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A B S T R A C T

Rainfed orchards have huge social importance in territories of low agro ecological potential. Research on almond
is limited for dry-farmed orchards in particular for crop nutrition and fertilization. This makes difficult to im-
plement a cropping practice adjusted to the ecological constraints of these agrosystems. It is known that nitrogen
(N) and boron (B) are determining nutrients for dicot tree crops such as olive and vineyards grown under these
environmental conditions. Thus, this study aims to test at what level the crop responds to soil-applied N and B,
and whether the foliar sprays can supplement or replace the application of the nutrients to the soil. It is also
important to check if the sufficiency ranges set for the almond, which have been based on irrigated orchards, are
adjusted for rainfed farming. The N rates applied to the soil were 0 (N0), 25 (N25), 50 (N50) and 100 (N100) kg
hm−2 and those of B 0 (B0), 1 (B1), 2 (B2) and 3 (B3) kg hm−2. The foliar sprays consisted of three annual
applications of N (two in 2017) and two applications of B (one in 2017), the last ones of 2015 and 2016 applied
at post-harvest. Foliar N and B sprays were respectively applied at the concentrations of 0.5% N and 0.036% B.
The experiment was arranged as a split-plot design with soil applied N or B assigned to the main plots and foliar
N or B as subplots. Kernel yield showed a marked alternate-fruiting, with two years of good crops (2015 and
2017) and a year of practically no production (2016), likely due to adverse ecological conditions for almond
growth and cropping practices incorrectly performed. Soil-applied N significantly increased kernel yield in
comparison to the control but the differences were not significant in N rates higher than 25 kg N hm−2. The
application of B to the soil improved tissue B concentrations but did not increase productivity. In general, foliar
applications of N or B failed to improve plant nutritional status and kernel yield. The current sufficiency ranges
for almond seem to be unnecessarily narrow for several nutrients such as N, potassium (K), calcium (Ca),
manganese (Mn) and iron (Fe), since several results were found to be out of the sufficiency range with no
apparent negative consequences for the trees. The laboratories carrying out soil testing and plant analysis should
take this into account in diagnosing the nutritional status of almond orchards.

1. Introduction

The almond tree (Prunus dulcis [Miller] Webb) plays a major socio-
economic role in the agriculture of countries benefiting from a
Mediterranean type climate, such as in Southern Europe or North
Africa. The almond tree is a hardy crop that evolved in the dry and
semi-arid territories of the Caucasus and nearby regions to the north of
the Fertile Crescent. It was, for centuries, the last option for the agri-
cultural use of marginal lands in regions of dry to semi-arid climate,
where rains were concentrated in the cold season (Aguiar and Pereira,
2017). However, productivity is poor in semi-arid Mediterranean

ecosystems if crops are rainfed grown (Almagro et al., 2016). According
to the national statistics of Southern European and North African
countries, where the acreage of rainfed managed orchards dominate
over the irrigated ones (for instance, Portugal, Spain, Morocco and
Tunisia), the yield is very low, varying between 300 and 700 (almond
with shell) kg hm−2 (FAO, 2018). These low yield levels of dry-farmed
orchards have contributed to its progressive abandonment.

In the last few years the price of almond has increased and there
seems to be a renewed interest in the crop in the Mediterranean basin.
The crop is being established in intensive irrigated systems, but also
under rainfed conditions on poor fertility soils where herbaceous
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agriculture is not profitable. The low-intensive managed orchards are
playing an interesting socio-economic role. They are being planted by
some professional farmers, but also by several other landowners, em-
ployed in other sectors of the economy, which manage their farms
during the weekend, days-off or holidays, allowing them to increase
household annual income. This type of agriculture is in line with the
European development strategy (EC, 2010) where it seeks to foster a
high-employment economy delivering social and territorial cohesion.

However, to achieve sustainability in this new wave of rainfed
plantations, cropping practices must be adjusted to the agroecological
constraints of the ecosystem and production costs must be reduced.
Crop fertilization is an aspect that should be taken into account, since it
helps to regulate crop productivity, but excessive fertilization may lead
to environmental pollution. Most of the previous studies on almond
fertilization have been carried out under irrigated conditions (Nyomora
and Brown, 1999; Saa et al., 2014, 2017; Muhammad et al., 2015) and
these data may be of little use in rainfed-managed orchards. Almond
cultivated under irrigated conditions can respond to N rates above
300 kg N hm−2 (Muhammad et al., 2015), but these values can be five-
to-ten times higher than those advised for rainfed managed orchards
(LQARS, 2006; Arquero and Serrano, 2013). Furthermore, excessive N
rates should be avoided since they can promote environmental pollu-
tion (Werner, 2007; Havlin et al., 2014) and, in the particular case of
almond, to the increased incidence of hull rot, caused by Rhizopus sto-
lonifer (Saa et al., 2016).

Under rainfed conditions, application of fertilizers is restricted to
late winter or early spring following the rainy season. After mid-spring
to late summer, the lack of rain prevents the efficient use of fertilizers
applied to the soil. In these conditions, foliar sprays could be a com-
plemental strategy to improve the nutritional status of trees, since
previous studies on irrigated almond have shown that foliar sprays
applied at post-harvest can enhance flowering in the following spring
(Nyomora and Brown, 1999; Saa et al., 2017). N and B deficiencies are
two major nutritional disorders affecting tree crop growth and yield, as
reported from other important tree crop species grown across the
Mediterranean basin, such as olive (Arrobas et al., 2010; Rodrigues
et al., 2011), chestnut (Arrobas et al., 2017, 2018) and pistachio
(Weinbaum et al., 1994; Güneş et al., 2010). Thus, the objective of this
work was to evaluate the almond tree response to the application of N
or B to the soil with and without supplementation of foliar N or B sprays
under rainfed conditions. The working hypotheses are that rainfed-
managed almond could respond to the application of N or B to the soil
and foliar applications are an important addition to soil fertilization. It
is also an objective of this work to assess if the sufficiency ranges es-
tablished for the almond tree, based mainly on data gathered from ir-
rigated orchards, can be used in rainfed orchards.

2. Material and methods

2.1. Site characterization

The field trials were established in a 12-year-old rainfed managed
commercial almond orchard, located near Alfândega da Fé (lat. 41° 21′;
long. 6° 57′; 576m asl) NE Portugal. The region benefits from a
Mediterranean climate, typically with two main seasons, the winter,
characterized by low temperatures and relatively high precipitation,
and a hot and dry summer. Average monthly air temperatures and ac-
cumulated monthly rainfall for the three-year trial are presented in
Fig. 1. Fig. 2 shows detailed data of daily rainfall records for the
flowering and fruit set period of 2016, since this data will be related to
the failure of crop in 2016. The experimental plot has a slight slope (less
than 2%) and the soil is a loamy textured dystric Regosol (WRB, 2015).
Some selected soil properties determined shortly before the trial started
from three composite (10 replicates) soil samples randomly collected at
0–20 cm depth, are shown in Table 1.

2.2. Experimental design and crop management

The orchard was planted with the cultivar Masbovera (75% of the
trees) interplanted with 'Glorieta' (pollinator), arranged in continuous
rows at the ratio of 3:1. Both cultivars were grafted on GF-777 root-
stock. The trees were planted at a density of 416 trees hm−2 (6× 4m).
The N fertilization trial was installed on 'Masbovera' and the B trial on
'Glorieta'. The fertilizer treatments and the replications (blocks) were
set along the rows with an untreated tree between plots. N and B were
applied to the soil late in March, shortly after bloom, at four rates. N
rates were 0 (N0), 25 (N25), 50 (N50) and 100 (N100) kg hm−2 applied
as ammonium nitrate (20.5% N) and B rates 0 (B0), 1 (B1), 2 (B2) and 3
(B3) kg hm−2 applied as borax pentahydrate (Na2B4O7.5H2O) (15% B).
The fertilizer treatments of soil-applied nutrients comprised two rows of
trees per nutrient separated by rows of untreated trees, in which half of
the rows received additional foliar sprays of N and B. Foliar N was
applied three times [5 g L-1 N as urea (46% N), 4.4 L water tree-1] and B
twice (0.36 g L-1 B as borax pentahydrate, 15% B) during the three
growing seasons (only twice and once in 2017, respectively for N and B,
since an application was at post-harvest and the trial ended after the
third harvest). This means the application consisted of ˜ 27 kg N hm−2

in 2015 and 2016 (three applications) and 18 kg N hm−2 in 2017, and ˜
1.4 kg B hm−2 in 2015 and 2016 and 0.7 kg B hm−2 in 2017. The ex-
periments were arranged as a split-plot design. The nutrients applied to
the soil were assigned to main plots in a randomized complete block
design with three replications. The set of foliar applications of N or B
were assigned to subplots within each main plot. The treatments of
foliar applied N were NF0 (N applied to the soil only) and NF3 (soil plus
foliar N applied three times) and the treatments of B were BF0 (B ap-
plied to the soil) and BF2 (soil plus foliar B applied twice). Each ex-
perimental unit consisted of groups of three similar trees. Thus, the
experiments of N and B consisted of 24 plots each (4main plots, divided
into two subplots and three blocks as replicates) of three trees.

N and B included in the experimental designs, and a supplement of
phosphorus (P) (50 kg P2O5 hm−2) and K (50 kg K2O hm−2) added in
similar rates to all plots, were applied in late March, on 23rd, 30th, and
29th in 2015, 2016 and 2017, respectively. Foliar sprays were applied
on May 27th (N and B), July 6th (N) and August 31st (N and B) in 2015,
June 03rd (N and B), July 21st (N) and September 14th (N and B) in
2016 and May 24th (N and B) and July 19th (N) in 2017. The last foliar
applications, in 2015 and 2016, were performed after harvest. The
orchard floor was managed with a natural cover mowed once a year in
mid-April with tree rows maintained with a glyphosate-based herbicide.
The farmer pruned the trees every three years supplemented with an-
nual light pruning. During the experimental period, the trees were
subjected to the most severe triennial pruning in January 2016, having
received only light pruning in 2015 and 2017. During the three-year
trial the orchard did not receive any phytosanitary treatment.

2.3. Tissue sampling, harvest and analytical procedures

Leaf samples were taken during the growing seasons, just prior to
each foliar fertilization event. Leaves were collected following the
standard procedure for almond (Bryson et al., 2014). Young leaves were
collected with fully expanded blades positioned in non-fruiting spurs in
the four quadrants. The samples were oven-dried at 60 °C and ground.
Tissue analyses were performed by Kjeldahl (N), colorimetry, after
burned with CaO at 500 °C during 90min. (B), colorimetry (P), flame
emission spectrometry (K) and atomic absorption spectrophotometry
(Ca, Mg, Cu, Fe, Zn and Mn) after microwave digestion. In 2016 and
2017, flower samples (130 flowers per experimental unit) were also
taken at full bloom for elemental analysis. Flowers were randomly
taken in all quadrants of the tree and subjected to the same treatments
and analysis as referred to for the leaves.

In late summer, the fruits were harvested with a trunk shaker, un-
loaded in a groundsheet and weighed fresh. Subsampling of fresh fruits
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was conducted in the laboratory, separated into kernel, shell and hull,
weighed fresh, oven-dried at 65 °C and weighed again. All these tissues
were thereafter analyzed for elemental composition after being sub-
mitted to the pre-treatments referred to for the leaves.

2.4. Data analysis

Data analysis of almond yield and nutrient concentration in plant

tissues was carried out using JMP software. Data was analyzed for
normality and homogeneity of variances using the Shapiro-Wilk test
and Bartlett’s test, respectively. In the split-plot design, soil-applied N
or B (main plots), foliar-applied N or B (subplots) and interaction (Soil-
applied N or B x Foliar-applied N or B) were treated as fixed, and blocks
[Soil-applied N or B] as random factors. After ANOVA examination, the
means with significant differences (α < 0.05) were separated by the
Tukey HSD test.

In addition to analyzing the effect of soil-applied N or B and foliar-
applied N or B on kernel yield for each year, the three years’ results
were assigned in the model as repeated observations, with soil-applied
N or B as main plots, foliar-applied N or B as split-plots and years as
split-split plots.

3. Results

3.1. Kernel yield

In the N fertilization trial, kernel yield was quite high in 2015 and
2017 if it is taken into account that the orchard is rainfed managed.
However, the orchard showed a strong alternate-fruiting pattern, since
in 2016, the kernel yield was minimal (Fig. 3). N application to the soil
had a significant effect on productivity, with the highest mean kernel
yield (524.6 kg hm−2) being recorded with the application of 100 kg N
hm−2 and the lowest mean value (327.0 kg hm−2) in the control
treatment. The application of N via foliar spray did not significantly
increase kernel yield. It should also be noted that there was no sig-
nificant interaction between soil and leaf N application and year, which
means that the leaf N application did not increase kernel yield even
when applied to the control treatment.

In the B fertilization trial, with cv. Glorieta, kernel yields were of
similar magnitude as in the N trial with ‘Masbovera’. The application of
B to the soil did not significantly influence the crop in any of the in-
dividual years, nor when the years were assigned as repeated

Fig. 1. Average monthly temperatures and accumulated precipitation recorded during the experimental period from an automatic weather station located near the
field trials.

Fig. 2. Daily precipitation recorded in March and early April in 2016 from an
automatic weather station located near the field trials.

Table 1
Selected properties of the soil (average ± standard deviation) sampled
shortly before the trials started at a depth of 0–20 cm.

Soil properties

pHH2O 5.2 ± 0.06
pHKCl 4.3 ± 0.07
Oxidizable C (g kg−1)a 14.8 ± 0.42
Kjeldahl N (g kg−1) 1.5 ± 0.21
NO3

− (mg kg-1)b 55.9 ± 4.13
NH4

+ (mg kg−1)c 36.9 ± 4.54
Extract. B (mg kg−1)d 1.2 ± 0.02
Extract. K (mg kg−1)e 151.4 ± 11.12
Extract. P (mg kg−1)e 31.0 ± 4.54
Exchang. Ca (cmolc kg−1)f 3.7 ± 0.40
Exchang. Mg (cmolc kg−1)f 0.8 ± 0.06
Exchang. K (cmolc kg−1)f 0.4 ± 0.02
Exchang. Na (cmolc kg−1)f 0.8 ± 0.28
Exchang. acidity (cmolc kg−1)f 0.3 ± 0.07
Exchang. Al (cmolc kg−1)f 0.2 ± 0.07
CEC (cmolc kg−1)f 6.1 ± 0.63

a Walkley-Black.
b 2 M KCl, spectrophotometry UV.
c phenate method for ammonia.
d hot-water, azomethine H.
e ammonium-lactate.
f ammonium-acetate, pH 7.

Fig. 3. Kernel yield as a function of N rate applied to the soil [0 (N0), …, 100
(N100) kg N hm−2], to the soil plus foliar spray [NF0 (only soil N application),
NF3 (soil+ three foliar N applications)] and year. Within soil N, soil plus foliar
N or year, means followed by the same letter are not statistically different by
Tukey HSD test (α=0.05).
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observations (Fig. 4). The highest B rates displayed even the lowest
kernel yields. Foliar B applications also did not significantly influence
kernel yield. In 2015 and 2017 the average kernel yields were higher
than 600 kg hm−2 whereas in 2016 were practically nil.

3.2. Nutrient concentration in plant tissues

The application of N to the soil significantly increased leaf N con-
centration in five of the eight leaf samplings carried out during the
three years of the experiment (Fig. 5). The effect was most evident in
the first sampling dates. In 2015, in the first (June) and second (July)
sampling dates, leaf N concentrations were found within the adequate
sufficiency range with the average values increasing from the control to
the treatments supplying higher amounts of N. In the last sampling
date, leaf N concentrations showed a marked decrease. In 2016, with
reduced fruit set and yield, leaf N concentrations were found above the
adequate sufficiency range and on the following dates progressively
below. In 2017, leaf N concentrations were above the adequate suffi-
ciency range on the first date and fell within the adequate sufficiency
range on the second date. In general, the application of N through foliar
sprays did not significantly change the concentration of N in the leaves
at any sampling date. There was found significant interaction between
soil applied and leaf applied N only in one of eight sampling dates
(Fig. 5).

Leaf B concentration increased significantly as a response to the soil
applied B in five of the seven sampling dates, with significant differ-
ences occurring in all the dates of 2015 and 2017, but not in the
sampling dates of 2016 (Fig. 6). The application of B by foliar spray had
only a significant effect on leaf B concentration in one of the seven
sampling dates. Significant interaction between soil and foliar B ap-
plications was only found once. Leaf B concentrations were found close
to and often below the lower limit of the sufficiency range. During the
growing season there were not observed appreciable variations in leaf B
concentrations.

The application of N to the soil did not give rise to significant dif-
ferences or any consistent trend in the concentration of other nutrients
(P, K, Ca, Mg, Fe, Mn, Cu or Zn) in the leaves, and the same was ob-
served with the application of N as a foliar spray. The application of B
to the soil or through foliar sprays also did not have a significant effect
on the concentration of other nutrients in the leaves. Thus, the results of
leaf concentrations of P, K, Ca, Mg, Fe, Mn, Cu and Zn for all the
sampling dates of the three years are presented in Fig. 7 without taking
into account the fertilizer treatments of the experimental design.

Leaf P concentration showed a decreasing trend during the growing
season. The values were particularly high in the first sampling date of
2016, the year in which almond yield was minimal. In the middle of the
growing season, for which the sufficiency ranges were set, leaf P con-
centrations tended to approach the lower limit of the sufficiency range
(Fig. 7). Leaf K concentrations were also particularly high in 2016. Leaf

K concentrations were found centered in the sufficiency range but the
values were widely spread below and above the limits of the sufficiency
range. Leaf Ca concentrations showed no sensitivity to crop load but, as
leaf K concentrations, they fluctuated widely to above and below the
adequate sufficiency range established for the nutrient. Leaf Mg con-
centrations did not show relevant oscillations throughout the growing
season and in different years and generally were found within the
sufficiency range. The concentrations of Fe in the leaves showed an
increasing trend throughout the growing season and in some samplings
the values were found above the upper limit of the sufficiency range.
Leaf Mn concentrations displayed a similar pattern throughout the
different sampling dates and years but the values fell substantially
above the upper limit of the sufficiency range. Leaf Cu concentrations
generally remained within the sufficiency range, with the higher values
recorded in the first sampling date of 2016. Leaf Zn concentrations
showed a downward trend throughout the growing season and values
often exceeded the upper limit of the sufficiency range.

The concentration of N in the kernel showed an increasing trend
with the application of N to the soil, but the results did not have sta-
tistical significance (Fig. 8). However, the differences between years
were clear, with kernel N concentration being higher in 2016 and lower
in 2015. N applied as a foliar spray had no significant effect on kernel N
concentration (data not shown). N applied to the soil significantly in-
creased shell N concentration in 2015 and 2017 (in 2016 some plots did
not produce enough fruit for analysis). However, the concentration of N
in the shell was very low (1.0 to 2.9 g kg−1) compared to N con-
centration in the kernel (27.5 to 45.2 g kg−1). The concentration of N in
the hull also increased significantly with the N applied to the soil in the
two years in which the plant material was analyzed. The values of N in
this tissue were also low (2.8 to 8.9 g kg−1) compared to the con-
centration of N in the kernel but higher than the concentration of N in
the shell. The concentration of N in the flowers did not significantly
vary with N applied to the soil. However, the flowers of 2016 showed
higher N concentrations than the flowers of 2017. Flowers are tissues
relatively highly concentrated in N, only surpassed by the leaves. Foliar
applied N had no significant effect on tissue N concentrations (data not
shown).

The application of B to the soil significantly increased the con-
centration of B in the kernel in two of the three years in which the tissue
was analyzed (Fig. 9). The average kernel B concentration ranged from
14.8 to 24.3 mg kg−1. Shell B concentration showed an increasing trend
with the application of B to the soil, although only in 2015 the differ-
ences were statistically significant. B concentrations in this tissue
ranged from 7.5 to 18.4 mg kg−1. The concentration of B in the hull
increased significantly with B rate. Mean values were found in the
range of 23.0 to 69.6 mg kg−1, which means that the hull is the most
concentrated B tissue of the almond fruit. The concentration of B in
flowers also increased significantly with the application of B to the soil
in 2016, with mean values varying between 22.4 and 48.3mg kg−1.
The application of B as a foliar spray did not significantly increase B
concentration in any of the different tissues analyzed (data not shown).

3.3. Nutrient removal in the fruit

The average N removal in the crop in the two most productive years
(2015 and 2017) was 44.8 kg hm−2, distributed by kernel (25.5 kg),
shell (4.8 kg) and hull (14.5 kg) (Table 2). Per Mg of fruit, N removal
reached 8.5 kg. B removal accounted for 121.1 g hm−2, hull (75.1 g)
and kernel (11.6 g) being, respectively, the most and least important
tissues. Per Mg of fruit, B removed was 31.3 g. In the case of P, 3.6 kg
hm−2 was removed, mainly in the kernel (2.7 kg), which accounted for
0.8 kg P Mg-1 fruit. K was the nutrient removed in higher amount,
47.8 kg hm−2, with the hull (32.7 kg) being the most important tissue.
K removal in fruit represented 10.6 kg Mg-1 fruit. Ca and Mg were re-
spectively removed in amounts of 1.2 and 0.8 kg Mg-1 fruit. The mi-
cronutrients Fe, Mn, Cu and Zn were removed respectively in the

Fig. 4. Kernel yield as a function of B rate applied to the soil [0 (B0), …, 3 (B3)
kg B hm−2], to the soil plus foliar spray [BF0 (only soil B application), BF2
(soil + two foliar B applications)] and year. Within soil B, soil plus foliar B or
year, means followed by the same letter are not statistically different by Tukey
HSD test (α=0.05).
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amounts of 74.6, 27.0, 6.5, and 20.5 g Mg-1 fruit.

4. Discussion

The application of N to the soil resulted in a consistent increase in
production with significant differences among treatments in 2015 and
in the accumulated kernel yield of the three years of the study. N is an
important ecological factor limiting crop productivity in most agri-
cultural ecosystems, and its application as a fertilizer tends to result in
increased production. Previous studies on almond, although under very
different management conditions, have also shown an increase in crop
productivity due to the application of N to the soil (Muhammad et al.,
2015; Zarate-Valdez et al., 2015). Foliar application of nutrients to
crops has also been seen as an alternative or a complement to soil ap-
plication (Eicher and Fernández, 2012; Havlin et al., 2014). However,
in this study, foliar application of N failed to increase kernel yield or
even leaf N concentration.

The application of B to the soil, or as a foliar spray, did not sig-
nificantly increase kernel yield. A previous study in almond had em-
phasized the importance of post-harvest leaf B applications in in-
creasing tissue B concentration, return bloom and yield (Nyomara et al.,

1999). This result was not corroborated by our data, although the ap-
plication of B to the soil has contributed to a significant increase in the
concentration of B in leaves. However, B deficiency is a nutritional
disorder widespread in the region among dicots (Arrobas et al., 2010,
2017; 2018; Rodrigues et al., 2011) and in several other parts of the
world (Shorrocks, 1997; Fageria et al., 2002). In situations of defi-
ciency, B can negatively affect plant growth and yield, as it plays a
central role in the formation and functioning of the cell wall and can
affect several metabolic pathways, such as amino acid and protein
metabolism and the regulation of the supply of auxins and polyphenols
(Broadley et al., 2012). The initial B level in the soil (Table 1) allow it to
be classified as high (LQARS, 2006), in contrast to that is most common
in the region, and may justify the lack of response to the application of
the nutrient as a fertilizer. It should also be noted that in some leaf
samples, B concentration was found to be below the sufficiency range
currently established for this crop (Bryson et al., 2014), which should
have produced a positive response to the application of the nutrient.
Alternatively, this result may mean that the lower limit of the suffi-
ciency range is set at a very high value, far from the level of deficiency,
at least for rainfed managed orchards.

The concentrations of nutrients in the leaves throughout the

Fig. 5. Leaf N concentration as a function of the N applied to the soil (Ns) [0 (N0),…, 100 (N100) kg N hm−2] and to the soil plus foliar sprays (Ns+ f) (three foliar N
application) in eight sampling dates of the three years of the study. The interval set by the two horizontal dashed lines is the sufficiency range of N for the mid-season
of almond tree. Vertical bars are the mean confidence intervals (α=0.05). P represents the probability levels associated with soil applied N (Ns), foliar N (Nf) and
interaction (Int) between the two variables in a split plot design where Ns was assigned to the main plots and Nf to subplots.
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growing season and their comparison with the respective sufficiency
ranges provide some considerations regarding the interpretation of
plant analysis results. Some nutrients showed significant variations
during the growing season. N decreased markedly, with P, Cu and Zn
also showing some tendency to decrease. Conversely, leaf Fe con-
centration tended to increase. These temporal fluctuations in leaf nu-
trient concentrations are related to the mobility of the nutrients in plant
tissues and their remobilization during the aging process (White, 2012).
In practice, this means that the standardized sampling dates for which
the sufficiency ranges were established must be scrupulously followed,
which is a limitation of using leaf analysis as a diagnostic tool in fer-
tilizer recommendation systems. The problem is common in other crops
and has triggered a research effort to develop systems of results’ in-
terpretation that allow sampling at any time during the growing season
(Scharf, 2001; Rodrigues, 2004; Rodrigues et al., 2005; Saa et al.,
2014). Unfortunately, in the case of almond tree, these tools are not
fully developed, and leaf sampling is recommended for mid-season
(Bryson et al., 2014), which corresponds to July and early August in the
Northern hemisphere.

The application of N to the soil significantly increased the con-
centration of N in shell and hull and revealed an increasing trend

without significant differences in kernel and flowers. Kernel and
flowers showed higher concentrations of N in the ‘off’ year, probably
due to reduced sink size which gave rise to a phenomenon of nutrient
concentration, which is well-known from early studies on plant analysis
(Smith, 1962; Jarrel and Beverley, 1981). In contrast, foliar application
of N did not increase N concentration in those plant tissues. Tissue B
concentration as a response to soil or foliar B followed a trend similar to
that recorded for N. However, while the concentration of N varied
greatly between tissues, B concentration revealed values of similar
order of magnitude in all tissues, although hull and flowers tended to
have higher B concentrations. The presence of B in high amounts in all
tissues is probably due to the fact that in higher plants a significant
fraction of the total B is complexed as cis-diol esters in cell walls as-
sociated with cell wall pectins (Power and Woods, 1997: Blevins and
Lukaszewski, 1998; Broadley et al., 2012), B thus being an important
constituent of all plant tissues.

For other nutrients, such as P, K and Cu, leaf concentrations were
substantially higher in the ‘off’ year, especially at the beginning of the
growing season. The phenomenon can be related to a concentration
effect and source/sink size relationship, and has been observed in other
crops (Sibbett and Ferguson, 2002; Bustan et al., 2013). Several

Fig. 6. Leaf B concentration as a function of the B applied to the soil (Bs) [0 (B0), …, 3 (B3) kg B hm−2] and to the soil plus foliar sprays (Bs+ f) (two foliar B
applications) in seven sampling dates of the three years of the study. The interval set by the two horizontal dashed lines is the sufficiency range of B for the mid-
season of almond tree. Vertical bars are the mean confidence intervals (α=0.05). P represents the probability levels associated with soil applied B (Bs), foliar B (Bf)
and interaction (Int) between the two variables in a split plot design where Bs was assigned to the main plots and Bf to subplots.
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nutrients systematically fell outside their sufficiency ranges even for the
samplings performed within the interval set for the standard procedure.
The sufficiency ranges appeared to be too narrow for N (22 to 25 g
kg−1), K (10 to 15 g kg−1) and Ca (20 to 30 g kg−1), given the large
number of values that fell out of the respective sufficiency range. The
problem appears to be particularly striking for K and Ca, given that
actual values varied between 5 to 30 g kg−1 and 9 to 60 g kg−1 re-
spectively, this variation being recorded in a simple experiment in the
same soil and where K and Ca were not factors of variation in the ex-
perimental design. In the cases of Fe, Zn and above all Mn, it seems that
the upper limit of the sufficiency range can be increased significantly.
In the case of Mn, the sufficiency range is set at 20 to 100mg kg−1,
whereas actual leaf Mn concentrations were recorded between 100 and

1400mg kg−1. Such high values should be due to the acidic nature of
the soil, which is one of the factors that may lead to an increase in the
solubility of Mn (George et al., 2012). However, it seems clear that the
upper limit of the sufficiency range (100mg kg−1) can significantly
increase without risk of toxicity to plants as seen in this study. Taken
together, these results reveal that sufficiency ranges may have been
devised with little reference to experimental data and perhaps based on
hardly any data from rainfed managed orchards.

The average removal of nutrients per Mg of fruit (kernel, shell and
hull) reached 8.5, 0.8, 10.6, 1.2 and 0.8 kg, respectively of N, P, K, Ca
and Mg and 31.3 g of B. Total removals of N, P and K, the macro-
nutrients usually included in the fertilization programs, based on the
crops of 2015 and 2017, reached average values of 44.8, 3.6 and

Fig. 7. Concentration of P, K, Ca, Mg, Fe, Mn, Cu, and Zn in the leaves during the growing seasons of 2015-2017. Horizontal dashed lines are the sufficiency ranges
established for the crop at mid-season after Bryson et al. (2014).
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47.8 kg hm−2, respectively, and the amount of B removed was 112.1 g
hm−2. Muhammad et al. (2015) estimated macronutrient removals
several times higher (5–10, depending on the nutrient) in an irrigated
field trial in California in which almond yield was approximately four
times higher and where substantially more fertilizers were applied, in
particular N (391 kg hm-2 vs 100 kg hm-2 in the most fertilized plots in
this study). The results here reported for N, P and K (8.7, 0.8 and
10.6 kg Mg-1 fruit) are close to those reported by Arquero and Serrano
(2013) (10–20, 0.7–1.1, 10.8–12.4 kg Mg-1 fruit), in a manual devoted
to the almond tree, in which the only relevant difference is N. Our
conservative fertilization strategy, using only 100 kg N hm-2 as the
maximum N rate, in addition to aspects related to cultivars, may justify

the differences found in N removal. This result draws attention to the
need of adjusting the fertilizer rates to crop needs, particularly in
rainfed conditions, in order to increase the farmer’s profit and reduce
environmental contamination. In this study, almond yield did not sig-
nificantly increase for N rates higher than 25 kg hm−2 if the accumu-
lated almond yield of the three years were taken into account. On the
other hand, the plant removed less than 10 kg N hm−2 per Mg of fruit,
which recommends the use of very moderate rates of N in these orch-
ards.

A noteworthy result of this work was also the profound alternate-
fruiting pattern observed, which gave rise to two years (2015 and 2017)
of satisfactory crops, taking into account that the orchard is rainfed

Fig. 8. Nitrogen concentration in kernel, shell, hull and flower as a function of N rate applied to the soil [0 (N0), …, 100 (N100) kg N hm−2]. Within each year,
means followed by the same letter are not significantly different by Tukey HSD test (α=0.05).

Fig. 9. Boron concentration in kernel, shell, hull and flower as a function of B rate applied to the soil [0 (B0), …, 3 (B3) kg B hm−2]. Within each year, means
followed by the same letter are not significantly different by Tukey HSD test (α=0.05).
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managed, interspersed with a year (2016) in which the production was
practically nil. Alternate-bearing is a well-known phenomenon in
Mediterranean fruticulture and is mainly associated with the competi-
tion for resources between the crop of a given year and the develop-
ment of the reproductive structures which ensure production in the
following year (Rallo and Suarez, 1989; Cuevas et al., 1995; Rodrigues
and Arrobas, 2010). In general, after a good crop (‘on’ year) a lighter
one (‘off’ year) usually follows and vice versa. The effect tends to be
more pronounced when growing conditions are poor (Lavee et al.,
1983; Sibbett and Ferguson, 2002; Rodrigues and Arrobas, 2010). The
farmer reported that the phenomenon has been often recorded but is
not usually as severe, with years of production as low as 2016 being
rare. An unfavourable combination of events may have led to the failure
of 2016 production: firstly, the fact that production had been high in
2015, which may have reduced the potential of fruiting expected in
2016 due to the alternate-bearing habit of almond; secondly, in January
2016, the farmer performed a more severe pruning, that usually occurs
every three years, which will have reduced the number of flowers the
following year; thirdly, and probably decisive, during blossom of 2016
the weather was characterized by persistent rain (Fig. 2), which may
have washed away valuable pollen and hindered the flight of polli-
nating insects, important factors for self-incompatible varieties (Aguiar,
2017) such are these.

5. Conclusions

Leaf sprays of N and B, including post-harvest applications, failed to
increase crop nutritional status and kernel yield. In these low-input
farming systems, the application of fertilizers to the soil seems to be
simpler and a more effective way of managing the nutritional status of
the orchard. To use the currently established sufficiency ranges, sam-
pling at mid-season should be carried out given the fluctuation of some
nutrients throughout the growing season. The sufficiency ranges es-
tablished after Bryson et al. (2014) do not seem to be appropriate for
most of the nutrients, at least for use in rainfed orchards. The suffi-
ciency ranges for N, K and Ca appear to be excessively narrow, with a
high probability of the actual results of plant analysis falling outside the
ranges of adequate concentrations without evidence of nutritional im-
balance. The lower limit of the sufficiency range established for B ap-
pears to be excessively high with no apparent risk of deficiency at lower
values. In the cases of Fe, Zn and especially Mn, the upper limits of the
sufficiency ranges seem to be able to substantially increase without
risks of toxicity to plants. Kernel yield did not increase for N applica-
tions above 25 kg hm−2 and N removal was less than 10 kg Mg-1 of
fruit. Therefore, in rainfed conditions, it seems to be possible to
maintain the productivity at satisfactory levels with moderate appli-
cations of N, an important consideration in ensuring economic and

ecological sustainability of the production system. The study also
showed a marked alternate-bearing phenomenon, a problem that may
threaten the sustainability of rainfed managed orchards, although in
this case the farmer may have caused it by performing a more severe
pruning than recommended.
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