarding the nut mass (shell + kernel), there was a signif-
icant variation among years (p < 0.001) displaying an inverse
behavior than those observed with almonds per kilogram
(Table 2). The highest nut mass was observed in the second
year of the study (4.73 ± 0.03 g), distinct from those deter-
mined in the first (4.57 ± 0.03 g) and the third years (2.93 ±
0.01 g). Similarly, the kernel mass also presented the same
trend (p < 0.001); i.e., the second year of the study was respon-
sible for the highest kernel mass (1.30 ± 0.04 g), followed by
the first year (1.08 ± 0.01 g) and the third year (0.91 ± 0.04 g).
Soil and foliar N applications did not significantly affect the
nut and kernel mass in any of the individual years (Table 5).
For both parameters, the interaction effects between soil and
foliar N application were not significant (p > 0.05).

The PCA determined strong differences in almond yield
and fruit quality parameters among years of study. The first
principal component (PC1) accounted for 33.7% of the total
variation, and the second component (PC2) for 16.0% of the
variation (Fig. 7). The third year of the study (2017) formed a
separated group with an inverse position to 2016 and 2015 and
is mostly associated with yield and its component (number of
almonds per kilogram). On the other hand, 2015 and 2016

were more associated with fruit quality traits (kernel and nut
mass). Concerning N soil and foliar fertilization, F3, N50, and
N100 were displayed on the positive side and were associated
with yield, while N0, N25, and F0 were more associated with
fruit characteristics.

4 Discussion

Production of the rainfed almond orchard varied considerably
during the experiment (Tables 1 and 2 and Fig. 6), for climatic
(unsuitable precipitation observed in 2016) and botanical rea-
sons (alternate bearing behavior of almond trees). The occur-
rence of the later phenomenon is highly dependent on the
nutritional status of the tree, and N is recognized as the most
important nutrient for reducing the negative impacts of alter-
nate bearing (El-Motaium et al. 2019). In each year of the
experiment and after three consecutive years, soil application
of N improved significantly almond yield, even in the second
year of the study (2016), when the yield was very low (Fig. 6).
The beneficial effect of soil N fertilization in reducing the
severity of alternate bearing has also been documented in oth-
er tree species, such as mango (El-Motaium et al. 2019) and
avocado (Lovatt 2001). An increase in production following
application of N to the soil has been observed in irrigated
almonds (Weinbaum et al. 1994; Muhammad et al. 2018) as
well as in other tree crops, such as chestnut (Rodrigues et al.
2020). The mechanism by which N increases yield is that
deciduous trees like almonds use N and carbohydrates applied
in the previous year for new growth in the present growing
season (Bi et al. 2004). Unlike soil N fertilization, foliar sup-
plementation with the same nutrient did not enhance almond
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yield (Fig. 6). This result contradicts the general consensus
that foliar sprays of N as supplementary to soil fertilization
may help in maximizing the N uptake for better crop produc-
tion and minimizing N losses (Amiri et al. 2008). As pointed
out by Rodrigues et al. (2006), plants tended to respond to the
N fertilization with an increase in yield and leaf N content. As
such, the no yield response of almond trees with leaf N sprays
can be explained by the null effect of this type of fertilization
on leaf N content (Regni and Proietti 2019). According to the
results of Arrobas et al. (2019) for the same conditions in
which this study was carried out, the N concentration of leaves

remained relatively constant between foliar and no foliar N
fertilization, further suggesting that it is not necessary to com-
bine soil and foliar N fertilization to achieve high almond
yield. In this particular situation, the amount of N required
for almond production seems to be completely supplied from
application of N to the soil. In most fruit trees, fruit size tends
to decrease in heavy crop years (Gunes et al. 2010) and our
results proved it (Table 5). Famiani et al. (2000), in chestnut;
Gunes et al. (2010), in pistachio; Muhammad et al. (2018), in
almond; and Neilsen et al. (2009), in apple, also reported that
an increase in the number of fruits per tree is associated with a
decrease in fruit weight. In many studies, it has been reported

Fig. 3 Relative water content (RWC) on almond leaves throughout
2015–2017. P represents the probability associated with N soil (N0,
N25, N50, and N100) and N foliar (F0 and F3) fertilization. Data are
means ± standard error. Different lowercase letters indicate significant
differences (p < 0.05) among N soil (N0, N25, N50, and N100), and
capital letters represent significant differences between N foliar (F0 and
F3) treatments, according to Tukey’s HSD test

Fig. 4 Electrolyte leakage (EL) on almond leaves throughout 2015–
2017. Data aremeans ± standard error. Different lowercase letters indicate
significant differences (p < 0.05) among N soil (N0, N25, N50, and
N100), and capital letters represent significant differences between N
foliar (F0 and F3) treatments, according to Tukey’s HSD test
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that N fertilization causes significant increases in fruit weight
(Weinbaum et al. 1995). However, in this study, soil and foliar
N fertilization did not influence fruit weight (nut and kernel)
and fruit number of almond trees (Table 5). This differential
result indicates that there are other factors behind fertilization
that can directly affect nut size, such as pruning. As described
previously, this almond orchard was subjected to heavy prun-
ing in 2016, which affected the fruit characteristics in the year
and the following year.

Previous studies have showed that an appropriate N rate is
essential for improving photosynthetic efficiency (El-Sonbaty
et al. 2012; Shangguan et al. 2000). In the present experiment,

soil application of N favored higher annual values of all gas
exchange parameters (Table 3). The maximum values of such
parameters were observed at 25 kg N ha−1, which superiority
is closely related to photosynthetic (A) and transpiration rates
(E) and stomatal conductance (gs) (Fig. 2). An adequate avail-
ability of N can maintain the gas exchange process, stimulat-
ing the opening of the stomata, thereby increasing the stomatal
conductance, transpiration, and rate of photosynthesis
(Lambers et al. 1998; Proietti et al. 2012). On the contrary,
none of the parameters related to leaf gas exchange was pos-
itively influenced by foliar N fertilization which should be due
to the sufficient N concentration in leaves. In fact, Arrobas

Table 4 Concentration of photosynthetic pigments (chl a, chl b, chl t,
chl a/chl b, carot, chl t/carot) of almond leaves in the 2015–2017 period.
Data are means ± standard error. Following two-way ANOVA, for each
parameter, different lowercase letters indicate significant differences

(p < 0.05) among N soil (N0, N25, N50, and N100) and capital letters
represent significant differences between N foliar (F0 and F3) treatments
according to Tukey’s HSD test

Year Treatments Chl a (mg g−1) Chl b (mg g−1) Chl t (mg g−1) Chl a/chl b Carot (mg g−1) Chl t/carot

2015 N0 2.33 ± 0.16 a 0.83 ± 0.05 a 3.16 ± 0.21 a 2.80 ± 0.06 a 0.59 ± 0.03 a 5.35 ± 0.10 a

Soil N25 2.40 ± 0.14 ab 0.86 ± 0.06 ab 3.26 ± 0.19 ab 2.82 ± 0.07 a 0.60 ± 0.03 ab 5.54 ± 0.15 a

N50 2.67 ± 0.13 ab 0.96 ± 0.05 ab 3.63 ± 0.18 ab 2.81 ± 0.06 a 0.64 ± 0.03 ab 5.68 ± 0.11 a

N100 2.93 ± 0.15 b 1.04 ± 0.06 b 3.97 ± 0.21 b 2.85 ± 0.07 a 0.71 ± 0.03 b 5.57 ± 0.12 a

Foliar F0 2.55 ± 0.09 A 0.94 ± 0.04 A 3.49 ± 0.13 A 2.73 ± 0.04 A 0.61 ± 0.02 A 5.64 ± 0.08 AB

F3 2.62 ± 0.12 A 0.91 ± 0.04 A 3.53 ± 0.16 A 2.91 ± 0.04 B 0.65 ± 0.02 A 5.33 ± 0.08 A

Two-way ANOVA

Soil (S) 0.024 0.042 0.025 0.941 0.031 0.120

Foliar (F) 0.627 0.566 0.847 0.003 0.203 0.010

S × F 0.916 0.586 0.840 0.118 0.923 0.395

2016 N0 2.19 ± 0.09 a 1.15 ± 0.05 a 3.33 ± 0.14 a 1.93 ± 0.06 a 0.44 ± 0.02 a 7.32 ± 0.25 a

Soil N25 2.52 ± 0.16 ab 1.24 ± 0.07 ab 3.89 ± 0.27 ab 1.99 ± 0.06 a 0.52 ± 0.03 ab 7.72 ± 0.68 a

N50 2.66 ± 0.15 ab 1.29 ± 0.06 ab 4.06 ± 0.24 ab 2.08 ± 0.05 a 0.53 ± 0.03 ab 8.01 ± 0.71 a

N100 3.03 ± 0.12 b 1.49 ± 0.06 b 4.52 ± 0.16 b 2.12 ± 0.08 a 0.62 ± 0.04 b 7.59 ± 0.44 a

Foliar F0 2.52 ± 0.11 A 1.28 ± 0.05 A 3.85 ± 0.17 A 1.98 ± 0.04 A 0.51 ± 0.02 A 7.76 ± 0.38 A

F3 2.66 ± 0.11 A 1.29 ± 0.05 A 4.02 ± 0.17 A 2.08 ± 0.05 A 0.54 ± 0.03 A 7.64 ± 0.45 A

Two-way ANOVA

Soil (S) 0.003 0.011 0.013 0.136 0.012 0.840

Foliar (F) 0.342 0.849 0.500 0.121 0.458 0.818

S × F 0.534 0.426 0.683 0.832 0.502 0.336

2016 N0 3.37 ± 0.23 a 1.31 ± 0.23 a 5.24 ± 0.42 a 2.50 ± 0.25 a 0.56 ± 0.03 a 9.53 ± 1.54 a

Soil N25 3.61 ± 0.21 a 1.34 ± 0.22 a 5.48 ± 0.42 a 2.28 ± 0.24 a 0.52 ± 0.05 a 11.75 ± 1.78 a

N50 3.55 ± 0.19 a 1.36 ± 0.22 a 5.58 ± 0.34 a 2.47 ± 0.23 a 0.59 ± 0.05 a 10.06 ± 1.27 a

N100 3.70 ± 0.20 a 1.52 ± 0.16 a 5.90 ± 0.46 a 2.19 ± 0.19 a 0.58 ± 0.05 a 11.02 ± 2.04 a

Foliar F0 3.33 ± 0.20 A 1.49 ± 0.13 A 5.76 ± 0.26 A 2.21 ± 0.14 A 0.55 ± 0.03 A 10.79 ± 1.02 A

F3 3.54 ± 0.16 A 1.26 ± 0.15 A 5.28 ± 0.31 A 2.52 ± 0.17 A 0.56 ± 0.03 A 10.46 ± 1.29 A

Two-way ANOVA

Soil (S) 0.754 0.818 0.676 0.607 0.740 0.793

Foliar (F) 0.961 0.348 0.326 0.177 0.873 0.959

S × F 0.164 0.790 0.290 0.509 0.926 0.259

Significant differences are marked in italics
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et al. (2019), for the same N rates, found that foliar application
of N fertilizer had no significant effect on leaves N concentra-
tion. The lack of positive effect of foliar application of N on
leaf photosynthesis was also reported by Regni and Proietti
(2019) on olive tree. Since photosynthetic capacity is closely
related to leaf N content (Makino 2011), it can be deduced
that, under the conditions in which this experiment was carried
out, almond trees did not benefit from a supplementary foliar
N application. The maintenance of perfect physiological func-
tions and growth is highly dependent on the plant water status
(Saud et al. 2017). In the present study, soil N fertilization had
little effect on leaf relative water content (RWC) (Fig. 3);
however, its use can attenuate the negative effects of water

shortage typical of rainfed conditions. In turn, the use of foliar
sprays of N did not provide similar benefits. Regarding (EL),
soil and foliar N fertilization did not have substantial effect on
the integrity of cellular membranes (Fig. 4). Therefore, these
results reveal that under the particular conditions of the pres-
ent study, application of N to the soil would help almond
plants to defense against reduced water availability. The re-
sponse of almond trees to N fertilization was also evaluated
based on biochemical traits, namely leaf photosynthetic pig-
ments. Chlorophyll and carotenoid contents were clearly de-
pendent on the year factor (Tables 1 and 2 and Fig. 5), being
influenced by weather conditions throughout the year.
Regarding the effect of N treatments (Table 4), the results
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Fig. 6 Almond yield (t ha−1)
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revealed that application of N to the soil resulted in an advan-
tageous response for almost all photosynthetic pigments eval-
uated in this study, mainly chl a, chl b, chl t, and carot. This
finding agrees with those obtained by Prsa et al. (2007) who
found a significant increase in chlorophyll content and carot-
enoids with application of N fertilizer in apple tree. A similar
effect was also observed in grapevines by Gutiérrez-Gamboa
et al. (2018). The prime influence of N fertilization on photo-
synthetic pigments derived the fact that N is a structural ele-
ment of chlorophyll and protein molecules and impacts the
formation of chloroplasts and chlorophyll accumulation in
them (Bojovič and Markovič 2009). Comparing both sources
of N, the best biochemical performance in terms of photosyn-
thetic pigments was achieved with soil N application with no
supplementation of N, via foliar sprays (Table 4).

5 Conclusions

Under the conditions of this 3-year study, our results highlight
for a beneficial effect of soil N fertilization on almond trees.
Application of N to the soil influenced the physiological per-
formance of almond trees with positive implications on yield.
The supply of N via foliar fertilization (0.5% N applied three
times during the growing season) did not provide encouraging
results since it failed to improve the physiological behavior
and yield of almond. Considering the results of the present
study collectively, and from an economic perspective, the best
response of almond orchards under rainfed conditions to N
fertilization is achieved by applying a reduced soil N rate of
25 kg ha−1 per year. The adoption of this management practice
ensures adequate soil fertility and increases productivity and

Table 5 Values (mean ± standard
error) of almonds per kg, nut mass
(g), and kernel mass (g) in the
2015–2017. Data are means ±
standard error. Following two-
way ANOVA, for each
parameter, different lowercase
letters indicate significant
differences (p < 0.05) among N
soil (N0, N25, N50, and N100)
and capital letters represent
significant differences between N
foliar (F0 and F3) treatments
according to Tukey’s HSD test

Year Fertilization Almonds per kg Nut mass (g) Kernel mass (g)

2015 Soil N0 222 ± 16 a 4.69 ± 0.30 a 1.07 ± 0.03 a

N25 220 ± 15 a 4.78 ± 0.36 a 1.10 ± 0.06 a

N50 229 ± 11 a 4.50 ± 0.22 a 1.06 ± 0.05 a

N100 247 ± 26 a 4.30 ± 0.32 a 1.10 ± 0.07 a

Foliar F0 214 ± 7 A 4.83 ± 0.17 A 1.13 ± 0.03 A

F3 245 ± 14 A 4.31 ± 0.22 A 1.03 ± 0.04 A

Two-way ANOVA

Soil (S) 0.686 0.693 0.956

Foliar (F) 0.084 0.106 0.117

S × F 0.643 0.730 0.844

2016 Soil N0 211 ± 6 a 4.91 ± 0.14 a 1.29 ± 0.03 a

N25 210 ± 5 a 4.94 ± 0.12 a 1.37 ± 0.04 a

N50 224 ± 8 a 4.67 ± 0.15 a 1.32 ± 0.04 a

N100 241 ± 11 a 4.34 ± 0.18 a 1.32 ± 0.04 a

Foliar F0 223 ± 7 A 4.69 ± 0.13 A 1.33 ± 0.03 A

F3 218 ± 5 A 4.79 ± 0.11 A 1.32 ± 0.03 A

Two-way ANOVA

Soil (S) 0.061 0.071 0.550

Foliar (F) 0.513 0.597 0.902

S × F 0.212 0.337 0.534

2017 Soil N0 363 ± 15 a 2.85 ± 0.11 a 0.86 ± 0.03 a

N25 363 ± 9 a 2.87 ± 0.07 a 0.87 ± 0.03 a

N50 353 ± 9 a 2.91 ± 0.07 a 0.91 ± 0.03 a

N100 341 ± 12 a 3.04 ± 0.13 a 0.95 ± 0.05 a

Foliar F0 354 ± 6 A 2.90 ± 0.05 A 0.89 ± 0.02 A

F3 356 ± 10 A 2.95 ± 0.09 A 0.91 ± 0.03 A

Two-way ANOVA

Soil (S) 0.441 0.518 0.289

Foliar (F) 0.717 0.798 0.655

S × F 0.371 0.287 0.489
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profitability of rainfed almond orchards, as well as the conti-
nuity of this traditional type of agriculture.
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