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Abstract
In the context of climate change, chestnut fertilization is receiving great attention in the Mediterranean basin, due to the increase
in the unpredictability of the pluviometric regime which makes it difficult to determine the optimal timing of fertilizer applica-
tions. The purpose of this work was to assess the suitability of fertilizers with mechanisms for nutrient protection on the increase
of tree nutritional status and crop productivity. Four fertilizers with restricted nutrient solubility were tested: Bioscape 5:14:7
(32.8% organic matter (OM)); Humix 13:3:5 (80.1% OM); Exactyon AG 6:15:8 (37.7% N and 33.1% P encapsulated); and
ExactyonAG 18:5:13 (47%N encapsulated, 28.8%N as urea coated with ammonium sulfate). The trials were carried out for four
years in Moimenta and Meixedo, NE Portugal, which also received a non-fertilized control. In Moimenta the ground was
managed by tillage and in Meixedo by a cover of natural vegetation. Exactyon AG 18:5:13, being the most concentrated in N
and B, gave significantly higher cumulative (2015–2018) nut yields (146.6 kg tree−1) than the control (52.3 kg tree−1) in the
Moimenta trial. The results were explained by the increase in leaf N and B levels, which in the control treatment were in the
deficiency range. In Meixedo there were not found significant differences among treatments, likely due to the competition by
cover crop for resources. The results showed that the response of the trees to the fertilizers relied mainly in their content in
nutrients limiting to the agroecosystem and less in the mechanisms of nutrient protection.
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1 Introduction

Chestnut (Castanea sativa Mill.) has gained remarkable im-
portance in recent years for fruit production in some countries
of the Mediterranean basin (Martins et al. 2011; Álvarez-
Álvarez et al. 2010). The species has several phytosanitary
problems, which can severely reduce crop productivity. The
most important are chestnut ink (Phytophthora cinnamoni

Rand and P. cambivora (Petri) Buisman) (Maurel et al.
2001; Gouveia et al. 2005), chestnut blight (Cryphonectria
parasitica (Murrill) Barr.) (Murolo et al. 2019), and the inva-
sive gall wasp (Dryocosmus kuriphilus Yasumatsu) originat-
ing in Asia (Gençer andMert 2019). However, the recognition
of the high nutritional value of the nuts and by-products
(Borges et al. 2008; Echegaray et al. 2018) has raised the price
of chestnut, which has led farmers to invest in the species.
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Having said that, there are only limited areas in the mountain-
ous regions of southern Europe where chestnut can be grown.

In the past, chestnut was grown as isolated trees, small
orchards, or mixed stands in agro-forestry systems, receiving
reduced attention. Nowadays, chestnut trees are being planted
just like other fruit tree species in true orchards and denser
plantations (Martins et al. 2011). The application of fertilizer
is also widespread among farmers (Arrobas et al. 2018).
Producers have intensified the cultivation processes to im-
prove the nut production of the healthy trees and to try to
compensate for yield reduction caused by pests and diseases.
Although there are few studies on chestnut fertilization, in
comparison with the more widespread fruit species, those al-
ready done have highlighted the relevant role of B (Portela
et al. 2011, 2015; Arrobas et al. 2017), K (Arrobas et al. 2017),
and N (Arrobas et al. 2018) in the nutrition of chestnut trees.

Chestnut is cultivated in mountainous areas of southern
Europe. Although at high altitude the rains are more abundant,
in the highlands the terrain is slope and there is no infrastruc-
ture for irrigation. In rainfed conditions, the growing season is
short, limited in winter by frost and in summer by scarce rains
and reduced soil water availability. Furthermore, in a
Mediterranean climate the precipitation in spring is highly
irregular, which makes it difficult to establish a fertilization
program for the crop, and in particular to set the best timing for
the application of fertilizers. In rainfed Mediterranean
fruticulture, the most recommended practice is to apply the
fertilizers at the end of the winter when most of the precipita-
tion has already fallen, which reduces the risk of nutrient
losses due to nitrate leaching and denitrification (Fernández-
Escobar 2017; Arrobas et al. 2019). A later application would
be safer from this perspective, but may limit the absorption of
nutrients due to soil dryness, since ion movements by mass
flow and diffusion may be restricted (Havlin et al. 2014). In
the context of climate change it is also expected that the un-
predictability of the climate will increase (Crame et al. 2018)
which may reduce nutrient use efficiency.

The use of fertilizers that release nutrients gradually can
increase the opportunity for plant nutrient uptake and reduce
the losses to the environment. Fertilizers which delay the time
of nutrient availability may reduce the risk of being lost by
leaching following a period of high precipitation. Organic
materials, releasing the nutrients gradually, following a pro-
cess of mineralization by soil microorganisms, have such
properties (Olk 2008). Fertilizers with other mechanisms that
restrict nutrient availability, such as slow-release, controlled-
release, and stabilized fertilizers, have also been developed to
enhance nutrient use efficiency in agroecosystems that pose
great challenges for nutrient management (Trenkel 2010;
Arrobas et al. 2011; Zhang et al. 2019).

In this work, fertilizers with organic components and
controlled-release fertilizers were tested in rainfed managed
chestnut orchards in a climate characterized by high

irregularity of precipitation during the spring. The use of
controlled-release fertilizers is not common in rainfed
fruticulture, whereas the use of organo-mineral fertilizers is
very usual, although rarely included in fertilization studies.
The fertilizers were applied in mid-March, slightly earlier than
recommended for the conventional mineral fertilizers. Four
fertilizers of different natures and nutrient concentrations were
applied at the same rates in two mature chestnut orchards. It is
hypothesized that these fertilizers with mechanisms for nutri-
ent protection will be effective in increasing the tree nutrition-
al status and crop productivity.

2 Materials and Methods

2.1 Characterization of the Experimental Plots

The field trials were conducted in the region of Bragança,
Northeast of Portugal, namely in Moimenta (41.947937°, −
7.000199°) and Meixedo (41.850442°, − 6.683273°).
Bragança benefits from a Mediterranean climate with some
Atlantic influence. The mean air temperature and the annual
precipitation (1980–2010) were respectively 12.7 °C and
772.8 mm. The average monthly air temperature and precipi-
tation recorded during the four years of study are shown in
Fig. 1.

The soil of the orchard in Moimenta is an umbric Cambisol
derived from granite. The texture is sand, with 88.4% sand,
9.8% silt, and 1.8% clay. The orchard ofMeixedo is planted in
an umbric Leptosol derived from basic rocks. The soil is a
loamy-sand textured with 72.4% sand, 21.0% silt, and 6.6%
clay. Several other soil properties found in samples (0–0.2 m
depth) collected at the time of the initiation of the trials are
shown in Table 1.

2.2 Experimental Designs and Characterization
of the Fertilizers

The orchards of Moimenta and Meixedo were, respectively,
25 and 20 years old at the time of installation of the trials. The
trees showed a lack of homogeneity in the size of the canopy.
Thus, the experiments were arranged as randomized block
designs. Three groups of five particularly homogeneous trees
within the group were selected to form three blocks. The trees
were subsequently numbered. The fertilizer treatments were
randomly distributed within each block. Each tree constituted
an experimental unit.

Five treatments were imposed, namely four compound
NKP fertilizers which macronutrients are expressed as N,
P2O5, and K2O, and a control treatment without fertilization.
The fertilizers were provided by Atlanlusi Europe, Lda., and
they are on the market under the trade names Bioscape 5:14:7,
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Humix 12:3:5, Exactyon AG 6:15:8, and Exactyon AG
18:5:13.

Biocaspe 5:14:7 is an organo-mineral fertilizer, according
to Portuguese legislation (NP1048). The fertilizer is marketed
in the form of solid granules with an average size of 2.7 mm.
In addition to the data presented in Table 2, it contains 10.7%
fulvic acids and 1.6% humic acids.

Humix 13:3:5 is an organic fertilizer (NP1048) obtained
from condensed liquid molasses of cassava (Manihot
esculenta) and sugarcane (Saccharum officinarum). It is
allowed for organic farming in Portugal. The fertilizer is
marketed in the form of solid granules with an average size
of 2mm. In addition to the data provided in Table 2, it contains
26.2% of fulvic acids and 3.8% of humic acids.

Exactyon AG 6:15:8 is an organo-mineral fertilizer
(NP1048). The fertilizer is also provided with a controlled-
release mechanism of polymers (a reactive layer coating,
which protects the nutrients for 3 months). Only part of the
N (37.7%) and P (33.1%) is encapsulated. It is available on the
market in the form of solid granules with a mean size of
3.2 mm.

Exactyon AG 18:5:13 is a controlled-release fertilizer, last-
ing also 3 months (47% N encapsulated by a polymer and
28.8% N present as urea coated by ammonium sulfate). It is
marketed in the form of solid granules with a mean size of
3 mm. It stands out among the other fertilizers as having a high
concentration of B (Table 2).

Since it was decided to use fertilizers with different mech-
anisms of nutrient protection, those available on the market
present different concentrations of N, P, and K, which did not
allow the use of the same amount of N, P, and K in all treat-
ments. All the fertilizers were used at the rate of 3 kg per tree
(the farmers usually use 2 to 4 kg per tree). The trees are
spaced at 8 × 8 m. This means that a different amount of each
nutrient was supplied with each commercial product.
Fertilizing units (N:P2O5:K2O) were 23:66:33, 61:14:23,
28:70:37, and 84:23:61 kg ha−1, respectively, for Biocaspe
5:14:7, Humix 13:3:5, Exactyon AG 6:15:8, and Exactyon
AG 18:5:13. The fertilizers were applied beneath the canopies
of the trees in the middle of March in 2015, 2016, 2017, and
2018. In Moimenta the fertilizers were incorporated into the
soil with a cultivator which simultaneously destroyed the
weeds. This operation was repeated 2 months later for a sec-
ond control of weeds. In Meixedo the fertilizers were spread
on the ground but not incorporated into the soil. Here the
farmer manages the ground with a cover of natural vegetation
mowed once or twice during spring.

2.3 Soil Testing and Plant Analysis

At the initiation of the field trials, composite samples of soils
were collected at 0–0.2 m depth to characterize the experimen-
tal plots. The results are presented in Table 1. At the end of the
experiments, in November 2018, composite soil samples were
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Table 1 Organic carbon (OC), pH (H2O), extractable phosphorus (P),
potassium (K), and boron (B); exchangeable calcium (Ca2+), magnesium
(Mg2+), potassium (K+), and sodium (Na+); and exchangeable acidity

(EA) and effective cation exchange acidity (CECe) from soil samples
taken just before the installation of the field trials

Site OC1 pH Extractable Exchangeable complex4

P2 K2 B3 Ca2+ Mg2+ K+ Na+ EA CECe
g kg−1 H2O mg kg−1 cmol+ kg−1

Moimenta 12.5 4.8 89.5 120.3 0.6 0.8 0.4 0.6 1.1 1.3 4.2

Meixedo 10.2 6.0 80.8 147.7 1.0 7.1 0.6 0.5 0.6 0.8 9.6

1Walkley-Black. 2Ammonium lactate. 3 Hot water, azomethine-H. 4 Ammonium acetate for bases and potassium chloride for exchangeable acidity (EA)
from which effective cation exchange capacity (CECe) was estimated
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also collected at three depths (0–0.1 m, 0.1–0.2 m, and 0.2–
0.3m) to evaluate the effect of fertilizers on several parameters
of soil fertility.

After drying (40 °C) and sieving (2-mm mesh), the soil
samples of the two field trials were submitted to analytical
determinations: (1) pH (H2O, KCl); (2) easily oxidizable car-
bon (C) determined by the Walkley-Black method and total
organic C by incineration; (3) cation exchange capacity (am-
monium acetate, pH 7.0); (4) extractable P and K (ammonium
lactate); (5) extractable B (azomethine-H); and (6) acid phos-
phatase activity determined from the conversion of p-
nitrophenyl phosphate to p-nitrophenol. In the initial samples
there were also determined (7) clay, silt, and sand fractions by
the Robinson pipette method. Methods 1–5 and 7 are fully
described by Houba et al. (1997) and method 6 by Alef
et al. (1995).

In summer, in late July, leaf samples were collected to
assess the effect of the treatments on plant nutritional status.
At harvest samples of nuts were also taken for elemental anal-
ysis to allow the estimation of the recovery of nutrients by the
crop. Tissue samples (leaves and nuts) were oven-dried at
70 °C and ground. Thereafter, they were digested with nitric
acid in a microwave (MARSXpress, CEM). N was deter-
mined by Kjeldahl (FOSS Kjeltec™ 8400), B and P by col-
orimetry (GENESYS 6 thermospectronic), K by flame emis-
sion spectrometry (Perkin Elmer Pinaacle 900T), and calcium
(Ca), magnesium (Mg), copper (Cu), iron (Fe), zinc (Zn), and
manganese (Mn) by atomic absorption spectrophotometry
(Perkin Elmer Pinaacle 900T).

2.4 Data Analysis

Data analysis was carried out using JMP® 14 software.
Firstly, data was tested for normality and homogeneity of var-
iances using the Shapiro-Wilk test and Bartlett’s test, respec-
tively. The comparison of the effect of the fertilizer treatments
was provided by ANOVA. When significant differences were

found (α < 0.05), the means were separated by the multiple
range Tukey HSD test (α = 0.05). To facilitate the interpreta-
tion of results and for graphical representation purposes, in
some situations the mean confidence intervals (α = 0.05) were
also estimated.

3 Results

3.1 Yield and Nutrient Removal in the Nuts

The accumulated net yields (2015–2018) differed significant-
ly between the control (52.3 kg tree−1) and the treatment
Exactyon AG 18:5:13 (146.6 kg tree−1) in the experiment of
Moimenta (Fig. 2). Among fertilized treatments no significant
differences in nut yields were found, although the highest
average value was recorded in the trees treated with
Exactyon AG 18:5:13. In the Meixedo experiment there were
not found significant differences among treatments in the an-
nual productions or in the accumulated total.

No significant differences were found in the concentration
of the macro- and micronutrients analyzed in the nut. The
concentrations of nutrients were also in the same range of
magnitude between sites except for Mn for which the higher
values were found in the experiment of Meixedo. Thus, the
results were presented as the range of variation found in all the
treatments independent of site (Table 3). If the average value is
multiplied by the productivity of the orchard (expressed as dry
matter) the removal of each nutrient is obtained.

3.2 Leaf Nutrient Concentrations

The concentrations of the macronutrients N, P, and K in the
leaves are shown in Fig. 3. InMoimenta, leaf N concentrations
significantly differed among treatments on three of the four
sampling dates. The higher values were found in the trees
fertilized with Exactyon AG 18:5:13. With the exception of

Table 2 Composition of the fertilizers used in the experiments as appears on packaging label

Bioscape 5:14:7 Humix 12:3:5 Exactyon 6:15:8 Exactyon 18:5:13

Organic matter (%) 32.8 80.1 3.2 0

Nitrogen (%) 5 12 6 18

Phosphorus (%, P2O5) 14 3 15 5

Potassium (%, K2O) 7 5 8 13

Calcium (%) 18.0 1.2 15.1 2.5

Magnesium (%) 0.2 0.4 1.0 1.0

Boron (mg kg−1) – 31 – 2011

Cooper (mg kg−1) – – 4 2

Iron (mg kg−1) 136 332 6000 2600

Zinc (mg kg−1) 15 36 119 51

Manganese (mg kg−1) 36 89 600 200
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the values of Exactyon AG 18:5:13, the others were usually
found close to, or below, the lower limit of the sufficiency
range established for this species. In the trial of Meixedo,
significant differences among treatments in leaf N concentra-
tion were only found in two samplings. The average values
were found close to, or below, the lower limit of the sufficien-
cy range. Leaf P fell within the sufficiency range for all the
treatments and sites. In Moimenta significant differences in
leaf P concentration were observed in two of the four years
of the trial. No significant differences in leaf P concentrations
were found in the Meixedo trial. Leaf K concentration greatly
varied between years as is usual for K in fruit trees.
Differences between treatments were found in three and two
years, respectively, inMoimenta andMeixedo. In general, leaf
K concentrations were found within the sufficiency range
established for chestnut.

Leaf Ca concentrations differed among treatments in
two and one years, respectively, in the Moimenta and
Meixedo trials (Fig. 4). Exactyon AG 6:15:8 and
Bioscape 5:14:7 usually presented the higher average
values. Leaf Ca concentrations were usually found within
the sufficiency range of the species. Significant differ-
ences among treatments were also found in three a7nd
one year in leaf Mg concentrations. In Moimenta, the
higher values were usually found in the trees treated with
Exactyon AG 6:15:8. Leaf B concentrations significantly
varied among treatments for all sampling dates at the two
sites. The trees treated with Exactyon AG 18:5:13
displayed the higher values. Leaf B concentrations were
usually found within the sufficiency range, except for the
control treatment of the Moimenta trials where leaf B
levels were found in the deficient range.

Leaf concentrations of the micronutrients Fe, Zn, Cu,
and Mn are presented in Table 4. The results over the
years were quite similar, whereas only the data from the
first (2015) and the last (2018) years are presented. Leaf
Fe levels were of the same order of magnitude in the
two sites and they fell within the sufficiency range. In
Meixedo the average values in the control treatment
were the lowest and significantly different from those
of some fertilized treatments. Leaf Zn concentrations
also fell within the sufficiency range, and when signif-
icant differences were found the lower average values
were associated with the control treatment. Leaf copper
concentrations were found within the sufficiency range
but close to the lower limit. Significant differences
among treatments were only found in 2015 in the
Moimenta orchard. Leaf Mn concentrations were usually
high, and in the Meixedo trial they were often above
the higher limit of the sufficiency range (range of po-
tential toxicity). Humix 13:3:5 and Exactyon AG 6:15:8
were usually associated with the higher leaf Mn
concentrations.

3.3 Soil Analyses

Soil pH did not significantly change among treatments in any
of the sites (data not shown). In Moimenta pH (H2O) varied
between 5.01–5.18, 4.86–5.17, and 4.81–5.14, respectively, in
0–0.1-m, 0.1–0.2-m, and 0.2–0.3-m soil layers. In Meixedo
pH (H2O) varied between 6.32–6.90, 5.38–5.82, and 5.06–
5.26 from the surface to the deeper layers.

In Moimenta, soil organic C did not significantly
vary among fertilizer treatments (Table 5). However,
the average values of the control treatment were lower
than the values found in the fertilized treatments in the
0–0.1-m and 0.1–0.2-m soil layers. In the 0–0.1-m and
0.1–0.2-m soil layers the values varied between 13.0 to
17.1 g kg−1 and 12.3 to 14.5 g kg−1. In Meixedo, soil
organic C in the surface layer was significantly lower in
the control (15.8 g kg−1) in comparison with the fertil-
ized treatments (> 19.9 g kg−1). In the 0.1–0.2-m soil
layer, the control treatment presented the lower average
values of soil organic C (6.8 g kg−1) but without sig-
nificant difference for the fertilized treatments. In the
0.2–0.3-m layer soil organic C varied between 4.7 and
5.9 g kg−1 without differences among treatments.

In Moimenta there were found significant differences
among treatments in extractable P at all soil depths
(Table 6). The control treatment always gave the lower aver-
age values. In Meixedo, significant differences in extractable
P among treatments were only found in the 0–0.1-m soil layer.
The lower and higher values were respectively found in con-
trol and Bioscape 5:14:7 treatments. InMoimenta soil P levels
decreased progressively with soil depth. In Meixedo this de-
crease was particularly marked between the 0–0.1-m and the
0.1–0.2-m soil layers in the fertilized treatments. The decrease
between the layers 0.1–0.2-m and 0.2–0.3-m was still evident
but less pronounced.

In Moimenta there were not found significant differences
among treatments in acid phosphatase activity. There was ob-
served a small decrease in acid phosphatase activity with
depth. In Meixedo there were found significant differences
among treatments at depths 0–0.1 m and 0.1–0.2 m. The con-
trol treatment always showed the lower average values, but
among fertilized treatments those that registered higher values
in the surface layer were not the same registering the higher
values in the layer 0.1–0.2 m. The decrease in acid phospha-
tase activity with depth was more pronounced in Meixedo
than in Moimenta.

Soil K levels extracted by ammonium lactate signifi-
cantly differed among fertilizer treatments in the
Moimenta trial in the 0–0.1-m and 0.2–0.3-m soil layers
(Table 7). The control treatment gave the lower results.
In Meixedo there were only found significant differ-
ences among treatments in the surface 0–0.1-m layer.
Soil K levels decreased along the soil profile in both
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sites. Soil K levels extracted by ammonium lactate did
not significantly vary among treatments in Moimenta. In
Meixedo, in the surface layer, the average value found
in the control treatment was significantly lower than
those found in the fertilized treatments.

The results of the determination of exchangeable ba-
ses and exchangeable acidity, including Ca and Mg, did
not vary among treatments for any of the depths or
localities (data not shown). The values of Ca and Mg
were, however, much higher in Meixedo than in
Moimenta.

Soil B levels showed significant differences among treat-
ments at all soil depths of the Moimenta and Meixedo trials
(Table 8). The Exactyon AG 18:5:13 treatment yielded the
higher values very consistently at all depths and locations
and always significantly higher than those of the control
treatment. The B levels in the soil decreased with depth at
both sites and were particularly high in the surface layer of
the Meixedo trial.

4 Discussion

The fertilizer Exactyon AG 18:5:13 gave significantly higher
accumulated nut yield than the control treatment in the
Moimenta trial, producing also significantly higher leaf N
concentrations than the control. This fertilizer is the most con-
centrated in N and the one with the highest percentage of
protected N. In the Moimenta experiment the leaf N concen-
trations in the control treatment were below the sufficiency
range established for this species, whereas in the treatment
Exactyon AG 18:5:13 the values were within the sufficiency
range. Previous evidence for the importance of N fertilization
in chestnut tree nutrition has already been reported (Arrobas
et al. 2018). Other fruit tree crops grown in the region in
similar shallow soils and in rainfed conditions usually also
respond to N application, such as olive (Rodrigues et al.
2011) or almond (Arrobas et al. 2019). In Meixedo, no signif-
icant differences in nut production were found among treat-
ments. Leaf N concentrations in the treatment Exactyon AG
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Table 3 Average range of concentrations of nutrients in nuts. Pooled data of local, treatment, and year

Macronutrients (g kg−1 dry matter) Micronutrients (mg kg−1 dry matter)

Nitrogen Phosphorus Potassium Calcium Magnesium Boron Copper Iron Zinc Manganese

Variation range 8.9–11.1 0.9–1.2 5.5–8.2 0.5–0.6 0.5–0.7 7.7–14.3 6.7–10.1 14.6–22.1 15.4–23.7 24.0–67.7
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18:5:13 did not stand out so much from those of the control
treatments, likely due to the competition for soil available N
by the herbaceous vegetation. As previously reported for sev-
eral other fruit species, cover crops tend to reduce fruit pro-
duction if competition with trees for resources is high
(Hoagland et al. 2008; Gucci et al. 2012; Silvestri et al.
2018). Thus, the use of N seems to be more efficient in tilled
than in cover cropped orchards, at least in the short term
(4 years) while the increasing pool of organic matter can lead
to a negative balance between mineralization and immobiliza-
tion (net immobilization).

The nutrients P and K seem to have had little effect on the
trees. The levels of P and K in the soil were classified in the
average and high ranges, respectively, at the beginning of the
experiment, and the leaf levels persisted within the sufficiency
ranges during the experimental period even in the control
treatment. In chestnut, P and K removals in the fruits are
usually low, varying respectively from 0.2–2.0 to 2–
20 kg ha−1 (Arrobas et al. 2018) and values within the same
ranges were found in these experiments (Table 3). It seems
that these soils are able to sustain the trees without or with
little external applications of P and K.

Although the soil of Moimenta is acid, the application of
fertilizers containing high levels of Ca (Bioscape 5:14:7 and
Exactyon AG 6:15:8) did not have a detectable effect on crop
production. However, leaf Ca concentrations rose with the
application of these fertilizers, namely in Moimenta where
the Ca concentrations in the leaves of the control treatment
were below the sufficiency range. In the Northeast of
Portugal, the chestnut tree is cultivated at high altitudes (600
to 800 m), where the soils are usually acidic, which makes it
probable that chestnut is a species well adapted to acidity, as
shown by Arrobas et al. (2017). Mg concentrations in the
leaves were within the sufficiency range in all treatments at
both sites.

Leaf B concentrations significantly increased in the trees
fertilized with Exactyon AG 18:5:13, the fertilizer most con-
centrated in B (Table 2). In the Moimenta trial the leaf B
concentrations were in the deficiency range in the control
treatment and moved to the adequate range by the regular
application of Exactyon AG 18:5:13. As previously men-
tioned, Exactyon AG 18:5:13 gave significantly higher nut
yields than the control. Previous studies have highlighted the
importance of B for chestnut (Portela et al. 2011, 2015) and
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Table 4 Leaf concentrations of micronutrients iron, zinc, copper and manganese in 2015 and 2018 as a function of fertilizer treatments and site (Moi,
Moimenta; and Mei, Meixedo)

Iron Zinc Copper Manganese

Moi Mei Moi Mei Moi Mei Moi Mei
mg kg−1

2015

Control 133.1a 133.3b 28.5b 20.2b 4.7c 6.4a 677.6a 1724.0bc

Bioscape 5:14:7 140.3a 163.1ab 35.5ab 23.8ab 4.2c 6.5a 708.1a 1793.5bc

Humix 13:3:5 139.7a 152.8ab 30.9ab 26.0a 7.5a 6.7a 861.7a 2318.3b

Exactyon 6:15:8 163.7a 177.9a 37.7a 26.3a 5.3bc 5.9a 873.2a 3041.6a

Exactyon 18:5:13 163.7a 189.4a 30.7ab 26.7a 7.1ab 5.5a 870.0a 1613.8c

2018

Control 99.7a 85.4b 29.5a 25.4a 5.2a 7.2a 639.8a 2164.4a

Bioscape 5:14:7 95.9a 110.0ab 29.2a 22.7a 5.5a 7.2a 989.1a 1616.9a

Humix 13:3:5 91.7a 102.1ab 27.2a 31.4a 5.8a 14.2a 799.6a 3419.9a

Exactyon 6:15:8 100.3a 104.1ab 29.2a 34.9a 5.4a 7.8a 591.7a 2915.3a

Exactyon 18:5:13 112.0a 114.6a 35.2a 26.6a 6.2a 7.1a 721.5a 2059.9a

Sufficiency ranges 15–300 15–75 4–40 100–2000

In columns, separated by year, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05)
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several other dicot species (Liakopoulos et al. 2005; Soyergin
2010; Sarafi et al. 2018; Arrobas et al. 2019). This result also
suggests that part of the increase in nut productivity might be
due to the better B nutrition of the trees fertilized with
Exactyon AG 18:5:13. In Meixedo, leaf B levels were never
found in the deficiency range even in the control treatment,
which may have prevented the manifestation of a significant B
effect on crop productivity.

Fertilization increased the soil organic matter content main-
ly in the surface layer. The fertilizers enhanced the growth of
the herbaceous vegetation which increased the deposit of or-
ganic substrates in the soil. Eventually the soil benefited also
from an increase in the fallen leaves due to the stimulus on
canopy growth from the use of fertilizers. In Moimenta, the
positive effect of the fertilizers was registered up to 0.2 m
deep, due to the soil being tilled. In Meixedo it was particu-
larly high in the surface 0–0.1-m layer and with a greater

difference to the sub-surface layers. It has been experimentally
demonstrated from many orchards that organic matter in the
soil increases in cover cropped plots (Marquez-Garcia et al.
2013; Montanaro et al. 2017; Torres et al. 2018).

Soil P levels showed a pattern somewhat similar to organic
matter. In Moimenta, higher values were recorded in the 0–
0.1-m and 0.1–0.2-m layers in the fertilized treatments in com-
parison to the control. In Meixedo, P levels associated with
fertilized treatments were particularly high only in the 0–0.1-
m layer, since the soil was not tilled. The result is due to the
reduced mobility of P in the soil, and the effect has been
registered in other similar experiments (Arrobas et al. 2017;
Ferreira et al. 2018). The acid phosphatase activity was not
very sensitive to the fertilizer treatments. Organic matter tends
to increase the acid phosphatase activity while available min-
eral P in the soil tends to reduce it (Kitayama 2013; Zhang
et al. 2014; Ferreira et al. 2018). In this study, the higher

Table 5 Soil organic carbon from samples taken at the end of the field experiments in three soil layers

Moimenta Meixedo

0–0.1 m 0.1–0.2 m 0.2–0.3 m 0–0.1 m 0.1–0.2 m 0.2–0.3 m
g kg−1

Control 13.0a 12.3a 8.6a 15.8b 6.8a 5.3a

Bioscape 5:14:7 15.6a 14.5a 7.8a 22.0a 8.4a 4.7a

Humix 13:3:5 16.8a 14.1a 8.0a 22.3a 8.1a 5.3a

Exactyon 6:15:8 14.0a 14.5a 9.4a 21.8a 9.1a 5.1a

Exactyon 18:5:13 17.1a 13.7a 7.6a 19.9a 8.8a 5.9a

In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05)

Table 6 Soil phosphorus (P) as extracted by ammonium lactate and acid phosphatase activity from samples taken at the end of the field experiments at
three soil layers

Moimenta Meixedo

Soil layer (m)

0.0–0.1 0.1–0.2 0.2–0.3 0.0–0.1 0.1–0.2 0.2–0.3

P extracted by ammonium lactate (mg kg−1, P2O5)

Control 157.3c 124.5b 116.7b 171.2d 51.4a 25.4a

Bioscape 5:14:7 345.2a 233.0a 211.6a 521.3a 70.3a 39.9a

Humix 13:3:5 219.6bc 162.2ab 150.4ab 206.9cd 76.4a 26.0a

Exactyon 6:15:8 199.1bc 140.7ab 154.9ab 416.6ab 85.1a 32.4a

Exactyon 18:5:13 250.4ab 186.4a 228.9a 285.5bc 62.4a 44.2a

Acid phosphatase activity (mg p-nitrophenol kg−1 soil h−1)

Control 298.1a 260.2a 174.9a 331.3b 241.6b 256.7a

Bioscape 5:14:7 321.9a 213.5a 210.1a 482.5ab 391.8a 183.9a

Humix 13:3:5 328.5a 290.1a 251.3a 567.7a 212.9b 236.7a

Exactyon 6:15:8 319.9a 321.4a 155.5a 359.5b 310.9ab 262.5a

Exactyon 18:5:13 343.9a 215.3a 188.7a 476.7ab 409.3a 305.6a

In columns, separated by index of soil available P, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05)
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organic matter content coincided with the higher levels of
available P in the soil, which may have hindered the interpre-
tation of the result.

K in the soil showed a dynamic similar to P, but
with faster mobility in depth, even in the non-tilled
orchard. K, although having a positive charge with the
possibility of being adsorbed in the clay-humic com-
plexes or fixed in 2:1 clay minerals, is known to be
more mobile in the soil than P (Havlin et al. 2014).
The ammonium lactate method appeared to be more
sensitive to assess the availability of K in the soil than
the ammonium acetate method.

Soil B levels were higher in the fertilized treatments
providing more B in comparison to the control. In
Meixedo, soil B levels in the treatment Exactyon AG

18:5:13, the most concentrated in B, were particularly
high in the surface layer, likely due to the higher con-
tent of organic matter, which is usually associated with
the retention of B in the soil (Gupta 2007; Havlin et al.
2014).

Overall, it appears that fertilizers have had a greater effect
on soil properties and on tree nutritional status due to their
nutrient content rather than to the nutrient protection mecha-
nisms. Previous studies have shown that the use of slow- or
controlled-release fertilizers has often given good results in
containerized nursery plants (Oliet et al. 2004) or environ-
ments where nutrient management is particularly difficult,
such as in rice (Wei et al. 2018), but in several field experi-
ments it has not always been possible to record advantages of
using fertilizers with slow-release mechanism compared with

Table 7 Soil potassium (K) as extracted by ammonium lactate and ammonium acetate from samples taken at the end of the field experiments in three
soil layers

Moimenta Meixedo

Soil layer (m)

0.0–0.1 0.1–
0.2

0.2–0.3 0.0–0.1 0.1–
0.2

0.2–
0.3

K extracted by ammonium lactate (mg kg−1, K2O)

Control 225.0b 136.2a 73.7b 231.7b 121.4a 118.3a

Bioscape 5:14:7 359.7a 148.8a 103.0ab 322.6a 142.1a 109.7a

Humix 13:3:5 292.0ab 151.2a 91.0ab 277.0ab 180.2a 123.3a

Exactyon 6:15:8 301.4ab 172.2a 104.0ab 316.1a 159.1a 105.7a

Exactyon 18:5:13 360.1a 176.5a 114.7a 304.3a 184.6a 123.0a

K extracted by ammonium acetate (cmol+ kg−1)

Control 0.40a 0.24a 0.20a 0.72b 0.39a 0.29a

Bioscape 5:14:7 0.54a 0.31a 0.23a 1.31a 0.38a 0.27a

Humix 13:3:5 0.38a 0.36a 0.21a 1.14a 0.55a 0.31a

Exactyon 6:15:8 0.56a 0.32a 0.23a 1.15a 0.43a 0.28a

Exactyon 18:5:13 0.57a 0.31a 0.28a 1.32a 0.50a 0.30a

In columns, separated method of extraction, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05)

Table 8 Soil boron (B) as extracted by hot water from samples taken at the end of the field experiments in three soil layers

Moimenta Meixedo

Soil layer (m)

0.0–0.1 0.1–0.2 0.2–0.3 0.0–0.1 0.1–0.2 0.2–0.3

B extracted by hot water, azomethine-H (mg kg−1)

Control 0.73b 0.72b 0.33c 1.03c 0.53b 0.41c

Bioscape 5:14:7 1.07ab 1.01ab 0.74b 1.48bc 0.61b 0.52bc

Humix 13:3:5 0.92ab 0.71b 0.31c 1.83bc 0.70b 0.62bc

Exactyon 6:15:8 0.94ab 0.97ab 0.70b 2.09b 0.88b 0.97ab

Exactyon 18:5:13 1.43a 1.20a 0.98a 3.31a 1.54a 1.16a

In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05)
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traditional water-soluble fertilizers (Rodrigues et al. 2010;
Arrobas et al. 2011).

5 Conclusions

The fertilizer most concentrated in N and B and the one with
the highest percentage of N protected gave higher leaf N and
B concentrations and nut yield, which highlights the impor-
tance of N and B in these agroecosystems.

Fertilization increased soil organic matter particularly in
the surface layer of the cover cropped orchard, an aspect of
great relevance to the sustainability of these agroecosystems.

There was not enough experimental evidence to suggest
that organic materials and fertilizers with mechanisms for
controlled-release provided per se major benefits to the trees
in the four years of the trials.

The results suggest that long term studies should be per-
formed to better clarify the benefits of using slow-release fer-
tilizers in large trees such as chestnut. Meanwhile, farmers
should be cautious about the use of fertilizers with mecha-
nisms of nutrient protection if they are substantially more
expensive than the conventional water-soluble fertilizers.
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