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Abstract: In hops (Humulus lupulus L.), irrigation by flooding the inter-row can carry away suspended
particles and minerals, causing gradients in soil fertility. The effect of more than 20 years of flooding
irrigation on soil and plants was evaluated in two hop fields by measuring soil and plant variables
in multiple points along the rows. In a second experiment 1000 kg ha−1 of lime was applied and
incorporated into the soil to assess whether liming could moderate any gradient created by the
irrigation. At different sampling points along the rows, significant differences were recorded in soil
properties, plant elemental composition and dry matter yield, but this was not found to exist over a
continuous gradient. The variations in cone yield were over 50% when different sampling points
were compared. However, this difference cannot be attributed to the effect of irrigation, but rather
to an erratic spatial variation in some of the soil constituents, such as sand, silt and clay. Flooding
irrigation and frequent soil tillage resulted in lower porosity and higher soil bulk density in the
0.0–0.10 m soil layer in comparison to the 0.10–0.20 m layer. In turn, porosity and bulk density were
respectively positively and negatively associated with crop productivity. Thus, irrigation and soil
tillage may have damaged the soil condition but did not create any gradient along the row. The
ridge appeared to provide an important pool of nutrients, probably caused by mass flow due to the
evaporation from it and a regular supply of irrigation water to the inter-row. Liming raised the soil
pH slightly, but had a relevant effect on neither soil nor plants, perhaps because of the small amounts
of lime applied.

Keywords: Humulus lupulus L.; soil porosity; soil bulk density; liming; hop ridges

1. Introduction

Hop plants (Humulus lupulus L.) require an adequate supply of water during the
growing season to sustain their huge canopy [1]. In most of the hop producing regions
of the world, the crop needs to be irrigated, particularly in lower latitudes of reduced
precipitation in summer. Although hop fields have started to be drip irrigated all over
the world, there is a long tradition of surface watering of this crop, by flooding the space
between rows [1,2]. In this kind of surface or furrow irrigation system, water is applied at
the top end of each furrow (in hops to the inter-row space) and flows down the field under
the influence of gravity [3]. This is still the most commonly used irrigation method for hops
in northern Portugal [4]. The water use efficiency with this irrigation technique is highly
dependent on the field gradient and water infiltration rate, which can vary considerably,
inducing spatial and temporal variability in the main soil properties [5]. In addition, flood
irrigation can affect the spatial distribution of soil physicochemical properties which may
exacerbate the spatial variability in crop growth and yield [6].

Flood irrigation can have a major impact on soil properties by varying salinity, re-
dox potential, compaction and/or porosity [7–10]. Furthermore, hop fields which are
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flood-irrigated need to be frequently tilled to control summer weeds and to reduce soil
compaction and superficial crusts in the short term. This allows a better infiltration of
water, but that can also have a negative impact on the soil in the long term [11,12]. Soil
compaction, increased by furrow irrigation, may also reduce soil drainage and aeration,
contributing to the reduction of soil redox potential which influences soil chemistry and
plant nutrient availability [10,13]. The degree of compaction of a soil can be assessed by
measuring some physical properties, such as bulk density and porosity [12,13]. As the soil
becomes more compact, bulk density increases and soil porosity decreases, which reduces
water and air diffusion into the soil [11,14]. In some hop fields in northern Portugal it was
found that the decrease in soil redox potential, associated with an excess of water and/or
poor drainage, was the main cause of the spatial variability found in crop growth and
yield [4].

Soil pH is another relevant issue in hop production. The range of pH most suited
for growing hops is considered to be between 5.7 and 7.5 [15,16]. The application of lime
is recommended for acidic soils, and a positive relationship has been found between the
increase in soil pH and hop yield [15,17]. However, the effect of liming on crops can also
vary with the irrigation system. Some researchers have studied the influence of liming in
rice under flooding conditions, since great interactions between flooding, soil acidity and
nutritional disorders are usually found [18–20]. In hops, these interactions are less well
known, or the response to liming, but it is believed that it may be relevant enough to be
studied, since the crop continues to be irrigated by flooding in several parts of the world.

This study evaluated the variation in soil properties and nutritional status and the
productivity of hop plants created along the rows by flooding irrigation. As a second line of
study, the effect of the application of lime on soil properties and on hop nutritional status,
growth and yield was evaluated, to ascertain if the application of lime could compensate
for the variability created by the irrigation system. Both lines of study were carried out in
commercial hop fields which had been flood-irrigated for over 20 years.

2. Materials and Methods
2.1. General Experimental Conditions

The field experiments were carried out during two growing seasons (2017 and 2018) on
a commercial farm located in Pinela (41◦40′33.6” N; 6◦44′32.7” W), Bragança, north-eastern
Portugal. A detailed location of field experiments is shown in Figure 1.
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Images from https://www.google.com/maps/place/Pinela (accessed on 7 July 2021).

The region benefits from a Mediterranean-type climate, with an annual average
temperature and accumulated precipitation of 12.7 ◦C and 772.8 mm, respectively. The
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average monthly temperatures and precipitation recorded during the experimental period
are shown in Figure 2.

Horticulturae 2021, 7, x FOR PEER REVIEW 3 of 16 
 

 

The region benefits from a Mediterranean-type climate, with an annual average 
temperature and accumulated precipitation of 12.7 °C and 772.8 mm, respectively. The 
average monthly temperatures and precipitation recorded during the experimental 
period are shown in Figure 2. 

 
Figure 2. Average monthly temperatures and precipitation recorded during the experimental period at a weather station 
located in Bragança, north-eastern Portugal. 

The hop plots where the study was undertaken are ⁓2 ha in size each, with the rows 
having a length ranging from 150 to 180 m, and established with the cultivar Nugget. The 
fields are arranged in a 7 m conventional high trellis system, with concrete poles 
connected with steel cables, in a “V” design system. The farmer has managed the fields 
by flooding irrigation since the hop crop was installed more than 20 years ago. Several 
tillage passes (3 to 4) are performed every year to remove the crusts and facilitate water 
infiltration. The fertilization programme includes the application of a compound nitrogen 
(N): phosphorus (P): potassium (K) fertilizer (7:14:14, 7% N, 14% P2O5, 14% K2O) early in 
the spring, followed by two applications of N fertilizer (ammonium nitrate, 27% N) as a 
side-dressing, totalling ⁓150, 44 and 83 kg ha−1 of N, P and K, respectively. The farmer also 
follows a phytosanitary programme for crop protection against pests and diseases. 

2.2. Field Experiments and Soil and Plant Sampling 
The first experiment (Experiment 1) was carried out during the growing season of 

2017 in two hop fields. It consisted of the evaluation of soil properties, plant nutritional 
status and crop yield, searching for any gradient along the rows created by the irrigation 
system. The rows used in this experiment were divided into nine segments of equivalent 
length, creating nine positions (P1, P2, …, P9) for soil and plant sampling. The soil was 
sampled between rows and on the ridges to a depth of 0.0 to 0.2 m. Three rows and inter-
rows of hops were used to create three replicates for each position. Each soil sample for 
analysis resulted from six sampling points (composite samples). The soil was sampled by 
using an open-face auger. 

For the determination of soil bulk density and porosity, a different approach to soil 
sampling was followed. It was found unnecessary to sample in the ridges since no 
compaction was expected in this part. Instead, the soil was sampled at two different 
depths, 0.0 to 0.10 m and 0.10 to 0.20 m. Due to the increased difficulty of sampling, 
particularly in the 0.10 to 0.20 m layer, only five positions were considered (P1, P3, P5, P7 
and P9) and sampled in three replicates. For these analyses, undisturbed soil cores were 
taken by using appropriate cylinders of 100 cm3. Soil samplings were carried out on 10 
March 2017. 

The plants used in this experiment for the evaluation of their nutritional status and 
crop productivity were randomly selected and marked when plant height was close to 3 

0

50

100

150

200

250

0

5

10

15

20

25

30

J F M A M J J A S O N D J F M A M J J A S O N D

2017 2018

Pr
ec

ip
ita

tio
n 

(m
m

)

Te
m

pe
ra

tu
re

 (
ºC

)

Precipitation Temperature

Figure 2. Average monthly temperatures and precipitation recorded during the experimental period at a weather station
located in Bragança, north-eastern Portugal.

The hop plots where the study was undertaken are ~2 ha in size each, with the rows
having a length ranging from 150 to 180 m, and established with the cultivar Nugget.
The fields are arranged in a 7 m conventional high trellis system, with concrete poles
connected with steel cables, in a “V” design system. The farmer has managed the fields
by flooding irrigation since the hop crop was installed more than 20 years ago. Several
tillage passes (3 to 4) are performed every year to remove the crusts and facilitate water
infiltration. The fertilization programme includes the application of a compound nitrogen
(N): phosphorus (P): potassium (K) fertilizer (7:14:14, 7% N, 14% P2O5, 14% K2O) early in
the spring, followed by two applications of N fertilizer (ammonium nitrate, 27% N) as a
side-dressing, totalling ~150, 44 and 83 kg ha−1 of N, P and K, respectively. The farmer
also follows a phytosanitary programme for crop protection against pests and diseases.

2.2. Field Experiments and Soil and Plant Sampling

The first experiment (Experiment 1) was carried out during the growing season of 2017
in two hop fields. It consisted of the evaluation of soil properties, plant nutritional status
and crop yield, searching for any gradient along the rows created by the irrigation system.
The rows used in this experiment were divided into nine segments of equivalent length,
creating nine positions (P1, P2, . . . , P9) for soil and plant sampling. The soil was sampled
between rows and on the ridges to a depth of 0.0 to 0.2 m. Three rows and inter-rows of
hops were used to create three replicates for each position. Each soil sample for analysis
resulted from six sampling points (composite samples). The soil was sampled by using an
open-face auger.

For the determination of soil bulk density and porosity, a different approach to soil
sampling was followed. It was found unnecessary to sample in the ridges since no com-
paction was expected in this part. Instead, the soil was sampled at two different depths,
0.0 to 0.10 m and 0.10 to 0.20 m. Due to the increased difficulty of sampling, particularly in
the 0.10 to 0.20 m layer, only five positions were considered (P1, P3, P5, P7 and P9) and
sampled in three replicates. For these analyses, undisturbed soil cores were taken by using
appropriate cylinders of 100 cm3. Soil samplings were carried out on 10 March 2017.

The plants used in this experiment for the evaluation of their nutritional status and
crop productivity were randomly selected and marked when plant height was close to
3 m (to avoid using very atypical plants) and close to each of the positions used for soil
sampling. Leaf sampling for crop nutritional status assessment was done at ~2 m in
height, on 17 July 2017. At harvest (1 September 2017), plant biomass was cut at ground
level. Subsequently, the aboveground biomass was separated into leaves, stems and cones
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and weighed fresh. Subsamples of each plant part were weighed fresh again and then
oven-dried at 70 ◦C and weighed dry for determination of dry matter yield.

The second experiment (Experiment 2) consisted of the application of 1000 kg ha−1 of
lime (55% CaCO3, 28% CaO and 20% MgO) in February 2017, to assess the liming effects on
soil properties and plants in comparison to the untreated control. This experiment was also
carried out in two hop plots. The general methodology for soil and plant sampling was
similar to that reported for Experiment 1, consisting of marking nine positions along the
rows. The soil was sampled on 4 January 2019, only between the rows, at 0.0–0.20 m soil
depth, using an open-face auger. Leaf samples were taken at ~2 m in height, on 17 July 2017
and 18 July 2018. At harvest (1 September 2017 and 31 August 2018), plant biomass was
cut at ground level and treated as reported for Experiment 1.

2.3. Laboratory Analyses

The undisturbed soil samples from Experiment 1 were oven-dried at 105 ◦C and
weighed. Soil bulk density was estimated from the weight of dry soil divided by the
volume of the cylinder. Soil porosity was determined as the ratio of nonsolid volume (soil
particle density—bulk density) to the total volume of soil (soil particle density) [21]. The
other soil samples from Experiments 1 and 2 were oven-dried at 40 ◦C and sieved in a
mesh of 2 mm. The samples were analysed for pH (H2O and KCl), electrical conductivity
(soil:solution, 1:2.5), exchangeable complex (ammonium acetate, pH 7.0) and organic car-
bon (C) (Walkley−Black method). Extractable P and K were determined by a combination
of ammonium lactate and acetic acid buffered at pH 3.7. Soil boron (B) was extracted by
hot water and the extracts analysed by the azomethine-H method. More details of these an-
alytical procedures are given in Van Reeuwijk [22]. Other micronutrients [copper (Cu), iron
(Fe), zinc (Zn), and manganese (Mn)] were determined by atomic absorption spectrometry
after extraction with ammonium acetate and EDTA, following the methodology reported
by Lakanen and Erviö [23].

Tissue samples (leaves, stems and cones) from both experiments were oven-dried at
70 ◦C and ground. Elemental tissue analyses were performed by Kjeldahl (N), colorimetry
(B and P), flame emission spectrometry (K) and atomic absorption spectrophotometry
(calcium (Ca), magnesium (Mg), Cu, Fe, Zn and Mn) methods after nitric digestion of the
samples [24].

2.4. Data Analysis

Data was subjected to analysis of variance, according to the experimental designs,
using SPSS program version 25. When significant differences were found between the
experimental treatments, the means were separated by the Tukey HSD (sampling position)
and Student’s-t (field, sampling site, lime treatment) tests (α = 0.05). Linear regression
analysis was performed to understand the effects of gradient on soil properties and plant
nutritional status and productivity in Experiment 1 and the relationship between soil pH
and plant variables in Experiment 2. The relation between the variables was obtained
through correlation analysis with the Pearson coefficient, when the assumption of normality
and linearity was accomplished; when this was not the case, the Spearman coefficient
was used.

3. Results
3.1. Gradients in Soil and Plants along the Rows
3.1.1. Soil Properties

The silt and sand contents varied significantly between the sampling positions (Table 1).
The two fields also differed significantly in clay and sand content. The soil bulk density
and soil porosity varied significantly between the sampling positions and fields but in
the opposite way. The interaction between sampling position and field was significant for
soil porosity, which means that the effect of the irrigation on this variable depended on
the field.
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Table 1. Soil separates and soil bulk density and porosity from samples collected at 0.0–0.20 m depth, in March 2017, as
a function of sampling position (1, . . . , 9), and field. Means followed by the same letter are not significantly different by
Tukey HSD (sampling position) or Student’s t (field) tests (α = 0.05).

Clay Silt Sand Bulk Density Porosity
(%) (kg dm−3) (%)

Sampling position (P)
Lowest value 15.6 a 34.5 a 59.7 a 1.26 a 52.1 a
Highest value 11.8 a 28.5 b 49.9 b 1.18 b 48.0 b

Field (F)
Field 1 16.0 a 33.2 a 50.8 b 1.25 a 49.1 b
Field 2 11.5 b 32.1 a 56.4 a 1.21 b 50.8 a

Prob (P) 0.2770 0.0386 0.0307 0.0143 0.0020
Prob (F) 0.0005 0.3741 0.0072 0.0260 0.0259

Prob (P × F) 0.8998 0.0432 0.1221 0.0874 0.0256

The soil bulk density was higher in the soil surface (0.0–0.1 m) when compared to the
deeper (0.1–0.2 m) layer (Figure 3). The soil bulk density did not vary significantly along
the rows for both soil depths. The soil porosity, in turn, was lower in the surface layer, and
the gradient found along the rows was not significant for any of the soil layers. The soil
bulk density and porosity varied significantly between the two fields, but the gradients
found along the rows were not statistically significant.
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Figure 3. Soil bulk density and porosity from soil samples taken at different sampling positions along the gradient of
irrigation (1, . . . , 9), as a function of depth (D1, 0.0–0.10 m; D2, 0.10–0.20 m) and field (F1, field 1; F2, field 2).

Some other soil properties determined from the samples collected at 0.0–0.20 m
depth varied significantly between sampling sites, sampling positions and fields (Table 2).
Extractable P and K, conductivity, organic C, CEC and extractable Zn and B showed
significantly higher values in the samples collected in the ridges. However, soil pH (H2O
and KCl), base saturation and extractable Mn were significantly higher in the samples
collected in the inter-rows. Most of the soil properties varied significantly between the
sampling positions, the exceptions being soil pH, conductivity and extractable K. Soil
properties also differed significantly between fields, except for soil conductivity. Significant
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interaction between the sampling site and the field was found for extractable P, conductivity,
exchangeable Ca and extractable Fe. Significant interaction between the sampling position
and the field was found for organic C and extractable Fe, Mn, Zn, Cu and B. No significant
interaction was found between the three factors of this experiment.

3.1.2. Hop Dry Mater Yield and Leaf Nutrient Concentration

Aboveground dry biomass (stems, leaves, cones and total) in Field 1 showed a clear
tendency for a decrease along the rows (Figure 4). However, the decrease was only statis-
tically significant for stem dry matter yield (DMY). For all plant parts, the coefficients of
determination (R2) were not particularly high, which helps to explain the lack of signif-
icant correlation between the two variables. In Field 2, no clear tendency was found in
aboveground DMY.
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Figure 4. Dry matter yield (DMY) from plants collected at harvest in September 2017, at different sampling positions along
the gradient of irrigation (1, . . . , 9), and as a function of field (F1, field 1; F2, field 2).

N concentration in the leaves taken at 2 m height did not vary significantly along the
rows in any of the fields (Figure 5). Leaf P also did not vary significantly along the rows
but the values in Field 1 were lower than in Field 2. Leaf K levels did not vary significantly
along the rows in Field 1 but increased significantly in Field 2. Leaf Ca and Mg levels
showed a slight tendency to increase in both fields but without statistical significance. In
general, the micronutrients showed even more erratic tendencies when the values of the
two fields were compared and only the values of leaf Cu showed a significant decrease
along the rows in Field 1.
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Table 2. Selected soil properties from samples collected at 0.0–0.20 m depth, in March 2017, as a function of sampling site, sampling position (1, . . . , 9), and field. Means followed by the
same letter are not statistically different by Tukey HSD (Sampling position) or Student’s t (Sampling site and Field) tests (α = 0.05).

Extract. K Extract. P Conductivity pHH2O pHKCl Organic C Exchan. Ca CEC Base
Saturation Extract. Fe Extract.

Mn
Extract.

Zn
Extract.

Cu Extract. B

(mg K2O
kg−1) 1

(mg P2O5
kg−1) 1 (µs/m) (g kg−1) (cmolc kg−1) 2 (%) (mg kg−1) 3 (mg kg−1) 4

Sampling site (S)
Ridge 310.4 a 349.7 a 78.9 a 5.42 b 4.42 b 20.9 a 4.94 a 7.34 a 87.7 b 213.4 a 166.8 b 5.03 a 7.86 a 1.16 a
Inter-row 246.5 b 292.7 b 54.7 b 5.53 a 4.52 a 18.3 b 4.77 a 6.63 b 89.8 a 222.1 a 194.2 a 4.28 b 7.84 a 0.79 b
Sampling position (P)
Lowest value 228.3 a 195.0 c 60.2 a 5.42 a 4.35 a 17.8 b 3.80 c 6.21 b 86.0 b 178.1 c 136.0 d 3.47 d 6.64 d 0.79 c
Highest value 313.6 a 399.7 a 70.0 a 5.60 a 4.64 a 21.3 a 5.73 a 7.68 a 92.1 a 262.2 a 217.3 a 5.64 a 9.22 a 1.17 a
Field (F)
Field 1 361.8 a 286.3 b 65.9 a 5.75 a 4.67 a 18.4 b 5.22 a 7.31 a 93.6 a 207.2 b 134.1 b 4.96 a 10.35 a 0.91 b
Field 2 195.1 b 356.2 a 67.6 a 5.21 b 4.27 b 20.8 a 4.49 b 6.66 b 84.0 b 228.4 a 226.8 a 4.35 b 5.36 b 1.04 a
Prob (S) <0.0001 0.0022 <0.0001 0.0028 0.0236 <0.0001 0.4028 0.0069 0.0179 0.2836 0.0003 0.0009 0.9386 <0.0001
Prob (P) 0.0758 <0.0001 0.9345 0.3221 0.0710 0.0058 <0.0001 0.0268 0.0012 <0.0001 <0.0001 <0.0001 0.0003 0.0007
Prob (F) <0.0001 0.0002 0.5991 <0.0001 <0.0001 <0.0001 0.0004 0.0130 <0.0001 0.0100 <0.0001 0.0070 <0.0001 0.0075
Prob (S × P) 0.6500 0.9648 0.9341 0.9859 0.7781 0.8954 0.7956 0.7826 0.0938 0.9836 0.0644 0.8658 0.2274 0.5881
Prob (S × F) 0.8057 0.0001 0.0013 0.8860 0.7597 0.7527 0.0287 0.1220 0.0901 0.0053 0.6578 0.0738 0.1982 0.0810
Prob (P × F) 0.0904 0.0374 0.8663 0.1846 0.2467 0.0199 0.8269 0.6486 0.1179 <0.0001 <0.0001 0.0018 <0.0001 0.0497
Prob (S × P × F) 0.4096 0.9991 0.9791 0.5470 0.9433 0.5569 0.9503 0.9365 0.2005 0.9005 0.5541 0.6590 0.6793 0.4975

1 Egner−Rhiem; 2 ammonium acetate, pH 7; 3 ammonium acetate and EDTA; 4 azomethine-H.
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Figure 5. Leaf nutrient concentration from samples taken at 2 m height and at different sampling positions along the
gradient of irrigation (1, . . . , 9), as a function of field (F1, field 1; F2, field 2).

3.1.3. Correlation Analysis between Soil Properties and Plant Dry Matter Yield

Soil bulk density and porosity correlated in a different way with soil pH (H2O and
KCl), leaf P and total DMY (Table 3). That is, the correlations of soil pH were positive for
soil bulk density and negative for soil porosity at 0.0–0.10 m depth. Leaf P concentration
was significantly and negatively correlated with soil bulk density at 0.10–0.20 m depth,
in contrast to the positive correlation found with soil porosity. Leaf Fe concentration was
found significant and negatively correlated only with soil porosity at 0.10–0.20 m depth.
The strongest correlations were found for total DMY with soil bulk density (r = −0.706)
and soil porosity (r = 0.714), both at 0.10–0.20 m depth.
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Table 3. Correlation coefficients of soil bulk density and soil porosity of samples collected in the inter-rows, at different depths (D1, 0–0.10 m; and D2, 0.10–0.20 m), with soil pH (H2O and
KCl) and leaf nutrient concentrations from samples taken at 2 m height in July 2017, and total and cone dry matter yield (DMY) from plants collected in September 2017.

Soil † Leaf Nutrient † DMY

pHH2O pHKCl
N P K Ca Mg Fe Mn Cu Zn B Total ‡ Cone †

(g kg−1) (mg kg−1) (g Plant−1)

Soil bulk density
D1 (0.0–0.10 m depth) 0.422 * 0.440 * −0.442 −0.190 0.043 −0.209 −0.130 0.128 −0.067 −0.322 −0.515 −0.333 −0.243 0.139
D2 (0.10–0.20 m depth) 0.087 0.062 −0.239 −0.690 * −0.046 −0.512 −0.249 0.626 −0.220 −0.525 −0.312 −0.459 −0.706 * −0.128

Soil porosity
D1 (0.0–0.10 cm depth) −0.396 * −0.400 * 0.418 −0.038 −0.110 0.055 0.075 −0.055 0.139 0.097 0.370 0.285 0.168 −0.261
D2 (0.10–0.20 m depth) −0.020 0.015 0.248 0.646 * <0.0001 0.406 0.185 −0.632 * 0.273 0.535 0.309 0.418 0.714 * 0.127

Soil separates
Clay 0.806 ** 0.542 * −0.241 −0.563 * 0.639 ** 0.038 0.057 −0.389 −0.197 −0.773 ** −0.459 −0.707 ** −0.676 ** −0.666 **
Silt 0.387 0.129 −0.220 0.066 0.323 −0.049 −0.084 0.042 −0.292 −0.179 −0.042 −0.503 * −0.117 −0.005
Sand −0.703 ** −0.391 0.276 0.339 −0.562 * 0.034 0.046 0.247 0.300 0.571 * 0.307 0.639 ** 0.427 0.410

Significant correlations at the correspondent levels of * 0.05 and ** 0.01; † Spearman and ‡ Pearson correlation coefficients.
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Significant correlations were found for soil clay content, positive for soil pH and leaf
K, and negative for leaf P, leaf Cu, total DMY and cone DMY. In contrast, soil sand content
correlated significantly and negatively with soil pH (H2O) and leaf K, and positively with
leaf Cu and B. Soil silt content correlated significantly and negatively with leaf B.

3.2. Liming Experiment
3.2.1. Soil Properties

Most soil properties, such as extractable K, P, Mn, Zn, Cu, B, conductivity and pH
presented significantly higher values in the limed plot in comparison to the untreated
control (Table 4). Exchangeable Ca and CEC showed higher values in the limed plot but
not significantly different to those observed in the control. Significant differences between
the two fields used in this experiment were also found for most of the soil properties, the
values of extractable K, P, Zn, Cu and B, conductivity, pH, exchangeable Ca, CEC and
base saturation being significantly higher in Field 1. Only extractable Fe was significantly
higher in Field 2. The interaction between liming and field was significant for extractable
K, conductivity, and pH.

3.2.2. Plant Response to Liming

The concentration of nutrients in the leaves taken at 2 m height showed significant
differences between treatments for leaf P in 2017 and for leaf Fe and B in 2018 (Table 5). The
values reported for P and Fe were significantly higher in the limed plots, and those reported
for B were significantly higher in the control. Total and cone DMY were significantly lower
in the limed plots with the exception of total DMY in 2017, whose differences between
treatments were not statistically significant. When comparing fields, significant differences
were found for some nutrients and total and cone DMY. However, only leaf concentrations
of K, Cu and B, and total and cone DMY, maintained the same trend in both years and
fields. In 2017, significant interaction between the liming treatment and the field was only
found for leaf N and Mn and in 2018 for leaf P and total DMY.

3.2.3. Correlation Analysis between Soil pH and Plant Variables

Significant correlations between the soil pH (H2O and KCl) and leaf nutrient concen-
tration were found for several nutrients, but a similar trend over the two years was found
only for leaf Cu and B, both presenting negative correlations with soil pH (Table 6). Soil
pH and leaf P, for instance, showed a negative correlation in 2017 and a positive correlation
in 2018. Significant and negative relations between soil pH and total and cone DMY were
also found for the first year of plant sampling.
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Table 4. Soil properties from samples collected at 0.0–0.2 m depth, in January 2019, in the inter-rows, as a function of liming treatment and field. Means followed by the same letter are not
statistically different by Student’s t test (α = 0.05).

Extract. K Extract. P Conductivity pHH2O pHKCl
Organic

C
Exchan.

Ca CEC Base Sat-
uration

Extract.
Fe

Extract.
Mn

Extract.
Zn

Extract.
Cu Extract. B

(mg K2O
kg−1) 1

(mg P2O5
kg−1) 1 (µs/m) (g kg−1) (cmolc kg−1) 2 (%) (mg kg−1) 3 (mg kg−1) 4

Treatment (T)
Control 82.5 b 162.2 b 69.8 b 5.20 b 4.09 b 14.3 a 3.76 a 7.38 a 82.7 a 160.4 a 96.1 b 2.54 b 4.74 b 0.82 b
Lime 100.8 a 216.7 a 85.5 a 5.40 a 4.35 a 14.6 a 3.90 a 7.64 a 79.5 a 165.8 a 123.7 a 3.49 a 5.74 a 1.11 a
Field (F)
Field 1 126.5 a 244.6 a 82.6 a 5.54 a 4.53 a 14.7 a 4.47 a 8.21 a 91.2 a 153.2 b 105.8 a 3.32 a 7.23 a 1.11 a
Field 2 56.8 b 134.3 b 72.6 b 5.06 b 3.91 b 14.2 a 3.19 b 6.81 b 71.1 b 173.0 a 114.0 a 2.71 b 3.25 b 0.82 b
Prob (T) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.6084 0.4582 0.1793 0.0638 0.5629 0.0009 <0.0001 0.0001 0.0002
Prob (F) <0.0001 <0.0001 0.0002 <0.0001 <0.0001 0.4112 <0.0001 <0.0001 <0.0001 0.0357 0.3074 0.0052 <0.0001 0.0003
Prob (T × F) 0.0009 0.1647 <0.0001 <0.0001 <0.0001 0.8899 0.1608 0.4658 0.0098 0.8719 0.4696 0.4311 0.0661 0.0079

1 Egner−Rhiem; 2 ammonium acetate, pH 7; 3 ammonium acetate and EDTA; 4 azomethine-H.

Table 5. Leaf concentration of macro and micronutrients in July 2017 and 2018, from samples collected at 2 m height, and total and cone dry matter yield (DMY) from plants collected in
August 2017 and September 2018, as a function of liming treatment and field. Means followed by the same letter are not statistically different by Student’s t test (α = 0.05).

N P K Ca Mg Fe Mn Cu Zn B Total DMY Cone DMY

(g kg−1) (mg kg−1) (g Plant−1)

20
17

Treatment (T)
Control 3.31 a 0.14 b 1.56 a 2.57 a 0.47 a 96.7 a 374.1 a 3.97 a 74.3 a 71.7 a 1483 a 544.3 a
Lime 3.39 a 0.15 a 1.66 a 2.72 a 0.52 a 95.3 a 316.9 a 4.59 a 82.9 a 69.3 a 1379 a 441.2 b

Field (F)
Field 1 3.39 a 0.13 b 1.76 a 2.56 a 0.49 a 87.9 b 355.9 a 2.54 b 64.35 b 63.29 b 1271 b 446.2 b
Field 2 3.31 a 0.16 a 1.46 b 2.73 a 0.50 a 104.2 a 335.1 a 6.03 a 92.88 a 77.70 a 1591 a 539.3 a

Prob. (T) 0.2043 0.0440 0.3130 0.3597 0.1445 0.8597 0.0703 0.2111 0.2636 0.2542 0.2139 0.0033
Prob. (F) 0.2180 <0.0001 0.0049 0.2909 0.7214 0.0447 0.5024 <0.0001 0.0007 <0.0001 0.0005 0.0073
Prob. (T × F) 0.0024 0.7290 0.8820 0.9293 0.4216 0.2588 0.0358 0.1327 0.2608 0.0918 0.3402 0.5728
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Table 5. Cont.

N P K Ca Mg Fe Mn Cu Zn B Total DMY Cone DMY

(g kg−1) (mg kg−1) (g Plant−1)

20
18

Treatment (T)
Control 3.48 a 0.19 a 3.26 a 1.53 a 0.56 a 94.6 b 513.0 a 6.93 a 21.0 a 57.5 a 1681 a 475.2 a
Lime 3.56 a 0.19 a 3.19 a 1.57 a 0.61 a 109.3 a 495.2 a 7.07 a 19.5 a 51.6 b 1407 b 380.2 b

Field (F)
Field 1 3.55 a 0.20 a 3.83 a 1.43 b 0.62 a 91.0 b 408.9 b 6.26 b 20.51 a 52.37 b 1421 b 428.9 a
Field 2 3.49 a 0.17 b 2.63 b 1.67 a 0.55 b 112.9 a 599.4 a 7.73 a 19.96 a 56.70 a 1666 a 426.4 a

Prob. (T) 0.2155 0.8374 0.6215 0.4655 0.0550 0.0035 0.7162 0.5532 0.1170 0.0024 0.0016 0.0021
Prob. (F) 0.3461 <0.0001 <0.0001 0.0001 0.0279 <0.0001 0.0004 <0.0001 0.5648 0.0218 0.0043 0.9304
Prob. (T × F) 0.6601 0.0185 0.2051 0.0983 0.2205 0.9394 0.8796 0.6927 0.1228 0.4463 0.0057 0.3068

Table 6. Spearman correlation coefficients for soil pH (H2O and KCl) from samples collected in January 2019, at 0.0–0.20 m depth, in the inter-rows, with leaf nutrient concentration from
samples collected at 2 m height in July (2017 and 2018), and total and cone dry matter yield (DMY) from plant samples collected in August 2017 and September 2018.

Leaf Nutrient Concentration DMY

Soil N P K Ca Mg Fe Mn Cu Zn B Total Cone

(g kg−1) (mg kg−1) (g Plant−1)

2017
pHH2O 0.492 * −0.648 ** 0.323 −0.131 −0.088 −0.157 0.324 −0.531 ** −0.503 * −0.788 ** −0.635 ** −0.657 **
pHKCl 0.519 ** −0.651 ** 0.318 −0.068 −0.076 −0.137 0.315 −0.524 ** −0.538 ** −0.787 ** −0.563 ** −0.590 **

2018
pHH2O 0.315 0.544 ** 0.606 ** −0.289 0.492 * −0.290 −0.714 ** −0.611 ** −0.144 −0.477 * 0.093 −0.104
pHKCl 0.269 0.526 ** 0.585 ** −0.321 0.436 * −0.317 −0.717 ** −0.670 ** −0.127 −0.477 * 0.188 −0.066

Significant correlations at the correspondent levels of * 0.05 and ** 0.01.
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4. Discussion

The results of Experiment 1 showed significant differences in some soil properties
at different positions along the rows, but not over a continuous gradient. Thus, the
results cannot be attributed to the flooding irrigation, but they were probably caused by
heterogeneity in spatial variability of important soil constituents such as clay, sand and silt,
since it is well-known that soil texture determines many other soil physical and chemical
properties [25]. Variations in soil properties were also found when comparing different soil
layers. The soil bulk density was higher in the soil surface layer (0.0–0.1 m), and porosity
was found to be higher in the deeper (0.1–0.2 m), layer. The soil bulk density and porosity
in agricultural fields are influenced not only by soil texture but also by external loads
which cause soil compaction [13,26,27]. In this particular case, it seems that the effects
of frequent irrigation and soil tillage prevailed, which may have prevented a proper soil
aggregation, leading to an increase in soil bulk density and a reduction in soil porosity
on the surface layer which was directly impacted by the cultivator. The variation in soil
properties was also significant when comparing fields. The field higher in clay and lower
in sand presented significantly higher soil bulk density. Usually, clayey soils tend to have
a lower bulk density and higher porosity than sandy soils [28]. However, these results
indicate an opposite trend, probably because of the negative effect on soil aggregation and
compaction caused by frequent soil tillage. Other studies have also found spatial variability
in bulk density and water infiltration on flooded fields caused mainly by tillage practices,
particularly when heavy machinery is used [8,29].

The soil samples collected from the ridges showed significantly higher values of
extractable P and K. In the ridges, the conditions for nutrient uptake were poor since they
are created every year by soil pushed from the inter-rows, which means that they contain
nutrients barely taken up by the plant due to the limited expansion of roots in this position.
In addition, in this irrigation system, the water flows from the inter-row to the ridge due to
the gradient of water potential caused by the evapotranspiration from the latter and the
continuous water supply to the inter-row. This means that nutrients tend to accumulate in
the ridge, carried by mass flow, in contrast to what happens in the inter-row, from which
nutrients tend to be leached out. Mass flow is the main driving force causing the movement
of most nutrients in the soil [30–32]. Thus, soil conductivity was higher in the ridge, due
to the increased presence of salts as demonstrated by the increase in CEC. Organic C also
appeared higher in the ridge, probably because this zone is not tilled so frequently, which
reduces the exposure of organic matter to the heterotrophic microorganisms that cause
its oxidation [33]. This zone also contains the remaining bines (those that do not climb)
and weeds, which are incorporated into the soil when the ridge is created, which usually
represent more debris than that incorporated in the inter-row. B also increased in the ridge,
perhaps due to higher levels of organic C, which have the ability of retaining B in the
soil [34,35].

Soil pH (H2O and KCl), base saturation and extractable Mn were significantly higher
in the samples collected in the inter-rows. These results are probably related to the decrease
in the potential redox, which may have increased the pH of the soil [36]. The increase in
soil pH in the inter-rows was probably also related to the increase in the concentration of
cation ions, such as Ca and Fe [37]. Base saturation increased in the inter-rows probably
due to the presence of the divalent cations, less available to move into the ridge by mass
flow. The higher concentration of Mn in the inter-rows might have also been due to the
reduction of Mn that occurred at the beginning of the reduction process. This can occur
when the redox potential is still positive [38].

A clear gradient along the rows was not observed for total and cone DMY. These
results did not corroborate the hypothesis that flood irrigation is creating a spatial variation
in plant performance along the rows. The differences detected in the plants seem to be
due to spatial variability in the soil constituents, namely the soil separates which, in turn,
influence soil bulk density and porosity. The results from the correlation analysis showed
significant and negative relations between total DMY and soil bulk density (r =−0.706) and
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between total DMY and clay content (r = −0.676). In contrast, total DMY and soil porosity
at 0.10–0.20 m correlated significantly and positively (r = 0.714). The soil surface layer
presented a higher bulk density, which has already been explained by the effect of irrigation
and frequent soil tillage, which reduces the stability of soil aggregates, increasing bulk
density and decreasing porosity [10,26]. On the other hand, it seems that the higher porosity
in the 0.10–0.20 m layer was an important factor affecting DMY, likely because in the surface
layer the diffusion of oxygen to ensure the biological processes of the soil is always easier.
Soils with a higher clay content tend to retain more water, decreasing soil aeration which
negatively affects the function of root and plant metabolism [13,39]. Under the conditions
of this experiment, the clay content in the soil seemed to be negatively associated with hop
DMY, mainly because clay is a determinant factor of soil bulk density and porosity, which
were identified in this study as determinant factors in crop productivity.

Irrigation also did not cause any relevant gradient in tissue nutrient concentration
as detected by the analysis of variance. However, correlation analysis provided some
data that deserves to be commented on. Leaf P was significantly and positively correlated
with soil porosity at 0.10–0.20 m, but was negatively correlated with soil bulk density at
0.10–0.20 m and clay content. Leaf P did not show any consistent gradient along the rows,
but was lower in the field presenting a higher soil bulk density and clay content. This
reveals that P uptake was enhanced by the increased porosity of the soil at the deeper layer
and by the lower clay content. Similarly, on barley (Hordeum vulgare L.) there was reported
a reduction in P uptake and yield associated with heavy soil compaction [13]. The higher
porosity of soil may have facilitated P root uptake from the deeper layer, which is richer in
P, probably due to the increase in the vertical movement of P as the result of fertilization
and flooding as reported by [40]. In turn, the higher clay content may have resulted in
higher P adsorption and lower P availability. In contrast, leaf Fe was significantly and
negatively correlated with soil porosity at 0.10–0.20 m depth. Leaf Fe also presented an
opposite tendency between fields, decreasing along the rows in the field with a lower clay
content and higher soil porosity. This result is probably related to soil reduction conditions,
as the availability of Fe decreases when soil oxygen and redox potential increases [37]. Leaf
K showed a significant and positive correlation with soil clay content and a negative one
with sand content. The availability of K in the soil is not directly affected by redox potential,
but its fixation in 2:1 clay minerals is facilitated by the increase in soil pH [36]. There has
also been reported an antagonistic effect between Fe and K in paddy fields [41,42], an
aspect that may also have influenced these results.

In Experiment 2, the application of lime increased several variables of soil fertility,
including pH, but did not significantly increase exchangeable Ca and CEC. In fact, the
rate of lime applied in this experiment was too low to cause important changes to soil
properties, as is usually achieved when using high rates of lime [32]. In a previous study,
Čeh and Čremožnik [17] applied 2.3 t lime ha−1 and reported similar results, that is, a
reduced effect on soil properties due to the application of lime.

The main effect on the elemental composition of the leaves resulting from the applica-
tion of lime would have been the significant increase of leaf P in the first growing season
after the lime application. This raised the soil pH contributing to a reduction in P fixation,
which in acidic soils is due to reactions with Al and Fe oxides, which precipitate P as AlPO4
and FePO4 [43].

Total and cone DMY did not increase with the application of lime, but rather showed a
decreasing trend. It is generally considered that the optimal pH for hop growth is between
5.7 and 7.5 [15,44]. In this study, soil pH was below the lowest value of the reported
range, which would have favoured a positive effect on the vegetation. However, the lime
application influenced some soil properties, but not enough to have a high impact on the
elemental composition of the leaves. In general, the nutrient content of the leaves was
found to be within the sufficiency ranges established for hops [45], both in the limed and
in the control treatments. Regarding total DMY, a significant interaction between lime
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treatment and field was recorded, which may also have contributed to difficulties in the
interpretation of these results.

Correlation analysis, in turn, also did not show coherent trends over the two years of
the study. Perhaps the most relevant result was the negative correlation between soil pH
and biomass production in the first year, which again refers to diverse interactions which
may have occurred between environmental variables (year) and factors under study (field
and liming). The effect of environmental variables on the performance of the hop plant is
well known [46–48], although in this study it was not possible to clarify the isolated effects
of any of them.

5. Conclusions

Irrigation by flooding the space between rows over more than 20 years was not
responsible for any gradient in soil properties, plant elemental composition and plant
performance, although variations in those variables were found at different positions in
the row caused by erratic spatial variability of some constituents of the soil, such as sand,
silt and clay. However, irrigation followed by soil tillage on repeated occasions during the
growing season seems to have reduced soil porosity and increased soil bulk density in the
surface 0.0–0.1 m soil layer. These variables were found to be related to crop productivity
in positive and negative ways, respectively.

This study also showed that the ridge is a point of nutrient accumulation, particularly
for those that move more easily in the soil by mass flow, thereby showing also higher con-
ductivity and CEC. The reduced water potential in the ridge created by evapotranspiration
is the driving force causing the water flow from the inter-row. Organic C was also higher
in the ridge in comparison with the inter-row, probably due to the annual incorporation
of weeds and weaker hop bines (those that did not climb) when the ridge is created in
early spring.

Although the original soil was acidic, and the application of 1000 kg ha−1 of lime
caused a small increase in pH, this did not lead to other relevant changes in soil properties,
nor in plant nutrition status or total and cone DMY. The liming effect might not have
been enough to nullify the effects of the interaction between factors that always occur in
field experiments.
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