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Abstract
In cultivated fields, patches of poorly developed vegetation often appear without a clear indication of what is affecting the growth
of the plants. The purpose of this study was to investigate the causes behind these irregularities in the hop (Humulus lupulus L.)
fields of NE Portugal which are greatly reducing crop yield and farmers’ profits and to provide guidance to farmers as to
appropriate remedial action. Patches of different levels of plant development were selected within hop fields and categorized
according to plant vigour (weak, fair and good). Several soil properties were determined and related to the plant nutritional status
and dry matter yield of different parts of the plant (hops, leaves, stems). Data was subjected to analysis of variance and principal
component analysis. The results suggest that crop yield is reduced mostly due to poor soil aeration and excessive soil and tissue
Mn and Fe levels. The plants from the plots of weaker vigour seem to be particularly affected by toxic levels ofMn and the plants
from the plots of fair vigour by Fe levels. pH, texture (clay content), cation exchange capacity and organic carbon seem to be
other soil properties with some degree of influence on plant performance. From these results, farmers are advised to increase soil
aeration by implementing a drainage system and converting to a drip irrigation system, in addition to increasing soil pH by liming
to reduce Mn toxicity.
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1 Introduction

Hop (Humulus lupulus L.) is a perennial species that has a
productive life of more than 20 years. In the north-eastern of
Portugal, cultivated hop fields sometimes display patches of
heterogeneous plant vigour, even when managed by the same
farmer and subjected to similar cropping techniques. This is an
important issue since the loss of production is progressively
reducing the farmers’ profit. The causes are often not easily
identified, but they may be related to soil properties and plant
nutritional disorders.

Soil compaction and soil water content are spatially and
temporarily variable factors which greatly influence soil

available nutrients (Weil and Brady 2017). In Portugal, hop
farmers usually irrigate the crop by flooding the space be-
tween rows (Rodrigues et al. 2016). This system negatively
impacts the soils, causing the appearance of areas with exces-
sive or insufficient water content and increasing soil compac-
tion, which demands frequent tillage, with consequences for
soil properties, plant nutritional status and plant health
(Rodrigues and Morais 2015).

In Mediterranean climates, most of the rain falls during the
winter months (mainly between December andMarch), which
in poorly drained soils, may be a serious problem for winter
and perennial crops. Flooding, caused by rain and summer
surface irrigation, greatly influences the soil redox potential
and consequently its chemical and physical properties (Favre
et al. 2002). The first measurable effect induced by flooding is
the disappearance of oxygen (O2) (Parent et al. 2008; Irfan
et al. 2010). Plant roots need a regular O2 supply for mito-
chondrial respiration. The availability of O2 also regulates
oxidation-reduction reactions, with a major influence on the
bioavailability of several essential nutrients (Weil and Brady
2017). Reduced levels of O2 in the soil favour the activity of
anaerobic microorganisms which increases denitrification,
with the emission of important nitrogen gases, such as
dinitrogen (N2) and/or nitrous oxides (NOx), into the
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atmosphere (Xia et al. 2019). Furthermore, flooding stress
may reduce plant dry matter yield (Gao et al. 2020).

During the thermodynamic sequence of the reduction pro-
cess, nitrate reduction is followed by the reduction of Mn, Fe
and sulphate (Osman 2013). The decrease in redox potential is
followed by the increase in pH and soluble Fe, Mn, NH4

+, Ca,
Mg, K and Na (Phillips and Greenway 1998; Pezeshki and
DeLaune 2012). Toxic products, such as ethanol, lactic acid,
acetaldehyde, aliphatic acids and cyanogenic compounds, are
also produced under reduction conditions (Parent et al. 2008;
Pezeshki and DeLaune 2012). The accumulation of these
compounds along with the increased available forms of Fe
and Mn can have deleterious effects on plants (Millaleo
et al. 2010, 2019; Pezeshki and DeLaune 2012). The effects
of flooding on plants can be diverse and may include deficien-
cy of some and/or toxicity of other nutrients (Stieger and
Feller 1994; Pezeshki and DeLaune 2012) and reduction in
photosynthesis and biomass accumulation (George et al.
2012; Sparrow and Uren 2014).

Organic matter is a key component of soil fertility and an
important factor in soil structure formation (Osman 2013). In
general, organic matter favourably influences the physical,
biological and chemical properties of the soil. Among many
other favourable effects on soil, organic matter reduces com-
paction, favours aeration and water holding capacity, en-
hances nutrient cycling and releases valuable nutrients for root
uptake (Tan 2011; Singer andMunns 2002). The organic mat-
ter content of a soil depends on the annual input of organic
debris (crop residues or manure), soil properties (such as tex-
ture), climate (precipitation and temperature) and agricultural
practices, such as the intensity of soil tillage (Weil and Brady
2017).

Soil pH is another major factor affecting nutrient availabil-
ity and plant growth (Bindraban et al. 2015). Depending on
soil pH, several essential nutrients become more or less avail-
able for root uptake. The bioavailability of the vast majority of
essential nutrients increases with pH close to neutrality. As pH
moves away from neutrality, the risk of deficiency or toxicity
of certain elements increases. In alkaline soils, for instance,
there is a high risk of Fe deficiency, while in acidic soils, the
risk of Al andMn toxicity increases (George et al. 2012). Plant
species differ in their preferences for soil pH. Some species
thrive in acidic soils while others prefer alkaline soils. Most,
however, thrive best in near-neutral or slightly acidic soils
(Tan 2011). The pH range considered to be the most adequate
for hop is between 6.0 and 6.7 (Gingrich et al. 1994; Čeh and
Čremožnik 2015).

The availability of essential nutrients, both macronutrients
and micronutrients, is of utmost importance for plant perfor-
mance. Soil nutrient availability depends on natural factors
such as soil texture and mineralogy. Clay soils, for example,
may fix and/or adsorb high quantities of some nutrients that
are progressively released to plants (Osman 2013). Some

agricultural practices, such as management of crop residues
and manure application, also have long-term effects on soil
nutrient availability (Lipecki and Berbeć 1997; Samson et al.
2019).

The main goal of this study is to try to establish the causes
for the appearance of heterogeneous areas of poorly devel-
oped plants in commercial hop fields in NE of Portugal. The
hypothesis set for this work is that anoxia, and its multiple
relationships with other soil properties, and the availability
of plant nutrients are responsible for the poor vigour of plants.
Thus, the objectives of the study are (i) to relate several soil
properties, such as soil pH, texture, organic carbon, electrical
conductivity, exchangeable bases and extractable macronutri-
ents and micronutrients, to elemental plant composition
(leaves, stems and flowers); (ii) to relate all those soil and plant
variables to aboveground dry matter yield and, in particular, to
hop cone drymatter yield; and (iii) to seek a diagnosis that will
guide farmers to intervene in the fields to make them more
uniform, eliminating the patches of low-vigour plants which
are responsible for reduced dry matter yield. To this aim, these
were selected for the study plots previously classified by
farmers as producing plants of weak, fair or good vigour.

2 Materials and Methods

2.1 Characterization of Field Plots and Sample
Collection

The hop fields used for this study are located in Bragança, NE
of Portugal, a region that benefits from a Mediterranean-type
climate (average annual air temperature of 12.7 °C; annual
precipitation of 772.8 mm) (IPMA 2020). The soil and plant
samples were collected during the growing season of 2016, in
two hop farms located in Pinela (41° 40′ 33.6″ N, 6° 44′ 32.7″
W) andVinhas (41° 33′ 34.8″N, 6° 48′ 42.9″W). Each farmer
grows approximately a total of 6 ha of hop of the cultivar
Nugget. The fields are grown in a 7-m conventional high-
trellis system, with concrete poles, connected with cable, in
a ‘V’ design system. In Vinhas hop farm, there are several
plots showing a markedly different vegetative pattern in terms
of the vigour of hop plants, previously classified by the
farmers as weak, fair and good. In Pinela farm, hop plants
generally present a fair or good vigour. Soil and plant samples
were separately collected in the different vigour plots. Seven
plots were selected corresponding to weak (plot 1, plot 2, plot
3), fair (plot 4, plot 5) and good (plot 6, plot 7) plant vigour.
Plots 1, 2, 3 and 4 were marked in Vinhas farm and plots 5, 6
and 7 in Pinela farm.

Both farmers manage their fields by a surface irrigation
system consisting of flooding the space between rows.
Several tillage passes (3 to 4) are performed every year to
remove the crusts and allowing water infiltration. Both
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farmers used to apply a compound NPK (7:14:14) fertilizer
early in the spring, followed by two applications of N as
sidedress, totalling ~ 150, 44 (100) and 83 (100) kg N, P
(P2O5) and K (K2O) ha

−1. The farmer of Pinela also uses to
apply 40 t ha−1 of farmyard manure. Both farmers follow a
phytosanitary program to protect the crop from pests and
diseases.

Composite soil samples (15 sampling points per composite
sample) were randomly collected at 0–20 cm depth, between
rows, on June 2, with three replicates per plot. The soil of a
composite sample was homogenized in a bucket and separated
from the larger stones. A fraction of ~ 500 g soil was placed in
a labelled bag and sent to the laboratory. Three samples of 30
leaves (blades plus petioles) were collected per plot in three
dates evenly spaced (June 2, July 1 and July 27) during the
growing season. In the first sampling date, the leaves were
collected at ~ 1 m in height. In the second and third sampling
dates, leaves were collected at ~ 1 m and ~ 2 m in height. At
the harvest (September 1), the aboveground biomass of six
random plants per plot was separated in two different leaf
samples (basal leaves [to 2 m in height] and top leaves [last
2 m from the top]), stems and hop cones. By analysing several
times, different tissues and tissues at different positions in the
canopy, a more complete diagnosis of the nutritional status of
the plants is potentially obtained. The samples of the above-
ground biomass taken at harvest were weighed in fresh and
separated into stems, leaves and cones. Subsamples of each
plant part were weighed again and subsequently oven-dried at
65 °C and weighed dry for the estimation of the dry matter
yield of the original field samples. Thereafter, three subsam-
ples of each plant tissue were ground (1-mm2 sieve) and
analysed for elemental composition.

2.2 Laboratory Analysis

Soil samples were oven-dried at 40 °C and sieved in a mesh of
2 mm. Samples were analysed for texture (pipette method), pH
(H2O and KCl 1 M), electrical conductivity of soil extract
(soil:solution, 1:2.5), exchangeable complex (ammonium ace-
tate, pH 7.0) and organic carbon (Walkley–Black method). The
readily soluble forms of P and K were extracted by a combina-
tion of ammonium lactate and acetic acid buffered at pH 3.7
(Egner–Riehm method). Extractable P was also determined by
the Olsen method. Phosphate in the extract was determined
calorimetrically with the blue ammonium molybdate method
using ascorbic acid as reducing agent. Soil B was extracted
by hot water and the extracts analysed by the azomethine H
method. For more details of these analytical procedures, the
reader is referred to Van Reeuwijk (2002). The availability of
other micronutrients in soil (Cu, Fe, Zn and Mn) was deter-
mined by atomic absorption spectrometry after extraction with
ammonium acetate and EDTA, according to the method de-
scribed by Lakanen and Erviö (1971). Soil acid phosphatase

activity was determined as proposed by Tabatabai and Bremner
(1969) and Eivazi and Tabatabai (1977).

Elemental analyses of leaf, stem and cone samples were
performed by Kjeldahl (N), colorimetry (B and P), flame
emission spectrometry (K) and atomic absorption spectropho-
tometry (Ca, Mg, Cu, Fe, Zn and Mn) methods after nitric
digestion of the samples (Walinga et al. 1989). Additionally,
nitrate concentration in hop cones was determined by UV-vis
spectrophotometry in a water extract (dry tissue:solution,
2.5:50) (Clescerl et al. 1998).

2.3 Data Analysis

Data from soil and plant samples was subjected to one-way
(plots of different plant vigour) analysis of variance
(ANOVA), by using IBM SPSS v.25.0 program. When sig-
nificant differences occurred, the means were separated by the
Tukey–Kramer HSD test (α = 0.05). A correlation analysis
was performed for soil data with the Pearson coefficient when
the assumption of normality and linearity was accomplished,
and not being the case, with the Spearman coefficient. The
principal component analysis (PCA) was also applied to soil
and plant data by a symmetrical method. The components
were retained, considering the eigenvalues superior to 1 and
the scree plot. Internal consistency was measured with
Cronbach’s alpha. Subsequently, the differences between
plots in the components extracted were subjected to
ANOVA and Tukey–Kramer HSD test (α = 0.05).

3 Results

3.1 Dry Matter

Plants classified as having higher vigour (good) in the func-
tion of their development in the previous years produced
higher average total dry matter (Fig.1). Values of plot 6 were
significantly higher than those of plot 5 and plots of weaker
plants (1, 2 and 3). Total dry mater yield reached the highest
average values in plot 6 (2587 g plant−1) and the lowest aver-
age value in plot 1 (513 g plant−1). The difference in cone
production was even higher when comparing the plots of the
plants of good vigour with those of fair and weak vigour. The
highest (1193 g plant−1) and the lowest (75 g plant−1) values
were found in plots 6 and 1, respectively. In turn, the differ-
ences in leaf and stem production were less marked between
fair and good plots, though a significant difference had
persisted.

3.2 Soil Properties

Soil texture in plots 1, 2 and 3 (weak plant vigour) varied
between sandy clay loam, loam and silty clay loam (Fig. 2).
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The soils of the plots with fair plant vigour (plots 4 and 5)
were clay loam. The soil of plots 6 and 7 (good plant vigour)
varied between sandy clay loam and loam.

Soil pH (H2O) significantly varied among experimental
plots (Table 1). The lower (5.1) and higher (6.2) values were
found in plots 7 and 2, respectively. Conductivity and acid
phosphatase activity also significantly varied among plots.
Conductivity ranged from 51.7 μs m−1 in plot 6 to
99 μs m−1 in plot 3. The higher values of acid phosphatase
activity occurred in plots 5, 4 and 3 which correspond to plants
of fair (plots 4 and 5) and weak (plot 3) vigour. Organic
carbon, for instance, did not significantly vary among exper-
imental plots. Average values varied from 7.3 g kg−1 (plot 6)
to 16.7 g kg−1 (plot 4). Extractable P significantly varied
among experimental plots as determined by both the analyti-
cal methods. The higher average values were found in plot 5
and the lower values in plot 3. Extractable K varied from
286 mg kg−1 (plot 7) to 93.0 mg kg−1 (plot 3), the differences
being statistically significant. Exchangeable bases (Ca, Mg, K
and Na) and exchangeable acidity significantly varied among
experimental plots. The higher average values of exchange-
able bases were found in plots 4 and 5. Exchangeable acidity
was higher in plot 7 and lower in plots 1, 4 and 6. The average
values of Fe, Mn, Zn, Cu and B were higher in plots 2, 1, 2, 3
and 5, respectively. The values of Fe, Mn, Zn and Cu were
lower in plot 7, and B values were lower in plot 3.

The results for significant correlation coefficients between
soil properties are shown in Table 2. No significant correla-
tions were found for extractable P, K and B and exchangeable
K and Na; hence, results are not shown. Correlations were
significant and positive between pH (H2O and KCl) and or-
ganic C, CEC, exchangeable Ca andMg and acid phosphatase
activity, indicating that these variables increase to higher pH
values. Significant and positive correlations were found be-
tween pH and the micronutrients Fe, Cu and Zn. For Mn, a
moderated and negative correlation with conductivity was
found, suggesting that when conductivity is high, Mn is mod-
erately low. Exchangeable acidity presented a moderated pos-
itive correlation with conductivity. Texture, CEC, exchange-
able Ca, exchangeable Mg and acid phosphatase activity were
strong and positively correlated to clay and negatively corre-
lated to sand.

3.3 Nutrient Concentration in Plant Tissues

In the first sampling date, leaf N concentrations were higher in
the plots corresponding to plants of higher vigour (Table 3).
The average values varied from 40.0 g kg−1 (plot 1, weak) to
46.1 g kg−1 (plot 7, good). In the next sampling dates, there was
an observed and opposite trend, in particular in the lower strata
of the plants, probably due to a dilution effect by the increase in
plant biomass in the most productive plots. Plot 7 sometimes
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appeared as an exception with values similar to those of plot 1.
At harvest, the plots of plants of lower vigour also tended to
present higher leaf N concentration than those of higher vigour
(see plot 6) and the same is true for stems and cones.

Leaf P concentrations varied from the first to the last sam-
pling date (Table 4). The highest average value (3.5 g kg−1)
was found in plot 1 in the sampling on June 2 and the lowest
average value (1.0 g kg−1) in plot 6 on September 1. In spite of
significant differences among plots had been found for some
sampling dates, there was not observed a coherent trend relat-
ed to plant vigour. Cone and stem P concentrations also varied
among plots, but a relation with plant vigour was also not
observed.

Tissue K concentrations significantly varied in all sampling
dates. Plants with good vigour (plot 7) clearly exhibit the
higher values in all tissues, except in stems where weak plants
in plot 1 presented the higher K concentration (Table 5). The
lower K values were recorded for plants with weak vigour in
plot 3. Leaf K concentrations ranged from 3.6 g kg−1 for weak

plants in plot 3 at harvest to 29.2 g kg−1 for good vigour plants
in plot 7 on July 1 and for leaves taken at 2 m. In the cones, the
higher and lower average leaf K values were 18.9 g kg−1 and
10.7 g kg−1, which were found in plots 7 and 3, respectively.

For the other macronutrients analysed (Ca and Mg), full
tables were not provided to reduce the length of the texts.
However, leaf Ca levels significantly increased throughout
the growing season. On June 2, the values varied from
4.6 g kg−1 (plot 7) to 10.5 g kg−1 (plot 4) and on September
1 from 15.5 g kg−1 (plot 5) to 49.2 g kg−1 (plot 1). Leaf Ca
concentrations significantly varied among experimental plots
for all sampling dates. However, a coherent trend regarding
plots or plant vigour was not found. Stems and cones present-
ed Ca concentrations lower than the leaves collected at har-
vest. In spite of there had been found significant differences
among plots, a coherent trend regarding plant vigour was also
not observed.

Leaf Mg concentrations followed the trend observed for
Ca. The results showed an increase of leaf Mg over the

Table 2 Significant correlation coefficients of conductivity, pH (H2O and KCl) and texture to soil properties

Conduct. pHH2O pHKCl Clay Silt Sand

Organic C 0.75**† 0.49*‡ 0.58**‡ 0.52*‡ 0.87**† − 0.84**‡

Cation exchange capacity 0.61**‡ 0.63**‡ 0.95**‡ 0.44*† − 0.71**‡

Exchangeable Ca 0.61**‡ 0.61**‡ 0.95**‡ − 0.71**‡

Exchangeable Mg 0.61**‡ 0.61**‡ 0.95**‡ − 0.70**‡

Exchangeable acidity 0.47*‡

Acid phosphatase activity 0.50*† 0.56*‡ 0.59**‡ 0.83**‡ 0.50*‡ − 0.72**‡

Conductivity 0.63*‡ − 0.61**‡

Fe 0.77**† 0.81**† − 0.46*‡

Mn − 0.51*‡ − 0.63**‡

Zn 0.68**† 0.67**† 0.62**‡ − 0.46*‡

Cu 0.77**† 0.66**† 0.76**‡ 0.54*‡ − 0.80**‡

*Significant at 0.05 level

**Significant at 0.01 level
† Pearson coefficient
‡ Spearman coefficient

Table 3 Tissue nitrogen concentrations (g kg−1) (mean ± standard deviation) for different sampling dates and tissue position in the plant from the
different experimental plots

Date Tissue
(plant position)

Plot 1 (weak) Plot 2 (weak) Plot 3 (weak) Plot 4 (fair) Plot 5 (fair) Plot 6 (good) Plot 7 (good)

June 2 Leaf (1 m) 40.0 ± 1.90 b 40.2 ± 1.12 b 45.8 ± 0.86 a 45.0 ± 2.20 a 43.3 ± 1.63 ab 45.3 ± 2.46 a 46.1 ± 0.44 a
July 1 Leaf (1 m) 39.5 ± 0.92 ab 38.4 ± 2.01 ab 35.9 ± 1.50 bc 33.8 ± 1.27 cd 36.0 ± 0.44 bc 32.0 ± 2.40 d 40.1 ± 1.26 a

Leaf (2 m) 40.6 ± 1.17 a 42.5 ± 0.81 a 38.2 ± 2.81 ab 32.3 ± 1.22 c 34.7 ± 1.36 bc 30.4 ± 2.95 c 39.5 ± 1.56 a
July 27 Leaf (1 m) 38.1 ± 1.88 a 36.5 ± 0.75 ab 32.6 ± 0.55 c 30.9 ± 2.55 c 33.8 ± 0.10 bc 33.2 ± 1.25 bc 36.2 ± 1.05 ab

Leaf (2 m) 44.7 ± 0.69 a 42.0 ± 0.44 b 36.1 ± 1.48 c 38.3 ± 0.40 c 37.7 ± 1.36 c 37.7 ± 0.85 c 38.6 ± 1.25 c
September 1 (harvest) Leaf (basal) 32.0 ± 1.90 a 29.1 ± 1.16 abc 26.5 ± 1.05 bc 25.8 ± 3.52 c 27.0 ± 2.83 abc 24.4 ± 1.21 c 31.5 ± 1.03 ab

Leaf (top) 35.8 ± 1.29 a 32.6 ± 0.57 ab 29.8 ± 0.45 b 32.0 ± 2.10 ab 32.4 ± 2.08 ab 30.4 ± 1.61 b 35.0 ± 2.06 a
Stem (total) 12.5 ± 0.15 a 10.8 ± 0.61 b 10.4 ± 1.11 b 9.3 ± 0.70 bc 8.6 ± 0.92 c 8.3 ± 0.29 c 8.1 ± 0.15 c
Cone (total) 31.9 ± 2.79 a 29.0 ± 0.76 a 29.4 ± 3.25 a 31.8 ± 2.00 a 29.5 ± 1.00 a 29.3 ± 2.14 a 22.5 ± 0.76 b

Means followed by different letters in rows are significantly different by the Tukey HSD test (α = 0.05)
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growing season. The lower average value (2.1 g kg−1) was
recorded in plot 1 on June 2, and the higher average value
(15.3 g kg−1) was found in plot 5 on September 1. Also, in
spite of significant differences in leaf Mg concentration had
been found in all sampling dates, a coherent trend among
experimental plots with different plant vigour was not ob-
served. As for Ca, the levels of Mg in stems and cones were
lower than those in the leaves taken at harvest.

The concentration of Fe in the leaves increased throughout
the growing season (Table 6). On June 1, leaf Fe levels varied
from 91.3 mg kg−1 (plot 1) to 153.4 mg kg−1 (plot 2) and, on
September 1, from 169 mg kg−1 (plot 7) to 691.2 mg kg−1 (plot
4). In most sampling dates, significant differences were found
in leaf Fe concentrations among the experimental plots. The
plants with fair vigour in plot 4 present the highest Fe leaf
concentration from July 1 until the harvest date in all leaf posi-
tions and in cones. The cones showed average values higher
than those of the stems and lower than those of the leaves.

Leaf Mn concentrations ranged from a minimum of
36.1 mg kg−1 to a maximum of 542.3 mg kg−1 for plants of plots
3 and 1, respectively, both the records being from the harvest
date (Table 7). Weak plants of plot 1 usually showed higher leaf

Mn values than the plants of good vigour of plot 7. Stems and
cones presented lower average Mn values than the leaves.

The tissue concentrations in Cu, Zn and B were also not
presented in full tables. Leaf Cu concentrations significantly
varied among experimental plots for most of the sampling
dates. However, a clear relationship between leaf Cu levels
and plant vigour was not observed. The lower (2.1 mg kg−1)
and higher (6.7 mg kg−1) average values were found in the
sampling of July 1 in plots 6 and 2, respectively. Stems and
cones showed leaf Cu levels not much dissimilar than those of
the leaves. However, cone Cu levels appeared generally
higher than those of the other tissues.

In most of the sampling dates, leaf Zn concentrations signif-
icantly varied among the experimental plots. Plants of higher
vigour (plots 6 and 7) usually showed lower leaf Zn levels.
Between the plots of weak and fair plant vigour, no consistency
in results was found, with the lower and higher values
interchanging among sampling dates. Leaf Zn levels varied
from 18.4 mg kg−1 (plot 6, July 1 sampling) to 448.2 mg kg−1

(plot 5, July 27 sampling). At harvest, leaf Zn levels tended to
be lower than those of the previous sampling dates. Cones
exhibited higher Zn levels than the leaves and stems.

Table 4 Tissue phosphorus concentrations (g kg−1) (mean ± standard deviation) at different sampling dates and tissue position in the plant from the
different experimental plots

Date Tissue (plant
position)

Plot 1 (weak) Plot 2 (weak) Plot 3 (weak) Plot 4 (fair) Plot 5 (fair) Plot 6 (good) Plot 7 (good)

June 2 Leaf (1 m) 3.5 ± 0.0 a 2.9 ± 0.26 b 3.0 ± 0.06 b 2.9 ± 0.20 b 3.0 ± 0.12 b 3.1 ± 0.17 b 3.1 ± 0.06 b

July 1 Leaf (1 m) 2.0 ± 0.20 ab 1.9 ± 0.21 b 1.9 ± 0.20 b 2.2 ± 0.06 ab 2.0 ± 0.06 ab 2.0 ± 0.21 ab 2.4 ± 0.15 a

Leaf (2 m) 2.5 ± 0.06 a 2.6 ± 0.10 a 2.8 ± 0.25 a 2.8 ± 0.12 a 2.8 ± 0.15 a 2.6 ± 0.25 a 2.6 ± 0.12 a

July 27 Leaf (1 m) 1.4 ± 0.06 a 1.4 ± 0.06 a 1.6 ± 0.06 a 1.5 ± 0.20 a 1.5 ± 0.06 a 1.4 ± 0.20 a 1.4 ± 0.06 a

Leaf (2 m) 1.6 ± 0.15 a 1.8 ± 0.06 a 1.9 ± 0.06 a 1.7 ± 0.15 a 1.7 ± 0.06 a 1.9 ± 0.36 a 1.5 ± 0.10 a

September 1
(harvest)

Leaf (basal) 1.2 ± 0.12 abc 1.1 ± 0.10 bc 1.4 ± 0.01 abc 1.5 ± 0.36 a 1.5 ± 0.06 ab 1.0 ± 0.01 c 1.4 ± 0.012 abc

Leaf (top) 1.5 ± 0.20 a 1.5 ± 0.06 a 1.6 ± 0.06 a 1.9 ± 0.40 a 1.7 ± 0.35 a 1.4 ± 0.12 a 1.5 ± 0.10 a

Stem (total) 1.2 ± 0.15 b 1.0 ± 0.12 bc 1.1 ± 0.15 bc 1.7 ± 0.32 a 1.7 ± 0.17 a 1.0 ± 0.10 bc 0.8 ± 0.06 c

Cone (total) 2.5 ± 0.21 bc 2.7 ± 0.29 abc 3.2 ± 0.21 ab 3.4 ± 0.38 a 3.2 ± 0.38 ab 2.9 ± 0.15 abc 2.2 ± 0.40 c

Means followed by different letters in rows are significantly different by the Tukey HSD test (α = 0.05)

Table 5 Tissue potassium concentrations (g kg−1) (mean ± standard deviation) at different sampling dates and tissue position in the plant from the
different experimental plots

Date Tissue
(plant position)

Plot 1 (weak) Plot 2 (weak) Plot 3 (weak) Plot 4 (fair) Plot 5 (fair) Plot 6 (good) Plot 7 (good)

June 2 Leaf (1 m) 13.9 ± 1.01 ab 12.8 ± 3.15 abc 7.9 ± 1.35 c 15.8 ± 2.46 ab 10.8 ± 1.46 bc 10.7 ± 1.25 bc 16.5 ± 2.00 a

Jul y1 Leaf (1 m) 15.5 ± 0.85 b 10.1 ± 1.21 cd 6.7 ± 1.02 e 13.3 ± 1.08 bc 10.4 ± 1.71 cd 9.5 ± 1.85 de 23.6 ± 1.17 a
Leaf (2 m) 16.3 ± 0.81 b 10.8 ± 0.45 cd 7.5 ± 1.15 d 16.0 ± 0.67 b 13.2 ± 2.03 bc 10.5 ± 2.16 cd 29.2 ± 1.99 a

July 27 Leaf (1 m) 10.9 ± 1.48 bc 7.1 ± 0.49 cd 5.0 ± 0.44 d 12.9 ± 2.65 b 7.0 ± 3.87 cd 7.6 ± 2.10b cd 22.0 ± 2.06 a
Leaf (2 m) 15.1 ± 0.25 b 8.5 ± 0.64 cd 6.0 ± 0.93 d 16.3 ± 1.27 bc 13.9 ± 2.82 bc 11.9 ± 3.93 bcd 25.2 ± 4.39 a

September 1 (harvest) Leaf (basal) 10.6 ± 0.25 b 5.1 ± 0.56 cd 3.6 ± 0.20 d 8.1 ± 3.64 bc 7.3 ± 2.04 bcd 4.8 ± 0.78 cd 15.5 ± 0.79 a
Leaf (top) 9.9 ± 1.15 b 5.4 ± 0.36 b 4.7 ± 0.90 b 8.1 ± 3.55 b 7.4 ± 2.73 b 6.9 ± 2.76 b 15.1 ± 0.83 a
Stem (total) 11.4 ± 1.70 a 4.2 ± 0.64 bc 2.7 ± 0.38 c 8.4 ± 1.33 ab 8.3 ± 3.30 ab 5.1 ± 1.30 bc 10.1 ± 2.05 a
Cone (total) 14.8 ± 2.46 ab 10.9 ± 0.56 b 10.7 ± 2.21 b 14.1 ± 1.06 ab 16.2 ± 2.33 ab 13.1 ± 2.49 ab 18.9 ± 4.35 a

Means followed by different letters in rows are significantly different by the Tukey HSD test (α = 0.05)
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Leaf B levels significantly varied among the experimental
plots for all sampling dates. Plots 7, 6 and 5, but also plot 1,
showed a dominance of ‘a’ letter from the Tukey test, meaning
that the average values tended to be higher in these plots. Leaf
B levels early in the growing season (June 2) were usually
lower than those found in the samplings performed later.
Considering all the sampling dates, leaf B levels varied from
20.1 mg kg−1 (plot 2, June 2 sampling) to 97.5 mg kg−1 (plot
7, September 1 sampling). Cones, and particularly stems,
showed B levels lower than those found in the leaves.

3.4 Principal Component Analysis

3.4.1 Soil PCA

A PCA was applied to soil properties in order to assess the
possible relationships between them and the experimental
plots of different plant vigour. Exchangeable acidity and

pHKCl were not included in the analysis, since both presented
very low eigenvalues and do not contribute to explained var-
iance. Three components were retained from PCA that ex-
plained 80.3% of total variance. The first component (C1)
explained 41.9% of the total variance, with a high
Cronbach’s alpha (0.91). The CEC had the highest positive
loading in this component (1.1127), indicating high soil CEC
values, and therefore, C1 was denominated as ‘high CEC’
(Table 8). The other variables associated with this dimension
presented also positive and high loadings, with a predomi-
nance of exchangeable bases (Ca > Mg) and cationic
micronutrients (Zn > Cu > Fe), but also pHH2O.

The second component (C2) explained 20.7% of total vari-
ance, with an acceptable Cronbach’s alpha of 0.76. The two
variables with higher positive loadings in component C2 were
extractable KER and exchangeable K, indicating soil with high
K concentrations, and so C2 component was named ‘high K’.
Na, B and extractable PER also presented high positive loadings

Table 6 Tissue iron concentrations (mg kg−1) (mean ± standard deviation) at different sampling dates and tissue position in the plant from the different
experimental plots

Date Tissue
(plant
position)

Plot 1 (weak) Plot 2 (weak) Plot 3 (weak) Plot 4 (fair) Plot 5 (fair) Plot 6 (good) Plot 7 (good)

June 2 Leaf (1 m) 91.3 ± 4.6 a 153.4 ± 120.9 a 144.9 ± 55.7 a 126.4 ± 4.5 a 93.4 ± 4.0 a 93.7 ± 15.9 a 118.8 ± 30.4 a

July 1 Leaf (1 m) 170.5 ± 9.3 b 171.8 ± 21.1 b 153.5 ± 11.1 b 264.0 ± 28.8 a 148.1 ± 22.9 b 168.0 ± 8.8 b 156.6 ± 15.2 b

Leaf (2 m) 155.2 ± 10.5 bc 134.6 ± 11.5 bc 109.9 ± 10.2 bc 304.8 ± 75.2 a 198.2 ± 38.9 b 98.6 ± 16.3 c 109.9 ± 13.8 bc

July 27 Leaf (1 m) 197.9 ± 17.1 b 187.2 ± 14.5 bc 173.7 ± 5.9 bc 266.4 ± 17.8 a 180.5 ± 8.2 bc 126.1 ± 20.7 d 155.8 ± 14.1 cd

Leaf (2 m) 174.6 ± 17.7 b 178.6 ± 21.5 b 141.1 ± 4.9 bc 224.5 ± 25.1 a 178.2 ± 28.8 b 106.8 ± 1.0 c 122.8 ± 5.9 c

September
1
(harvest)

Leaf (basal) 258.4 ± 25.1 b 256.1 ± 12.9 b 373.4 ± 33.5 b 691.2 ± 136.1 a 313.5 ± 24.0 b 233.3 ± 34.0 b 294.7 ± 12.1 b

Leaf (top) 250.9 ± 55.1 c 233.6 ± 44.3 c 239.7 ± 25.2 c 606.1 ± 44.6 a 464.3 ± 97.1 b 237.8 ± 51.1 c 169.4 ± 7.4 c

Stem (total) 56.4 ± 11.2 ab 65.0 ± 9.9 ab 80.2 ± 15.4 a 62.9 ± 18.7 ab 40.8 ± 4.5 b 40.8 ± 1.1 b 67.2 ± 1.1 ab

Cone (total) 180.1 ± 49.9 a 151.2 ± 17.2 a 183.7 ± 26.9 a 315.0 ± 30.2 a 242.9 ± 178.1 a 239.5 ± 36.8 a 138.8 ± 21.4 a

Means followed by different letters in rows are significantly different by the Tukey HSD test (α = 0.05)

Table 7 Tissue manganese concentrations (mg kg−1) (mean ± standard deviation) at different sampling dates and tissue position in the plant from the
different experimental plots

Date Tissue
(plant
position)

Plot 1 (weak) Plot 2 (weak) Plot 3 (weak) Plot 4 (fair) Plot 5 (fair) Plot 6 (good) Plot 7 (good)

June 2 Leaf (1 m) 320.2 ± 33.2 a 253.4 ± 50.6 ab 215.7 ± 44.2 bc 143.5 ± 5.9 c 176.1 ± 11.3 bc 225.5 ± 29.1 b 68.5 ± 12.6 d

July 1 Leaf (1 m) 296.0 ± 33.7 a 288.0 ± 45.7 a 115.0 ± 12.1 bc 153.7 ± 32.5 b 165.9 ± 15.6 b 63.0 ± 12.9 c 125.6 ± 14.4 bc

Leaf (2 m) 230.3 ± 40.8 a 175.3 ± 45.9 a 52.2 ± 17.9 b 50.6 ± 14.9 b 56.2 ± 8.0 b 45.7 ± 6.7 b 94.4 ± 11.9 b

July 27 Leaf (1 m) 459.2 ± 170.4 a 194.9 ± 26.6 b 63.4 ± 7.5 b 111.8 ± 4.2 b 143.8 ± 25.8 b 92.1 ± 9.5 b 181.0 ± 11.5 b

Leaf (2 m) 420.7 ± 18.3 a 129.5 ± 27.5 bc 37.4 ± 5.0 d 46.9 ± 7.1 d 58.7 ± 12.4 d 95.8 ± 7.6 c 158.1 ± 13.5 b

September
1
(harvest)

Leaf (basal) 536.5 ± 130.3 a 113.1 ± 1.7 b 56.8 ± 16.8 b 136.2 ± 25.0 b 147.6 ± 52.1 b 131.6 ± 20.7 b 129.0 ± 29.3 b

Leaf (top) 542.3 ± 61.6 a 41.6 ± 6.3 b 36.1 ± 13.8 b 51.7 ± 6.1 b 86.4 ± 42.2 b 113.3 ± 14.3 b 81.8 ± 38.8 b

Stem (total) 257.1 ± 89.7 a 39.8 ± 6.1 b 27.1 ± 8.9 b 24.9 ± 5.7 b 27.4 ± 5.5 b 37.7 ± 5.8 b 63.7 ± 23.9 b

Cone (total) 175.6 ± 37.1 a 47.0 ± 3.6 b 54.2 ± 7.1 b 54.8 ± 3.2 b 43.5 ± 15.5 b 84.2 ± 18.6 b 57.0 ± 19.2 b

Means followed by different letters in rows are significantly different by the Tukey HSD test (α = 0.05)
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for this component. The third component (C3) explained 17.7%
of total variance, also with an acceptable Cronbach’s alpha of
0.71. This component was named ‘highMn’, because of strong
and positive association of Mn. Conductivity and organic C
were strong and negatively associated with C3, indicating high
soil Mn concentration associated with lower values for electri-
cal conductivity and organic C.

Considering that high scores in C1 indicate higher soil
CEC values, high scores in C2 indicate higher soil K concen-
trations and high scores in C3 indicate higher soil Mn concen-
trations, and comparing the scores of each one of the plots in
each one of the PCA components (Fig. 3), results suggest that

a) The plots with fair plant vigour presented the highest
scores in C1 and thus the highest CEC values. The plots
with good plant vigour presented the lowest CEC values,
and the plots with weak plant vigour settle in the middle,
with higher scores for plots 2 and 3. In C1 component, the
plots with the same vigour were more similar in between
and dissimilar from the others;

b) The plots with good (plot 7), fair (plots 5 and 4) and weak
(plot 1) plant vigour presented the highest scores in C2
and thus the highest soil K concentrations, in decreasing
order. C2 component did not explained variances be-
tween plant vigour, since plots with different plant vigour
(weak, good and fair) did not differed statistically; and

c) The highest scores in C3, corresponding to the highest soil
Mn concentration, were registered for plot 1 followed by
plots 6 and 2. For C3, the similarity between plots with the
same plant vigour only occurred for plant with fair vigour
that registered middle scores.

3.4.2 Plant PCA

Principal component analysis was also performed from plant
data and specifically for all sampling dates and analysed tis-
sues. Three components were extracted in both PCA that ex-
plained a total variance of 70.3% for PCA in leaves data and
79.1% for PCA in harvest data. Table 9 provides an overview
of both PCAs.

For PCA results in leaves collected until July 27, score
means in each one of the PCA components and Tukey HSD
test were calculated for all plots, regarding the three sampling
dates and leaf positions (Fig. 4). The information was summa-
rized as follows:

a) High scores in C1 component indicate, in the comparison
between plots, lower leaf P concentrations associated with
higher leaf concentrations of Ca, Mg, B and Fe. The
higher scores in C1 were recorded in the sample date of
July 27, and the lower on June 2, both for leaves collected
at 1 m. The plots with fair vigour (plots 5 and 4) generally
presented higher scores in C1, and plots with weak vigour
(plot 1) and with good vigour (plot 7) mostly presented
the lower scores;

b) High scores in C2 component indicate higher leaf Mn
concentrations, followed by higher K and N concentra-
tions. Plot 1 (weak) registered the highest scores in all
dates and leaf position, related with highest leaf Mn con-
centrations. Plot 7 (good) was also high on July 1 and 27,
related with highest leaf K and N concentrations. All the
other plots presented low scores; and

c) High scores in C3 component indicate higher Cu and Zn
concentrations in leaves. In the first date (June 2), scores
in C3 were positive and plot 3 (weak) presented the higher
scores. Plot 7 mostly presented the lower scores, related
with lower leaf Cu and Zn concentrations.

For PCA results in plants collected at harvest date, score
means in each one of the PCA components and Tukey HSD

Table 8 Components extracted with PCA applied to soil properties (C1,
C2 and C3), and respective eigenvalues, explained variance, Cronbach’s
alpha values and component loadings of each soil parameter in each
component

Components

C1-high CEC C2-high K C3-high Mn

Eigenvalue 7.120 3.514 3.011

Explained variance (%) 41.9 20.7 17.7

Cronbach’s alpha 0.913 0.760 0.710

Component loadings

Cation exchange capacity 1.127 − 0.173 − 0.325
Exchangeable Ca 1.107 − 0.371 − 0.230
Extractable Zn 1.087 − 0.098 0.455

Exchangeable Mg 1.078 − 0.113 − 0.315
Acid phosphatase 1.033 − 0.050 − 0.482
Extractable Cu 0.948 − 0.745 0.047

pHH2O 0.864 − 0.809 0.178

Extractable Fe 0.857 − 0.350 0.379

Extractable KER − 0.200 1.239 − 0.708
Exchangeable K 0.440 1.192 − 0.340
Exchangeable Na 0.687 0.992 − 0.241
Extractable B 0.592 0.885 0.672

Extractable PER 0.696 0.874 0.613

Extractable Mn 0.200 − 0.152 1.412

Conductivity 0.367 0.008 − 1.085

Organic C 0.738 − 0.050 − 0.924

Extractable POL 0.678 0.832 0.869

Values in italics correspond to the highest loading of each soil property in
the respective component

ER Egner–Riehm method, OL Olsen method
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test were calculated for all plots, considering the different
sample tissues (leaf basal, leaf top, stems and cones) (data
not shown due to its extensity). The information may be sum-
marized as follows:

a) High scores in C1 component indicate, in the comparison
between plots, higher tissue Ca concentrations followed
by tissue B,Mg and Fe concentrations. The highest scores
were registered in leaves and for plot 1 (weak), followed
by plot 6 (good), explained mainly by leaf Ca and B
concentrations. Scores were all negative for stems and
cones;

b) High scores in C2 component indicate higher tissue Zn
concentrations followed by P, N and Cu. The highest
scores for C2 were registered for cones and for plots with
fair vigour (plots 4 and 5) which differed significantly
from plot 7 (good) with the lowest scores. These differ-
ences were related mainly with cone Zn, P and N concen-
trations. The plots of weak vigour (plot 1) and fair vigour
(plots 4 and 5) presented the highest scores in basal and
top leaves, explained mostly by higher leaf Zn, P and Cu
concentrations and also N for plot 1. Scores were negative
for stems; and

c) High scores in C3 component indicate higher tissue Mn
concentrations followed by higher K. For basal and top

leaves, plot 1 (weak) presented the highest scores, follow-
ed by plot 7 (good), and both differed significantly from
all the others. For cones and stems, plot 1 (weak) also
presented the highest scores and differed significantly
from all the others, followed by plot 7 (good). The higher
scores for plot 1 were associated with high Mn concen-
trations and, for plot 7, were associated with high K
concentrations.

The three components indicated by each one of the PCAs
performed in plant data were similar, but except for the com-
ponent associated with high Mn and K concentrations, a com-
mon trend was not found. Mn and Fe seem to be the nutrients
which differentiated more between plant vigour and also K at
some extent.

4 Discussion

Soil analysis did not reveal particular problems for most of the
soil properties analysed. Although low values sometimes ap-
peared for exchangeable Ca, Mg and Na and extractable B, as
compared with the Portuguese standard classification of soils
(LQARS 2006), they were often associated with plots of plants
with good vigour and not so much with plots of weak plants,

Table 9 PCA overview for the analysis performed in plant data with explained variance, Cronbach’s alpha values and component summary

Components

C1 C2 C3

PCA in leaves data from June 2 to July 27

Explained variance (%) 38.4 16.7 15.2

Cronbach’s alpha 0.822 0.446 0.380

Component summary Low P associated with high Ca, Mg, B and Fe High Mn, K and N High Cu and Zn

PCA in harvest data

Explained variance (%) 36.7 30.5 11.9

Cronbach’s alpha 0.809 0.747 0.175

Component summary High Ca, B, Mg and Fe High Zn, P, N and Cu High Mn and K

Fig. 3 Distribution of scores and
means in each one of the
components obtained in PCA
(C1, high cation exchange
capacity; C2, high K; C3, high
Mn) for the soil collected in the
plots (P) of weak (w), fair (f) and
good (g) plant vigour. Means
followed by different letters are
statistically different by the Tukey
HSD test (α < 0.05)
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which reduces their meaning in relation to plant nutritional
status. The extractable P and K were at relatively high levels
in the soil and usually within the sufficiency ranges in the
leaves, as reported by Bryson et al. (2014), which probably
also excludes them from the list of soil properties that are
negatively influencing plant growth, even though hop is con-
sidered to be a highly demanding K species (Gingrich et al.
1994). In turn, extractable Mn and Fe were at very high levels
in the soils and appeared also at very high levels in plant tis-
sues, frequently above the upper limit of the sufficiency range
(Bryson et al. 2014), which gives them a great centrality in this
study in the search for the causes affecting plant growth.

Excessive Mn levels were predominantly associated with
plots of weak vigour plants and excessive Fe levels with plots
of fair vigour plants. Reduction conditions may increase sol-
uble forms of Fe andMn in the soil due to the dissolution of Fe
and Mn oxides, which can result in a strong uptake by plants
(Phillips and Greenway 1998; Singer and Munns 2002).
Stieger and Feller (1994) reported a considerable increase in
Mn and Fe contents in wheat plants growing in large pots
under conditions of flooding. Pot experiments are often asso-
ciated with high levels of Fe and Mn in plant tissues (Afonso
et al. 2018; Rodrigues et al. 2018), probably due to the greater
regularity of water supply and poor drainage that occur with
plants grown in the field.

Leaf Mn concentrations can vary greatly depending on the
availability ofMn in the soil. In turn, the sufficiency ranges for

Mn or the critical Mn concentrations vary greatly among plant
species (El-Jaoual and Cox 1998; Bryson et al. 2014).
Symptoms of Mn toxicity can be observed at leaf Mn levels
that range from 200 mg kg−1 in M- sensitive plants to over
5000 mg kg−1 in tolerant plants (Weil and Brady 2017). Hop
is considered a sensitive species to high levels of Mn, and a
negative influence on plant growth has been reported mostly
on acid soils (Gingrich et al. 1994).

Mn toxicity can manifest in plants by the reduction of bio-
mass and early leaf senescence through biochemical disorders
and, in particular, by damage of the photosynthetic system
(Millaleo et al. 2010, 2019). In this study, leaf Mn concentra-
tions above 200 mg kg−1 were often recorded, mostly on plots
of weak plant vigour (> 500 mg kg−1 at harvest in plot 1). The
sufficiency ranges established for hop in vegetative and blos-
som stages, after Bryson et al. (2014), are 45–125mg kg−1 and
50–150 mg kg−1, respectively. This is a strong evidence of the
negative effect of Mn on crop growth and yield.

Excessive leaf Fe levels were also observed but particularly
in plants of fair vigour. Maximum average values were record-
ed at 691.2 mg kg−1 in plot 4 from leaves sampled at harvest.
The sufficiency range after Bryson et al. (2014) for leaf Fe in
hop is between 35 and 151 mg kg−1. As far as we know, a
description of a specific symptomology for Fe toxicity in hop
does not exist, but the common symptom of Fe toxicity in crops
is ‘bronzing’ (Broadley et al. 2012). The plots of fair vigour
plants, those probably with toxic Fe levels in tissues, showed
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not only a reduction in total dry matter yield but also a notable
reduction in cone yield, whose differences were not statistically
significant in comparison to the plots of weak plants. Fe toxicity
is a serious nutritional disorder in crop production on water-
logged soils; it is the secondmost severe yield-limiting factor in
wetland rice (Broadley et al. 2012). Fe toxicity is usual in rice
because of reduction processes associated with soil flooding
(Sahrawat 2005). Fe toxicity in rice plants usually occurs to leaf
Fe concentrations above 300 mg kg−1 (Fageria 2001). Plants
with fair vigour in plots 5 and 4 registered leaf Fe concentra-
tions at harvest higher than the values reported by Fageria
(2001), which increases the evidence of the responsibility of
Fe on the reduction in plant growth.

It seems that Mn will have been the more serious problem in
the plots of weak plants and Fe in the plots of fair vigour plants.
Antagonism between Mn and Fe has been widely reported (El-
Jaoual and Cox 1998; Fageria 2001; Rietra et al. 2017), and in
spite of the physiological mechanisms not yet being clearly
understood, it is currently accepted as occurring (Fageria
2001; Havlin et al. 2014). Also, an early report on hop from
Thompson et al. (1950) showed that Fe deficiency was induced
by high levels of Mn. This may mean that in weak vigour
plants, the higher levels of Mn in plant tissue is the main reason
for the reduced growth and for the relatively low Fe levels in
tissue due to their antagonistic effect on Fe uptake. The lower
levels of Mn in the plants of fair vigour plots may have allowed
the increase in tissue Fe concentration, Fe being mainly respon-
sible for the reduction of vigour in these plots.

One of the weaknesses of the surface irrigation methods is
the heterogeneity in the spatial distribution of water (Walker
1989). Thus, winter flooding and the irrigation system seem to
be the major causes for the appearance of patches of poorly
developed plants and for the increased levels of Mn and Fe in
soil and plants. Mn redox reactions are very sensitive to the
potential redox of the soil (Sparrow and Uren 2014). In the
thermodynamic sequence of the reduction process that takes
place under flooding, Mn reduction occurs first, being follow-
ed by Fe reduction (Osman 2013). In most plots, leaf Mn
levels were higher on the first sampling dates. In spite of
irrigation, drier summer conditions seem to reduce Mn avail-
ability. This may mean that reduced soil drainage during win-
ter has been more damaging to the development of plants than
even the deficient water distribution associated with the sur-
face irrigation system in summer. Leaf Fe levels tended to
evolve in a different way with comparatively low values on
the first sampling dates, probably due to antagonism by Mn.

The risk of Mn toxicity increases in acidic soils, particular-
ly under reduction conditions (Millaleo et al. 2010; Weil and
Brady 2017). When soils are flooded, the pH of acidic soils
tends to increase (Parent et al. 2008). However, the pH of the
soils sampled on June 2 ranged from acidic (pHH2O ¼ 5:1 ) to
slightly acidic (pHH2O ¼ 6:2 ), conditions that are still favourable
for Mn toxicity to occur.

The presence of decomposable organic matter is one of the
requirements for soil reduction (Pezeshki and DeLaune 2012).
In submerged soils, the decomposition of organic matter is
slower because it is overtaken mainly by anaerobic microor-
ganisms, and large amounts of partially decomposed organic
matter tend to accumulate (Weil and Brady 2017), influencing
the degree of the reduction processes. Phillips and Greenway
(1998) conducted an experiment under alternating water-
logged and drying conditions and concluded that in water-
logged soils, the magnitudes of changes, which included the
increasing of soluble Fe, Mn, Ca and Mg, were greatest in
soils with the higher levels of organic matter. PCA indicated
that high soil levels of Mn were strong and negatively associ-
ated with organic C and conductivity.

It is considered that Mn is closely related to the transfor-
mation of organic materials in soils and Mn availability under
flooding is usually greater when soils contain high levels of
organic matter (El-Jaoual and Cox 1998; Singer and Munns
2002). However, although Mn is released under reduction
conditions, it is also removed by cation exchange reactions,
precipitations and the formation of insoluble complexes
(Millaleo et al. 2010). Ponnamperuma (1972) concluded that
under reduction conditions when soils are high in Mn and low
in organic matter, there can be high Mn peaks that will be late
and broad; in contrast, in the case of high organic matter, the
Mn peaks will be quicker and also quicker to decline. This
seems to be the case in the present data: organic matter may
play a role in the extension of high Mn concentrations during
the growing season.

Conductivity was positively and strongly associated with
organic C and negatively associated with Mn. Soil electrical
conductivity measures soil salinity in terms of the total con-
centration of the soluble salts (Lund et al. 1999). Usually, the
electrical conductivity increases after flooding due to the in-
crease in soluble Fe, Mn and other cations (Camargo et al.
1999). The explanation for the negative correlation found with
Mn might be related to Fe reduction. The first component
extracted with PCA of the soil data indicated that higher
values of CEC were associated with higher concentrations of
exchangeable bases (Ca and Mg) and cationic micronutrients
(Zn, Cu and Fe). Thus, the plots with higher Fe concentrations
were also higher in CEC and other cationic micronutrients
influencing conductivity values.

Soil texture varied among plots of the same plant vigour.
Positive and strong correlations were found between CEC,
exchangeable Ca and Mg with the clay content. PCA also
indicated high CEC levels associated with high soil Fe con-
centrations. According to Singer and Munns (2002), in the
majority of soils, the soluble Fe and Mn are mostly supplied
by the dissolution of hydroxyoxides of the clay fraction. Favre
et al. (2002), in a field experiment with rice, also observed a
strong increase in CEC upon flooding. They attribute a CEC
increase to changes in clay minerals as a result of octahedral
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Fe reduction and Fe oxyhydroxide coating solubilisation.
They also concluded that CEC increases were reversible even
in long-term flooding but may substantially modify soil
chemical and even physical properties. Kostka et al. (1999)
also suggested that structural Fe reduction is catalysed by soil
anaerobic bacteria through the decrease of clay swelling and
surface area and also through the increase of the clay surface
charge density as a function of CEC. These findings are in
agreement with the present data; the clay fraction seems to
explain the predominance of Fe and CEC higher levels, par-
ticularly in the plots with fair plant vigour.

The availability of P and K in soil solution increases under
reduction conditions (Phillips and Greenway 1998). In the
present study, K and P concentrations in the soil were
generally high but leaf concentrations were often below the
sufficiency ranges, particularly for P. Stieger and Feller (1994)
reported decreased levels of K and P in wheat shoots and grain
under waterlogged conditions. In addition, the negative influ-
ence of high levels of Mn in soil solutions with P uptake has
also been reported (El-Jaoual and Cox 1998).

The results also indicate variations in leaf K concentrations,
with plot 7 (good) presenting the higher values and the plots of
weak plant vigour generally the lower values, though in plot 6
(good), the leaf K levels were lower than in plot 1 (weak). This
seems to be a contradictory result since K is usually associated
with increasing plant growth (Hawkesford et al. 2012).
However, K tends to vary greatly between cropping condi-
tions and years (Rodrigues et al. 2020). Otherwise, probably
this is due to the variability in soil reduction conditions along
the fields and the subsequent nutrient interaction that takes
place. Cationic antagonisms are predominant (K, Fe, Mn,
Cu and Zn), but synergic interactions can also occur, as re-
ported for Mn and K (Fageria 2001; Rietra et al. 2017). Plot 1
registered the higher Mn concentration in plant tissues, and
among the plots of weak plant vigour, it also showed the
higher tissue K concentration, suggesting the occurrence of a
synergetic effect between K and Mn, which is supported by
PCA results.

Nutrient interactions are complex. They can influence plant
growth by inducing deficiencies or toxicities, and they are
particularly relevant under reduction conditions (Fageria
2001; Rietra et al. 2017). Mn toxicity, for instance, is highly
dependent on environmental conditions and plant nutritional
status and can be lowered by the increase of Fe, Ca, Mg, P and
K (El-Jaoual and Cox 1998; Auda et al. 2002). Mn enters the
root cells through a specific transporter protein with little com-
petition by other cations, although high concentrations of Ca
and Mg adsorbed to the apoplastic cell wall of the root, par-
ticularly at high pH, can reduce Mn adsorption and transport
(Havlin et al. 2014). The results of PCA for soil data indicated
pH, Ca, Mg and Fe with the higher and positive scores in the
same component (C1-high CEC) and with low or negative
scores in the other components (C2-kigh K; C2-high Mn).

These associations were also exposed in PCA results for plant
data, underlining Fe, Ca and Mg antagonism in relation with
Mn and K.

There are several factors that affect plant grown under
stress flooding which cannot probably be fully elucidated
through soil and plant analysis. When plant roots are sub-
merged under water for a short term, the O2 levels decrease
below optimal levels (hypoxia), but under long-term flooding,
a complete lack of O2 can occur (anoxia) (Sairam et al. 2008).
The O2 deprivation that takes place readily after soil flooding
along with the increase of CO2 and the decrease of the redox
potential can reduce root elongation and penetration depth
(Irfan et al. 2010; Pezeshki and DeLaune 2012). Flooding
per se changes also the physical properties of the soil which
may increase the mechanical resistance to root penetration
(Blom and Voesenek 1996). As a result of reduction condi-
tions, root dysfunction, death and blockages due to phytotoxin
damage can lead to inhibition of nutrient uptake and transport,
nutrient toxicity and reduced water uptake (Pezeshki and
DeLaune 2012). Mn and Fe seem to accumulate in roots in
flooded soils, although Mn is less effectively retained
(Millaleo et al. 2010; Alhdad et al. 2015). It has been reported
that Mn toxicity can result in the shortening of the root and
shoot length, with particular severity in the former (El-Jaoual
and Cox 1998; Auda et al. 2002). In the conditions of these
fields, it seems clear that some patches experienced anoxia
during winter months.

5 Conclusions

The results indicate high soil and tissue Mn levels associated
with the plots of weak vigour plants and high Fe levels associ-
ated with fair vigour plants. The toxic levels ofMn and Fe seem
to result from soil reduction conditions due to the poor drainage
of the soils and deficient water distribution caused by the sur-
face irrigation system. Thus, the poor development of the plants
is probably the result of the effects of flooding, giving rise to
oxygen deprivation in the rooting zone and the consequent
toxicity of Mn and Fe. Several factors, in particular the redox
potential, pH, clay content, organic C and nutrient interactions,
seem to play a role in the prevalence of the effects of Mn over
Fe, and vice versa in different plots. In the light of the results,
farmers should consider implementing a drainage system to
improve soil aeration, to change the irrigation system to intro-
duce drip irrigation and to increase soil pH by liming. Taken
together, these factors can reduce the bioavailability of Mn and
Fe and favour plant growth. If these changes are made, organic
matter could also be favourably applied.
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