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Abstract
This study investigated the effects of biochar, produced from plantain peel, on the yield of potatoes (Solanum tuberosum L.)
irrigated with wastewater in two consecutive seasons. Potatoes were grown in 2015 and 2016 in nine lysimeters (1.0m × 0.45m),
packed with sandy soil to a bulk density of 1.35 Mg m−3. The lysimeters were arranged in a completely randomized design with
three replicates. The treatments were (i) wastewater with biochar, (ii) wastewater without biochar, and (iii) freshwater without
biochar. The soil with biochar treatments was amended in 2015 with an application rate of 1% (w/w) on the top 0.1 m of soil.
After 33 days of planting, the potatoes were irrigated 8 times, on a 10-day irrigation interval, with freshwater or wastewater that
was synthesized to represent a typical wastewater in developing countries. Plant health parameters (e.g., photosynthetic rate) were
measured. After 120 days of planting, the potato tubers were harvested; the fresh weight was measured and the tubers were
counted. The plant health parameters (e.g., photosynthesis rate) varied with time but were not affected by biochar amendment.
Also, the total fresh tuber weights as well as the total number of tubers were similar in all treatments although the biochar showed
a significant positive effect (p < 0.05) on the pH and the cation exchange capacity of the soil. Thus, it was concluded that
application of the plantain peel biochar as soil amendment showed no significant effect on the yield of potatoes irrigated with
wastewater.
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1 Introduction

With a current value of 7.3 billion, the world population is
expected to reach 11.2 billion by 2100 (Teytelboym 2016;
United Nations 2017). Accordingly, more water will be re-
quired to produce more food for the growing population.
This will potentially exert more pressure on freshwater, espe-
cially in the agricultural sector, since 70% of its withdrawal is
currently used in agriculture, worldwide, to sustain food pro-
duction (Aquasat 2014). Therefore, there is an urgent need to
seek for alternative sources of water (for agriculture) that will
reduce the burden on the current freshwater resources and still
increase crop yield.

Wastewater could be a viable option to supply supplemental
irrigation water given that it is quite available and, in addition, is
reportedly rich in macronutrients such as N, P, and K (Qian and
Mecham 2005; Raschid-Sally and Jayakody 2009; Singh et al.
2012), which could reduce cost of inorganic fertilizers. For in-
stance, wastewater irrigation increased soil available N, P, and K,
as well as organic carbon (Singh et al. 2012; Mojid et al. 2019).
Despite its benefits, wastewater irrigation could have detrimental
effects on soil properties such as pH (Mojid et al. 2019), which
could affect the availability of plant essential nutrients in soil
solution and consequently reduce crop yield. Furthermore,
wastewater irrigation could release antagonistic heavy metals in
soil (Angin et al. 2005), depending on the wastewater source.
Therefore, incorporating soil conditioners, such as biochar, is
important as they could bound wastewater-laden contaminants
and reduce their uptake by crops (Puga et al. 2016; Nzediegwu
et al. 2019); biochar could also increase soil pH and CEC leading
to higher crop yield (Gao et al. 2017).

Biochar, a solid product of organic waste pyrolysis, is re-
portedly rich in soluble salts, which translates to high soil pH
(Lehmann and Joseph 2009; Singh et al. 2010). When
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incorporated into soil (acidic), biochar raised the pH of soil
(Alling et al. 2014). For instance, hardwood hickory-derived
biochar increased soil pH (15%) as compared to no-biochar-
amended soil (Laird et al. 2010); the study also reported that
biochar significantly increased the surface area of the soil.
However, establishing clear relationships between soil physi-
ochemical properties (e.g., pH) and biochar application (as a
soil amendment) is difficult due to the variability in the prop-
erties of biochar and the site-specific interactions with soil and
vegetation (Alburquerque et al. 2013; Xie et al. 2014).

Variability in the characteristics of biochar often results from
different feedstocks used for its production (Alburquerque et al.
2013). A few studies have shown conflicting results—either pos-
itive (Artiola et al. 2012; Butnan et al. 2015; Rodríguez-Vila et al.
2015) or neutral (Borchard et al. 2014; Jay et al. 2015)—with
respect to crop yield when different biochars were used. For
instance, Artiola et al. (2012) reported that biochar derived from
pine forest waste increased the pH of soil and subsequently
increased the production of Bermuda grass. Likewise,
Alburquerque et al. (2013) showed that when wheat straw and
olive tree pruning biochar were added to soil, available P as well
as the yield of wheat grain increased. On the contrary, biochars
derived from wood (Fagus species and Picea species) had no
effect on the yield of maize (Borchard et al. 2014), and biochar
from another wood (Castanea sativa) also had no effect on the
yield of potatoes (Jay et al. 2015).

Plantain peel (40% of plantain fruit (Rubatzky and
Yamaguchi 1997)) could be a sustainable feedstock for
transforming into biochar since it ends up as a waste in most
countries where plantain is produced (Tchango Tchango et al.
1999), thereby adding value to the waste, while protecting the
environment from nuisance. In a previous study (Nzediegwu
et al. 2019), plantain peel biochar (mixed with sandy soil under
potato cultivation) adsorbed wastewater-laden heavy metals (Cd
and Zn) as compared to no-biochar soil; it is also known that the
effect of biochar is feedstock- and crop-specific. Therefore, an
investigation on the effect of plantain peel biochar on a given
crop like potato is valuable because potato ranks first among
other tuber crops (Consortium 2011) and its demand (globally)
is increasing possibly due to its nutritional value (Brown 2005;
FAO 2017). A few biochars have been tested for growing pota-
toes (Akhtar et al. 2015; Collins et al. 2013; Hien et al. 2017;
Koga et al. 2017; Liu et al. 2017; Liu et al. 2014;Walter and Rao
2015); biochars from bamboo, wood, rice husk, and kunai grass
have shown either positive (Hien et al. 2017; Liu et al. 2014;
Walter and Rao 2015), neutral (Jay et al. 2015; Koga et al. 2017),
or negative (Liu et al. 2017) impact on the yield of potatoes. It
needs to be investigated whether plantain peel biochar affects
crop yield.Moreover, it is not clear what would be the interaction
of wastewater irrigation and this biochar in soil, and consequent-
ly the effect on potato yield. Therefore, our goal was to under-
stand the effect of plantain peel biochar on the yield of potatoes,

cultivated in a lysimeter field soil and irrigated with synthetic
wastewater for two seasons. Specifically, different yield parame-
ters such as tuber weight and number of tubers were measured
for the two seasons (2015 and 2016).

2 Materials and Methods

2.1 Biochar Characterization

Detailed description of the biochar used in this study has been
documented elsewhere (Nzediegwu et al. 2019). Briefly, the bio-
char has a pH of 10.3, determined following dissolution of the
biochar (1:30 w/w) in deionized water, shaken for 4 h, and mea-
sured with an electrode type pHmeter (Accumet AB 15); it has a
mineral ash content of 77.45%, determined following ASTM
7582. The total C and total N, determined as per ASTM
D5373, were 18.1 and 0.6%, respectively, resulting in a C:N ratio
of 30.2. The total metal (essential and non-essential; Table 1)
contents were determined by nitric acid digestion method

Table 1 Physical and chemical properties of soil and biochar

Properties Soil Biochar

Sand (%) 92.2 –

Silt (%) 4.3 –

Clay (%) 3.5 –

pH 5.5 10.3 ± 0.1

Organic matter (%) 2.4 ± 0.15 –

Hydraulic conductivity (m day−1) 1.67 ± 0.45 –

ZPC 3.4 –

P (mg P kg−1) 215.30 ± 40.43 –

K (mg K kg−1) 107.33 ± 13.13 –

N (mg NO3-N kg−1) 4.57 ± 0.46 –

Ca (mg Ca kg−1) 912.44 ± 79.70 1947.0 ± 46.7

Mg (mg Mg kg−1) 103.27 ± 7.29 2063.1 ± 69.8

Al (mg Al kg−1) 1164.14 ± 12.40 83.6 ± 1.1

Cd (mg Cd kg−1) <LOD <LOD

Cr (mg Cr kg−1) 17.86 ± 0.38 1.67 ± 0.17

Cu (mg Cu kg−1) <LOD 7.11 ± 0.98

Fe (mg Fe kg−1) 11,109.64 ± 238.68 669.12 ± 86.35

Pb (mg Pb kg−1) <LOD 0.043 ± 0.04

Zn (mg Zn kg −1) 16.70 ± 2.28 35.65 ± 1.39

LOD limit of detection; ZPC zero point of charge; the heavy metals Cd,
Cr, Cu, Fe, Pb, and Zn were determined following hot acid extraction
(Kargar et al. 2013) and quantified by ICP-OES (inductively coupled
plasma optical emission spectrometry). The LOD was 50 μg L−1

(15.6 mg kg−1 ) for all the metals. The P, K, Ca, Mg, and Al were deter-
mined following Mehlich III extraction (Mehlich 1984) while N was
determined following the 2.0 M KCl method (Carter and Gregorich
2008). Other soil properties were adapted from a previous study
(ElSayed et al. 2013)
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(Kargar et al. 2013), where 0.16 g of the oven-dried biochar was
digested with 2 mL of 70% nitric acid on a block digester with
the temperature gradually increased to 120 °C and then held for
5 h; afterwards, the digested solution was diluted (50 times) with
double deionized water. The soluble metals were analyzed using
inductively coupled plasma mass spectrometry (Varian ICP820-
MS or Analytik-Jena).

2.2 Experimental Setup

The experiment was conducted in 2015 (the first season)
and 2016 (the second season) between the months of June
and October, when outside temperature was above 10 °C
(Food and Agriculture Organization FAO 2008). A BIOS
thermometer/hydrometer (Model: tr415) was installed out-
side to record temperature for the experimental period.
Sandy soils were packed to a bulk density of 1.35 Mg m−3

in nine outdoor lysimeters, having four 10-mm holes drilled
radially at 0.15-m depth for soil sampling. Properties of the
soil are presented in Table 1. The lysimeters were arranged
in a completely randomized design with 3 replicates. The
three treatments studied were wastewater and biochar
(WW+B), wastewater with no biochar (WW-B), and fresh-
water without biochar (FW-B). The WW-B served as con-
trol for the biochar treatment (WW+B), while FW-B served
as control for the wastewater treatment (WW-B). The soil
was brought to field capacity 1 day before biochar was
incorporated. The biochar was mixed in the three lysimeters
under WW+B at the top soil profile (0- to 0.1-m depth) at a
rate of 13.5 t ha−1. Afterwards, potatoes (Solanum
tuberosum L., cv. Russet Burbank) were procured and
planted. The procedures for potato procurement, planting,
fertilization, and irrigation have been documented else-
where (Nzediegwu et al. 2019). Five weeks after planting,
when the potatoes had emerged and stabilized, as visualized
by new leaf development, synthesized wastewater (Table 2)
as well as freshwater was applied (11.5 L lysimeter−1) at a
10-day interval for eight times. Soil samples were collected
from the surface and 0.1-m depth 2 days after irrigation and
stored in − 24 °C freezer for further analysis.

Plant health parameters were monitored from when the
plant canopy had developed (~ 5 weeks after planting) till
the end of growing season. All foliage measurements were
taken from the fourth petiole (Stark et al. 2004) on days 1,
3, and 9 after each irrigation, which correspond to when the
potatoes were either water stressed or not. With the photon
flux density set to 800 μmol m−2 s−1 (i.e., twice the value
used in greenhouse studies (Robredo et al. 2007)), photo-
synthesis rate was measured using LI-COR portable photo-
synthesis system (LI-6400, LI-COR Inc., Lincoln,
Nebraska). Greenness, a measure of leaf chlorophyll level,
was measured with Minolta chlorophyll meter (SPAD-502,

MINOLTA Co. Ltd., Japan). The leaf temperature, a mea-
sure of water stress, was measured using Hylogy Infrared
Digital thermometer (Model: MD-H4); typically, a clear-
ance of 0.03 m was allowed between the leaf surface and
the infrared thermometer. Plant reflectance (normalize dif-
ference vegetative index (NDVI)), which serves as a growth
monitoring parameter (Prasad et al. 2006), was measured
with an active canopy crop sensor (Crop Circle, ACS-430,
Holland Scientific, Lincoln Nebraska USA); for each ly-
simeter, a clearance of 0.25 m was maintained between
the plant canopy and the sensor.

After 120 days of planting, the potatoes were harvested.
The root weight, shoot length, number of tubers, above
ground biomass weight, and total tuber weight were re-
corded. The yield per lysimeter (alias yield per plant) for
each treatment was calculated as the average tuber weight.
With a row spacing of 0.9 m and a within row spacing of
0.3 m (Bohl et al. 1995), a plant density (i.e., number of
plant per hectare) of 35,880 plant ha−1 (Canadian Food
Inspection Agency CFIA 2017) was used to calculate the
total yield (t ha−1) (i.e., plant density × yield (t) per plant ).
The potato tubers were graded by passing them, one after
the other, through a 50-mm diameter hole (Shiri-e-
Janagard et al. 2009; USDA 1983). The gravimetric mois-
ture content of the soil samples, collected depth-wise
(0.0 m and 0.1 m), 2 days after each irrigation, were deter-
mined following the standard oven-dry method (Hollinger
and Isard 1994). The wet soil samples were weighed and
dried in an oven at 105 °C for 24 h; the moisture content
was calculated as ((weight of wet soil −weight of dry soil)/
weight of wet soil) × 100 % . The exchangeable cations and
cation exchange capacity (CEC) of the soil samples were
determined following BaCl2 method (Carter and Gregorich
2008), while the pH of the soil was determined following
the standard soil survey method (Rayment and Higginson
1992), where air-dried soil was bathed with deionized wa-
ter (1:5 w/w soil:water), shaken for 1 h, and the suspension
measured with an electrode type meter (Accumet AB 15).

2.3 Data Analysis

All analyses were performed using SAS-JMP® Pro 13.2.0
(Copyright © 2016 SAS Institute Inc.). The greenness, leaf
temperature, photosynthetic measurement, and NDVI data
were subjected to repeated measures analysis of variance
using the compound multivariate approach; the two repeated
factors were irrigation interval and days after irrigation (i.e.,
when the measurements were taken). The soil moisture data
was subjected to one-layer repeated measures analysis, while
the yield related data, exchangeable cations, and CEC were
subjected to one-way analysis of variance.
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3 Results

3.1 Leaf Greenness

The greenness values, measured at the bulking stage in the
first season (2015), are presented in Fig. 1 along with the
greenness values in the second season (2016), segmented by
three levels, 1, 3, and 9 days after irrigation, for the vegetative
season of the potatoes. Although with no significant treatment
effect (p > 0.05), the SPAD readings in the first season re-
vealed a slight decrease in greenness from about 35 at the
beginning to about 31 towards the end of the season.
Likewise, in the second season, after the second split N fertil-
ization was applied on day 51, the greenness increased for

about 2 weeks and then gradually decreased with the growing
season. Irrigation with wastewater showed no significant dif-
ference (p > 0.05) in greenness as compared to the corre-
sponding greenness in the freshwater treatment (Fig. 1).
Overall, biochar amendment did not affect the leaf greenness
for both growing seasons.

3.2 Leaf and Ambient Temperature

The leaf and ambient temperature values, measured in the
second season and segmented according to days after ir-
rigation, are presented in Fig. 2. For the entire monitoring
period, the leaf temperature ranged from 17.5 to 30.6 °C.
There was effect of days, driven mainly by the ambient air

Table 2 Recipes for synthetic wastewater

Purpose Substance/compounds Country Concentration (mg L−1) Wastewater recipe source contaminant reporter

Basic synthetic wastewater ingredients

C source Sodium acetate 79.37 Nopens et al. (2001)

Milk powder 116.19 Nopens et al. (2001)

Soy oil 29.02 Nopens et al. (2001)

Starch 122 Nopens et al. (2001)

Yeast extract 52.24 Nopens et al. (2001)

N source Ammonium chloride 12.75 Nopens et al. (2001)

Peptone 17.41 Nopens et al. (2001)

Urea 91.74 Nopens et al. (2001)

P source Magnesium phosphate 29.02 Nopens et al. (2001)

Minerals CaCl2 60 LaPara et al. (2006)

MgCl2 40 LaPara et al. (2006)

NaHCO3 100 LaPara et al. (2006)

K3PO4 30 LaPara et al. (2006)

Additional contaminant levels based on worst case reports or set to exceed LOD

Heavy metals Potassium dichromate (Cr) India 2 Ahmad et al. (2011)

Cadmium nitrate (Cd) India 5 Ahmad et al. (2011)

Lead nitrate (Pb) India 16 Ahmad et al. (2011)

Iron sulfate (Fe) India 120 Ahmad et al. (2011)

Zinc nitrate (Zn) India 3 Ahmad et al. (2011)

Copper nitrate (Cu) India 8 Ahmad et al. (2011)

Hormones Estrone (E1) Korea 8.15 (50) μg L−1 Sim et al. (2011)—LOD

Estradiol (E2) Korea 0.634 (20) μg L−1 Sim et al. (2011)—LOD

Progesterone China 0.90 (20) μg L−1 Huang et al. (2009)—LOD

Pharmaceuticals Oxytetracycline China 19.5 Li et al. (2008)

Ibuprofen India 26.45 μg L−1 Singh et al. (2014)

Surfactant Triton X-100 or alkylphenyl polyethoxylate Morocco 30 μg L−1 Aboulhassan et al. (2006)

Plasticizers Bisphenol A (50 μg L−1) Based on LOD

Bisphenol S (50 μg L−1) Based on LOD

Bisphenol F (50 μg L−1) Based on LOD

Values in parentheses are concentrations used in the synthetic wastewater adjusted to represent worst-case scenario; LOD limit of detection (5 μg L−1 )
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temperature (Fig. 2). Overall, neither irrigation water
quality nor biochar amendment showed any significant
effect on the leaf temperature.

3.3 Photosynthesis Rate

The photosynthesis rates of the potatoes, measured in the sec-
ond season, are presented in Fig. 3. Photosynthesis indicated a
general trend of decrease with time for all three measurement
days, although statistically not significant (p > 0.05). It ranged
from 14.16 μmol CO2 m

−2 s−1 few days after the first irriga-
tion to 2.21 μmol CO2 m

−2 s−1 towards the end of the season;
however, there was no treatment effect.

3.4 Normalized Difference Vegetative Index

The normalized difference vegetative index (NDVI), mea-
sured during the vegetative period in 2016 and segmented
according to days after irrigation, is presented in Fig. 4.
Overall, the NDVI ranged from 0.61 (day 53) to 0.86 (day
73) and there was no treatment effect.

3.5 Soil Moisture

Figure 5 illustrates the moisture content (gravimetric) of the

soil sampled at the surface and 0.1 m below (i.e., MC½ �surfsoil

and MC½ �0:1soil, respectively) for both seasons (2015 and
2016), whereas Table 3 presents the repeated measures anal-

ysis. In the first season, the lowest MC½ �surfsoil of 7.1% was mea-
sured in theWW-B after the first irrigation, whereas after eight
irrigations, the highest moisture of 11.5% was measured,
depicting an increase in moisture with irrigation. In the second

season, a similar trend was noticed, where MC½ �surfsoil increased
with irrigation. This was true also for the biochar-amended
treatment (WW+B), mainly in the second season.
Interestingly, it seems that in the first season, while the WW-
B held more water at the surface, the WW+B held more water
at the 0.1-m depth, where water is mostly required by plant
roots for metabolism (Clothier and Green 1994). At 0.1-m
depth, irrigation had no effect on the soil moisture as

MC½ �0:1soil in WW-B remained almost the same for the both
seasons.

Fig. 1 Greenness measured using
SPAD for both growing seasons
in 2015 and 2016. For the first
season, Day 93-IR7 and Day 103-
IR8 indicate irrigations 7 and 8,
respectively; the error bars repre-
sent standard error for three repli-
cates. FW-B is freshwater without
biochar, WW+B is wastewater
with biochar, and WW-B is
wastewater without biochar
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3.6 Exchangeable Cations and Cation Exchange
Capacity

Table 4 presents the exchangeable cations, cation ex-
change capacity (CEC), and base saturation of the soil,
with or without biochar. The CEC of the surface soil for
both treatments was apparently similar. However, at the
0.1-m depth, the CEC significantly increased (p < 0.05) by
65% in WW+B (vs. WW-B). The base saturation on the
other hand was significantly higher at both depths in the
WW+B treatment as compared to the WW-B treatment.

3.7 Potato Yield

With 28 mm < potato size ≤ 50 mm, irrespective of the
treatments (WW-B, WW+B, and FW-B), the potatoes
were considered as marketable in line with Shiri-e-
Janagard et al. (2009). As such, the potatoes were pooled
together, regardless of the size, for tuber weight

measurement. Figure 6 presents the yield parameters of
the potatoes under wastewater (with biochar (WW+B) or
without biochar (WW-B) amendment) and freshwater
(FW-B) irrigation for the two seasons. Being a measure
of the yield, the tuber weight per plant varied in both
seasons. More specifically, in the first season, the tuber
weight in FW-B was 0.83 kg/plant, whereas in the second
season, the tuber weight was 0.26 kg/plant, showing a
69% decrease. This observation was not peculiar to FW-
B treatment as WW-B showed almost similar (70%) de-
crease as well. There was no significant difference in tu-
ber weight between the wastewater irrigated potatoes and
their freshwater counterpart for both seasons. For the
biochar-amended treatment (WW+B), the tuber weight in
the first season was quite less as compared to the WW-B
treatment. In the second season, no treatment effect on the
potato yield was observed.

Similar to the tuber weight, the average number of
tubers varied in both seasons. Results indicated a 64%

Fig. 2 Leaf temperature
measured in the second season
and segmented by levels of days
after irrigation; ambient is the
ambient air temperature in the
tent; the error bars represent
standard error of three replicates.
FW-B is freshwater without bio-
char, WW+B is wastewater with
biochar, andWW-B is wastewater
without biochar

Fig. 3 Photosynthesis rate measured in the second season and segmented according to measurement days after irrigation; the error bars represent
standard error of three replicates. FW-B is freshwater without biochar, WW+B is wastewater with biochar, and WW-B is wastewater without biochar
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decrease in the second season in FW-B treatment where
the average number of tubers dropped from 14 to 5 in the
second season. A similar trend was observed in WW-B.
Additionally, statistical analysis showed no significant
difference (p > 0.05) between the number of tubers that
received either freshwater or wastewater. Although the
number of tubers in biochar treatment was significantly
less in the first season, similar values of the number of
tubers were obtained in WW+B as compared to the other
treatments (WW-B and FW-B) for the second season.
Overall, the green biomass and root weight, which repre-
sent the non-edible part of the potatoes, indicated no sig-
nificant differences among treatments even though WW+
B showed significantly less yield than WW-B, in the first
season (Fig. 6). The shoot length, representing the length
of the longest stem, remained unchanged for both seasons
implying no effect of the cultivation year or the treatments
(Fig. 6).

4 Discussion

Plant health parameters (e.g., leaf greenness and photosynthe-
sis rate) are used in real-time to study the growth performance
of plants (Patil et al. 2014). In the present study, the plant
health parameters (leaf greenness, leaf temperature, photosyn-
thesis rate, and NDVI) responded differently with time, but
were neither affected by the treatment nor the irrigation water.
For both seasons, a decrease in the greenness values was ob-
served (Fig. 1). This could be attributed to the decrease in N
concentration which decreases with the increase in biomass
(Bélanger et al. 2001). Similar observations were reported by
Minotti et al. (1994) and Vos and Bom (1993) who studied the
foliar N of potatoes using SPAD data. Although it was expect-
ed that irrigation with wastewater (vs. freshwater) should in-
crease the greenness, given that wastewater contains multiple
sources of nutrients (Table 2). It was assumed that nutrients
were not readily available, possibly due to the high presence

Fig. 5 Gravimetric soil moisture, measured in season one (2015) and two (2016), 2 days after irrigation, from the soil sampled at the surface and 0.1-m
depth; error bars are standard error. WW+B is wastewater with biochar and WW-B is wastewater without biochar

Fig. 4 Normalized difference vegetative index (NDVI) measured in the
second season and segmented according to days after irrigation; the error
bars represent standard error of three replicates. FW-B is freshwater

without biochar,WW+B is wastewater with biochar, andWW-B iswaste-
water without biochar
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of contaminants (e.g., Fe) in the wastewater (Table 2) or due to
less time for the nutrient mineralization (da Fonseca et al.
2005). Similar observation indicated that the chlorophyll con-
tent (a measure of greenness) of maize leaf was not affected by
wastewater (sewage effluent) irrigation applied for 2 years (da
Fonseca et al. (2005). The insignificant effect of the biochar
could be explained by the insufficient improvement of N
availability in the soil. Moreover, Nelson et al. (2011) reported
that biochar addition to soil either suppressed or did not affect
N availability when applied at 2% and 0.2% (w/w) rates, re-
spectively. On the other hand, leaf temperature showed no
treatment effect (Fig. 2); leaf temperature is an indication of
water stress in plants with higher values suggesting more wa-
ter stress (Loveys et al. 2008). Data showed the effect of the
ambient temperature in line with the findings of Leuzinger
et al. (2010), who observed similarity between ambient and
leaf temperatures of Scots pine (Pinus sylvestris); this similar-
ity is not unusual since the experiment was conducted in the
field. The photosynthesis rate decreased with the development
of the potatoes within the range reported by Chandra et al.
(2008) for cannabis. Evidently, a slight color change was no-
ticed on the potato leaves, especially towards maturity; this
was expected because photosynthesis is associated with

stomatal opening that occurs throughout the growing season
of plants, including potatoes (Meidner and Mansfield 1968).
The no treatment effect (Fig. 3) signifies that neither the irri-
gation water nor the biochar amendment influenced the
growth parameters of potatoes. Since all the treatments re-
ceived the same level of fertilization as recommended for po-
tatoes, it is suggested that the soil condition necessary for the
biochar to show its agronomic effectiveness was buffered.
Moreover, biochar showed agronomic benefits mainly in
nutrient-depleted soils (Hussain et al. 2017; Kimetu et al.
2008), whereas not much agronomic benefits were noticed
in nutrient-rich soils; this confirms the obtained results which
are supported by the findings of Hussain et al. (2017). The
potato plants grew vigorously as suggested by the NDVI
values in line with Patil et al. (2014); similar values have been
reported for potatoes grown under rain-fed and irrigated water
management (Shamal and Weatherhead 2014). The no treat-
ment effect implies that wastewater irrigation as well as fresh-
water irrigation had similar impact on potatoes’ vigor; this is
important as wastewater can serve as an alternative for potato
irrigation in arid and semi-arid regions where freshwater is
scarce. Amendment with biochar (WW+B) did not alter the
NDVI (Fig. 4), as in the case of the other plant health param-
eters; all the potatoes grew vigorously and thus, the effect of
the biochar could have been buffered by the nutrient-rich soil.

The soil properties (moisture content, CEC, and base satu-
ration) were affected by both the treatment and depth, but not
by the irrigation days, particularly for the moisture content
(Fig. 5). The lack of effect of irrigation days on the soil mois-
ture was expected given the nature of the sandy soil, which
had low water retention potential (Rawls et al. 1982), thereby

drains water quickly. However, MC½ �0:1soil was slightly altered
by biochar amendment (WW+B), especially in 2015, suggest-
ing an improvement in the soil water retention properties,

Table 3 Repeated measures analysis of variance for moisture content
for both growing seasons

Effects Surface 0.1-m depth

Season 1 Season 2 Season 1 Season 2

Treatment ns ns * ns

Time * * ns *

Treatment × time ns ns * ns

ns not significant; *significant at p < 0.05

Table 4 The exchangeable
cations, cation exchange capacity,
and base saturation of the soil
with or without biochar at the
surface of soil and 0.1-m depth

Exchangeable cations (cmol(+) kg−1) Surface 0.1-m depth

WW-B WW+B WW-B WW+B

Ca 0.96 ± 0.04a 1.41 ± 0.13a 1.23 ± 0.36a 3.85 ± 0.47b

Mg 0.54 ± 0.00a 0.46 ± 0.09a 0.15 ± 0.02a 0.77 ± 0.09b

K 0.20 ± 0.01a 0.25 ± 0.03a 0.20 ± 0.03a 0.48 ± 0.09a

Na 0.24 ± 0.02a 0.22 ± 0.01a 0.11 ± 0.00a 0.16 ± 0.01b

Al 0.40 ± 0.04b 0.19 ± 0.03a 1.50 ± 0.05b 0.09 ± 0.05a

Fe 0.06 ± 0.01a 0.06 ± 0.00a 0.02 ± 0.00b 0.00 ± 0.00a

Mn 0.01 ± 0.00a 0.02 ± 0.00b 0.05 ± 0.008b 0.02 ± 0.004a

CEC 2.40 ± 0.09a 2.60 ± 0.04a 3.25 ± 0.36a 5.37 ± 0.49b

BS (%) 80.49 ± 1.06a 89.82 ± 1.29b 50.16 ± 5.28a 97.53 ± 1.43b

pHCEC 4.4 ± 0.1 4.1 ± 0.0 3.9 ± 0.0 4.4 ± 0.1

BS base saturation, CEC cation exchange capacity, pHcec pH associated with the CEC solution; depth with
different letters implies significant difference at α = 0.05. WW+B is wastewater with biochar and WW-B is
wastewater without biochar
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which could potentially result in higher potato yield. Also, the
abundance of exchangeable cations (indicated by CEC) in soil
is vital as it plays an active role in the bioavailability of nutri-
ents which exist mostly in their ionic forms for plant uptake.
The increase in the CEC in WW+B signifies a great potential
for the biochar to elevate the cation exchange activities in the
exchange complex of the soil, resulting in higher availability
of soil nutrients. Accordingly, the base saturation, which re-
flects the percentage of base cations that occupies the ex-
change complex, was significantly higher (p > 0.05) in
WW+B as compared to WW-B (Table 4); this is in line with
the higher base cations (Ca, Mg, K, and Na) measured in
WW+B as compared to WW-B (except Mg; Table 4). The
increase in base cations results in increase in pH (Ste-Marie
and Paré 1999), which controls nutrient availability and af-
fects crop yield.

Overall, the yield parameters (e.g., tuber weight) were nei-
ther affected by the treatment nor the irrigation water although
there was treatment effect in the first season mainly due to
germination delay, but the delay was not noticed in the second

year. Similarity in the yield from both freshwater and waste-
water irrigated potatoes is quite important given the scarcity of
freshwater, especially in arid and semi-arid regions. Irrigating
with wastewater would obviously serve as an alternative op-
tion while maintaining the same yield. Delayed germination in
the first season in all the biochar-amended treatments resulted
in transplanting of the potatoes (planted on same day in extra
lysimeters) to the biochar-amended treatments. This could be
the reason for the reduced yield recorded in the first season.
Given the relatively high ash content of biochar (77.45%) and
the application rate (1% w/w of soil) which corresponds to <
8 g (ash) kg−1 (soil), it is assumed that biochar has no negative
effect on the germination; this is supported by Nabeela et al.
(2015) where similar application rate of wood ash was applied
for rapeseed (Brassica napus L.) without delay in the germi-
nation. Moreover, in the second season, the delayed germina-
tion was not observed as all the potatoes germinated and
emerged typically at the same time; there was no treatment
effect in the tuber weight across the treatments. Thus, the
delayed germination in the first season could be considered

Fig. 6 Yield parameters of the potatoes under wastewater (with (WW+B) and without (WW-B) biochar amendment) and freshwater (FW-B) irrigation
for the 2 years; the error bars represent standard error for three replicates; bars with the same letters are not significantly different (α = 0.05)
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as a coincidence and it probably explains the less yield in
WW+B as compared to the other treatment (WW-B). When
crops, including potatoes, are transplanted, they are subjected
to shock, which affects their agronomic cycle (Rowell et al.
1986; Shonnard and Peloquin 1991). Table 4 indicates notice-
able increase of soil CECwhich possibly favored contaminant
adsorption over increasing the yield (Nzediegwu et al. 2019).
Biochar showed significant agronomic benefits for sandy soils
such as increasing CEC, pH, and water holding capacity com-
pared to organic soils (Liu et al. 2016). This is in line with
Koga et al. (2017) who reported the improvement of soil po-
rosity in the presence of wood-derived biochar while no sig-
nificant effect on potato yield. Similar to the tuber weight, the
delayed germination in the first season affected the number of
tubers in this season, but there was no treatment effect in the
subsequent season.

The no treatment effect on the non-edible parts for the both
seasons is explained by the delayed germination, which per-
haps shortened the cultivation days (120) of the potatoes
(Russet Burbank) used in this experiment. Delayed germina-
tion could have affected the potato growth stages, especially
tuber initiation, bulking, and maturation, which occur towards
the later part of potato growth (He et al. 2012). Potatoes, after
planting, have five developmental stages, i.e., sprout develop-
ment, vegetative growth, tuber initiation, tuber bulking, and
maturation (Johnson and Powelson 2008). Shortened cultiva-
tion days—as noticed in this study—had no effect on potato
biomass production, which occurs at the early growth stage
(He et al. 2012). Moreover, as stated previously, in 2016 with
no germination delay, the green biomass and root weight as
well as tuber weight were typically similar across treatments
(i.e., FW-B, WW-B, and WW+B). The similarity in the shoot
length, for the two seasons, confirmed the lack of direct rela-
tionship with the tuber production.

Although some studies have revealed that biochar im-
proves crop yield (Uzoma et al. 2011a), however, our yield
results in addition to the plant health parameters (e.g., green-
ness and photosynthesis rate) did not indicate any effect. Since
the agronomic effects of biochar are feedstock specific
(Alburquerque et al. 2013), plantain peel biochar did not im-
prove potato yield. Plantain peel biochar is more likely to
improve the yield of potatoes with increase in application rate
as observed by Uzoma et al. (2011b). Although mixing the
biochar with soil increased the pH of the soil by 0.7 and then
maintained it for 2 years, it did not increase the yield. On the
other hand, the C:N ratio, the high mineral ash of the biochar
coupled with the elevated CEC of the biochar-amended soil
confirmed the potential agronomic benefits of plantain peel
biochar for sandy soils.

According to Nzediegwu et al. (2019), plantain peel bio-
char amendment has reduced heavy metal uptake in potato
tubers (flesh and peels) irrigated with wastewater. The appli-
cation of biochar can contribute to the production of relatively

safe potatoes when irrigated with wastewater comparable to
those irrigated with freshwater. Although no yield differences
(with or without biochar amendment) was obtained, farmers
could underestimate the risks associated with wastewater irri-
gation as the potatoes contain significantly higher levels of
heavy metals and they could be unsafe to eat.

5 Conclusions

After two seasons of field investigations, wastewater irrigated
potatoes grown in a sandy soil and amended with plantain peel
biochar in the top 0.1 m showed no significant differences in
yield compared to the un-amended soils either irrigated with
wastewater or freshwater. Total fresh tuber weights as well as
the total number of tubers were similar in all treatments. This
was further confirmed by the no significant difference ob-
served in the plant health parameters such as leaf greenness,
plant canopy reflectance, and photosynthesis rates measured
in the second season. On the other hand, the biochar showed a
positive effect on the pH and the cation exchange capacity of
the soil. This could be of great interest given that biochar as
environmentally friendly material provides no detrimental ef-
fect on potato production and reduces uptake of wastewater
borne contaminants in potatoes. More investigations are need-
ed to further evaluate the efficiency of biochar application rate
as a tool to maximize the environmental benefits of biochar.
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