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Abstract

Establishing a fertilization plan for large trees is particularly difficult due to the high soil volume that the roots exploit and the
buffer effect of the perennial woody structure on the concentration of nutrients in the leaves. This work evaluates the response of
chestnut, a very large tree, to different fertilizer solutions. The study was conducted in two chestnut orchards planted in acid soils
that were subjected to the application of lime plus phosphorus (Lime+P), lime plus a compound NPK fertilizer (Lime+NPK), and
an unfertilized control (Control). The effects of the treatments on soil properties, nutritional status and photosynthetic perfor-
mance of the trees, and nut production, were assessed from field and laboratory analyses. Liming significantly increased soil pH
and exchangeable calcium (Ca). Treatments did not significantly influence leaf P and K levels, although leaf N concentrations
were significantly higher in the Lime+NPK treatment on two of the three sampling dates. In one of the trials, the average
accumulated nut yield was higher in the Lime+NPK (71.7 kg tree ') treatment compared with the control (59.6 kg tree ') and
the Lime+P (51.7 kg tree ) treatments, although without significant differences at P <0.05. Overall, the results show the
chestnut tree to be a species tolerant of soil acidity. The results also show that the buffer capacity of the plant in regulating the
nutrient concentration in the leaves seems to be higher for P than for N, and therefore, concentrations of N in the leaves require the
regular application of the nutrient as a fertilizer.

Keywords Soil acidity - Plant nutritional status - NDVI - SPAD readings - Chlorophyll fluorescence - Nut yield

1 Introduction

Sweet chestnut (Castanea sativa Mill.) is a tree species with a
long history in the Iberian Peninsula, one of the places in
which it found refuge in the last glacial period (Krebs et al.
2019). It has been widely cultivated in this region since the
Roman colonization of Hispania, having assumed in several
periods a crucial role in the survival of the populations in the
mountainous regions, especially before the arrival of the po-
tato (Solanum tuberosum L.) (Abreu 2007).

It has long been an important agroforestry species, used for
timber, firewood, and nut production for both human and
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animal consumption (pigs in particular). Although in recent
years the consumption of firewood and the price of chestnut
wood have decreased, interest in the chestnut for fruit produc-
tion has increased not only in Europe but also in Asia, the
USA, South America (Brazil and Chile), Australia, and New
Zealand (Pereira et al. 2011). The high dietary value of the
fruits (Borges et al. 2008; Rusu et al. 2019), together with a
range of diseases and pests, notably chestnut ink
[Phytophthora cinnamoni Rand and P. cambivora (Petri)
Buisman] (Gouveia et al. 2005; Maurel et al. 2001), chestnut
blight [Cryphonectria parasitica (Murrill) Barr.] (Murolo
et al. 2019), and the invasive gall wasp (Dryocosmus
kuriphilus Yasumatsu) originating in Asia (Genger and Mert
2019), have all raised the price of the nuts, thereby increasing
producers’ interest in the crop.

Chestnut is frequently grown in mountainous regions,
sometimes at high altitudes where crop chilling requirements
are assured as well as plenty of rainfall. In Portugal, in the
most important chestnut growing regions, average air temper-
ature is between 9 and 13 °C and precipitation between 800
and 900 mm, although it could be successfully grown outside
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of these parameters (Gomes-Laranjo et al. 2007). In these
mountainous regions, where chestnut is an important crop,
acidic soils predominate (Arrobas et al. 2018; Nunes et al.
2011; Portela et al. 2011). At low pH values, and on soils high
in aluminum (Al) and iron (Fe), P precipitates as insoluble Fe/
Al-P compounds (Havlin et al. 2014; Park and Ro 2018),
conditions that can be favorable for P fertilizers and lime to
acquire a relevant role in chestnut fertilization.

Chestnut trees for fruit production were traditionally
planted as isolated trees in the most fertile parts of the cereal
fields or in small orchards of widely spaced trees on the con-
cave parts of the terrain. Until a few years ago, chestnut trees
were usually not fertilized. However, they often received the
side effects of fertilization applied to cereals grown under their
canopies, or in rare cases, as direct applications, where manure
was available on farms. In recent years, with a view to increas-
ing productivity and the size of the nuts, growers have begun
to fertilize their orchards. Taking into account the agro-
ecological conditions where chestnut is usually grown, and
in particular, soil acidity, lime, and P fertilizers have been
the most widely recommended applications (Arrobas et al.
2016).

This strategy, however, has been developed by only
considering the environment in which the chestnut tree
is grown, with no reference to fertilizer response trials,
which would give vital feedback on the effectiveness of
such a strategy. Plants that have evolved in such environ-
ments tend to be tolerant of soil acidity and may over-
come the poor soil P levels by establishing symbiotic
relationships with ectomycorrhizal fungi (Pereira et al.
2012). Furthermore, the reliability of a diagnosis based
on soil analysis in orchards is low due to the high amount
of soil that the roots exploit (Righetti et al. 1990;
Rodrigues et al. 2012). A mature chestnut tree can be
huge, which reduces the quality of a diagnosis based only
on soil analysis. Diagnoses made from leaf analysis are
also unsafe, since the large perennial structure of the
plant, in particular the root system, may buffer the nutri-
ent concentrations in the leaves. Chestnut may fulfill half
of its requirements of N, P, and K from internal translo-
cation of the nutrients and through recycling of debris
(leaves, burs) in the upper part of the soil (Colin-
Belgrand et al. 1996). The sufficiency ranges themselves
have previously been chosen as the range where most of
the results of leaf analysis fall, and have not been based
necessarily on fertilizer response studies, since these have
not been sufficiently numerous (Arrobas et al. 2018).

Given the enormous importance that sweet chestnut has
been gaining in the mountainous regions where it is cur-
rently cultivated, and with the planting of trees in or-
chards at higher densities and occupying increasingly less
fertile soils, the pressure to apply fertilizer is becoming
more urgent to ensure higher yields and profits
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(Rodrigues et al. 2019). Thus, the objective of this work
is to assess the response of the chestnut tree, a plant of
enormous size, to the application of lime and P-rich fer-
tilizers, currently the most common fertilization strategies
in the region, in two field trials established in mature
orchards. We are interested to test if chestnut can indeed
respond to liming and fertilizer application, despite the
size of the trees and their ability to buffer the nutrient
concentration in the leaves, taking into account that in
previous studies in the region perennial crops have shown
a poor response to lime and P fertilizers (Arrobas et al.
2017; Ferreira et al. 2018a).

2 Materials and Methods
2.1 Experimental Conditions

The field trials took place in the municipality of Vinhais, NE
Portugal, in Sobreir6 (41.833485, — 7.053362) and Salgueiros
(41.893505, —7.055719). The region’s climate is of
Mediterranean type, “Csb” according to the Kdppen climate
classification. Average monthly precipitation and temperature
recorded at Qta de Sta Apolonia weather station, located 35
and 40 km away, respectively, from Sobreiré and Salgueiros
are shown in Fig. 1. Total annual precipitation and average
temperature are 772.8 mm and 12.7 °C, respectively. In 2015,
2016, and 2017, these values were respectively 419.4, 786.1,
and 505.7 mm and 12.8, 12.9, and 13.7 °C.

The Sobreird assay was installed on a dystric Cambisol
(WRB 2015) clay loamy textured (39% clay, 31% silt, 30%
sand). The Salgueiros soil is a humic Cambisol (WRB 2015),
also clay loamy textured (30% clay, 25% silt, and 45% sand).
Both soils are acidic, although the Salgueiros soil has a lower
pH. The organic matter content is higher in Salgueiros than in
Sobreird. Several soil properties determined at the beginning
of the field trial installation from samples taken at 0—10-, 10—
20-, and 20-30-cm depth are shown in Table 1.

2.2 Experimental Design and Characterization
of Fertilizing Materials

The trials were arranged as block designs with three fertilizer
treatments and five replications. In a chestnut grove, the trees
are very heterogeneous in size, due to abnormally high tree
growth and phytosanitary problems, such as ink and blight
diseases. The orchards are therefore composed of trees of very
different size and age due to death and replanting. Thus, the
experiments were organized in randomized blocks. Five
groups of three very homogeneous trees within the group were
formed. The three fertilizer treatments were randomly applied
to each tree within a group to remove the experimental vari-
ability. The fertilizer treatments were defined taking into
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account the most common fertilization strategies in the region,
being lime and P applications. Thus, the treatments were lime
plus P (Lime+P), lime plus a compound NPK fertilizer
(Lime+NPK), and a non-fertilized control (Control).

The lime used was a product with 65% CaCOs and 12.5%
MgCOj; which had a neutralizing value of 80. Lime was ap-
plied at a rate of 5 kg tree ' year ' (500 kg ha™' year '). P, in
the Lime+P treatment, was applied as a fertilizer containing
26.5% P,0s, a partially solubilized natural phosphate
enriched with a plant extract containing enzymes and metab-
olites of beneficial organisms. The rate was 2 kg tree ' year '
(~ 200 kg ha ' year '). In the Lime+NPK treatment, a
05:15:05 (N, P,Os, K,O) compound fertilizer was used, also
enriched with a plant extract containing enzymes and metab-
olites of beneficial organisms. It was applied at approximately
a double N rate of 4 kg tree ' year ' (~ 400 kg ha ' year ).
The P-containing fertilizers and the rates selected were those
commonly used in the region by farmers, in order to increase
the practical usefulness of the results.

2.3 Management of Field Trials and Soil and Tissue
Sampling

The orchard floor of Sobreir6 is managed by conventional
tillage, by passing the cultivator twice a year. In Salgueiros,
the ground is maintained with a cover of natural vegetation
which is mowed annually in spring. Thus, the fertilizers in
Sobreird were incorporated into the soil shortly after applica-
tion and in Salgueiros they were left on the ground with no
incorporation. In both trials, the fertilizers were manually ap-
plied, homogeneously spread beneath the canopy.

The initial soil samples were randomly taken from beneath
the canopies throughout the orchard at three different depths
(0-10, 10-20, and 20-30 cm). Three composite samples per
depth were prepared, each consisting of fifteen individual col-
lections. The final soil sampling for the evaluation of the effect
of the treatments was also performed at the three depths
abovementioned, but each composite sample consisted of five
replications taken under the canopy of each tree.

Table 1 Selected soil properties

determined from soil samples Sobreir6 Salgueiros
taken just before the installation
of the experiments Soil layer (cm) 0-10 10-20 20-30 0-10 10-20 20-30
'Organic C (g kg™ 123+£0.63 9.7+1.16  7.1+£0.71 260+£033 17.5+£054 14.6+1.67
2pH(H,0) 5.8+0.25 5.6+0.18 53+0.07 5.1+023 49+0.11 49+0.14
%pH (KCI) 4.6+0.24 43+0.12  3.9+0.05 4.1£0.19 4.0£0.07 4.0+0.07
Extractable
P (mg P,Os kg™ 66+38.0 14+38 5+32 444219 33+£22.9 23+£17.9
K (mg K,0 kg ™) 217+48.3 171+7.8 145+17.9 192 +46.9 152+18.7 134+£26.3
‘B (mg kg ™) 0.6+0.17 04+0.09 04+£0.15 0.6+0.06 0.5+0.21 0.6+0.38
>Exchangeable complex
Ca (cmol, kg ™) 5.1+0.15 44+036 4.0+0.63 24+1.12 1.6+£0.45 1.2+£0.22
Mg (cmol, kg ™) 1.7+0.20 1.7+£0.17 1.5+£0.28 0.6+0.19 0.5+0.10 0.4+0.08
K (cmol, kg™ 0.9+0.27 0.7+0.12 0.6+0.06 0.5+0.13 0.7+0.65 0.4+0.09
Na (cmol, kg ") 1.6+£0.32 1.0+£0.01 1.4+0.35 0.6+0.20 0.5+022 0.5+0.03
EA (cmol, kg™ 0.2+0.00 02+0.10  0.4+£0.06 0.8+0.51 1.2+0.33 1.3+0.30
CEC (cmol, kg ") 9.5+£0.49 8.1+0.28 7.9+1.03 49+0.70 45+093 3.7+0.32

! Walkley-Black; 2 potenciometry; 3 ammonium lactate; * hot water, azomethine-H; > ammonium acetate for bases
and potassium chloride for exchangeable acidity (EA) from which effective cation-exchange capacity (CEC) was

estimated
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At the end of July 2015 (30th), 2016 (22nd), and 2017
(24th), leaves were sampled to assess the nutritional status of
the trees. A sample per tree was taken by collecting young
mature leaves in all quadrants. At harvest, fruit samples were
also taken for elemental analysis and evaluation of the amount
of nutrients removed in the nuts.

2.4 In Situ Measurements of Nutritional Status
and Photosynthetic Performance of the Trees

Estimates of greenness or relative chlorophyll content in plant
leaves were recorded by using the portable SPAD-502 plus
chlorophyll meter on the same days as the leaves were collect-
ed for elemental analysis. The device measures the transmit-
tance of light through the leaf at two different wavelengths,
650 nm (red light, absorbed by chlorophyll pigments) and
940 nm (infrared light, not absorbed by chlorophyll). The
readings were taken from the blade of fully expanded young
leaves.

On the same dates, a NDVI (normalized difference vegeta-
tion index) was estimated by using the Field Scout CM 1000®
NDVI meter. The device senses the light at wavelengths of
660 nm and 840 nm, measuring the ambient and reflected light
at each of those wavelengths. The NDVI value (—1 to 1) is
calculated from the measured ambient and reflected light data
[(%Near Infrared - %Red) / (%Near Infrared + %Red)].

Chlorophyll a fluorescence measurements and advanced
OJIP test were performed by using the OS-30p+ handheld
portable fluorometer. The tool is designed to measure precise-
ly chlorophyll a fluorescence and transient fluorescence by
using dark adaptation protocols Fy/Fy;, Fv/F, and advanced
OJIP measurements. Fy; and F|, are the maximum and mini-
mum fluorescence, respectively, and Fy/Fy = (Fy — Fo)/Fum
and Fv/Fo= (Fy — Fo)/Fo. The OJIP test provides origin (O)
fluorescence at 20 us (O), fluorescence at 2 ms (J), fluores-
cence at 30 ms (I), and maximum fluorescence or Fy; (P).
Measurements were taken from fully expanded young leaves,
after a period of dark adaptation longer than 35 min.

2.5 Soil Testing and Plant Analysis

Soil samples were dried (40 °C) to constant weight and sieved
(2-mm mesh). The soil samples of the two field trials were
submitted to analytical determinations: pH (H,O, KCl); easily
oxidizable carbon (C) determined by the Walkley-Black meth-
od; cation-exchange capacity (ammonium acetate, pH 7.0);
extractable P and K (ammonium lactate); and extractable B
(azomethine-H). In the initial samples, there were also deter-
mined clay, silt and sand fractions by the Robinson pipette
method. All the determinations are fully described by Houba
et al. (1997) and are the usual methods followed in the soil
testing and plant analysis laboratories in Portugal.

@ Springer

Tissue samples (leaves and nuts) were oven-dried at 70 °C.
Nuts were separated into kernel and shell before they were
ground. Tissue analyses were performed by Kjeldahl (N), col-
orimetry (B and P), flame emission spectrometry (K), and
atomic absorption spectrophotometry (Ca, Mg, Cu, Fe, Zn,
and Mn) methods (Walinga et al. 1989) after tissue samples
were fully digested for 40 min with nitric acid in a microwave.

2.6 Data Analysis

Data analysis was carried out using JMP software. Firstly, data
was tested for normality and homogeneity of variances using
the Shapiro-Wilk test and Bartlett’s test, respectively. The
comparison of the effect of the fertilizer treatments was pro-
vided by ANOVA. When significant differences (< 0.05)
were found among the fertilizer treatments, the means were
separated by the multiple range Tukey HSD test (av=0.05).

3 Results
3.1 Soil Fertility Status

Soil organic C content is roughly twice as high in Salgueiros
in comparison to Sobreird (Table 2) as previously recorded at
the beginning of the experiments (Table 1). In both localities,
soil organic C decreases with depth. Organic C contents in the
0-10-cm layer are approximately twice the organic C contents
in the 20-30-cm layer. Liming combined with NPK or only P
did not influence the organic C content at any of the sites or at
any depth.

In Sobreird, fertilized treatments resulted in a significant
increase in soil pH compared with the unfertilized control at
all depths. Also, in Salgueiros, there was a pH increase in the
fertilized treatments compared with the control, although sig-
nificant differences were only recorded in the 0—10-cm layer.

Extractable P increased in the fertilized treatments in com-
parison with the control. In Sobreiro the differences were sig-
nificant at all depths while in Salgueiros the differences
among treatments were more marked at the 0—10-cm soil
depth.

In Sobreird, exchangeable Ca was significantly higher in
the fertilized treatments at all depths compared with the con-
trol. In Salgueiros the trend was similar, although at the 20—
30-cm soil layer the differences among treatments did not
significantly differ. Overall, exchangeable Ca was higher in
Sobreir6 than in Salgueiros. Exchangeable Mg showed an
opposite tendency to Ca, with higher average values in the
control treatments. However, at neither depth in either the
Sobreird or Salgueiros trials were the values in the control
significantly higher than in the fertilized treatments.
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Table 2 Selected soil properties at the end of the experiments of
Sobreir6 and Salgueiros
Sobreird Salgueiros
Soil layer (cm) 0-10 1020  20-30 0-10 10-20 20-30
Organic C (g kg ")
Lime+NPK 136a 88a 6.1a 250a 147a 128a
Lime+P 124a 86a 59a 285a 144a 136a
Control 12.5a 9.1a 65a 27.1a 162a 13.7a
pH (H;0)
Lime+NPK  59a 57a 53a 5S54a 47a 46a
Lime+P 6.1 a 58a 54a 55a 49a 47a
Control 54b 520D 48b 50b 48a 46a
Extractable P (mg P,Os kgﬁl)
Lime+NPK  1834a 1046a 32.1a 694a 315a 280a
Lime+P 169.5a 889a 30.8a 87.1a 337a 429a
Control 449b 29.6b 146b 225b 243a 167D
Exchangeable Ca (cmol + kg ")
Lime+NPK  6.5a 59a 49a 53a 1.8ab 13a
Lime+P 6.7 a 64a S51la 57a 2la 14a
Control 52b 49b 44b 32b 15b 12a
Exchangeable Mg (cmol + kg ")
Lime+NPK 23 a 26a 23a 09a 06a 06a
Lime+P 26a 2.7a 24a 08a 07a 06a
Control 2.7a 32a 22a 10a 07a 07a

In columns, for each soil property, means followed by the same letter are
not significantly different by Tukey’s HSD test (v < 0.05)

Other soil fertility parameters, such as extractable K and B,
did not show significant differences among treatments (data
not shown).

3.2 Plant Nutritional Status and Photosynthetic
Performance

The Lime+NPK treatment significantly increased the leaf N
concentration in comparison with the other treatments, on two
of the three sampling dates in either the Sobreir6 or Salgueiros
experiments (Fig. 2). The Lime+NPK and Lime+P fertilizer
treatments did not increase leaf P concentration in any of the
trials. Leaf K concentration tended to be higher in the Lime+
NPK treatment in comparison with the other treatments.
However, significant differences were only recorded in one
sample in the experiment of Salgueiros.

In Sobreiro the fertilized trees revealed significantly higher
Ca levels than the trees of the control treatment in two of the
three samplings (Table 3). Leaf Mg, B, Fe, Cu, and Zn con-
centrations did not significantly vary with fertilizer treatments
and fell within the sufficiency ranges. Leaf Mn levels were
significantly lower in the fertilized treatments compared with

those of the control on all sampling dates, although the oscil-
lations occurred within the sufficiency range.

In Salgueiros, a significant increase in leaf Ca levels was
also recorded in the fertilized treatments in comparison with
the control (Table 4). Mean leaf Ca concentrations were, how-
ever, lower than those reported from the experiment of
Sobreird. As in Sobreird, leaf Mg, B, Fe, Cu, and Zn concen-
trations did not significantly vary with fertilizer applications.
Unlike in Sobreird, leaf Mn levels in Salgueiros did not sig-
nificantly vary with treatments. The average leaf Mn levels in
Salgueiros were, however, much higher than those in
Sobreird, although they did not reach 2000 mg kg, the upper
limit of the sufficiency range.

No significant differences were found among treatments in
nutrient concentrations in the nuts (kernel or shell) in any of
the field trials. The mean results of all treatments in each of the
trials are shown in Table 5. N was the most concentrated
nutrient in the kernel, followed by K. Among micronutrients,
Mn was the most concentrated in the kernel, in particular in
the nuts of the experiment of Salgueiros, reaching
150 mg kg . In the shell, Ca was the most concentrated nu-
trient, although the shell maintained also appreciable levels of
N. Among the micronutrients, Mn was also the most concen-
trated in the shell in particular in the Salgueiros experiment,
and the values were more than double than those in the kernel.

The measurements relating to the nutritional status and the
photosynthetic performance of the trees revealed no signifi-
cant differences between treatments in any of the years. The
average values from the two experiments of the most relevant
parameters are presented in Table 6. OJIP, F\/Fy, F\/F, and
NDVI values were lower in the 2015 measurement, which
corresponds to the spring/summer period with the lowest rain-
fall. SPAD values were between 33.6 and 35.9, but did not
follow any relevant trend. This does not mean that the peren-
nial parts of the plant, especially the roots, not analyzed in this
study, did not absorb highly useful P for later use.

3.3 Nut Yield

Yearly nut productions and cumulative totals did not vary
significantly with fertilizer treatments in either trial (Fig. 3).
However, in Salgueiros, the Lime+NPK treatment yielded a
relatively higher cumulative average nut production, reaching
71.7kg treefl, while in the control, it was 59.6 kg tree . In the
Lime+P treatment, the average value was lower than that in

the control treatment with 51.7 kg tree .

4 Discussion
Lime applications supplemented with P or NPK did not sig-

nificantly influence the organic matter content in the soil.
While fertilization can stimulate the development of

@ Springer
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Fig.2 Leaf N, P, and K
concentrations from a Sobreird
and b Salgueiros trials as a
function of fertilizer treatments.
Horizontal full and dashed lines
are, respectively, the lower
(LLSR) and the higher (HLSR)
limits of the sufficiency range.
ANOVA results presented as *
(P<0.05), ** (P<0.01) and ns
(not significant)
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herbaceous vegetation, increasing the entry of organic sub-
strate into the soil (Ferreira et al. 2015), the pH increase, in
turn, may have stimulated microbial activity, which enhances
organic substrate mineralization (Havlin et al. 2014; Santos
2015). The combined balance of these two effects may have

Table 3 Nutrient concentrations
in the leaves as a function of
fertilizer treatments and years
from the trial of Sobreird
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resulted in the absence of significant differences between
treatments in soil organic matter.

Lime applications raised the pH at all depths in the tilled
soil (Sobreird) and especially in the surface layer in the non-
tilled soil (Salgueiros). The application of lime will neutralize

Sobreird
Ca Mg B Fe Cu Zn Mn
gkg mg kg '
2015
Lime+NPK 58a 31la 12.8 a 164.6 a 7.8 a 313a 3489 b
Lime+P 57a 34a 109 a 1348 a 6.1a 369a 308.8b
Control 56a 34a 148 a 1653 a 63a 28.6a 4550 a
2016
Lime+NPK 6.1a 33a 234 a 152.6 a 84a 24.7 a 325.8b
Lime+P 6.0 a 3.1la 245 a 149.1 a 84a 283 a 298.7b
Control 52b 35a 31.8a 163.5a 93a 28.1a 7435 a
2017
Lime+NPK 62a 32a 157 a 1425 a 9.1a 245a 3243 b
Lime+P 6.0a 26a 16.8 a 146.8 a 82a 293 a 272.8 b
Control 470 26a 192 a 1459 a 79 a 309a 919.8 a
Sufficiency range 5-15 1.5-6 20-100 15-300 4-40 15-75 100-2000

In columns, within each year, means followed by the same letter are not significantly different by Tukey’s HSD

test (e <0.05)
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Table 4 Nutrient concentrations

in the leaves as a function of Salgueiros
fertilizer treatments and years
from the trial of Salgueiros Ca Mg B Fe Cu Zn Mn
gke! mg kg '
2015
Lime+NPK 43a l6a 122 a 132.6 a 72a 342 a 1607.7 a
Lime+P 3.6 ab l4a 9.8a 1350 a 6.1a 249 a 19133 a
Control 30b 15a 10.7 a 125.1 a 62a 30.1a 1812.7 a
2016
Lime+NPK 42a 15a 17.5a 1120 a 81la 28.7 a 1438.1 a
Lime+P 39a 1.5a 129a 993 a 83a 26.8 a 1612.1 a
Control 33D l4a 154 a 94.0 a 79 a 294 a 15142 a
2017
Lime+NPK 43a l4a 11.8a 67.8 a 103 a 30.5a 1357.7 a
Lime+P 4.1a 14a 9.0a 66.8 a I1.1a 219a 11533 a
Control 2.1b l4a 11.8a S55.1a 139 a 341a 1484.2 a
Sufficiency range 5-15 1.5-6 20-100 15-300 4-40 15-75 100-2000

In columns, within each year, means followed by the same letter are not significantly different by Tukey HSD test

(< 0.05)

H*, and the AI** in soil solution precipitates as AI(OH)s, and
more exchangeable AI** will desorb to resupply solution AI**.
In the continuity of this reaction, more AI** will be neutralized
and replaced on the exchangeable complex by the cations of
the added base (Havlin et al. 2014). In this experiment, with
the application of lime, exchangeable Ca increased but ex-
changeable Mg tended to decrease consistently even though
without significant differences between treatments. The
higher content of Ca in comparison with Mg in the lime might
have produced a dilution effect of Mg in the soil solution and
in the exchangeable complex. Extractable P also increased in
the fertilized treatments likely due to the combined effect of P
applications and P release by the increase of pH. Liming acid-
ic soils will precipitate Fe and Al as Fe(OH); and Al(OH);,
which usually increases soil P availability (Havlin et al. 2014),

in spite of at short-term an opposite trend can be observed
(Park and Ro 2018).

Lime and P applications increased the amount of extract-
able P in the soil, but the concentration of the element in the
leaves did not increase. In tree species, the perennial woody
parts act as a buffer for the concentration of nutrients in the
leaves (Colin-Belgrand et al. 1996). Studies in potted olive
trees, in which the P concentration in roots was evaluated,
revealed that increased availability of P in the soil markedly
increased P concentration in the roots and much less in the
leaves (Ferreira et al. 2018a). In these large trees, the increase
of available P in the soil was not enough to increase the con-
centration of the element in the leaves. K also did not increase
in the leaves in the treatment that received a small amount of K
(Lime+NPK). Studies on potted olive trees also showed a

Table 5 Average (+ standard

deviation) nutrient concentrations Kernel Shell

in fruits (kernel and shell) from

the trials of Sobreird and Sobreird Salgueiros Sobreird Salgueiros

Salgueiros
Nitrogen (g kg ") 9.40 + 1.08 8.21 +0.91 2.55 + 045 2.41+0.15
Phosphorus (g kg 1) 1.19 £0.14 1.13+0.14 0.07 £0.05 0.05 +0.03
Potassium (g kg™") 6.48 + 045 6.84 + 1.38 1.07 £ 0.51 1.57 +0.70
Calcium (g kg ") 0.46 + 0.05 0.53 £ 0.08 3.06 = 0.20 2.12+023
Magnesium (g kg ") 0.48 + 0.06 0.50 + 0.07 1.01 +0.10 1.04 £ 0.15
Boron (mg kg ") 8.41£1.71 8.00 = 1.43 13.82 £2.75 13.24 £2.12
Iron (mg kg ) 18.02 + 3.99 12.69 +£2.43 15.83 +£4.28 31.87 £4.10
Manganese (mg kg ") 24.46 + 10.30 150.00 + 46.44 66.56 + 28.05 365.35 + 98.94
Copper (mg kg™ 9.30 + 1.41 10.28 = 1.54 446 +0.71 474 +£0.71
Zinc (mg kg ") 19.80 + 2.64 19.73 £2.55 34.84 £ 3.61 25.06 + 4.42
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Table 6  Average (£ standard deviation) advanced OJIP measures, F\/
Fy, Fy/Fy, SPAD readings, and ND VI in fully expanded young leaves of
the experiments of Sobreir6 and Salgueiros

2015 2016 2017

July 30th July 22nd July 24th
(0) 25324355 286.6+30.6 259.4+39.9
T step 406.1 +57.7 490.8 +48.9 426.8+65.4
I step 714.8+£89.1 802.7+102.1 732.8+£87.8
P step 925.9+64.8 1009.0+93.8 932.3+101.9
Fy/Fum 0.79+0.02 0.82+0.02 0.81+0.05
F\/F, 4.06+0.38 445+042 4.28+0.87
SPAD 35.8+14 359+1.6 33.6+2.1
NDVI 0.80+0.01 0.82+0.01 0.83+0.02

O (origin), fluorescence value at 20 ps; J step, fluorescence value at 2 ms;
I step, fluorescence value at 30 ms; P step (FM), maximum fluorescence;
F, pre-photosynthetic minimum fluorescence; Fy/Fy, ratio of variable
fluorescence to maximal fluorescence; Fy/F, variable fluorescence nor-
malized to minimum fluorescence; SPAD (soil and plant analysis devel-
opment); NDVI (normalized difference vegetation index)

proportionally higher increase of K in roots than in leaves with
increasing K availability in the soil (Ferreira et al. 2018b). N
application, albeit at a small rate, had a significant effect on
leaf N increase, with significant differences being noted on
two sampling dates of each of the trials. Unlike P and K,
previous studies showed that N increases proportionally more
in the leaves than in the roots as soil N availability increases
(Ferreira 2018).

The effect of lime and fertilizer applications on the concen-
tration of other nutrients in the leaves was statistically signif-
icant only for Ca and Mn. Liming increased soil Ca availabil-
ity and consequently leaf Ca concentration. It should also be
noted that leaf Ca levels were low if compared with the suffi-
ciency range, and the trees of Salgueiros, grown on a more
acidic soil and with less Ca in the exchangeable complex
(Table 2), revealed levels of Ca below the lower limit of the
sufficiency range. In previous studies, it has already been re-
corded that Ca may appear below the sufficiency range in
some chestnut orchards of the region grown in acidic soils
(Arrobas et al. 2018; Rodrigues et al. 2019). In Salgueiros,

Fig. 3 Annual and accumulated 180

nut yield as a function of fertilizer 160

treatment. Letters above the 140

columns are the results of

ANOVA (no significant 120

differences among treatments) 100
80

60
40
20

0

Nut yield (kg tree)

Lime+P Lime+NPK  Control
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the applied lime did not raise leaf Ca levels to the sufficiency
range, probably because the effectiveness of liming might
have been reduced, due to not being incorporated into the soil.
Leaf Mn concentrations decreased with the application of lime
mainly in the trial of Sobreird where the soil was tilled. The
effect was not observed in Salgueiros. The concentration of
Mn in soil solution mainly depends on soil pH (Marschner and
Rengel 2012). Thus, the higher change in soil pH in the ex-
periment of Sobreird in comparison with Salgueiros may have
favored the reduction of Mn bioavailability.

Fertilizer treatments had no significant effect on mineral
content in the fruits. Their composition seems to be more
stable than that of the leaves. N appears to be the most con-
centrated element in the fruits. Although nuts are considered
to be low in protein and high in sugars (Echegaray et al. 2018),
they are still a good source of total amino acids (Borges et al.
2008). Nuts are also rich in K, as other fruits, such as grapes
(Arrobas et al. 2014), almonds (Arrobas et al. 2019) and olives
(Rodrigues et al. 2012). Mn levels in nuts, particularly in the
shell, were the highest among micronutrients due to the high
presence of the element in the leaves. However, the levels of
Mn in the nuts were incomparably lower than those in the
leaves, indicating a strong restriction on Mn translocation
from leaves to fruits, especially to pulp. The reduction of
Mn?* in fruit pulp was probably due to the compartmentaliza-
tion of Mn?" in the vacuoles and in the apoplast of leaves as
shown for other species (Horst and Maier 1999). Ca and B are
also elements that appeared in relatively high concentrations
in shells due to the relevant role of these nutrients in the cell
wall (Broadley et al. 2012; Hawkesford et al. 2012).

The reduced effect of the fertilized treatments on the gen-
eral nutritional status of plants was similarly observed to the
tests of chlorophyll fluorescence, NDVI and SPAD readings,
since no significant differences between treatments were
found to exist. However, in other studies, causal relationships
between increased P nutrition and photosynthesis were often
found (Veronica et al. 2017; Ferreira et al. 2018a). This may
mean that in this particular study, the trees of the non-fertilized
controls did not experience a clear situation of P deficiency.
The effect of P or lime supply on the photochemical reactions

02017 180
@2016 160
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in the thylakoid membranes contributing to higher net CO,
assimilation rate will have been low. In contrast, it seems that
Fy/Fy, Fy/Fy, and all points of the OJIP curve values were
lower in 2015 in comparison with the other years. The spring
of 2015 was particularly dry, and these results probably reflect
the increased drought stress to which the trees were exposed.
Thus, water stress may have had a negative effect on the
photochemical reactions of photosynthesis, in agreement with
results obtained in other studies (Dinis et al. 2016; Ferreira
et al. 2018b).

The effects of fertilizer treatments on plant nutritional sta-
tus were not sufficient to significantly influence nut yield,
since it depends on several other environmental variables be-
sides nutrient availability. Productivity did not increase signif-
icantly but Lime+NPK treatments showed higher average
values in particular in the experiment of Salgueiros. Given
that Ca is at low levels in the leaves compared with the suffi-
ciency range, it could be the main suspect influencing the
slight increase observed in nut yield in the Lime+NPK treat-
ments. However, the low nut yield in the Lime+P treatment
rules out any role of the increased Ca availability in yield.
Another possibility is N, since the Lime+NPK treatment was
simultaneously associated with increased leaf N and higher
yield and the leaf N concentration was also close to the lower
limit of the sufficiency range. In this study, leaf B levels often
appeared below the lower limit of the sufficiency range
(Arrobas et al. 2018). Previous studies in the region also re-
ported B as one of the elements which can cause nutritional
disorders in chestnut trees (Portela et al. 2011, 2015;
Rodrigues et al. 2019).

5 Conclusions

Despite the initial acidity of the soils and the effect of liming
on the increase of soil pH and exchangeable calcium (Ca) in
the treated plots, the photosynthetic performance of the trees,
assessed by Fy (variable fluorescence)/Fy; (maximum fluo-
rescence), Fy/Fy (minimum fluorescence) and OJIP (origin
fluorescence at 20 s, fluorescence at 2 ms, fluorescence at
30 ms, and maximum fluorescence) test, and the crop produc-
tivity did not significantly change. These results indicate that
the chestnut tree probably is a species well adapted to acidic
soils, which can satisfactory grown with low levels of Ca in
the leaves. Thus, in chestnut tree, liming should be viewed
with caution and is probably only warranted on very acidic
soils.

Phosphorus (P) addition was not effective in leaf P increase
or tree yield performance. This does not mean that the peren-
nial parts of the plant, especially the roots, not analyzed in this
study, have not absorbed valuable P for later use. One impor-
tant clue from this work is that annual application of P may not
be necessary, since the perennial structure can buffer the levels

of P in the leaves. Another clue from these trials is the need for
regular application of nitrogen (N) to keep the levels of the
nutrient in the leaves within the sufficiency range. Thus, it
seems that the buffer that the perennial structure of such large
trees offers, on the distribution of nutrients in the plant, is
smaller for N than for P. In addition, N is removed at relatively
high levels in fruits and this nutrient does not accumulate in
soils in balanced ecosystems, which accentuates the need for
regular N applications, even in a large tree such as chestnut.
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