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ABSTRACT
In Sub-Saharan Africa, sweetpotato pre-basic seed is multiplied
in screenhouses using a sterilized soil substrate. This is expen-
sive and unsustainable. The use of sand substrate with
a fertigation system (“sandponics”), is an alternative. The
study compared the cost-effectiveness for pre-basic seed pro-
duction using the sandponics system to the conventional soil
substrate for four genotypes. A randomized complete block
split plot design was used, and data collected on vine traits
over six harvests. Real-time cost data were collected for cost-
effectiveness analysis. Results showed a highly significant (p <
.0001) 21.8% increase in the vine multiplication rate under the
sandponics system. The cost of producing one sweetpotato
node in sandponics was significantly lower by 0.009 US$. The
cost-effectiveness of producing pre-basic seed in sandponics
varied among the genotypes. The future use of sandponics is
discussed with respect to the availability of soluble inorganic
fertilizers, varietal specific response to nutrients, and labor
implications.
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Introduction

Sweetpotato (Ipomoea batatas (L.) Lam) is an important crop in Sub-Saharan
Africa (SSA). It plays a critical role as an income and food security crop for
many households (Amajor et al. 2014; Byju and George 2005; Lebot 2008;
Motsa et al., 2015). Other advantages of sweetpotato are: flexible planting
dates, a short maturity period (3–4 months), suitable for distribution as part
of post conflict and disaster relief programs, it requires minimum inputs and
can be grown on infertile soils where grain crops may fail, once established it
is drought tolerant and many varieties have potential for piecemeal harvest-
ing over an extended period of time (Ndolo et al. 2001). The crop has a high
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root yield potential of 20–50 t ha−1 (Kivuva et al. 2014). However, this yield
potential is not realized in SSA, where productivity is less than 10 t ha−1

(FAOSTAT 2017). Assessment of sweetpotato production constraints in SSA
shows that limited access to disease-free planting materials and improved
varieties are the major factors contributing to low yields (Andrade et al. 2009;
Gibson et al. 2009; Gibson, Namanda, and Sindi 2011b). These findings
underline that a sustainable seed system is vital in improving sweetpotato
productivity in SSA, as has been demonstrated in Shandong province, China
(Fuglie et al. 1999). A functional sweetpotato seed system should provide
timely and affordable access for different types of farmers to adequate
quantities of quality planting material of preferred varieties (Barker et al.
2009). However, in SSA, a major bottleneck in the sweetpotato seed system
has been the availability of sufficient quantities of pre-basic seed to supply
commercial sweetpotato seed producers. Currently, the dominant practice is
for pre-basic seed to be multiplied in screenhouses in pots or boxes using
a sterilized soil substrate. The use of sterilized soil is expensive, unsustain-
able, and may not achieve optimal vine multiplication rates (VMR) .

In the past, methyl bromate was used to sterilize soil; however, this has
been banned and the alternative of sterilizing soil using steam is very costly.
The use of sand substrate with a fertigation system, also referred to as
“sandponics” has been proposed as an alternative to the conventional soil,
manure, gravel substrate mix (“conventional soil substrate type”) used in
screenhouse production. Previous work has optimized the nutrient media for
sweetpotato vine multiplication using the sandponics system (Makokha et al.
2018). However, the cost-effectiveness of using the sandponics system com-
pared to the conventional soil substrate method has not been established.
Wanjala, B.W., Rajendran, S., Makokha, P., Ssali, R.T., McEwan, M., Kreuze,
J.F., and Low, J.W. (2019, unpublished) found that although the use of
a sandponics system and trellising increased the VMR by 33%, use of the
conventional soil substrate was still more cost-effective. However, that
experiment was based on the results for two vine harvests and therefore
the optimal production period may not have been reached. Therefore, this
study was conducted to compare the use of a sandponics system with an
optimized nutrient media formula with the conventional soil substrate to
establish which method was more cost-effective.

Materials and methods

The study was conducted between June 2018 and March 2019 at the Kenya
Plant Health Inspectorate Service – Plant Quarantine and Biosecurity Station
(KEPHIS – PQBS), Muguga, Kenya, located at 1° 11ʹ 0” South, 36° 39ʹ 0” East
and an altitude of 1,950 m asl. Two types of substrates for rapid multi-
plication of sweetpotato pre-basic seed in screenhouses were evaluated to
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measure their cost-effectiveness. The first type used sterilized sand with
a fertigation system also known as “sandponics” and the second used the
conventional method of sterilized soil. Sand substrate was sterilized by soak-
ing in 10% sodium hypochlorite (NaOCl) for 10 min, rinsed three to four
times with tap running water to remove NaOCl residues (Otazu 2010; Mbiri
et al. 2015), and put on a raised rack to dry prior to potting. The conven-
tional soil media was composed of forest top soil, cow manure, and gravel in
the ratio of 5:2:1. This was sterilized by steaming in a steam boiler for 30 min
at 82°C using diesel as the source of energy.

Samples of irrigation water, sterilized sand, and conventional soil sub-
strates were taken for analysis by Crop Nutrition Laboratories, Nairobi,
Kenya before the experiment started. The pH of the sand substrate was 6.8,
with nutrient elements below detectable levels. The chemical and physical
properties of the soil profile were documented (see Supplementary Table S1).

The laboratory water analysis report (Table S2) was used to adjust the
nutrient concentrations in the sweetpotato vine multiplication media and
optimal nutrient media used in sandponics system worked out from fertilizer
formulations (Table S3). Optimization of sandponics system nutrient media
was limited to N, P, Ca, S, and B which are the key elements reported to favor
sweetpotato vine growth (Taraken et al., 2010; Makokha et al. 2018) and
potassium was deliberately omitted given that its role in the growth of
sweetpotato comes in later, at least 7 weeks after planting (Bourke 1985;
Taraken et al. 2010). The pH of the final solution was adjusted to 5.8 using
HI98107 pH meter (Hanna Instruments Ltd, UK) by adding 5 mL of
0.1 M phosphoric acid.

The experiment was subjected to a randomized complete block split plot
design (RCBSPD) with repeated measures. Two substrate types were used for
the study, i.e. sand substrate and conventional soil media. Each treatment
combination (substrate type × variety) was replicated five times in four
blocks. The substrate type was a whole plot factor while each variety was
a sub-plot factor. Genotypes Irene, Kabode, Ejumula, and Gweri were used in
the study selected based on their growth morphology as erect, semi-erect,
spreading and extremely spreading, respectively (Huamán 1991;
Tumwegamire et al. 2014).

Plastic pots measuring 18 cm diameter and 20 cm slanting height were
filled with 5.5 kg and 4.0 kg of sterilized sand or sterilized soil media,
respectively. Planting material of the four sweetpotato genotypes were
obtained by taking three-node cuttings from hardened pathogen-tested
plants maintained at KEPHIS-PQBS, Muguga, Kenya. Prior to planting,
pots were irrigated and fertigated in the conventional soil substrate method
and sandponics system, respectively, to moisten the substrates and avoid
injuring cuttings during planting. Irrigation water and fertigation nutrient
media was supplied from elevated tanks connected to drip lines in the
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sandponics system and conventional soil substrate. Manual valves allowed
the distribution of water and nutrients by gravity through surface pipes and
drippers.

Ten plants were planted per pot approximately 3 cm apart from each other
with two nodes buried in the substrate and one node above the surface. Three
grams of diammonium phosphate (18:46:0) was applied per pot at planting in
the conventional soil substrate. Subsequent irrigation (conventional soil
substrate) and fertigation (sandponics system) were guided by Irrometer SR
12” (Irrometer Company Inc., CA, USA). Leaching of nutrients following
two fertigations was done as described by (Chen 2013) to avoid accumulation
of salts to toxic levels in the sandponics system. Heat controllers, sensors and
cooling air extract fans maintained a mean temperature range of 26 ± 4°C
which is optimal for sweetpotato vine growth (Chen 2013) and this was
monitored by HOBO U12-013 data logger (Onset Computer Corp.,
Bourne, MA, USA). For the convential soil substrate method, calcium
ammonium nitrate (27% N) fertilizer was applied 2 weeks after each harvest
at the rate of 3 g per pot.

The vines were harvested six times at 42-day intervals, therefore, over the
9-month crop calendar, one vine harvest and five ratoons (subsequent grow
outs) were carried out. The number of harvests was based on findings from
earlier studies using a trellising technique and sandponics system (Wanjala
et al. 2019, unpublished) where after two harvests the VMR had increased
by 33% in the sandponics system compared to the conventional soil sub-
strate method, but the latter conventional soil substrate was more cost-
effective. At harvest, 20–30 cm cuttings with at least three nodes were
harvested starting from the vine tip and leaving two nodes above the
surface for regrowth. At 42, 84, 126 and 210 days after planting (DAP)
plants for all four genotypes in the two distinct systems were randomly
sampled. From each sampled plant, leaves were selected from the 7th to 9th

open leaf blades from the shoot tip, and samples from the same genotype
and substrate system bulked as one composite sample for anlaysis
(O’Sullivan, Asher, and Blamey 1997). Analysis was conducted for key
nutrients for deficiency, toxicity and for recommended range of concentra-
tion sampled. The leaf tissue analysis was done at Crop Nutrition
Laboratories, Nairobi, Kenya.

Data collection

The data collection tools in the experiment were used between June 2018 and
March 2019 to capture key agronomic and production cost variables for
screenhouse production of sweetpotato pre-basic seed using the two different
substrates systems.
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The following data on sweetpotato vine morphological and yield traits
were collected. Average leaf area was determined by measuring leaf length (L)
and width (W) at the widest part of the fifth leaf from the tip of the main
stem and the product L × W was used to compute for leaf area (cm2/plant).
Average petiole length was deduced by measuring the point between leaf
attachment to the main stem and the leaf, and the average vine internode
length. The measurements for leaf area, petiole and vine internode length
were done on the fifth leaf from the tip of the main stem. Data on average
vine length were determined by measuring the main stem length from the
surface of the substrate in the pot to the tip. All the aforementioned mea-
surements were done using a meter ruler on 50% plant population per pot at
each harvest.

Also at harvest, the total number of nodes on all vines per pot were
counted and recorded. Vine multiplication rates in the two different substrate
methods were calculated by dividing the total number of nodes produced by
three (a three-node cutting constitutes a unit of planting material) which is
the ideal “seed” for sweetpotato. Harvested vines from each pot were also
weighed using an electronic digital LCD scale SF–400 (5 kg) and total fresh
weight determined.

For the cost data, the study hypothesized that in a respresentative produc-
tion period, the production cost per node in the sandponics system would be
lower than in the conventional soil substrate method. The hypothesis was
tested using cost-effectiveness or least-cost combination method. This
method is part of constant effect method and is normally used in low-
income settings to deal with intangible benefits. The intangible benefits
were determined on a present worth basis and the least expensive alternative
combination of tangible costs that would realize the same intangible benefits
(Gittinger 1985). The cost-effectiveness analysis was used to identify the most
cost-effective substrate method to produce sweetpotato pre-basic seed. Since
the study was based on experimental basis, the study collected cost data in
the sandponics system and conventional soil substrate vine propagation
methods based on real-time basis.

The production cost calculation in the experiment was carried out over
a crop calendar period of 9 months and hence the cost estimates were
restricted to activities carried out during this period. The following proce-
dure was used to gather information on costs for the two different substrate
methods; (i) selection of team members who were directly involved in the
production activities, (ii) preparation of the crop calendar, (iii) mapping out
operational activities and inputs, and (iv) mapping out costs information and
share of allocation of inputs. Data collection questionnaires were prepared as
micro-log and macro-log sheets. The input cost template and labor cost
template micro-log sheets (Table S4 and S5, respectively) are daily record
sheets which monitor daily amounts of input usage and activities in the
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experiment for each laborer in that order. After data were recorded in the
micro-log sheet for each laborer, the information was then transferred to the
input template and labor cost template macro-log sheets (Table S6 and S7,
respectively) and later transferred to the cost calculation sheet developed in
MS office excel program (Table S8). The data for each production activity in
the sandponics system and conventional soil substrate method were collected
and reported separately using the micro and macro-log sheets.

The costs were classified into variable and fixed costs. Variable costs
included labor, inputs and consumable costs. The cost of labor was estimated
based on the daily wage rate and the number of man-days used by each
laborer for each production activity. The input costs were calculated using
data on the quantity and prices of inputs used. Finally, the costs for con-
sumables were also included as part of variable costs. Fixed costs are defined
as those costs that occur regardless of quantity produced. The team identified
the types of equipment that were used for producing sweetpotato pre-basic
seed during the experimental period. Once each type of equipment was
identified, the team identified the life (years) of the equipment and the
fixed cost was estimated by adding-up depreciation, interest on average
investment and insurance and taxes. Summing both variable and fixed
costs, the total cost of production was then estimated. In addition to total
production costs, 10% overhead was included for both substrate methods to
take into account costs for water and electricity, which were paid directly by
the government institution. The study also monitored pre and post-harvest
losses which were then accounted for in the total costs. The study estimated
the cost of producing sterilized sand and soil substrate separately and
included these into the cost calculations for the sandponics system and
conventional soil substrate, respectively. The detailed fixed, variable costs
and consumables used to calculate the total cost of production in the two
substrate methods are as shown in Table S8. The cost of producing sterilized
sand is shown in Table S9. The cost of sand per kilogram is inclusive of
transport cost. Since sand was readily available close by, the cost of sand per
kilogram is relatively lower. The sterilized soil was bought from KEPHIS-
PQBS, Muguga, Kenya, so, this price was used in the cost estimation (i.e., US
$ 0.20 or KSH 20.0 per kg). The exchange rate for converting Kenyan
shillings (KSH) into US dollar (US$) was 1 US$ equivalent to 100 KSH.

Data analysis

Statistical analyzes for the agronomic data on vine yield and traits were
conducted using SAS 9.4 version (SAS Institute Inc., 2013) and Stata version
14.1 (STATA 14.1 version, 2015). Data for the two substrate methods were
analyzed using the proc t-test to compare vine productivity in the sandponics
system and the conventional soil substrate method. The effects of treatments
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on varietal response and their interactions were evaluated at p ≤ 0.05 using
the general linear model procedure.

Statistical model;

YðijÞ ¼f
0 ðWi;SijÞβþγiþEij

where W = whole plot factor, S = sub plot factor, ᵞ = whole plot effect, E =
random error, i = block effect, j = runs within the block and ij = jth response
in the ith block.

Node data for vine production were fitted into a model:

Y ijklð Þ¼ variþsubjþREPkþ var� subð Þijþ var� REPð Þik
þ sub� REPð ÞjkþEijkl

where Y = the number of nodes, var = sweetpotato varieties, sub = substrate
(sandponics system and conventional soil substrate method), REP = replica-
tion (1,2,3,4,5), E = errors generated in repeated measures. Among them,
effects written by lower case letters are fixed effects, and effects written by
upper case letters are random effects.

A detailed cost-effectiveness analysis was conducted for the two methods
of sweetpotato vine production based on all relevant indicators as described
by Mateus-Rodriguez et al. (2013). Total production cost (TPC, Kenyan
Shillings (KSH) per crop calendar) involved fixed and variable costs (Table
S8). These costs were considered for the production cycle (9 months) and
amortized over the same period. It was assumed that all pots in the system
received an equal share of the inputs required under each substrate method,
therefore, to calculate the cost of production per pot (C, KSH per pot) in
each substrate method, the total cost of production (TPC, KSH per substrate
method) for each system was divided by the total number of pots in each
system to get average cost of production per pot. The average cost per node
(C, KSH per node) was then determined using the formula C = Cost per pot/
Q, where Q is the total quantity of nodes produced per pot. The continuous
variable “cost per node” was then subjected to statistical analysis using SAS
9.4 version (SAS Institute Inc., 2013) to compare the cost-effectiveness of
producing one node for the four genotypes in the two substrate methods
using the t-test procedure. A one-way analysis-of-variance (ANOVA) model
was performed and multiple comparison tests were also conducted. Further,
we also used Bartlett’s test for equal variance to understand homogeneity in
the variances as ANOVA assumes that the variances are homogenous. Since
the distribution curve for the production cost per node may have a different
shape and may not be identical, the study also used Kruskal–Wallis H test to
compare the mean value of cost per node in the two substrate systems. The
labor intensity could not be measured using the current experimental design
due to lack of information on the amount of labor required to cultivate 1 ha
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of a specific crop. As a proxy for labor intensity, the study estimated the ratio
of the cost of labor as a proportion of the total cost of producing a good. The
higher the ratio, the higher the labor intensity. The cost per square meter was
also estimated by dividing total costs by area size to understand the efficiency
of resource use per square meter. The screenhouse total area was 32 m2 and
each substrate method used half of the area with 80 observations (pots) for
each substrate method.

Results

The Analysis of Variance (ANOVA) in Table 1 shows that the variation
attributable to the substrate method (sandponics system and conventional
soil substrate) was significant (p < .0001) for the following vine yield char-
acteristics: VMR, number of cuttings per vine and biomass. Morphological
traits of petiole length and the vine length were not significantly different
(Table 1) and therefore are not discussed. However, the substrate method
significantly affected vine internode length (p ≤ 0.01) and leaf area (p ≤ 0.05)
(Table 1). Table 2 shows that the means of vine internode length and leaf
area were 2.5/2.7 cm and 53.4/56.1 cm2 for the sandponics system and
conventional soil substrate method, respectively, in which the conventional
soil substrate produced significantly increased growth in the vine internode
and leaf area compared to the sandponics system. There was also a significant
increase in the means of VMR, the number of cuttings per vine and biomass
in the sandponics system (204.2; 13.6 and 121.6 g) compared to the conven-
tional soil substrate method (163.7; 11.2 and 90.0 g) (Table 2).

The ANOVA also indicates that the genotypes varied significantly (p <
.0001) for vine internode length, leaf area, petiole length, and vine length but

Table 1. F values of sweetpotato vine morphological and yield characteristics of four genotypes
produced under sandponics system and conventional soil substrate at KEPHIS-PQBS, Muguga,
Kenya (2018–2019).
Characteristic Substrate type Genotype Genotype × Substrate type interaction

Morphological
Vine Internode length (cm) 9.22** 62.06*** 2.35ns

Leaf area (cm2) 5.68* 31.95*** 0.27ns

Petiole length (cm) 0.28ns 18.79*** 1.74ns

Vine length (cm) 1.82ns 56.26*** 0.66ns

Yield
Number of plants harvested per pot 0.69ns 38.36*** 5.01**
Vine multiplication rate per pot 119.54*** 167.04*** 6.42**
Number of cuttings per vine 36.77*** 5.45** 6.89**
Vine weight per pot (g) 410.9*** 8.85*** 2.21ns

*: significant at p ≤ 0.05 level
**: significant at p ≤ 0.01 level
***: significant at p < .0001
ns: non-significant
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the significant variations in the vine internode length between the two
substrate methods (Table 3) were only exhibited by genotypes Irene and
Kabode (p = 0.005 and p = 0.003, respectively). Among the four genotypes,
only the genotype Irene showed significant variation in the leaf area between
the two substrate methods at p = 0.02 (Table 3). In general, genotype Irene
recorded the highest mean for vine internode length (3.3 cm) and vine length
(25.3 cm) compared to the other three genotypes (Table 2). Genotype Gweri
had the highest mean for the leaf area (63.7 cm2) while genotype Irene
recorded the lowest leaf area (49.3 cm2). Genotypes Ejumula and Gweri
had the highest means for petiole length which were 12.9 cm and 12.6 cm,
in that order (Table 2). Significant variations were also observed between
genotypes for vine yield traits such as number of vines harvested, VMR,
number of three-node cuttings per vine, and biomass at p < .0001 (Table 1).
Considering vine yield traits (Table 2), genotype Irene had the highest mean
VMR (252.2) for the 9-month period, number of vines harvested (20.4 vines
per pot) followed by genotypes Kabode and Gweri which recorded 12.7 and
12.2 vines per pot, respectively. Genotypes Gweri, Kabode, and Irene
recorded the highest means for a number of cuttings per vine (12.9; 12.9
and 12.8, in that order), subsequently, genotypes Kabode, Irene and Gweri
also had the highest means for biomass (109.8 g; 108.6 g and 105.5 g,
respectively).

Table 2. Means of morphological and yield characteristics of vines for four sweetpotato geno-
types produced under sandponics system and conventional soil substrate at KEPHIS-PQBS,
Muguga, Kenya (2018–2019).

Morphological traits Substrate type

Genotype

Mean*Irene Ejumula Kabode Gweri

Vine internode length (cm) Sandponics system 3.1 2.6 2.1 2.1 2.5B
Conventional soil substrate 3.5 2.6 2.4 2.2 2.7A
Mean* 3.3A 2.6B 2.2C 2.1C Mean*

Leaf area (cm2) Sandponics system 47.1 49.9 53.8 62.8 53.4B
Conventional soil substrate 51.5 52.0 56.3 64.7 56.1A
Mean* 49.3C 50.9C 55.1B 63.7A

Petiole length (cm) Mean* 10.7C 12.9A 11.9B 12.6A
Vine length (cm) Mean* 25.3A 20.2B 17.8C 16.9C
Vine yield traits
Number of plants harvested Mean* 20.4A 16.8B 12.7C 12.2C
Vine multiplication rate Sandponics system 282.2 206.5 172.4 155.6 204.2A

Conventional soil substrate 222.2 155.6 139.4 137.6 163.7B
Mean* 252.2A 181.1B 155.9C 146.6C

Number of cuttings
per vine

Sandponics system 13.7 12.1 13.1 15.5 13.6A
Conventional soil substrate 12.0 9.9 12.7 10.2 11.2B
Mean* 12.8A 11.0B 12.9A 12.9A

Biomass (g) Sandponics system 127.0 115.9 125.2 118.3 121.6A
Conventional soil substrate 90.2 82.9 94.4 92.6 90.0B
Mean* 108.6A 99.4B 109.8A 105.5A

*: different letters indicate means differed at the p ≤ 0.05 level
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The interaction between genotype and substrate type was significant for
vine yield traits for example number of vines harvested (p ≤ 0.01), VMR (p <
.0001) and number of cuttings per vine (p ≤ 0.01). A detailed comparison of
sweetpotato vine morphological and yield traits for the four genotypes in
sandponics system and conventional soil substrate using a t-test is shown in
Table 3. In general, the increase in VMR, number of cuttings per vine and
vine weight per pot was significant (p < 0.0001) for all the four genotypes in
the sandponics system when compared to the conventional soil substrate type
(Table 3).

The ANOVA (Table S10) further showed that: the effect of ratooning;
interaction of variety and ratooning; and combination of substrate type and
ratooning on VMR were significant at p < .0001. Moreover, the effect of
interaction between variety × substrate type × ratooning on VMR was also
significant at p = 0.05. Pairwise comparison by Dunnett test of the five
ratoons (84, 126, 168, 210, and 252 days) after planting (DAP) compared
to the first harvest (42 DAP) as the control showed that the highest sig-
nificant difference was between 252 DAP and 42 DAP (Table S11) indicating
that there was significant increase in VMR in the later stages of vine
propagation when using ratooning technique. Also, results showed that the
interaction of sandponics system × ratooning resulted to significantly
increased VMR by 21.8% compared to the conventional system (Table 4
and Table S10). Among the four genotypes, Irene was the most advantageous
genotype for ratooning while Kabode the least (Table S12).

Table 3. Comparing sweetpotato pre-basic seed production of four genotypes under sandponics
system and conventional soil substrate using a t-test for 9-month crop calendar at KEPHIS-PQBS,
Muguga, Kenya (2018–2019).
Variety yield traits Variety Sandponics system Conventional soil substrate t p

Vine Internode length (cm) Irene 3.1 ± 0.2 3.5 ± 0.2 −3.0 0.005
Kabode 2.0 ± 0.1 2.4 ± 0.2 −3.4 0.003
Ejumula 2.6 ± 0.2 2.6 ± 0.2 −0.2 0.9
Gweri 2.1 ± 0.2 2.2 ± 0.2 −0.2 0.9

Leaf area (cm2) Irene 47.1 ± 2.3 51.5 ± 2.8 −2.5 0.02
Kabode 53.8 ± 3.4 56.3 ± 2.9 −1.1 0.3
Ejumula 49.9 ± 2.9 52.0 ± 2.8 −1.0 0.3
Gweri 62.8 ± 3.4 64.7 ± 4.7 −0.6 0.5

Vine multiplication rate Irene 282.2 ± 19.5 222.2 ± 12.4 5.2 <.0001
Kabode 172.4 ± 8.2 139.4 ± 7.8 5.8 <.0001
Ejumula 206.5 ± 8.0 155.6 ± 7.5 9.3 <.0001
Gweri 155.6 ± 7.0 137.6 ± 6.6 3.7 0.0006

Number of cuttings per vine Irene 13.7 ± 1.2 12.0 ± 1.0 2.2 0.03
Kabode 13.1 ± 1.4 12.7 ± 1.4 0.4 0.7
Ejumula 12.1 ± 0.7 9.9 ± 0.8 4.0 0.0003
Gweri 15.5 ± 1.4 10.2 ± 0.7 6.7 <.0001

Vine weight per pot/g Irene 127.0 ± 4.1 90.2 ± 6.4 9.7 <.0001
Kabode 125.2 ± 4.3 94.4 ± 3.8 10.7 <.0001
Ejumula 115.9 ± 4.5 82.9 ± 3.9 11.0 <.0001
Gweri 118.3 ± 3.2 92.6 ± 4.4 9.5 <.0001
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The findings on nutrient analysis of leaf samples from plants growing
under both the sandponics system and the conventional soil substrate
showed that the mean nutrient concentration for five elements (N, P, Ca,
S, and B) was within the recommended range for vine propagation; but that
the concentrations were significantly higher (p ≤ 0.05) for samples from the
sandponics system for all the above nutrients, with the exception of
Potassium and Sulfur (Table 5). Higher levels of potassium were extracted
from leaves sampled from conventional soil substrate production method.

The cost-effectiveness analysis results (Table 6) indicate that the cost per
node produced from sandponics system is 3.5 KSH (US$ 0.035) as compared to
4.4 KSH (US$ 0.04) per node produced from conventional soil substrate
method. Therefore, the cost of producing one sweetpotato node in sandponics

Table 4. Comparison of sweetpotato pre-basic seed production under sandponics system and
conventional soil substrate over six harvests at KEPHIS-PQBS, Muguga, Kenya in 2018–2019.

Days after planting

Vine multiplication rate

t pSandponics system Conventional soil substrate method

42 27.6 ± 1.2 28.3 ± 1.3 −0.8 0.4
84 28.2 ± 1.6 20.7 ± 1.2 7.5 <.0001
126 35.9 ± 2.4 25.7 ± 1.7 6.9 <.0001
168 34.8 ± 2.6 22.4 ± 1.8 7.8 <.0001
210 36.3 ± 3.1 31.6 ± 2.3 2.4 0.02
252 41.4 ± 3.3 35.1 ± 2.4 3.1 0.002
Average 34.0 ± 1.1 27.3 ± 0.9 9.6 <.0001

Table 5. Means of sweetpotato leaf tissue nutrient analysis for composite leaf samples from the
sandponics system and conventional soil substrate during pre-basic seed production at KEPHIS-
PQBS, Muguga, Kenya (2018–2019).

Vine Production System

Mean leaf tissue nutrient concentration

N (%) P (%) K (%) Ca (%) S (%) B (ppm)

Sandponics system 4.9A 0.6A 0.7B 2.4A 0.3A 82.3A
Conventional soil substrate method 4.1B 0.4B 3.7A 1.7B 0.3A 50.7B

Means followed by different letters within a column are significantly different at 5% probability level.

Table 6. Average cost (KSH) of producing one sweetpotato node at KEPHIS-PQBS, Muguga,
Kenya (2018–2019) in sandponics system compared with conventional soil substrate after six
harvests for four genotypes and test of equality using one-way test.

Genotype
Sandponics
system

Conventional soil
substrate
method Difference p value

Bartlett’s
test

Kruskal-Wallis
equality-of-

populations rank test

Irene 2.449 3.141 −0.692 <.0001** 0.845 -
Kabode 3.949 4.997 −1.048 <.0001** 0.299 -
Ejumula 3.284 4.465 −1.181 <.0001** 0.020** 0.0001**
Gweri 4.37 5.049 −0.679 0.0002** 0.175 -
Overall (all
genotypes)

3.513 4.413 −0.9 <.0001** 0.331 <.0001

Exchange rate 1 US{{footpara}}nbsp;= 100 KSH in the year 2019
*, ** indicates 5% & 1% level significant, respectively
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was significantly (p < .0001) lower by 0.9 KSH (US$ 0.009), (22.7%) compared
to conventional soil substrate system. To validate these results, the study also
conducted regression analysis (Table S13) to understand the causation of each
substrate method on cost per node by genotype. The results also validated one-
way ANOVA results with strong causation effects and overall fitness of the
estimated models through R2. The study conducted Bartlett’s test and the
results were insignificant which means we cannot reject the assumption that
the variances are homogenous and hence data were normally distributed.

Further, the one-way analysis of variance and regression analysis were
conducted within genotypes as well. The results showed that among the
four genotypes, Ejumula was the most cost-effective to produce in the
sandponics system compared to the other three genotypes. The cost of
producing one node of Ejumula in sandponics system was significantly
(p < .0001) lower by 1.2 KSH (US$ 0.012) compared to the conventional
soil substrate method. Therefore, for each node of Ejumula produced in
the sandponics system, 1.2 KSH (US$ 0.012) is saved compared to the
conventional soil substrate method. The Bartlett’s test for Ejumula
showed that the results are significant which means we reject the
assumption that the variance are homogeneous and hence data were
not normally distributed. We then conducted nonparametric tests (by
Kruskal–Wallis H test using STATA 14.1 version) to determine whether
this statistical difference is true or not. The ANOVA results showed that
the statistical differences between the two distinct substrate methods are
true. A similar approach was also carried for the other three genotypes.
The Bartlett’s test was not significant and hence the Kruskal–Wallis
H test was not required and interpretation could be done using the one-
way test directly.

In sum, sandponics is cost-effective compared to the conventional soil
substrate method but the use of sandponics system should be validated
for specific genotypes. For example, in our case, it is more advantageous
to use the sandponics system to produce pre-basic seed for genotype
Ejumula. Genotype Irene was found to have the lowest production cost
but the difference in cost per node between the sandponics system and
the conventional soil substrate was highest for the genotype Ejumula
(i.e., 1.2 KSH or US$ 0.012). Therefore, use of sandponics system was
cost-effective for the case of genotype Ejumula as compared to other
three genotypes and least cost-effective for genotype Gweri for which
there was a significant (p < .0001) reduction in production cost but only
of 0.7 KSH (US$ 0.007)1 per node compared to the conventional soil
substrate type. Considering labor intensity, sandponics system is more
labor intensive than using the conventional soil substrate (i.e., labor
intensity ratio in terms of cost ratio was 0.023 for sandponics system
and 0.017 for conventional soil substrate)1.
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Discussion

The highly significant (p < .0001) 21.8% increase in the VMR under the
sandponics system compared to the conventional soil substrate could be
attributed to more efficient use of fertilizers and water throughout the vine
propagation period. This is also reflected in the findings from the leaf tissue
nutrient analysis (Table 5) which showed that the leaf tissues had levels of
five elements (N, P, Ca, S, and B) within the recommended range
(O’Sullivan, Asher, and Blamey 1997) but that the leaf samples produced
from the sandponics system had significantly higher levels. The significantly
higher increase in yield could be attributed to uninterrupted and optimal
nutrient and water supply in sandponics system (Sardare 2015; Wahome
et al. 2011). This could also be the reason why the sandponics system
significantly (p < .0001) outperformed the conventional soil substrate by
31.6% considering biomass accumulation. Our findings corroborate previous
work where sand hydroponic systems have also been used successfully in the
production of high-quality pre-basic seed potato (Mbiri et al. 2015; Mateus-
Rodriguez et al. 2013; Tessema and Dagne 2018). Similarly, soil-less produc-
tion systems for different crops have shown several benefits compared to
conventional production systems (Wahome et al. 2011). One of the chief
merits is that sand hydroponics system produces higher yields (Tessema and
Dagne 2018).

Our findings are relevant to work conducted on potassium nutrition of
sweetpotato (Byju and George 2005). The deliberate omission of potassium
(K) in the optimized sweetpotato sandponics media seems to have led to an
increased number of nodes based on the significant reduction in vine inter-
node length for genotypes Irene and Kabode. The vine internode length for
genotypes Irene and Kabode in the sandponics system was 3.1 cm and
2.0 cm, respectively, compared to the vines grown in the conventional soil
substrate which recorded 3.5 cm and 2.4 cm, respectively. This could be
attributed to high levels of K (0.21%) in the conventional soil substrate. This
was later reflected in the 3% significantly higher levels of K extracted from
leaf samples grown in the conventional soil substrate compared to leaf
samples sourced from the sandponics system. The high K-levels contributed
to the increased growth in the vine internode length as well as leaf area size at
the expense of number of nodes produced translating into lower VMR in the
conventional soil substrate vine production method. The early stage of vine
propagation is reported to be less K-demanding than the storage root
production stage in mature crops (Taraken et al. 2010). Other studies have
also shown that the effect of K on the growth of sweetpotato occurred at least

Labor intensity (LI) defined as the amount of labor needed in production process and is calculated as the number
of workers required to cultivate 1 ha of a specific crop" (Nolte and Ostermeier, 2017) pp. 432 It is used to anlayze
statistical differences between two groups in a sample
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7 weeks after planting (Bourke 1985; Byju and George 2005). However, our
present data indicate that sweetpotato genotypes differ in K-demand during
the early stages of vine propagation as exhibited by genotypes Irene and
Kabode which had increased significant growth of vine internode length and
leaf area in favor of the conventional soil substrate method in which the soil
substrate had higher levels of K compared to the sandponics system . These
results corroborate with Byju and George (2005) and Ila’ava (1997) who
reported that sweetpotato cultivars differ in their tolerance to low levels of
nutrients, indicating that early stages of growth for genotypes Ejumula and
Gweri are less K-demanding. These findings further indicated that the
growth morphology of sweetpotato genotypes seems to also play key roles
in dictating the amount of K uptake, given that genotypes Irene and Kabode
exhibit erect and semi-erect growth habit, respectively, large amount of K is
needed by these genotypes to build cellulose, increase stalk strength and
reduce lodging one of the major roles played by K (Byju and George 2005).
Reduced vine internode length “rosetting” is also often associated with
K deficiency (Gerardeaux et al. 2010; Hasanuzzaman et al. 2018).

The significant differences in the growth of vine and petiole length were
influenced by genotypes as described by (Huamán 1991) in his studies on
descriptors of sweetpotato. However, the means in the vine and petiole length
could not be a true reflection given that Huaman’s measurements were on
field-grown sweetpotato crop. In the present study genotypes Kabode and
Gweri had significantly lower means for the vine internode length recorded
as 2.2 cm and 2.1 cm, respectively, compared to 3.3 cm for genotype Irene.
However, considering the number of nodes produced per vine, the means for
genotypes Irene (12.8), Kabode (12.9) and Gweri (12.9) were not significantly
different. These data showed that reduction in vine internode length
increases VMR and this is a varietal characteristic. Our data further showed
that above-ground biomass accumulation is also genotype dependent, agree-
ing with Bhagasari et al. (1990) findings.

The mean VMR was 33.6% higher (p ≤ 0.05) between the first harvest (42
DAP) and last (252 DAP) harvest. This could be attributed to regrowth of
vines from multiple regenerating sprouts following subsequent harvests.
Ratoon cropping technique in hydroponically grown pepper (Capsicum
annuum L.) showed increased marketable fruit yields (Riga 2013). The
increased fruit yields were due to a greater number of stems, 4 to 6 new re-
grow stems per plant compared to newly planted plants having from 2 to 3
stems above the first fork. In this study, the 21.8% increase in VMR rates
based on the interaction of the sandponics system and ratooning could be as
a result of consistent supply of optimal nutrient to the multiple regenerating
sprouts throughout the growing season. Ratooning technique has also been
used in the production of Amaranthus (Amaranthus cruentus L.) which
showed the total numbers of leaves and branches of Amaranthus developed
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was greater, gaining a higher total fresh weight yield, and the total dry weight
of various plant parts and resulting in more profit at the optimum commer-
cial stage (Fu 2008). Our results gave similar findings.

The increased VMR for the four genotypes was controlled by the increased
numbers of stems (stem density) in the subsequent ratoons. For instance,
each pot was planted with 10 cuttings and by the 6th harvest the stem density
had significantly increased and was recorded as 20.4, 16.8, 12.7 and 12.2 for
genotypes Irene, Ejumula, Kabode, and Gweri respectively. However, our
data further showed that sprouting ability is genotype dependent, agreeing
with Tumwegamire et al. (2014). The increased regrowth translated into an
increase in stem density and subsequently, VMR in the later ratoons. There
seems to be a positive correlation between ratooning and VMR which has
implications for the production cost of seed with subsequent ratoons. The
increased VMR reduces the unit production cost and thereby possible
options for increasing profit margin. This helps seed producers to develop
pricing strategies using different price points for different types of customers
which will attract more clients and increase revenue (Rajendran, Kimenye,
and McEwan 2017). However, the current recommended practice for sweet-
potato pre-basic seed production using conventional soil substrate in screen-
houses is to only ratoon three times due to concerns about the seed quality.
Greater benefits will be realized from using later ratoons. Therefore, subse-
quent studies should investigate the effect ratooning on seed quality under
sandponics system multiplication.

Turning to the analysis of the cost-effectiveness of the sandponics system
and the conventional soil substrate, the significant reduction of 0.009 US$
(22.7%) in the unit production cost in the sandponics system was due to the
increased VMR which was 21.8% higher compared to the conventional soil
substrate although only for selected genotypes. The highly significant (p <
.0001) reduction in the cost of producing one node of genotype Ejumula by
US$ 0.012 which was the most cost-effective genotype to produce in sand-
ponics is attributed to its increased VMR in sandponics compared to the
conventional soil substrate. These results indicate that sandponics technology
is cost-effective compared with to the conventional soil substrate for selected
genotypes. The increased labor intensity in sandponics is attributed to more
labor time required to measure precisely the optimal soluble inorganic
fertilizers during nutrient media preparation. However, with the optimiza-
tion of a nutrient media for sweetpotato vine multiplication in sandponics
(Makokha et al. 2018) development of a pre-mixed soluble inorganic fertilizer
will reduce the labor and increase the efficiency of sandponics technology.
Although our results have indicated that sandponics technology is cost-
effective compared to the use of conventional soil substrate, sandponics
system can be more effective for specific genotypes rather than all genotypes.
The reasons for this include (i) the current nutrient media mix is more suited
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for some genotypes, for example, in our case Ejumula, (ii) purchase, trans-
port and sterilization of sand is cheaper (0.035 US$ Kg−1) since it was readily
available and the cost involved in sterilizing is low compared to the soil
substrate (0.2 US$ Kg−1) cost, (ii) increased VMR in the sandponics com-
pared to the conventional system.

In the principle of economics, a change in technology in the production
system will have an impact on demand and supply which influences prices in
the market (Gittinger 1985). For example, when a new technology is dis-
covered in a production system and allows the system to produce at lower
costs, this will lead to a larger quantity to be produced at a lower price which
will increase the economies of scale and overall revenue will also increase.
Thus, sandponics system (new technology) increases the pre-basic seed
production efficiency attributed to an increased VMR compared to the use
of conventional soil substrate and provides a lower price to end-users.
Research has shown that if pre-basic seed is cheaper (Mbiri et al. 2015)
then, the production cost for the following certified generations will also be
cheaper.

The major impediment to using sandponics system is that soluble inor-
ganic fertilizers are not readily available in some areas of SSA countries,
therefore, further studies are required to explore alternative sources of
nutrients that are locally available, for example, manure and compost
filtrates.

Conclusions and recommendations

This study found out that sandponics system is a cost-effective technology
compared to the use of a conventional soil substrate. However, sandponics
system is more effective for selected genotypes and hence it is necessary to
identify the appropriate genotypes for mass multiplication using sandpo-
nics system. In this experiment, although the production cost per node was
lowest for genotype Irene, the difference in costs between the two methods
was higher for genotype Ejumula and hence it was found to be the most
cost-effective genotype of the four tested to use in sandponics system.
Other results (Makokha, P., Ssali, R.T., Wanjala, B.W., Rajendran, S.,
McEwan, M.A., and Low, W.J. 2019, unpublished) on the root yield poten-
tial of sweetpotato vines produced using sandponics system showed
a significant increase in vine survival, storage root yield, number of roots
per plant and fresh foliage yield compared to vines sourced from the
conventional soil substrate. Sandponics system is a feasible alternative
technology for pre-basic sweetpotato seed production. However, more
studies are required on: (i) evaluating the vigor and quality of subsequent
basic seed production using starter materials sourced from the sandponics
system, (ii) assessing the maximum number of ratoons that can be reached
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taking into account both quality as planting material and timing of seed
availability in relation to market demand, (iii) evaluating planting in
benches and troughs vs. pots to optimize on plant density, (iv) effect of
ratooning on vine quality and (v) adapting the sandponics system for high
throughput phenotyping platforms or assays for some traits that are either
difficult to measure under field conditions or are likely to be suitable for
cropping models accounting for the effects of climate change. These could
include traits like moisture stress resistance, nutrient use efficiency, cold
stress tolerance or heat stress tolerance, viral and fungal bio-assays in
sweetpotato among others.

Acknowledgments

This work was undertaken as part of the CGIAR Research Program on Roots, Tubers, and
Bananas (RTB) funded by the Sweetpotato Action for Security and Health in Africa (SASHA)
phase II project implemented by the International Potato Center (CIP).

We thank Kenya Plant Health Inspectorate Service – Plant Quarantine and Biosecurity
Station (KEPHIS-PQBS), Muguga, Kenya, for providing infrastructure facilities for this
research.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was undertaken as part of the CGIAR Research Program on Roots, Tubers and
Bananas (RTB), funded by the Sweetpotato Action for Security and Health in Africa (SASHA)
phase II project implemented by the International Potato Center.

ORCID

Phabian Makokha http://orcid.org/0000-0002-6575-0406

References

Amajor, J. U., E. Oti, N. Ekeledo, R. Omodamiro, E. E. Amajor, and C. Aniedu. 2014. “Studies
on the Characteristic Properties of Fermented, Sun-Dried Orange-Fleshed Sweetpotato
Flour.” Nigerian Food Journal 32 (1): 45–53. doi:10.1016/S0189-7241(15)30095-3.

Andrade, M., I. Barker, D. Cole, H. Dapaah, H. Elliott, and G. Thiele 2009. “Unleashing the
Potential of Sweetpotato in Sub- Saharan Africa: Current Challenges and Way Forward.
International Potato Center (CIP).” Lima, Peru. Working Paper 2009-1. 197 p.

Barker, I., M. Andrade, R. Labarta, R. Mwanga, R. Kapinga, S. Fuentes, and J. Low. 2009.
“Challenge Theme Paper 2: Sustainable Seed Systems.” In Unleashing the Potential of

100 P. MAKOKHA ET AL.

https://doi.org/10.1016/S0189-7241(15)30095-3


Sweetpotato in Sub-Saharan Africa: Current Challenges and Way Forward. Working Paper,
International Potato Center (CIP). Lima, Peru. 1, 43–63.

Bhagasari, A. S., D. A. Ashley, A. S. Bhagasari, and D. A. Ashley. 1990. “Relationship between
Photosynthesis and Harvest Index to Sweetpotato Yield.” Journal of the American Society of
Horticultural Sciences 115: 288–293. doi:10.21273/JASHS.115.2.288.

Bourke, R. M. 1985. “Influence of Nitrogen and Potassium Fertilizer on Growth of Sweet
Potato (ipomoea Batatas (L.) Lam) in Papua New Guinea.” Field Crops Research 12 (C):
363–375. doi:10.1016/0378-4290(85)90081-4.

Byju, G., and J. George. 2005. “Potassium Nutrition of Sweetpotato.” Advances in
Horticultural Science 19 (4): 221–239.

Chen, J. 2013. Sweetpotato Root Quality in Response to Abiotic Factors and Maximizing
Greenhouse Plant Production by Adjusting Fertilizer Application Rates. PhD thesis, North
Carolina State University, Raleigh, USA.

FAOSTAT. 2017. Food and Agriculture Organization of the United Nations. Italy: Rome.
http://apps.fao.org.

Fu, J. 2008. “Effects of Different Harvest Start Times on Leafy Vegetables (lettuce, Pak Choi and
Rocket) in a Reaping and Regrowth System.” PhD thesis, Lincoln University, oxford,
Pennslavania, USA.

Fuglie, K. O., Zhang, L., Salazar, L. F., Walker, T. S. 1999. Economic impact of virus-free
sweet potato planting material in Shandong Province, China. International Potato Center
Program Report for 1997–98, pp 249–254.

Gerardeaux, E., L. Jordan-Meille, J. Constantin, S. Pellerin, and M. Dingkuhn. 2010. “Changes
in Plant Morphology and Dry Matter Partitioning Caused by Potassium Deficiency in
Gossypium Hirsutum (L.).” Environmental and Experimental Botany 67 (3): 451–459.
doi:10.1016/j.envexpbot.2009.09.008.

Gibson, R., S. Namanda, and K. Sindi. 2011b. “Sweetpotato Seed Systems in East Africa.”
Journal of Sustainable Agriculture 35: 870. doi:10.1080/10440046.2011.590572.

Gibson, R. W., R. O. M. Mwanga, S. Namanda, S. C. Jeremiah, and I. Barker. 2009. Review of
Sweetpotato Seed Systems in East and Southern Africa. Lima, Peru: International Potato
Center (CIP). 48. Integrated Crop Management Working Paper 2009-1.

Gittinger, J. P. 1985. “Economic Analysis of Agricultural Projects (english) | The World
Bank.” Unnumbered Series; No. UNN 76. Washington, DC: World Bank, 1.

Hasanuzzaman, M., M. Bhuyan, K. Nahar, M. Hossain, J. Mahmud, and M. Fujita. 2018.
“Potassium: A Vital Regulator of Plant Responses and Tolerance to Abiotic Stresses.”
Agronomy 8 (3): 31. doi:10.3390/agronomy8030031.

Huamán, Z. 1991. Descriptors for Sweet Potato. Rome, Italy: International Board for Plant
Genetic Resources. CIP, AVRDC, IBPGR.

Ila’ava, V. P. 1997. Effects of soil acidity factors on the growth of sweetpotato cultivars. PhD
thesis, University of Queensland, Brisbane, Australia.

Kivuva, B. M., C. G. Yencho, F. J. Julia Sibiya, and S. M. G. Musembi. 2014. “Assessment of
Production Constraints and Farmers’ Preferences for Sweetpotato Genotypes.” Journal of
Plant Breeding and Genetics 02 (01): 15–29.

Lebot, V. 2008. “Tropical Root and Tuber Crops: Cassava, Sweetpotatoes, Yams and Aroids.”
In Crop Production Science in Horticulture, Atherton, J., Rees, A (eds). chapter 8, page 91
http://dx.doi.org/10.1079/9781845934248.0000. Vol. 17. Wallingford: CABI Publishing.

Makokha, P., L. G. Matasyoh, R. T. Ssali, O. K. Kiplagat, B. W. Wanjala, and J. Low. 2018.
“Optimization of Nutrient Media for Sweetpotato (ipomoea Batatas L.) Vine Multiplication
in Sandponics: Unlocking the Adoption and Utilization of Improved Varieties.” Gates
Open Research 2: 59. doi:10.12688/gatesopenres.

JOURNAL OF CROP IMPROVEMENT 101

https://doi.org/10.21273/JASHS.115.2.288
https://doi.org/10.1016/0378-4290(85)90081-4
http://apps.fao.org
https://doi.org/10.1016/j.envexpbot.2009.09.008
https://doi.org/10.1080/10440046.2011.590572
https://doi.org/10.3390/agronomy8030031
https://doi.org/10.12688/gatesopenres


Mateus-Rodriguez, J. R., S. de Haan, J. L. Andrade-Piedra, L. Maldonado, G. Hareau, and
J. Benítez. 2013. “Technical and Economic Analysis of Aeroponics and Other Systems for
Potato Mini-Tuber Production in Latin America.” American Journal of Potato Research 90
(4): 357–368. doi:10.1007/s12230-013-9312-5.

Mbiri, D.; Schulte-Geldermann, E.; Otazu, V.; Kakuhenzire, R.; Demo, P.; Schulz, S. 2015. An
alternative technology for pre-basic seed potato production - sand hydroponics. In: Low, J.;
Nyongesa, M.; Quinn, S.; Parker, M. (eds). Potato and sweetpotato in Africa. Transforming the
value chains for food and nutrition security. Oxfordshire (UK). CABI International. ISBN 978-
1-78064-420-2. pp. 249-253.DOI: https://dx.doi.org/10.1079/9781780644202.0249

Motsa, N. M., A. T. Modi, and T. Mabhaudhi. 2015. “Sweet Potato (ipomoea Batatas L.) As
a Drought Tolerant and Food Security Crop.” South African Journal of Science 111
(Number 11/12): 8. Art. #2014-0252. doi:10.17159/sajs.2015/20140252.

Ndolo, P. J., T. Mcharo, E. E. Carey, S. T. Gichuki, C. Ndinya, and J. Maling’a. 2001.
“Participatory On-farm Selection of Sweetpotato Varieties in Western Kenya.” African
Crop Science Journal 9 (1): 41–49. doi:10.4314/acsj.v9i1.27623.

Nolte, K., and M. Ostermeier. 2017. “Labour Market Effects of Large-scale Agricultural
Investment: Conceptual Considerations and Estimated Employment Effects.” World
Development 98: 430–446. doi:10.1016/j.worlddev.2017.05.012.

O’Sullivan, J. N., C. J. Asher, and F. P. C. Blamey. 1997. “Nutrient Disorders of Sweetpotato.”
ACIAR Monograph No 48: 136p.

Otazu, V. 2010. Manual on Quality Seed Potato Production Using Aeroponics, 44. Lima, Peru:
International Potato Center (CIP).

Rajendran, S., L. N. Kimenye, and M. McEwan. 2017. “Strategies for the Development of the
Sweetpotato Early Generation Seed Sector in Eastern and Southern Africa.” Open
Agriculture 2: 236–243. doi:10.1515/opag-2017-0025.

Riga, P. 2013. “Short Communication. Ratoon Cropping Technique Combined with
Pluriannual Character Improves Soilless Pepper (capsicum Annuum L.) Fruit Yield.”
Spanish Journal of Agricultural Research 6 (3): 430–433. doi:10.5424/sjar/2008063-343.

Sardare, M. D. 2015. “A Review on Plant without Soil - Hydroponics.” International Journal
of Research in Engineering and Technology 02 (03): 299–304.

SAS Institute Inc. 2013. SAS Version 9.4. Cary, NC.
STATA 14.1 version. 2015. “StataCorp.” Stata Statistical Software: Release 14. College Station,

TX: StataCorp LP.
Taraken, I. T., D. Kapal, W. Sirabis, and J. Bailey 2010. “Nutrient Deficiencies Limiting

the Growth of Sweetpotato Vines on Important Soil Types in the Highlands of Papua
New Guinea.” 19th World Congress of Soil Science, Soil Solutions for a Changing
World,1 – 6 August 2010, Brisbane, Australia. (pp. 90–93).

Tessema, L., and Z. Dagne. 2018. “Aeroponics and Sand Hydroponics: Alternative
Technologies for Pre-Basic Seed Potato Production in Ethiopia.” Open Agriculture 3 (1):
444–450. doi:10.1515/opag-2018-0049.

Tumwegamire, S., R. O. M. Mwanga, M. Andrade, J. Low, G. N. Ssemakula, S. Laurie, …
W. Gruneberg. 2014. Orange-fleshed Sweetpotato for Africa, Second. Lima, Peru:
International Potato Center (CIP). Catalogue 2014, 74.

Wahome, P. K., T. O. Oseni, M. T. Masarirambi, and V. D. Shongwe. 2011. “Effects of
Different Hydroponics Systems and Growing Media on the Vegetative Growth, Yield and
Cut Flower Quality of Gypsophila (gypsophila Paniculata L.).” World Journal of
Agricultural Sciences 7 (6): 692–698.

102 P. MAKOKHA ET AL.

https://doi.org/10.1007/s12230-013-9312-5
https://doi.org/10.17159/sajs.2015/20140252
https://doi.org/10.4314/acsj.v9i1.27623
https://doi.org/10.1016/j.worlddev.2017.05.012
https://doi.org/10.1515/opag-2017-0025
https://doi.org/10.5424/sjar/2008063-343
https://doi.org/10.1515/opag-2018-0049

	Abstract
	Introduction
	Materials and methods
	Data collection
	Data analysis

	Results
	Discussion
	Conclusions and recommendations
	Acknowledgments
	Disclosure statement
	Funding
	References



