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Abstract

Physical and biochemical properties of apple orchard soils of different productivities (orchard A:
30 t-ha-1; orchard B: 20 t-ha-1) were analyzed. Most of the physical properties were similar in both
orchards. In orchard A, the horizontal saturated hydraulic conductivity at 10-cm depth was 16.42
cm-day-1, and was about four times higher than that in orchard B (4.41 cm-day-1). Total carbon,
total nitrogen, and total phosphorus were about two times higher in orchard B soil, whereas total
potassium, bacterial biomass, nitrification, and phosphorus mineralization activities were similar
in both orchards. Excess nutrients accumulated on the top 15 cm layer of orchard B soil because
the topographical and physical conditions were associated with reduced apple productivity. Ap-
propriate management of fallen leaves and reduction of chemical fertilizer seem necessary for a
high level of apple productivity.
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1. Introduction

Apple (Malus domestica Borkh.) is cultivated in most of the world’s temperate regions, including Japan, where
it is one of the country’s oldest crops [1] [2]. Apple cultivation became widespread following the importation of
75 cultivars from America in 1871 [3]. It is cultivated mainly in the northern part of Japan, viz. Aomori, Nagano,
Iwate, Yamagata, Akita, and Fukushima prefectures. Aomori and Nagano prefectures are the two major apple-
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producing areas, contributing about 77% of the national production [4]. Average productivity of apple in Japan
during 2012 was 21.2 t-ha”', which was lower than that in other developed countries, such as 77.9 t-ha™' in Aus-
tria, 47.4 tha™' in New Zealand, and 31.9 t-ha™' in the USA [5].

Apple requires deep and well-drained soil with a pH of 5.5 to 6.5 [6]. Soils rich in organic matter and high in
available nitrogen, phosphorus, and potassium are suitable for its cultivation. Apple is cultivated conventionally
in Japan, relying on use of chemical fertilizers and pesticides [4]. Recommendations for chemical fertilizers are
generally based on the soil nutrient status and rate of plant uptake [7]. Some fertilizer recommendations for ap-
ple are based on leaf nutrient analyses, because orchard soils receive additional nutrients from fallen leaves [8]-
[10]. However, most producers in Japan apply fertilizers based on national recommendations as follows: 144 kg
N, 72 kg P,0s, 48 kg K,0, 4.8 kg MnO, and 2.4 kg-B-ha "-year' [4].

Low apple productivity has been reported from several orchards in Japan. Although poor soil fertility is one
of the major problems causing lower apple production in several prefectures [11], there is limited information on
the interrelationship between soil properties and apple productivity [12] [13]. Assessment of soil properties
could help to improve soil management and enhance productivity on marginal sites.

In this study, physical and biochemical properties of soils from two orchards with different productivities
were analyzed with the goal being to improve apple production on marginal sites. In addition, nutrient status of
leaves and fruit was analyzed in relation to soil properties and orchard productivity.

2. Materials and Methods
2.1. Study Area

This study was conducted in two adjacent apple orchards located in lizuna Town in Nagano Prefecture
(36°26'44.3"N and 138°9'11.6"E). The local climate is humid temperate, where July is the warmest month and
January is the coolest month. The main orchard in the study site is distributed along a north-facing slope with
32-year-old Fuji/Marubakaido (Malus prunifolia Borkh. var. ringo Asami). The two orchard blocks (0.3 haeach)
selected for this study are situated along a south-facing slope. Each orchard block consists of 15 trees (spacing:
16.6 m x 12 m).The orchard blocks on uphill (orchard A) and downhill (orchard B) positions are higher and
lower in productivity, respectively (Figure 1). The slope between the orchards was 12.2% with horizontal and
vertical distances of 90 m and 11 m, respectively. Fertilizers were applied at the rate of 144 kg N, 72 kg P,0s, 48
kg K,0, 4.8 kg MnO, and 2.4 kg B-ha™'. Total fertilizer is split into two halves and applied in December (after
harvesting) and in March (before flowering). Pesticides, irrigation, and cultural operations are applied as per the
recommendations for Nagano Prefecture by the Japanese Government [ 14].
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Figure 1. Schematic diagram of the two apple orchards used in this study.
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2.2. Determination of Physical Properties

The following physical properties of soils at 15 cm and 35 cm depths were analyzed: color, texture, bulk density,
porosity, soil solid, soil air, soil water, and hydraulic conductivity. Soil color was determined using Munsell Soil
Color Charts [15]. The three soil phases were measured by a soil three-phase meter (Daiki Rika Kogyo Co., Ltd.,
Saitama, Japan), which is a type of gas pycnometer. Gaseous phase, total porosity and water saturation percen-
tage were then calculated. Wet and dry bulk densities were estimated from the oven-dried mass of the solid
phase in core samples. Vertical and horizontal saturated hydraulic conductivity were analyzed by the falling
head permeability test using a falling head permeameter (Model: DIK-4050; Daiki Rika Kogyo Co., Ltd., Sai-
tama, Japan).

2.3. Biochemical Properties of Soils

Composite soils samples (top 15 cm layer excluding the 2 - 3 cm surface crust) were takennearthe bases of five
randomly selected trees in April, July, and December. The following biochemical properties of the composite
soil samples were analyzed: pH, total carbon (TC), ammonium-nitrogen ( NH} -N), nitrate-nitrogen (NO;-N),
total nitrogen (TN), water soluble phosphorus (SP), total phosphorus (TP), water soluble potassium (SK), total
potassium (TK), total bacterial biomass, nitrification activity, and phosphorus mineralization activity. TC was
analyzed with a TOC analyzer (Model: SSM-5000A, Shimadzu, Kyoto, Japan). NH,-N was analyzed by ex-
tracting the soil sample with 1 N KCI. Soil-water suspension (1:20, w/v) was shaken reciprocally at 100 rpm for
1 h and the extracts were analyzed for NO;-N, SP, and SK by brucine, indophenol blue method and atomic
absorption spectrophotometry, respectively. The same methods were used to detect TN, TP, and TK by digesting
soils in a Kjeldahltherm (Gerhardt, Kénigswinter, Germany) with H,SO,4 and H,O,. The pH of the soil-water
suspension (1:2.5, w/v) was analyzed.

Total bacterial biomass was estimated by quantification of environmental DNA (eDNA) using the slow-stir-
ring method following the procedures of Aoshima et al. [16]. Nitrification activity was analyzed by pooling the
values of ammonium oxidizing activity, nitrite oxidizing activity, and total bacterial number. Ammonium and
nitrite oxidizing activities were estimated by analyzing the percent reduction in N during an incubation period of
3 days at 25°C in the soil samples with added ammonium sulfate and sodium nitrate, respectively. Similarly,
phosphorus mineralization activity was estimated following the procedures of Horii ef al. [17] by analyzing
percent increment in SP from the substrate (phytic acid) under similar incubation conditions.

2.4. Nutrient Contents in Leaves and Fruits, Soluble Sugar Content, and Yield

Leaf and fruit samples were collected at different growth stages for chemical analysis. TN, TP, and TK in leaves
and fruits were analyzed by digestion following the same procedures described above for soil samples. Soluble
sugar content in the ripened fruit was analyzed with a palette digital refractometer (Model: DBX-55; ATAGO,
Tokyo, Japan). Fruit were harvested during December, and yields were recorded separately for each orchard
block.

3. Results
3.1. Weather

Weather data averaged over a 31-year period (1980 to 2010) shows that the site annually receives sunshine and
precipitation of 1931 hours and 930 mm, respectively (Figure 2). The sunshine duration, precipitation, and
temperature around the site during the study period (2011) were similar to normal, except for higher than normal
rainfall during May.

3.2. Soil Physical Properties

Physical properties of soils at different depths in two orchards were analyzed during April 2011. The colors of
the surface (0 cm to 15 ¢cm) and sub-surface (15 cm to 40 cm) in orchard A were dark brown (7.5YR 4/4) and
brown (7.5YR 3/3), respectively (Figure 3). Those of the surface and sub-surface in orchard B were dark brown
(7.5YR 4/4). Likewise, textures of the surface and sub-surface soils in orchard A were clay loam and light clay,
respectively, and those of the surface and sub-surface in orchard B were clay loam.
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Figure 2. Monthly averages of sunshine duration, precipitation, and temperature around
of the study site during 1980 and 2010 (a) and in 2011 (b).
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Figure 3. Soil profiles of orchard A and B showing color and texture at different
depths. Photographs were taken on April, 2011.

Clear differences in dry and wet bulk densities of soils between the two orchards were not observed, except

for dry bulk density at 10 cm (1.420 g-cm ™ and 1.296 g-cm ™ in orchards A and B, respectively; Table 1). Rela-
tive proportions of soil solids, water, and air also did not differ between the two orchards, except for the porosity
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at 10 cm (46.70% in orchard A and 50.25% in orchard B). Similarly, no clear differences in vertical saturated
hydraulic conductivity were observed between orchards A and B (Table 1). In contrast, the horizontal hydraulic
conductivity at 10-cm depth of orchard A soil was 3.7 times greater than that in orchard B (16.42 cm-day ™' in
orchard A and 4.41 cm-day ' in orchard B), while the horizontal hydraulic conductivity at 35-cm depth in orc-
hard A was 1.7 times higher than that in orchard B.

3.3. Soil Biochemical Properties

Bacterial biomass, nitrification activity, and phosphorus mineralization activity were almost equal between orc-
hards A and B when examined in April, July, and December (Table 2). Bacterial biomass in soils of both orc-
hards gradually increased from April to December. In contrast, nitrification activity gradually decreased during
this period. Phosphorus mineralization activity was highest in July.

Concentrations of TC, TN, and TP were almost two times higher in orchard B than in orchard A (Table 2).
Similarly, concentrations of NO;-N, SP, and SK were also higher in orchard B. The large differences in nu-
trients show that organic materials and inorganic ions are accumulated in orchard B.

Table 1. Physical properties of soils in two apple orchards.

Orchard A Orchard B
Property
10 cm 35cm 10 cm 35 cm
Gravimetric water (w/w) (%) 24.40 35.10 27.70 25.60
Specific gravity 2.66 2.73 2.61 2.66
Wet bulk density (g/cm®) 1.78 1.64 1.67 1.60
Dry bulk density (g/cm’) 1.42 1.21 1.30 1.28
Void ratio 0.88 1.25 1.01 1.08
Porosity (%) 46.70 55.53 50.25 52.03
Degree of saturation (%) 74.05 76.77 71.44 62.65
Soil solid (v/v) (%) 53.30 44.47 49.75 47.97
Soil water (v/v) (%) 34.58 42.63 35.90 32.60
Soil air (v/v) (%) 12.12 12.90 14.35 19.43
Vertical saturated hydraulic conductivity (cm/day) 40.61 1.03 57.89 1.04
Horizontal saturated hydraulic conductivity (cm/day) 16.42 3.54 441 6.05
Table 2. Biochemical properties of soils in two apple orchards.
Orchard A Orchard B
Property
Apr Jul Dec Apr Jul Dec
Nitrification activity (%) 96 59 33 92 77 33
Bacterial biomass (x10° cells-g™" soil) 1.4 1.7 1.8 13 1.6 1.7
NH; oxidation activity (%) 93 38 0 96 66 0
NO; oxidation activity (%) 100 100 100 91 100 100
P mineralization activity (%) 23 96 47 39 100 53
pH 7.0 7.4 7.5 7.2 7.6 6.8
Total carbon (TC) (mg/kg) 35,700 45,900 46,900 59,800 85,600 67,400
Total nitrogen (TN) (mg/kg) 4100 4500 5100 10,500 8500 7500
NH;-N (mg/kg) 2 3 8 3 3 2
NO,-N (mg/kg) 0 4 0 8 20 2
C/N ratio 9 10 9 6 10 9
Total phosphorus (TP) (mg/kg) 1280 1140 900 2720 2900 2720
Soluble phosphorus (SP) (mg/kg) 20 10 30 200 190 55
Total potassium (TK) (mg/kg) 5300 4700 4300 5300 4700 5000

Soluble potassium (SK) (mg/kg) 151 140 350 840 420 340
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3.4. Nutrient Concentrations in Plant Tissues, Fruit Soluble Sugar, and Yield

Concentrations of TN, TP, and TK in the leaves were determined (Table 3). TP and TK were higher in orchard
A in July and December. Leaf TN in orchard A was higher than in orchard B in July, but not in December. Nutrient
concentrations in fruit also differed between orchards A and B (Table 4). Concentrations of TN, TP, and TK in
fruit were higher in orchard A at both stages compared with those in orchard B. Soluble solids were also higher
in orchard A. The results indicate that soil properties can affect the levels of nutrients in apple leaves and fruit.

4. Discussion

To improve the productivity of apple, physical and biochemical properties of soils and nutrient concentrations in
leaves and fruit were investigated in two apple orchards with different productivities. Several characteristic dif-
ferences between the two orchards indicate that apple productivity can be improved with greater attention to soil
properties.

Apple productivity and soil nutrient status in two orchards were oppositely related in this study. Lower apple
productivity in orchard B may be due to the toxicity of TN and TP. The slope of the land from orchard A to
orchard B may have favored leaching of nutrients towards orchard B. Apple trees can grow vigorously and pro-
duce good yield with optimum supply of nitrogen and phosphorus. Excessive nitrogen application increases tree
growth and leaf nitrogen content, but negatively affects fruit yield and quality [18]. In a similar study, a very
high nitrogen application caused for the reduction in trunk size, tree height, and floral buds [19].

Leaf litter contributes significant amounts of biomass and nutrients to orchard soil [10] [20]. It is reported that
approximately 30 kg'N-ha ' is contained in leaves that fall each year [21]. In this study, nutrients and biomass
from the fallen leaves may contribute to the higher accumulation of TC, TN, and TP in orchard B soil.

Hydraulic conductivity is an important factor for productivity of orchards. In this study, lower apple produc-
tivity in orchard B was associated with the lower hydraulic conductivity. Previous studies have shown reduction

Table 3. Nutrient concentrations in leaves of apple grown in two orchards.

Property Orchard A Orchard B
Jul Dec Jul Dec
TC (mg-kg™") 422,500 491,500 433,800 485,300
TN (mgkg™") 18,900 22,000 25,200 21,200
NO;-N (mgkg™) 80 700 60 690
TP (mgkg™) 1800 2410 1520 2030
SP (mg-kg ") 870 260 620 190
TK (mgkg ™) 14,900 20,100 12,700 16,600
SK (mg-kg™) 8650 20,550 6910 16,400

Table 4. Nutrient concentrations in fruit and yield of apple grown in two orchards.

Property Orchard A Orchard B
Jul Dec Jul Dec
TC (mg-kg™") 390,400 415,000 380,700 413,000
TN (mgkg ™) 10,100 2400 9200 2600
NO;-N (mgkg™) 50 600 80 880
TP (mg'kg™) 1410 850 1100 830
SP (mg-kg ™) 840 680 500 500
TK (mgkg™) 10,900 11,900 8700 10,100
SK (mg-kg™) 7540 11,500 5750 9380
Soluble sugar (%) - 16.6 - 154
Yield (tha™) - 30.0 - 20.0
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in hydraulic conductivity in the soils rich in organic matter [22]-[24]. Accumulation of organic matter in orchard
B may have reduced the hydraulic conductivity in this study. Soils with a high amount of litters, pore spaces are
partially clogged by degraded organic materials [25].

Large amounts of nutrients in soils often result in over-uptake and imbalanced uptake of nutrients, and quality
and quantity of apple can be adversely affected [26]-[28]. A negative relationship between soil nutrient content
and fruit yield in this study indicates that chemical fertilizers should be carefully applied. Moreover, judging
from the accumulation of nutrients, appropriate management of fallen leaves from the orchard is also an impor-
tant factor for continuing a high level of apple productivity. Better management of biological and chemical proper-
ties of orchard soils is necessary for improving apple productivity.
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