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Abstract: A field experiment was conducted with irriga-
tion in 2018 and 2019 at three locations to identify the
optimum plant density and adaptive variety for better
watermelon yield and quality. It consisted of five densi-
ties (24,690, 13,888, 8,888, 6,172, and 4,535 plant ha−1)
and two varieties (Crimson Sweet and Sugar Baby) with
factorial combination in randomized complete block design
with three replications. Plant density and variety were not
affected by location and season. The response of water-
melon in yield, quality, and growth was influenced by plant
density and variety. The highest fruit yield of 32.1 t ha−1 was
obtained from the highest plant density, which was statis-
tically similar with the yield of 31.9 t ha−1 obtained with the
second highest plant density. However, about 71% of the
fruits produced with the highest plant density were mini-
sized in the fruit size category, whereas only about 59%
were mini-sized with the second highest plant density.
Any addition of plant density beyond 13,888 ha−1 did not
gain additional yield but reduced in quality attributes.
Better fruit physical attributes and total soluble solid were
recorded from the lowest plant density. Therefore, Crimson
Sweet variety with 120 and 60 cm inter- and intra-row

spacing, respectively, which accommodates the plant den-
sity of 13,888 ha−1, is optimum for watermelon production.

Keywords: Crimson Sweet variety, fruit yield, fruit quality,
plant density, Sugar Baby variety, watermelon fruit size

1 Introduction

Watermelon, Citrullus lanatus (Thunb.) Matsum. and Nakai,
belongs to cucurbits family with 22 chromosomes [1]. It is
one of the most widely grown vegetable crops in the warmer
parts of the world [1–3]. About 500 g of fruit flesh provides
2,950 IU of vitamin A, which is about 60% of the daily
recommended dietary allowance (RDA), 35mg of vitamin C
(78% of the RDA), 2.5mg of iron (25% of the RDA), 130
calories, and very little sodium [1,4]. Moreover, it has a
high content of lycopene [1,5]. According to Holden et al.
[6], red-fleshed fruits of watermelon account for 48.7 µg g−1

lycopene by weight, which is 60% higher than tomatoes.
The preference for vegetables including watermelon has
therefore increased their consumption by consumers. In
this regard, USAID [7] reported that the consumption of
watermelon reached 146.93 kg per capita. However, the lyco-
pene content of watermelon is variable across the environ-
ment, genotype, ploidy level, andmaturity of the fruits [8,9].

Three-fourth of the world’s watermelon yield is pro-
duced in Asia, with China being the leading producer
[10]. According to FAO [10], the top five watermelon-produ-
cing countries in the world are China, Iran, Turkey, Brazil,
and Uzbekistan with the production estimate of 79,276,300
tons (42.88 t ha−1), 4,059,786 tons (29.81 t ha−1), 4,011,313 tons
(41.99 t ha−1), 2,314,700 tons (22.00 t ha−1), and 2,030,992 tons
(39.81 t ha−1), respectively. The total world production in
the same year was 118,413,465 tons, which was produced
on 3,477,285 ha of land with an average productivity of
34 t ha−1. Algeria is the leadingwatermelon-producing country
in Africa followed by Egypt and Morocco [10].

According to Gusmini and Wehner [11], the global
increase in the productivity of cucurbit species including
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watermelon over the past decades is primarily through
improved agronomic practices including plant density
and the development of disease-resistant cultivars. In
watermelon, plant density influences the performance
of plants in a given environment and genotype [12]. Its
production, therefore, necessitates appropriate plant den-
sity to enhance its productivity [13]. Increasing plant
density beyond the threshold level, therefore, may not
increase the yield of watermelon [14].

The choice of spacing between rows and plants depends
on the intensity of management, soil fertility, the environ-
mental conditions, the growth habit of the variety, and the
fruit-size preference of the consumers [15]. According to
Boyhan et al. [16], watermelon is traditionally planted with
a spacing of 1.52 and 0.91m inter- and intra-row spacing
(7,246 plant ha−1), respectively. Reduced spacing of 1.52 and
0.70m inter- and intra-row spacing (9,434 plant ha−1),
respectively, is also used to produce icebox watermelon type.

Higher yield and number of fruits were attained
through intensive management of watermelon plants
including proper spacing [13]. Spacing of 2.0 and 1 m
inter- and intra-row spacing (5,000 ha−1), respectively,
provided the best early and total yield [17]. Spacing of
1.5 and 1m inter- and intra-row spacing (6,666 ha−1),
respectively, gave the highest number and yield [18].
Higher yields of marketable fruits (>4.4 kg)were obtained
using 1.5 inter- and 0.45 and 0.60m intra-row spacing
(14,705 and 11,111 plant ha−1) [15]. According to Dantata
[19], higher yields were recorded when plants were planted
at 1.0 and 0.75 m (13,333 plant ha−1) inter- and intra-row
spacing, respectively, compared with 0.50 and 0.25 m
(80,000 plants ha−1) inter- and intra-row spacing, respec-
tively. However, too wider inter-row spacing of 3.0 and
intra-row spacing of 0.7 m (2,325 plant ha−1) were recom-
mended as the optimum plant density by Adlan and Abu-
Sarra [20]. The level of management practices including
optimum plant density generally affects the quality attri-
butes such as sugar content, deep red-colored flesh, and
crisp texture of the edible fruit part [21].

Plant density also influences the fruit weight. According
to Akintoye et al. [14], the optimum plant density is location
specific where the highest fruit yield was obtained at the
density of 14,815 ha−1 (0.68m2 plant−1). The authors also
reported that the fruit weights of watermelon decreased
with increased plant density. Similarly, Goreta et al. [22]
reported that as plant density decreased, the average fruit
weights increased, and at the same time, the fruit size dis-
tribution shifted to large fruit categories. Motsenbocker and
Arancibia [23] suggested that watermelon yield, fruit weight,
and number can be adjusted by in-row spacing. Akintoye et
al. [14] indicated the necessity of site-specific evaluation to

determine maximum yield responses of watermelon culti-
vars toward the increased plant density.

Watermelon preferences of farmers and consumers
encompass a wide range of fruit sizes and flesh color
[24]. As a result of the inconvenience in handling big
fruits, fruits in the range of 4.5–5.5 kg are highly preferred
by consumers having small family size. Similarly, consu-
mers having low incomes prefer small-to-medium-sized
fruits rather than large fruits because of their high prices
[4]. Watermelon production is, therefore, ultimately shifted
from the production of big fruits to small-sized fruits having
desirable quality attributes [7,25]. Optimization of plant
density per unit area is, therefore, very important to satisfy
fruit size preferences of consumers.

Watermelon has been dominantly produced by small-
holder farmers around Rift Valley areas of Ethiopia.
Watermelon produced in the country is inferior both in
terms of quantity and quality [26,27]. According to the
authors, the agronomic practices implemented by water-
melon-producing farmers are mostly not appropriate,
which is probably associated with less knowledge and
skills of the farmers due to new introduction of the crop.
In Amhara Region, watermelon has been introduced by
Amhara Agricultural Research Institute where suitable
areas, adaptive varieties, and agronomic practices of
the crops are not well known. For proper watermelon
production with high productivity and acceptable quality
attributes, optimization of its main production factors
including plant density, varieties, and growing environ-
ment is vital as indicated by Hochmuth and Bennett [28].
This research was, therefore, conducted to study the
effects of planting density, variety, and growing environ-
ment on fruit yield and quality attributes of watermelon in
Northwest Ethiopia.

2 Materials and methods

2.1 Description of study areas

The experiment was conducted in 2018 and 2019 under
irrigation conditions at Ribb, Woramit, and Koga irriga-
tion schemes of Amhara Region in Northwest Ethiopia.
These locations represent the three different types of vege-
table-producing areas in the northwest part of Amhara
Regional State, Ethiopia. Experimental site in Ribb irriga-
tion scheme is geographically located at 11°44′ N latitude
and 37°25′ E longitude, while experimental sites in
Woramit and Koga irrigation schemes are located at
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11°38′ and 11°10′ N latitude and 37°10′ and 37°2′ E lon-
gitude, respectively. The altitudes of Ribb, Woramit, and
Koga irrigation schemes are 1,774, 1,800, and 1,960 m
above sea level, respectively.

Temperature conditions specifically mean maximum
andminimum of the experimental sites during the experi-
mental period are presented in Figure 1. To characterize
the soils of experimental sites, composite soil samples
were collected before planting, and the physical and
chemical properties were analyzed in the soil labora-
tory of Adet Agricultural Research Center following
standard methods and procedures, and the results are
presented in Table 1.

2.2 Description of watermelon varieties

Two commercial watermelon varieties, namely “Crimson
Sweet” and “Sugar Baby,” were used as test crops.
Crimson Sweet is an open-pollinated variety that repre-
sents long-veining type. The variety can develop big fruits

(6.8–11.3 kg) within 80 days of planting. It has light green
fruit with dark stripes, high sugar content, and excellent
shipping quality. The vines are resistant to anthracnose
(Colletotrichum orbiculare) and fusarium wilt (Fusarium
oxysporum Schlechtend). Crimson Sweet was released for
cultivation by Kansas State University, United States, in
1963 [29].

Sugar Baby is an open-pollinated variety that repre-
sents the icebox type with round and dark fruit. Its fruit
flesh is bright red and firm with a super sweet taste. Vines
are compact. Like many icebox types, it has an average fruit
weight ranging from 3.5 to 5.5 kg that matured within 75
days of planting. Vines of the variety spread to 1.8–2.4m
long. It has a wide climatic adaptation character [29].

2.3 Experimental treatments, design

Factorial combinations of five plant density entries 4,535,
6,172, 8,888, 13,888, and 24,691 plants ha−1 and two vari-
eties (Crimson Sweet and Sugar Baby) were laid out in

Figure 1: Temperatures of the experimental sites during the experimental period.
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randomized complete block design with three replica-
tions. The experiment was conducted under irrigation
and repeated at three different locations (Koga, Ribb,
and Woramit) for two years in 2018 and 2019.

2.4 Experimental procedures

To study the effect of the plant density, variety, locations,
and growing season, the experiment at all locations
and seasons received uniform management including
weeding, watering, and fertilization. The gross plot size
of each experimental treatment was 35.28m2 (8.4m × 4.2m),
which accommodated 4, 5, 6, 7, and 9 rows and 16, 25, 36,
49, and 81 plants at inter- and intra-row spacing of 2.1m ×
1.05m, 1.80m × 0.90m, 1.5m × 0.75m, 1.5m, 1.2m ×
0.60m, and 0.90m × 0.45m with theoretical density series
of 4,535, 6,172, 8,888, 13,888, and 24,691 ha−1, respectively.

Two seeds per hole were sown on January 01, 2018
and 2019 according to specified spacing treatments and
later thinned to keep one plant per hole after 2 weeks of
planting. Fertilizer was applied at the rate of 46 and
46 kg ha−1 of P2O5 and N in the form of di-ammonium
phosphate (DAP; 18% N, 46% P2O5), and urea (46% N).
The full rate of DAP and the half rate of urea were applied
at planting, and the rest 50% of urea was applied 1 month
after planting with basal application method [16]. Furrow
irrigation was used at 7-day interval for the first 4 weeks
and then after every 14 days until maturity. Moreover,
Selecron® 720 EC and Ridomil® MZ, the products of Syn-
genta at a rate of 0.75–2.5 kg ha−1, were sprayed uni-
formly with 15-day interval to control insect pests and
fungal diseases, respectively.

2.5 Data collection method

Harvesting was done at a net plot size of 27.72 m2 at phy-
siological maturity stage. Before harvesting, all phenolo-
gical data including days to 50% flowering, 50% fruit
setting and maturity were recorded. Similarly, ground
cover estimation was recorded after 30th, 60th, and
90th days of planting on plot basis, whereas other growth
parameters including number of vain and fruits per vain
were collected from five randomly selected plants in
the middle rows. Five healthy and nonphysiologically
defected fruits were randomly selected from the net plot
area to determine both fruit physical and chemical quality
attributes [30]. The fruit lengthwas recorded bymeasuring
the fruit from the point where tendril attached to the blossom
end in centimeters, whereas the fruit width was recorded by
measuring the largest diameter of the cross-sectioned of
sampled fruits. Fruit rind thickness was recorded by cutting
the cross-section of the fruit and measured the thickness in
centimeter using caliper meter.

Fruit juice was extracted from 1 kg of sliced flesh
using a high-performance commercial blender, the pro-
duct of M-indiamart®, and the juice volume was mea-
sured using a graduated cylinder and expressed in milli-
liter per kilogram of fruit. Palette digital refractometer
PR-32α, the product of ATAGO®, with a range of Brix
0–32% was used to determine the total soluble solid
(TSS) placing two drops of clear juice on the prism. Clear
juice was measured by a pH meter AD1020 pH/mv/ISE, the
product of Adwa Instruments, with T meter electrode cali-
brated with standard pH 4 and pH 7 buffers.

Harvested fruits were weighed individually, and the
fruit yieldwas expressed asmarketable and unmarketable

Table 1: Soil physical and chemical properties of the experimental sites

Soil characteristics Location

Ribb Woramit Koga

2018 2019 2018 2019 2018 2019

pH 6.95 7.01 5.57 6.08 5.90 5.99
EC (mS cm−1) 40.67 35.4 34.6 32.9 37.30 31.70
OM (%) 2.127 2.51 2.491 3.116 2.337 3.121
N (%) 0.197 0.203 0.181 0.214 0.236 0.228
CEC (Cmol+ kg−1) 31.72 46.72 30.87 33.90 33.26 50.58
Available P (meq/100 g soil) 27.794 29.81 20.423 24.011 2.35 2.98
Clay (%) 31 32 25 29 35 33
Silt (%) 61 59 55 53 55 55
Sand (%) 8 9 12 18 10 12
Soil textural class Silt–clay–loam Silt–clay–loam Silt–clay–loam Silt–loam Silt–clay–loam Silt–clay–loam

EC, electrical conductivity; OM, organic matter; N, nitrogen; CEC, cation exchange capacity; P, phosphorus.
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fruit weight (t ha–1) and number (ha–1), respectively.
Abnormal fruits including rotten due to disease, insect
damaged rotten at blossom-end, cracked, bottlenecked,
and misshaped due to physiology were screened from
the normal fruits and then counted, weighed, and
expressed in hectare basis. According to Wehner [1],
the fruit-size distributions are mini <4, icebox 4.5–5,
small 5.5–8, medium 8–10, large 11–14.5, and giant
>14.5 kg based on weight. Therefore, normal fruits were
categorized into three groups in such a way that <4,
4.5–5, and 5.5–8 kg as mini, icebox, and medium fruits,
respectively, and their percentile distributionwas recorded
eventually.

2.6 Data analysis

The analysis of variance (ANOVA)was conducted for each
location and season using PROC GLM procedure (SAS
Institute, 2002 version 9.0) to see the effect of plant density
and variety. After Bartlett’s and Levent’s homogeneity
test, combined ANOVA over location and season was con-
ducted using PROC MIXED procedure of SAS. Density and
variety were considered as fixed effect, whereas location
and season were considered as random effect. Whenever
the ANOVA result of the variables showed significance
(P ≤ 0.05), mean separation between the treatments was
performed using Fisher’s least significant difference (LSD).

3 Results and discussion

3.1 Phenological traits

The combined ANOVA revealed that plant density, variety,
location, and season significantly (P ≤ 0.05) influenced
the phenological traits, including days to flowering, fruit
setting, andmaturity. The interaction of locations–seasons
significantly (P ≤ 0.05) influenced the phenological traits,
whereas the interactions of density–variety, density–loca-
tion, density–season, variety–location, and variety–season
did not significantly (P > 0.05) influence the phenological
traits. Phenological traits were not significantly (P > 0.05)
influenced by the interaction of density–variety–location,
density–variety–season, density–location–season, and
variety–locations–seasons (Table 2). No significant interac-
tions of density–location, density–season, variety–location,
and variety–season indicated that the performance of each
density and variety was similar at all locations and seasons.

According to Gusmini and Wehner [31], such phenomenon
permits to discuss and conclude with combined mean
values of each treatment across locations and seasons.

Early flowering (52 days), fruit setting (72 days), and
fruit maturity (112 days) were observed at the density of
24,690 ha−1 followed by 13,888 ha−1. These two densities,
which are highly populated, shortened the flowering by
9 and 8 days, fruit setting by 13 and 12 days, and maturity
by 9 and 7 days, respectively, compared with the lowest
plant density (Table 3). The difference in phenological
processes of watermelon plants was generally delayed
as plant density decreased while it was early as the plant
density increased (Figure 2). The finding was in line
with Ban et al. [17] who reported that prolonged maturity
of watermelon was observed when within row spacing
increased. According to Weiner and Freckleton [32], the
rate of up taking of resources and their conversion into
biomass is dependent on density, and competition can
start as soon as plants are large enough, but the effect
starts at early stage at a high plant density.

Significantly early phenology was manifested by Sugar
Baby than Crimson Sweet. Expression of early phenology
was observed at Ribb followed by at Woramit. Earlier fruit
set and maturity were observed in 2019 than in 2018 (Table
3). Phenological traits variation due to location–season
interaction might be associated with temperature variations
occurred at each location and seasons. The meteorological
data in Figure 1 showed that 2019 was relatively warmer
than 2018 at Ribb and Woramit, whereas 2018 was warmer
than 2019 at Koga, inversely.

3.2 Vegetative growth performance

The combined ANOVA (Table 2) revealed that number of
vine per plant and ground cover taken at 30th, 60th, and
90th days after planting were significantly (P ≤ 0.05)
influenced by plant density. However, variety, location,
and season did not significantly (P > 0.05) influence these
traits except vine per plant due to season and ground
cover taken at 30th day after planting due to location.
The interaction effects of density–variety, density–loca-
tion, density–season, variety–season, variety–location,
location–season, density–variety–location, density–
variety–season, density–location–season, and variety–
location–season did not significantly (P > 0.05) influ-
ence vine per plant and ground coverage at all stages
of watermelon development.

The highest number of vine per plant (3.7) was
recorded at the lowest plant density, whereas the lowest
number of vine per plant (2.8)was recorded at the highest
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plant density (Table 3). The reduced number of primary
vine per plant as plant density increased at all locations
(Figure 3a) is obviously associated with stiff competition
of plants for growing resources including nutrients, moisture,
and spaces, which in turn reduces the number of vine per
plant. Weiner and Freckleton [32] elucidated that the indivi-
dual plant growth maximized without competition at very
low densities. Similarly, Goreta et al. [22] confirmed that
the number of vines linearly increased from 3.9 to 4.5 as plant
spacing increased from 0.5 to 1.5m.

On the contrary to vine number per plant, increasing
plant density increased ground cover percentage during all
growth stages of the plant at all locations (Figure 3b–d).
Significant maximum ground coverage of 99.6% was
achieved with the highest plant density compared
with the lowest plant density attained only 65.5% at
90 days after planting. At 60 days after planting, the

highest density attained was 82%, whereas the lowest
density attained only 42% ground cover. The results of
this study are in line with that of Ban et al. [17] and
Akintoye et al. [14], where the maximum ground cov-
erage was achieved with denser plant spacing. According
to Akintoye et al. [14], the complete ground cover of water-
melon plant occurred 68 days after planting, which is rela-
tively earlier than our finding (Table 3). They also reported
varietal differences in ground coverage, which was also
observed in our study. The results of this study confirmed
that maximum ground cover at the highest density
affected the fruit-bearing potential of individual plants,
which might have resulted from stiff competition for
resources. For this instance, 5% of plants at the highest
density did not bear any fruits. Moreover, at lowest and
the next low plant densities, 44 and 21% of the ground
was not covered by the vines, respectively, whereas at

Table 3: Main effect of density, location, and season on the growth yield component and yield of watermelon

Flower
(days)

Fruit
set
(days)

Maturity
(days)

NVPP GC1 (%) GC2 (%) GC3 (%) NF
(plant−1)

NMF
ha−1

(×1,000)

NUMF
ha−1

(×1,000)

MFY
(t ha−1)

UMFY
(t ha−1)

Density (ha−1)
24,690 52.3e 72.1e 112.0e 2.7d 34.1a 82.2a 99.6a 0.7c 12.7a 3.2a 32.1a 4.2a

13,888 55.0d 74.8d 114.4d 3.0c 29.2b 73.0b 95.9b 1.0b 11.2b 2.3b 31.9a 2.9b

8,888 57.1c 77.0c 117.3c 3.2b 26.4c 65.8c 90.8c 1.0b 7.6c 1.5c 23.3b 2.1c

6,172 58.7b 81.2b 119.5b 3.3b 23.2d 55.5d 78.8d 1.2a 5.2d 1.0d 17.8c 1.6d

4,535 60.6a 84.4a 121.3a 3.7a 18.1e 47.8e 65.5e 0.9b 3.5e 0.5e 12.3d 0.9e

SL * * * ** ** ** * * ** ** ** **
LSD (0.05) 0.91 0.93 0.95 0.16 1.15 1.62 1.56 0.11 584 211 1.5 0.34

Variety
Crimson Sweet 59.1a 80.3a 119.4a 3.1 27.4 66.8 88.1 0.8b 6.9b 1.9a 26.7a 2.9a

Sugar Baby 54.4b 75.5b 114.4b 3.3 25.0 62.9 84.2 1.3a 9.1a 1.4b 20.3b 1.8b

SL ** ** ** ns ns ns ns ** * * * **
LSD (0.05) 0.58 0.59 0.60 0.3 2.7 4.0 4.9 0.1 369 133 0.95 0.2

Location
Ribb 52.2c 74.2b 114.6b 3.2 43.1a 61.9 87.1 1.0 8.5 1.6 29.1 2.3
Woramit 56.8b 74.5b 115.5b 3.4 26.4b 65.0 86.1 0.8 6.9 1.8 19.3 2.9
Koga 61.2a 85.0a 120.7a 3.0 22.1bc 67.7 85.1 1.0 8.6 1.7 22.0 1.8
SL ** ** ** ns * ns ns ns ns ns ns ns
LSD (0.05) 0.71 0.72 0.74 0.4 0.9 8.2 3.20 0.2 1,700 163 10.15 1.6

Season
2018 57.1 82.4a 122.4a 3.6a 25.8 65.0 86.8 1.0 8.4 0.9b 25.1 2.2
2019 56.5 73.4b 111.4b 2.8b 26.6 64.7 85.4 1.1 7.7 2.4a 21.8 2.7
SL ns ** ** ** ns ns ns ns ns ** ns ns
LSD (0.05) 0.58 0.58 0.60 0.10 0.82 1.02 1.98 0.7 700 946 5.1 0.6

CV (%) 3.4 2.7 1.7 11.2 9.2 5.3 3.7 23.3 15.1 26.8 13.6 29.5

*, Significant (P < 0.05); **, highly significant (P < 0.01); and ns, non-significant. Means with common letter do not differ significantly
(P ≤ 0.05). GC1, ground cover estimation taken at 30 days after sowing; GC2, ground cover estimation taken at 60 days after sowing; GC3,
ground cover estimation taken at 90 days after sowing; NVPP, number of primary vine per plant; NF, number of fruits per plant; NMF,
number of marketable fruits; NUMF, number of unmarketable fruits; MFY, marketable fruit yield; UMFY, unmarketable fruit yield;
SL, significance level; CV, coefficient of variation.
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the highest density, the ground was fully covered with
vines, about 4% of the ground was uncovered by the
second highest plant density.

3.3 Fruit yield and yield-related trait
performances

3.3.1 Number of fruits

The combined ANOVA showed that density and variety
significantly (P ≤ 0.05) influenced fruit number per plant
and number of marketable and unmarketable fruits per
hectare. However, locations and seasons did not influ-
ence these traits except number of unmarketable fruits
due to season. Number of fruits per plant marketable
and unmarketable fruits per hectare was not significantly
(P > 0.05) affected by any of two-way as well as three-way
interactions (Table 2).

The maximum number of fruits per plant (1.1) was
recorded with the density of 6,172 plant ha−1, which was
at par with fruits per plant (1.0) recorded with the density
of 8,888 plant ha−1. The minimum number of fruits per
plant was produced with the highest plant density com-
pared with other plant densities (Table 3). This difference
in the number of fruits per plants could be due to high

competition among plants for growth factors including
nutrient, sunlight, and space, which is especially serious
on plants grown at higher plant density. The current
results support the findings of Reiners and Riggs [33]
where more than one fruit per plant was obtained at
the lowest density, whereas 0.8 fruits per plant at higher
plant density. Similarly, Ban et al. [17] reported the
decrease of fruit numbers with an increased intra-row
spacing. NeSmith [34] also reported that closer plant spa-
cing reduced fruit numbers per plant.

The highest marketable and unmarketable fruit num-
bers per hectare were obtained at the highest density
followed by the second highest density, whereas the
lowest numbers were obtained from the lowest plant den-
sity (Table 3). The reason for increased marketable and
unmarketable fruit numbers at high density is obviously
associated with the presence of more plants per hectare
that in turn increased fruit numbers. The results of this
study are in agreement with the reports of Weiner and
Freckleton [32]. Motsenbocker and Arancibia [23] reported
that higher number of fruits was obtained at wider spa-
cing. Sanders et al. [15] also reported similar results. Gen-
erally, low plant density in this study produced less
number of fruits per hectare as compared with higher
plant density. The reason behind is elucidated by Weiner
and Freckleton [32] when the plants were found at a den-
sity below the threshold level.

Figure 2: Phenological traits as affected by plant density of watermelon.
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Sugar Baby produced significantly higher number of
fruits per plant (1.30) and number of marketable fruits per
hectare (9,100 ha−1) compared with Crimson Sweet variety.
Moreover, the number of unmarketable fruits produced by
this variety was significantly lower than those produced by
Crimson Sweet (Table 3). The difference of varieties toward
number of fruits per plant as well as number of marketable
and unmarketable fruits recorded in this study is probably
associated with the genetic makeup of the varieties.
NeSmith [34] observed differences in number of fruits
between watermelon varieties. According to the author,
Crimson Sweet produced relatively less number of fruits
compared with the Star-Brite variety.

3.3.2 Fruit yields

Mean squares generated from the combined ANOVA in
Table 2 demonstrate that plant density and variety sig-

nificantly influenced (P ≤ 0.05) marketable and unmar-
ketable fruit yields, whereas location and season did not
significantly (P > 0.05) influence these traits. Marketable
and unmarketable fruit yields were not significantly
(P > 0.05) influenced by any two-way as well as three-
way interaction.

Marketable yield generally showed increasing trend
with increased plant density up to the second highest
density, which was optimum for watermelon production
at all locations (Figure 4a). However, unmarketable yield
did not show a return of quadratic curve fit as plant den-
sity increased except in Ribb location. As density increased,
unmarketable yield also increased linearly (Figure 4b).
The highest marketable (32.1 t ha−1) and unmarketable
(4.27 t ha−1) fruit yields were obtained from the highest plant
density (Table 3). However, marketable yield obtained from
the highest plant density was not statistically different with
the yield (31.9 t ha−1) obtained from second highest plant
density. In contrast, lowest marketable and unmarketable

Figure 3: Vine number (a) and ground cover attained at (b) 30, (c) 60, and (d) 90 days after planting as affected by plant density at each
location.
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yields were recorded from the lowest plant density, which
reduced the marketable fruit yield by 61% compared with
the yields obtained from the first and the second highest
plant densities.

Yield increased with increasing plant density is due
to the accommodation of more plants per unit area that in
turn increased the fruit yield per unit area. The results of
this study showed similar trends with findings of different
researchers [14,17,22,23,33,35]. According to Weiner and
Freckleton [32], the amount of resources in the environ-
ment determines the final yield of a given species or
genotype. Therefore, the density of a given crop can be
considered as a yield limiting factor. The positive rela-
tionship between yield and fruit weight shown in Figure 5
demonstrates that yield differences observed within each
plant density were brought mainly due to fruit weight for
Crimson Sweet variety. However, the negative relation-

ship of yield and fruit weight demonstrates the yield
differences observed within each plant density were
brought mainly due to the differences in the number of
fruits harvested rather than fruit weight in Sugar Baby
variety (Figure 6). The relationship between fruit yield
and number of fruits of the tested varieties presented in
Figure 7a and b also showed that fruit yield is positively
increased as the number of fruits increased due to the
increase in plant density.

The highest fruit yields that were recorded from the
highest (32.1 t ha−1) and the next highest plant densities
(31.9 t ha−1) in this study are generally lower than the
findings of Kumar and Wehner [36], which reported
fruit yield of about 51 t ha−1. The marketable fruit yields
obtained with the first and second highest plant densities
were statistically similar (Table 3). However, about 71% of
the fruits produced in the highest density were in mini

Figure 4: Trends of watermelon fruit yield (a) marketable and (b) unmarketable (t ha−1) as influenced by plant density in each location.
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fruit size category while only about 59% in the next
highest density (Table 4). Yield increasing trend with
increased plant density observed in this study is similar
with the findings of Akintoye et al. [14].

Crimson Sweet produced the highest marketable of
27 t ha−1 and unmarketable (3.0 t ha−1) yields compared
with Sugar Baby, which could be associated with the genetic
yielding potential of the varieties (Table 3). Although Sugar
Baby variety produced the highest number of fruits per plant
and per hectare, low fruit yield is associated with lowweight
of the individual fruit of this variety. The mean fruit weight

of Crimson was 4.1 kg, whereas that of Sugar Baby was only
2.4 kg (Table 4). The findings of this study implicate that the
productivity of watermelon could be boosted through appro-
priate variety and optimum plant density that may improve
the efficiency of resources utilization.

3.3.3 Fruit size category

The ANOVA revealed that fruit size category was signifi-
cantly (P ≤ 0.05) influenced by plant density, variety, and

Figure 5: Relationship between fruit yield and weight of Crimson Sweet variety within each plant density: (a) 24,690 ha−1, (b) 13,888 ha−1,
(c) 8,888 ha−1, (d) 6,172 ha−1, and (e) 4,535 ha−1.
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location except for medium-sized fruits due to location.
However, fruit size category was not significantly (P > 0.05)
affected by season except medium-sized fruits. Moreover,
fruit size category was not significantly (P > 0.05) influ-
enced by any two-way as well as three-way interactions
(Table 2).

As indicated in Table 4, about 71, 16, and 13% of the
fruits produced from the highest density were categorized
in to mini, icebox, and small fruit size category, respec-
tively, whereas in the lowest density, about 42, 18, and

40% of the fruits were mini, icebox, and medium, respec-
tively. The percentage of mini-sized fruits linearly increased
with the increase in plant density (Figure 8a), whereas
the small-sized fruits decreased inversely at each location
(Figure 8b). Accordingly, high marketable fruits obtained
from the highest plant density were mini in size, which
might be less preferred by consumers.

The results in fruit size category are in agreement
with the findings of researchers who reported more number
of fruits from high plant density watermelon plants with

Figure 6: Relationship between fruit yield and weight of Sugar Baby within each plant density: (a) 24,690 ha−1, (b) 13,888 ha−1,
(c) 8,888 ha−1, (d) 6,172 ha−1, and (e) 4,535 ha−1.
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more extra-small and small watermelons [17,23,33,37].
Sanders et al. [15] also reported that as density decreased,
the number of medium-sized fruits decreased, whereas
the number of large-sized fruits increased significantly.
Despite the benefits of increased fruit size in low density
watermelon plants, Goreta et al. [22] emphasized on the
yield reduction that arises due to low plant density.

Fruit size in relation to variety, significantly high
percentage of mini-sized fruits was produced from Sugar
Baby compared with Crimson Sweet variety where about
73% of the fruits of Sugar Baby were mini sized. However,
only 37% of the fruits produced from Crimson Sweet were
grouped under this category (Table 4). Generally, Crimson
Sweet produced relatively bigger fruits compared with
Sugar Baby, which could be associated with the genetic
factor of the variety. Similar to this study, McCuistion et al.

[29] reported that Crimson Sweet produces large-sized fruits
than Sugar Baby. The findings of this study are, however,
disagreed with that of NeSmith [34], which reported that
watermelon varieties have similar fruit size category.

As indicated in Table 4, a low proportion of mini-
sized and a high proportion of small-sized fruits were
obtained at Ribb compared with Woramit and Koga loca-
tions, which could be related to the prevailing tempera-
tures during the growing season at Ribb (Figure 1). In this
regard, Noh et al. [38] found that heating of the tempera-
ture to 18°C during the fruit formation significantly increased
fruit weight when compared with 14°C and the control
without any additional temperature treatment. Moreover,
the soil of Ribb site had relatively high cation exchange
capacity (CEC) and neutral (Table 1), which may contribute
to the improvement of the fruit size of watermelon.

Figure 7: Linear regression of fruit yield on fruit number from (a) Crimson Sweet variety and (b) Sugar Baby variety.
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3.4 Physico-chemical quality attributes of
fruits

3.4.1 Fruit physical attributes

Fruit length and width were significantly (P ≤ 0.05) influ-
enced by density, variety, location, and season. Fruit
weight and rind thickness also were significantly (P ≤ 0.05)
influenced by density and variety, but location and seasondid
not influence these physical quality attributes of watermelon
fruits. Moreover, fruit length and width of watermelons were
influenced by location–season interaction. However, fruit
physical quality attributes did not significantly (P > 0.05)
influenced by interaction of density–variety, density–
location, density–season, variety–location, variety–season,
density–variety–location, density–location–season, and
density–variety–season (Table 2).

A perusal of pool data over location and season in
Table 4 indicates that the highest length (19.7 cm), width
(19.1 cm), and weight (3.8 kg) of watermelon fruits as

well as and highest rind thickness (1.5 cm) of the fruits
were recorded from the lowest density. This difference is
obviously due to stiff competition of the plants for growth
factors that influence the physical quality attributes at
high density. Generally, physical quality attributes were
increased as the plant density decreased.

The highest fruit physical quality attributes that were
obtained at the lowest plant density could be probably
due to less self-shading that leads to maximum light
interception of photosynthesis. According to Pereira et al.
[39], accumulation of dry matter reached its highest
peak under full sun, which may attribute to the promo-
tion of root growth by photo-assimilation and thus
enhance use of all soil resources. Astonishingly the values
of fruit length obtained in each plant density were higher
than the corresponding values of fruit width except at
Koga site (separate location analysis data not presented).
These phenomena may indicate that the fruit shape differ-
ence is due to growing environment. As Figure 1 indicates,
the minimum temperatures during the experimental

Table 4: Main effects of density, variety, location, and season on fruit size category and quality attributes of watermelon

Mini (%) Icebox (%) Small (%) FL (cm) FW (cm) FWt (kg) RT (cm) JC (mL) pH TSS (%)

Density (ha−1)
24,690 70.9a 16.1c 13.0e 18.0c 17.7c 2.5d 1.1d 975.8 6.01 9.32d

13,888 58.6b 21.7a 19.6d 19.1b 18.6b 3.1c 1.1d 977.8 6.03 9.58c

8,888 53.4c 21.6a 24.9c 19.2b 18.7ab 3.2c 1.2c 975.6 6.02 9.85ab

6,172 50.5c 17.7bc 31.7b 19.2b 18.7ab 3.6b 1.3b 982.1 5.97 9.93ab

4,535 42.0d 18.1b 39.8a 19.7a 19.1a 3.9a 1.5a 983.1 5.98 10.03a

SL * * * * ** * ** ns ns *
LSD (0.05) 3.1 1.9 2.8 0.4 0.4 0.2 0.1 13.0 0.1 0.14

Variety
Crimson Sweet 37.3b 21.0a 41.6a 20.0a 19.4a 4.1a 1.4a 972.1b 5.88b 9.75
Sugar Baby 72.8a 17.2b 10.0b 18.1b 17.7b 2.4b 1.2b 985.8a 6.13a 9.74
SL ** * ** ** * ** ** ** * ns
LSD (0.05) 2.0 1.2 1.8 0.24 0.25 0.11 0.03 2.1 0.04 0.09

Location
Ribb 46.4c 18.6 35.0a 20.3a 19.5a 3.7 1.2 983.5 5.95 9.75
Woramit 57.8b 20.6 21.5b 18.5b 17.8c 3.0 1.3 980.4 6.23 9.89
Koga 60.9a 18.1 21.0b 18.2b 18.4b 3.1 1.3 972.7 5.84 9.59
SL ** ns ** * * * ns ns ns ns
LSD (0.05) 2.4 2.43 2.16 0.29 0.30 0.13 0.1 10.5 0.40 0.40

Season
2018 54.5 22.6a 22.92 18.7b 18.2b 3.3 1.3 975.1 5.91 9.00b

2019 55.7 15.6b 28.72 19.4a 18.9a 3.2 1.3 982.6 6.10 10.49a

SL ns ** ns * * ns ns ns ns **
LSD (0.05) 2.0 1.18 6.76 0.24 0.25 0.10 0.03 8.08 0.13 0.09

CV (%) 12.0 20.7 23.3 4.4 4.5 10.8 8.9 1.7 2.0 3.4

*, Significant (P < 0.05); **, highly significant (P < 0.01); and ns, non-significant. Means with common letter do not differ significantly
(P ≤ 0.05). Mini, mini- sized fruit category; Icebox, icebox-sized fruit category; Small, small-sized fruit category; FL, fruit length; FW, fruit
width; FWt, fruit weight; RT, rind thickness; JC, juice content; TSS, total soluble solids; SL, significance level; CV, coefficient of variation.
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period recorded at Koga site were quite low, especially
during the 2019 growing season. Moreover, the CEC of
the experimental soil at Koga site was relatively high,
which manifested by low available P in both growing sea-
sons (Table 1).

The results of this study clearly showed the gradual
decrease of fruit weight increment as the plant density is
decreased. Accordingly, about 0.6 kg per fruit weight
increment was observed as the density decreased from
24,690 to 13,888 plants ha−1, while 0.9, 0.4, and 0.2 kg
per fruit weight increments were observed as plant den-
sity reduced from 13,888 to 8,888, from 8,888 to 6,172,
and from 6,172 to 4,535 plants ha−1, respectively. These
results indicate the importance of optimizing plant den-
sity for improved yield and physical quality of water-
melon. The results are in agreement with the findings
of Goreta et al. [22], which showed increased fruit weights
with decreased plant density. Similarly, Ban et al. [17]

reported the increase of mean fruit weight at low density.
The decrease in fruit weight was also observed as the
plant density increased [34].

Fruit weight of watermelon in this study was gener-
ally in the range between 2.5 kg at high density and 4.0 kg
at low density (Table 4), which is in the acceptable range
for most of the consumers. Fruits less than 3 kg are mostly
preferable by local markets due to high cost of big water-
melon [27]. Therefore, these fruits were obtained when
they were produced with 23,690 and 13,888 ha−1 plant
densities. In this regard, Gusmini and Wehner [31] reported
that fruits not more than 3.5 kg in weight are popular
by consumers in the United States. However, small water-
melon fruits are preferred in Brazil and have better market
prices [25,40]. Decreasing plant density in this study also
increased the rind thickness, which has a positive effect
in prolonging the shelf life of fruits. According to Park
and Cho [24], short shelf life is mostly associated with

Figure 8: Fruit size distribution: (a) mini fruits and (b) small fruits trends as affected by plant density entries.
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thin and soft rind. Therefore, minimizing the plant density
can be used as one strategy to enhance fruit shelf life of
watermelon.

Significantly (P ≤ 0.05) better fruit physical para-
meters such as length (20.0 cm), width (19.4 cm), weight
(4.1 kg), and rind thickness (1.4 cm) were obtained from
Crimson Sweet when compared with Sugar Baby (Table 4),
which may be associated with the genetic makeup of the
varieties. Similar to this study, Akintoye et al. [14] found
significant differences in rind thickness among varieties.
Significantly better fruit physical parameters such as
length and width were obtained at Ribb location and
in 2019 growing environment.

3.4.2 Fruit chemical quality attributes

Watermelon variety exhibited significant (P ≤ 0.05) var-
iations in their fruit juice content and its pH value.
However, these parameters were not significantly influ-
enced (P > 0.05) by plant density. Interestingly TSS of
watermelon fruits was significantly influenced by density
and insignificantly by variety where the highest TSS was
recorded from the lower plant density. Location and
season did not affect all the tested fruit chemical quality
parameters except TSS by season. Among the chemical
quality parameters, only TSS was significantly influenced
by the interaction effects of location–season and variety–
location (Table 2).

TSS value was ranged from 9.3 with the highest den-
sity to 10.03 with the lowest density. The highest TSS
recorded with the lowest density in this study could be
associated with the reduction of shading effect of the
plants at lower plant density, which may contribute to
high sugar content of watermelon fruits. In this regard,
Watson [41] observed an inverse relationship between
sugar concentration and level of shading. Similarly, Ford
[42] also reported that fruits harvested from watermelon
plants with two vines had 18% more TSS than those fruits
harvested fromwatermelon plants with four vines. Highest
juice content (985.67 mL) and pH (6.13) value were
obtained from fruits of Sugar Baby compared with Crimson
Sweet (Table 4). TSS difference between varieties was
shown at all locations except at Koga (separate location
analysis data not presented). The temperature at Koga
during growth months and seasons shows the minimum
record especially in 2019 (Figure 1). According to the
finding of Noh et al. [38], temperature treatment at 18°C
during fruit formation caused significant increase in soluble
solid content (11.5%), compared with 14°C (10.6%) and the
control (10.8%). Moreover, although the CEC of the soil was

high at Koga, its low pH (Table 1) affects the availability of
nutrients.

According to Gusmini and Wehner [31], successful
cultivars must have acceptable quality traits other than
yield. Sweetness in watermelon is associated to TSS
[43–47]. According to Park and Cho [24], sweetness is
still a prerequisite for a high quality of watermelon fruits.
Therefore, the study areas identified as suitable locations
to obtain the expected quality attribute like TSS. The
highest TSS (11.08%) was obtained from fruits produced
at Woramit in 2019. Generally, fruits produced in 2019 at
all locations were characterized with high TSS compared
with those produced in 2018 could be due to differences in
temperature over the study periods (data not presented).

4 Conclusion

The study revealed that planting density and variety were
not influenced by location and season. The response of
watermelon in terms of yield, quality attributes, and
growth was affected by plant density and variety. Hence
each location does not require its own specific plant den-
sity recommendation. Any addition of plant density beyond
13,888 plant ha−1 did not bring additional yield but reduced
in quality attributes of the produce. Crimson Sweet was
identified as the best variety for watermelon production in
the study areas. Generally, the study gives clear information
about the need to identify optimum plant density and spe-
cifically adapted variety to enhance watermelon produc-
tion. Therefore, it is concluded that Crimson Sweet variety
with the spacing of 120 inter-row and 60 cm intra-row spa-
cing, which accommodates plant density of 13,888 ha−1 is
optimum for watermelon production. The study also sug-
gests the use of low plant density for growers who seeks to
improve the quality attributes like fruit weight and TSS
according to the market preference.
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