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Biochars have been proposed as a novel biotechnology to increase crop yields in
acidic soils due to a liming effect. However, the application of biochar to soils with
a neutral soil pH is less likely to improve yield. A rise in pH typically increases the
availability of macronutrients (e.g., POi_, NOgz) but biochar is known to immobilize
some elements due to a pH increase and adsorption on the biochar surface. Therefore,
biochar application may reduce the uptake of important micronutrients (e.g., Cu, Fe,
and Zn) into the edible portions of food crops. Before recommending indiscriminate
biochar application to tropical soils, an understanding of the potentially negative impacts
of biochar application to contrasting soil types should be fully appreciated to prevent
unintended consequences. Our aim was to determine the impact of biochar amendment
to an acidic soil and a neutral soil on micronutrient availability and uptake into leafy
greens. We produced biochars from 3 different organic feedstock materials (corn cobs,
rice husk and teak sawdust) and applied these in pot experiments to an acidic tropical
soil (pH 4.5) and a neutral tropical soil (pH 6.9) collected from urban farms in Tamale
and Kumasi, respectively, in Ghana. We grew leafy greens (Amaranthus, Corchorus,
and Lettuce) and measured their growth and the uptake of Cu, Fe, and Zn, alongside
supporting measurements of soil pH and micronutrient availability in the soil. We also
measured water soluble Cu, Fe, and Zn in the soils amended with biochars pyrolyzed
at different temperatures. The corn cobs biochar increased soil pH and considerably
increased plant growth in the acidic soil from Tamale. In the neutral soil from Kumasi
we found that, while corn cob biochar increased soil pH, rice husk biochar decreased
soil pH. Furthermore, corn cob biochar considerably reduced plant growth in the neutral
soil. The concentration of micronutrients in the edible portions of leafy greens was not
greatly affected by biochar application, but the total uptake (i.e., concentration multiplied
by biomass) of micronutrients into leaves was generally increased by biochar application
in the acidic (Tamale) soil and application of the corn cob biochar generally decreased
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total uptake of micronutrients in the neutral (Kumasi) soil. Our results highlight the need for
site-specific information on biochar feedstock and soil pH prior to recommending biochar
application to tropical urban soils so that the benefits can be optimized and unintended
consequences can be prevented.

Keywords: micronutrients, urban farming, crops, soil fertility, food security, Amaranthus, Corchorus, Lettuce

INTRODUCTION

Yield gaps are large for food crops in Sub-Saharan Africa and
primarily limited by poor soil fertility and nutrient availability
(Van Ittersum et al., 2016). The intensification of agricultural
practices alongside lack of investment in inputs (e.g., lime
and fertilizers) has resulted in negative nutrient balances,
acidification, and declining soil organic matter levels. Even if
organic matter is available, a large quantity is required over a
long period of time before soils respond to fertilizer additions,
trapping smallholders in a “poverty trap” (Tittonell and Giller,
2013). Compared to other countries in Sub-Saharan Africa,
Ghana has an above average proportion of the population
in urban areas and an above average rate of rural-to-urban
migration (De Brauw et al., 2014). The population density of
Ghana has increased from 29 persons/km? in 1960 to 103
persons/km? in 2010, and a doubling of the proportion of the
population living in urban areas from 23% in 1960 to 51% in
2010 [Ghana Statistical Service (GSS), Ghana Health Service
(GHS), and ICF International, 2015]. The region is also a global
hotspot of micronutrient deficiency (often referred to as the
“hidden hunger”), largely due to shifting diets toward fast foods
with naturally low micronutrient availability because these crops
store more easily. Micronutrient deficiencies are known causes
of anemia and stunting in Ghana (Anin et al., 2020; Lemoine
and Tounian, 2020). Locally grown traditional leafy greens (e.g.,
Amaranthus and Corchorus) and exotic crops introduced from
Europe (e.g., Lettuce) are therefore an important component of
urban diets because they are a rich source of Vitamin A and C
and micronutrients such as Cu, Fe, and Zn (Kamga et al., 2013;
Achigan-Dako et al., 2014; Grubben et al., 2014; Aworh, 2018),
but cannot be stored, so must be grown locally.

Biochar is a carbon-rich material produced from the pyrolysis
of biomass. The pyrolysis temperature and the composition
of feedstock material significantly influence the properties of
biochar (Tan et al., 2015). A recent meta-analysis indicated that,
while biochar has been shown to have no overall effect on
crop yield in temperate soils, application to tropical soils results
in an overall increase in crop yields, due to the liming effect
resulting from an increase in soil pH (Jeffery et al., 2017). Greater
cation exchange capacity and water retention also play a role.
Unlike the long term commitment to organic amendments that
is required to restore soil organic matter levels, the benefits of
biochar application are typically observed within the first year
of application and (due to its recalcitrant nature) are likely
to persist for several years and sequester atmospheric carbon
(Liu et al., 2014). Therefore, the application of biochar to soils
offers a considerable “climate-smart” opportunity to improve soil

fertility and the resilience of smallholder farming systems in the
tropics, and increase food security (Schmidt et al., 2021). Due to
their small scale, urban farms provide an ideal setting to deploy
biochar to improve soil fertility, water retention, and crop yield
and quality (Gwenzi et al., 2015). Therefore, experimentation
with biochar made in kilns that farmers can use and with crops
grown by smallholder urban farmers is necessary.

There is considerable evidence to show that biochar is capable
of adsorbing high concentrations of metal cations such as Cu and
Zn (Rodriguez-Vila et al., 2018) and reducing metal availability
and uptake by plants from soil (Sizmur et al., 2016). This
reduction in availability is largely due to an increase in soil pH
and is a function of the biochar pyrolysis temperature (Gomez-
Eyles et al, 2013). However, while the addition of biochar
to uncontaminated temperate soils has resulted in no change
in the uptake of micronutrients (Cu, Fe, and Zn) by grasses
(Schimmelpfennig et al., 2015), the influence of biochar addition
to acidic tropical soil on the availability and plant uptake of
micronutrients into leafy greens grown on urban farms has not
been investigated. It is critical that biochar applications do not
exasperate the “hidden hunger” by reducing mobility and uptake
of micronutrients by food crops that are vital for urban food
security. We hypothesized that the increase in soil pH resulting
from biochar additions to urban soils may reduce the mobility
and plant uptake of key micronutrients, such as Cu, Fe and Zn,
into the edible portions of leafy greens.

This study aimed to evaluate the effect of biochar application
on micronutrient availability in two contrasting tropical soils
collected from urban farms in Tamale and Kumasi, respectively,
in Ghana. We produced biochars from corn cob, rice husk,
and teak sawdust using a laboratory furnace under defined
temperatures and also using kilns that are available to farmers
(ELSA barrel and Japanese Retort Stove). We used the biochar
made in kilns that are available to farmers to conduct pot
experiments to identify the influence of biochar on the availability
and uptake of Cu, Fe, and Zn. We grew leafy greens (Amaranthus,
Corchorus, and Lettuce) in an acidic tropical soil (pH 4.5) from
Tamale and a neutral tropical soil (pH 6.9) from Kumasi and
measured their growth and the concentration of micronutrients
in their leaves, alongside supporting measurements of soil pH
and micronutrient availability in the soil.

MATERIALS AND METHODS

Soils and Biochars
Soils were collected from small urban vegetable farms within
the two major Ghanaian cities of Kumasi and Tamale. The
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TABLE 1 | Chemical and physical properties of the soil samples (mean + S.D.

n=23).
Kumasi soil Tamale soil

pH 6.90 £+ 0.03 4.48 +0.03
EC (1S) 61.60 + 2.69 21.33+1.05
MC (%) 1.02 +£0.32 0.75 £ 0.01
LOI (%) 2.24 +0.08 1.80 + 0.03
WHC (%) 30.00 + 0.65 35.42 + 0.90
Texture Loamy sand Silty loam
Sand (%) 70.7 36.43
Silt (%) 29 62.44
Clay (%) 0.3 1.13

Total C (%) 1.15+0.08 0.74 £ 0.04
N (%) 0.08 + 0.00 0.05 £+ 0.00
P (mg kg~ 903 + 116 116 + 10.84
K (mg kg™ 103 + 9.31 252 + 97.50
Mg (mg kg™) 164 + 8.48 208 + 26.18
S (mg kg™ 44.45 + 14.09 102 + 11.38
Ca (mgkg™") 2,344 + 273 306 + 20.01
Mn (mg kg~") 69.70 + 6.95 47.00 + 4.53
Cu (mg kg™") 2.41 £0.37 3.55 +1.04
Fe (mg kg™") 1,695 + 69.06 8,726 + 602
Zn (mg kg™") 21.56 + 5.45 11.05 + 1.60

EDTA extractable Mn (mg kg~') 32.99 £+ 0.41 13.90 + 0.39
Cu (mgkg™") 1.44 +£0.03 1.49 +£ 0.04
Fe (mg kg™') 206 + 2.70 206 + 10.21
Zn (mg kg™) 14,17 + 0.55 2.02 4+ 0.07

EC, electrical conductivity; MC, moisture content; LOI, loss on ignition; WHC, water
holding capacity.

Kumasi soil was collected from within the grounds of Kwame
Nkrumah University of Science and Technology (6°40'13.1"N
1°34’05.8"W) and the Tamale soil was collected from a large
open space adjacent to the city parks and gardens (9°24'47.2"N
0°51'07.3”W). Each soil sample was air-dried and sieved
to < 2mm prior to analysis in triplicate for pH, electrical
conductivity (EC), loss on Ignition (LOI), texture, water holding
capacity (WHC), total C and N, total (aqua regia digestible) P, K,
Mg, S, Ca, Mn, Cu, Fe, and Zn and EDTA extractable Mn, Cu,
Fe, and Zn (Table 1). Analytical methods are described below in
Section Analytical Methods.

Biochars were produced from three different feedstock
materials: corn cobs (Zea mays), rice husks (Oryza sativa)
and teak sawdust (Tectona grandis) obtained from farms and
sawmills in Ghana. Feedstock underwent no pre-treatment prior
to pyrolysis. The feedstocks were used to make biochar in a
laboratory environment at 300, 500, and 700°C. The feedstock
was loaded into a steel container (diameter 10 cm, height 18.2 cm)
and covered with a lid with a small hole in the top to prevent over-
pressure. The container was heated in a Carbolite furnace to the
desired temperature and then held for 1h and allowed to cool
overnight before removing the biochar. The same feedstocks were

pyrolyzed using methods by which farmers have been trained
(Steiner et al., 2018), where temperature cannot be specified
or precisely controlled. Corn cobs were pyrolyzed using an
ELSA barrel since this is the best locally available kiln for this
feedstock. Whole corn cobs were loaded into an inner steel
container (diameter 43 cm, height 78 cm), lowered into an oil
drum (diameter 60 cm, height 97 cm), and covered with a lid with
a chimney (height 74 cm, opening width 20 cm) The feedstock
was packed around the outside with “starter material” that was
burned, heating the feedstock until the fire subsided and then
the resulting biochar was quenched with water. Teak sawdust
and rice husk were pyrolyzed using a Japanese Retort Stove (also
referred to as a Kun-tan) because this is the best locally available
kiln for this feedstock since feedstocks with small particle sizes
result in an uneven pyrolysis in an ELSA barrel. A small fire
was started and covered with an inverted steel cone (60 x
40 cm) with a chimney (60 cm high) attached. Holes measuring
2cm were punched 5 x 5cm apart. The feedstock was piled
up around the hot cone and continuously rotated until all the
feedstock was black in color before quenching with water. Prior
to analysis, all biochars were ground to a fine powder using
a TEMA mill (Laboratory Disc Mill TI00ACH). The biochar
samples were analyzed in triplicate for pH, electrical conductivity
(EC), total C and N, and total P, K, Mg, S, Ca, Mn, Cu, Fe, and
Zn (Table 2). Analytical methods are described below in Section
Analytical Methods.

Water Extractable Micronutrients

To measure the water solubility of micronutrients in soil-
biochar mixtures, 3.8 g of either Kumasi or Tamale soil (air
dried and 2mm sieved) was weighed into a polypropylene
centrifuge tube along with 0.2 g of finely ground biochar (apart
from the unamended control treatment, which received only
the 3.8 g of soil). Each of the 12 biochars was combined with
both soils in triplicate, resulting in 26 experimental treatments
and 78 experimental units. Based on the method described by
Sizmur et al. (2011), 40 ml of ultrapure water was added to each
centrifuge tube. Samples were placed on an end-over-end shaker
at 30 rpm for 16h at 20°C and then pH of the biochar/soil
slurry was analyzed with a Jenway 3310 pH meter. The tubes
were immediately centrifuged at 3,600 rpm for 10 min and the
supernatant filtered through 0.45pum syringe filters. Dissolved
Organic Carbon (DOC) was analyzed in the filtered supernatant
using a Shimadzu TOC-L analyzer. A 10 mL sub-sample of the
filtered supernatant was acidified with 5% HNOj3 and analyzed
for Fe, Cu, and Zn on a ThermoFisher Scientific iCAP Q
Inductively Coupled Plasma Mass Spectrometer (ICP-MS).

Plant Pot Experiment

Seeds of Amaranthus, Corchorus, and Lettuce (var Eden F1) were
germinated in a coco coir medium for 1 week, after which plants
for which three true leaves were observed were transplanted into
experimental 3 liter pots (n = 9). One kilogram of air-dried,
2mm sieved soil from either Kumasi or Tamale was added to
each plot, and amended with 50¢g of either corn cobs biochar
made using the ELSA barrel, rice husk biochar made using
the Japanese retort stove, or sawdust biochar made using the
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TABLE 2 | Chemical and physical properties of the biochars (n = 3).

Feedstock Corn cobs Rice husks Teak sawdust

Kiln EB Furnace Furnace Furnace JRS Furnace  Furnace Furnace JRS Furnace  Furnace Furnace
PT (°C) N/A 300 500 700 N/A 300 500 700 N/A 300 500 700
pH 10.00 8.10 10.05 10.52 6.91 6.35 9.13 9.99 6.97 7.37 9.57 9.93
EC (nS) 4,507 872 3,393 5,843 300 313 286 511 542 229 356 845

C (%) 77.6 66.8 79.6 83.3 40.6 M1 42.6 43.8 63.2 60.1 77.5 83.7
N (%) 0.50 0.53 0.49 0.42 0.39 0.32 0.38 0.28 0.54 0.21 0.33 0.30
P (mgkg™") 1,954 627 787 1,068 689 452 695 762 620 1,671 3,249 3,840
K(mg kg™ 24,968 12,297 19,920 23,698 3,284 2,307 3,327 4,005 5,026 2,913 5,399 6,168
Mg (mg kg~") 1,110 658 1,072 984 637 426 666 720 2,042 1,736 3,320 4,040
S (mg kg™ 182 351 217 351 221 247 141 163 526 181 154 166
Ca(mg kg™ 675 361 580 570 1,423 1,118 1,409 1,551 12,396 2,861 5,583 7,264
Mn (mg kg~") 21.90 20.07 26.40 23.93 399 277 424 443 51.96 7.39 14.59 17.76
Cu (mg kg™ <15.68*  <15.68* <15.68" <15.68" <15.68*  <15.68* <15.68" <15.68* | <15.68" <15.68" <15.68" <15.68"
Fe (mg kg~") 428 855 549 412 673 699 816 829 1,973 174 632 616
Zn (mg kg~") 36.75 32.58 55.20 50.16 18.86 12.04 18.55 21.66 29.85 1.87 11.32 11.81

EC, electrical conductivity; PT, Pyrolysis Temperature; EB, ELSA barrel; JRS, Japanese Retort Stove.

*Detection limit.

Japanese retort stove at a rate equivalent to 5% (w/w). Plants were
transplanted shortly after the biochar was mixed with the soil.
The experiment with the Kumasi soil was undertaken prior to
the experiment undertaken with the Tamale soil, and so direct
statistical comparisons should not be made between the soil
types. The rice husk and sawdust biochars were not ground
prior to addition to the pots since they already had a small
enough particle size to ensure homogenous mixing. The corn
cobs biochar (where feedstock was much more bulky) was milled
with a hammer mill to a size of 0.3-0.5mm prior to addition
to the Kumasi soil, but was crushed with a wooden mallet to a
size of 1-3 mm (which better reflected the particle size of the
rice husks and sawdust) prior to addition to the Tamale soil.
Each experiment included 10 treatments, each with 9 replicate
pots, resulting in a total of 90 pots per experiment, and 180 pots
in total.

Plants were reared in a polytunnel in the Department of
Horticulture on the campus of Kwame Nkrumah University
of Science and Technology, Kumasi, Ghana. They were
watered daily with 200ml of tap water per pot, regardless
of soil type, crop size, or air temperature. No fertilizer
was applied. Weekly assessments were made of plant
growth. The number of leaves on each plant was counted
and the height measured using a ruler. The girth of the
stems of Amaranthus and Corchorus plants was measured
using a Vernier caliper at 5cm from the surface of the
soil (data not reported in the paper, but included in the
online dataset).

After 4 weeks the plants were harvested by cutting the
stem at ground level. The leaves were removed from the stem
and the fresh weight of both the leaves and the stem were
taken. Leaves were dried, at 60°C overnight in paper envelopes,
re-weighed, and then milled prior to analysis for Fe, Cu,
and Zn using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) after microwave digestion. Three pots
per treatment were randomly selected and the soils remaining in

each pot were homogenized and one ~50 g sub-sample per pot
air dried prior to analysis of EDTA extractable Fe, Cu, and Zn
using ICP-OES.

Analytical Methods

Soil moisture content was determined by mass lost after
drying soil samples in an oven for ~24h at 105°C. Loss on
ignition was determined by mass lost after oven-dry samples
were combusted in a muffle furnace for ~24h at 500°C.
Texture and particle size distribution were determined using
a Malvern Mastersizer 3000 laser granulometer. Soil water
holding capacity was determined after completely saturated
soils were drained gravimetrically for 24h and then mass
lost was quantified after drying in an oven for ~24h
at 105°C.

Soil and biochar pH was determined with a Jenway
3310 pH meter, calibrated with pH 4 and 7 buffers. 2.5¢
of sample was shaken with 25ml of ultra-pure water on
a rotary shaker for 15min. Electrical conductivity was
analyzed using a Jenway 4310 conductivity meter. Total
C and N content of soils and biochars were analyzed
using a Thermo Scientific Flash 2000 Carbon Nitrogen
analyzer, calibrated with 1 and 3mg samples of an aspartic
acid standard.

EDTA extractable concentrations in soils were analyzed by
ICP-OES. 2.5g of sample was shaken on a rotary shaker for
1h at 20°C, with 25ml of 0.05M EDTA. Suspensions were
then centrifuged for 10 min at 3,600 rpm and the supernatants
were filtered through a Whatman no. 540 filter paper. Total
concentrations of elements in soils were determined by digesting
soil samples in reverse aqua regia using the MARS 6 microwave
digestion system. Our method was based on US-EPA Method
3,051 A—Microwave assisted acid digestion of sediment, sludges,
soils and oils. 0.5g of sample was weighed into MARSXpress
digestion tubes, and 9ml of trace element grade concentrated
nitric acid (HNO3) and 3 ml of trace element grade concentrated
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hydrochloric acid (HCI) were added to each tube. Samples were
digested using the MARS 6 microwave digestion system (the
method ramped the tubes to 175°C for 5min 30s and then held
them at 175°C for 4 min 30s). Digestates were filtered through
Whatman no. 540 filter paper and analyzed by ICP-OES.

Total concentrations of elements in plants were determined
by digesting plant samples in nitric acid using the MARS 6
microwave digestion system. 0.5g of sample was weighed into
MARSXpress digestion tubes, and 2 ml of ultra-pure water and
8 ml of Trace Element Grade concentrated nitric acid (HNO3)
were added to each tube. Samples were digested using the MARS
6 microwave digestion system (the method ramped the tubes to
200°C for 20-25 min and then held them at 200°C for 10 min).
Digestates were filtered through Whatman no. 540 filter paper
and analyzed by ICP-OES.

Total concentrations of elements in biochar were determined
by digesting biochar samples in nitric acid using a digestion
block. 0.5 g of sample was weighed into 100 ml Kjeldahl digestion
tubes and 10 ml of Trace Element Grade concentrated nitric acid
(HNO3) were added to each tube. Samples were heated to 60°C
and held for 3h before raising to 110°C and digested for 6 h.
Digestates were filtered through Whatman no. 540 filter paper
and analyzed by ICP-OES.

Quality Control

For total C and N content, soils and biochars were analyzed
alongside one blank every 20 samples and 10mg internal
reference material (105 % 0.2% recovery for C and 101 £ 2.5%
recovery for N), traceable to certified reference materials AR4016,
Alpha Resources (certified for C) and GBW07412, State Bureau
of Technical Supervision, China (certified for N). For EDTA
extractions, reverse aqua regia digestions of soils, and nitric acid
digestion of plant material, samples were analyzed alongside
internal reference materials which are traceable to certified
reference materials. Blanks were included in all extractions and
digestions and values were subtracted from sample results if they
exceeded the detection limit.

Statistical Analysis

Statistical analyses were carried out using SPSS, including
Analysis of Variance (ANOVA) to calculate the difference in
means between samples. Dunnett T3 and Tukey’s post-hoc tests
were used for mean comparisons. Statistical significance was
determined at 95% confidence interval with the significance level
at p < 0.05.

RESULTS
Soil pH and DOC in Biochar-Amended Soils

The pH of Kumasi and Tamale soil samples were found to
generally increase with the addition of biochar and increase with
increasing biochar pyrolysis temperature (Figures 1A,B). A 5%
(w/w) amendment of Tamale soil with corn cob, rice husk and
teak sawdust biochar significantly (p < 0.05) increased the soil
pH from 4.89 to 6.92, 5.47, and 6.13, respectively (Figure 1B).
Conversely, only the corn cob biochar made using the ELSA
barrel significantly (p < 0.05) increased the soil pH of the
Kumasi soil from 7.24 to 8.47. While the amendment of soils

with biochars produced in the laboratory at 300°C significantly
(p < 0.05) increased the DOC, there was a general trend
that DOC in water extracts decreased with increasing biochar
pyrolysis temperature (Figures 1C,D).

Water Extractable Fe, Cu, and Zn

Concentrations in Biochar-Amended Soils
While there are few statistically significant differences between
biochar-amended soils and unamended control soils in terms of
water extractable Cu and Zn, biochars tended to decrease water
extractable Fe in the Kumasi soil (Figure 2A) and increase water
extractable Fe in the Tamale soil (Figure 2B). Some results for
Zn concentrations in teak sawdust amended soils were below
detection limit (0.08 mg kg_l) (Figures 2E,F). Whereas the Fe
concentrations of the soils (Table 1) are much higher than the Fe
concentrations of the biochars (Table 2), the Zn concentrations
of the corn cob biochars (Table2) are greater than the Zn
concentrations of the soils (Table 1), and thus may contribute
directly to the water extractable Zn (Figures 2E,F).

EDTA Extractable Fe, Cu, and Zn

Concentrations in Biochar-Amended Soils
All three biochars significantly (p < 0.05) reduced EDTA-
extractable Fe in Kumasi soil grown with Amaranthus and
Lettuce (Figure 3A), and EDTA-extractable Cu in Kumasi soil
grown with Amaranthus, Corchorus and Lettuce (Figure 3C).
Corn cob biochar significantly (p < 0.05) increased EDTA-
extractable Zn in Kumasi soil grown with Amaranthus
(Figure 3E). The teak sawdust biochar significantly (p < 0.05)
reduced EDTA-extractable Fe in Tamale soil grown with
Amaranthus, Corchorus and Lettuce but corn cob and rice husk
biochars significantly (p < 0.05) increased EDTA-extractable Fe
in Tamale soil grown with Lettuce (Figure 3B). Rice husk biochar
significantly (p < 0.05) reduced EDTA-extractable Cu in Tamale
soil grown with Amaranthus, and corn cob and teak sawdust
biochars significantly (p < 0.05) increased EDTA-extractable Cu
in Tamale soil grown with Lettuce (Figure 3D). Corn cob biochar
also significantly (p < 0.05) increased EDTA-extractable Zn in
Tamale soil grown with Lettuce (Figure 3F).

Soil pH Impacts on Leafy Green Growth in

Biochar-Amended Soils

The corn cob biochar significantly (p < 0.05) increased the pH
of both the Kumasi and Tamale soils used in the polytunnel
experiment (Figures 4A,B), but the rice husk and teak sawdust
biochars increased the pH of the Tamale soil and decreased
the pH of the Kumasi soil. Corn cob biochar amended soil
had the highest pH (pH >8) in Kumasi soil (Figure 4A), and
teak sawdust biochar amended soil had the highest pH (pH
~6.5) in Tamale soil (Figure 4B). Plant biomass and the number
of leaves for biochar amended soil was similar to, or lower
than, the unamended control in Kumasi soil (Figure 4C), with
considerable and significant (p < 0.05) reductions in biomass
due to the addition of corn cob biochar. Amendment with all
three biochars increased plant biomass and the number of leaves
of Amaranthus, Corchorus and Lettuce grown in Tamale soil
(Figure 4D), where significant (p < 0.05) increases in soil pH
were also found (Figure 4B). Considerable significant (p < 0.05)
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increases in both the number of leaves (Figure 4F) and biomass
(Figure 4D) of Amaranthus were observed with a 5% (w/w)
amendment of Tamale soil with either corn cob, rice husk, or teak
sawdust biochar.

Micronutrient Uptake by Leafy Greens in

Biochar-Amended Soils

Although a direct statistical comparison cannot be made, plants
growing in Tamale soil tended to have greater concentrations of
Fe, Cu, and Zn in their edible portions than the plants grown
in Kumasi soil and the differences in micronutrient content of
plants grown in the different soils were generally larger than
the differences observed due to the amendment of the soils
with biochar (Figure5). For Kumasi soil, corn cob biochar
significantly (p < 0.05) increased the concentration Cu and Zn in
Amaranthus leaves and Zn in Corchorus leaves (Figures 5C,E),
but significantly (p < 0.05) reduced Fe and Cu concentration
in Corchorus leaves and Zn concentration in Lettuce leaves
(Figures 5A,C,E). Teak sawdust biochar significantly (p < 0.05)
reduced Fe in Amaranthus and Cu in Corchorus leaves in
Kumasi soil (Figures5A,C). Amendment of the Kumasi soil
with rice husk biochar significantly (p < 0.05) reduced Fe,
Cu, and Zn concentration in Amaranthus and Corchorus
leaves, and Zn in Lettuce leaves (Figures 5A,C,E). Teak sawdust
biochar significantly (p < 0.05) increased Fe concentration in
Amaranthus and Lettuce leaves and Cu concentration in the

leaves of Lettuce grown in Tamale soil (Figures5B,D), but
significantly (p < 0.05) reduced Cu concentration in Amaranthus
leaves, and Zn concentration in Amaranthus, Corchorus and
Lettuce leaves grown in Tamale soil (Figures 5D,F). Corn cob and
rice husk biochars increased Cu concentrations in Lettuce leaves
grown in Tamale soil (Figure 5D).

When micronutrient concentration was multiplied by leaf
biomass, the total plant uptake of Fe, Cu, and Zn into
Amaranthus, Corchorus, and Lettuce leaves can be calculated
and the effect of biochar amendment on total plant uptake of
micronutrients is shown in Figure 6. Generally, plant uptake of
Fe, Cu, and Zn from biochar amended Kumasi soil was similar
or lower than from the unamended control (Figures 6A,C,E).
However, biochars generally increased total plant uptake of Fe,
Cu, and Zn into Amaranthus, Corchorus, and Lettuce leaves
grown in Tamale soil (Figures 6B,D,F). These differences are
driven more by the impacts of biochar on plant biomass
(Figure 4) than the impacts of biochar on Fe, Cu, and Zn
concentrations in the leaves of the plants (Figure 5).

DISCUSSION

Soil pH and Micronutrient Availability in

Biochar-Amended Soils
The soil pH was found to generally increase with increasing
biochar pyrolysis temperature in water extracts from both
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FIGURE 2 | Biochar influence on Fe, Cu, and Zn concentrations in water extracts in Kumasi (A,C,E) and Tamale (B,D,F) soil. The control treatment comprised no
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(o < 0.05). Error bars represent standard deviation n = 3.

water extracts of teak sawdust biochar amended soils were below detection limit (0.08 mg kg~'

). Data with asterisks are statistically significantly different from control

Kumasi and Tamale soils amended with biochar (Figures 1A,B)
in agreement with Khanmohammadi et al. (2015) and Pariyar
et al. (2020). If we compare the pH of Kumasi soil amended
with the three biochars produced using the ELSA barrel (corn
cobs) and Japanese retort stove (rice husk and teak sawdust),
we observe that corn cob biochar significantly increased soil
pH, but rice husk and teak sawdust did not (Figure 1A). It
is therefore possible that this increase in pH observed can be
due to the type of feedstock or the pyrolysis method used to
produce the corn cob biochar. The corncob biochar resulted
in significantly (p < 0.05) greater pH in both the Kumasi and
Tamale soils remaining in pots at the end of the plant pot

experiment (Figure 4). Although a direct statistical comparison
cannot be made between the two pot experiments, we observed
that the corn cob biochar produced the highest increase of pH
in neutral Kumasi soil compared to the unamended control
(Figure 4A), but not in acidic Tamale soil (Figure 4B). For the
first plant pot experiment, corn cob biochar applied to Kumasi
soil was milled, but in the second experiment corn cob biochar
applied to Tamale soil was crushed so that the particle size
was more similar to that or rice husks and sawdust. This may
explain the differences in pH between Kumasi and Tamale soils
amended with corn cob biochar in the plant pot experiment,
since milling increases biochar surface area and can influence
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biochar pH (Lyu et al., 2018; Leng et al., 2020). The different
influence of different biochars on the soil pH supports the
possibility that individual feedstocks could be used to manipulate
different soils to target a specific pH range that is suitable
for growing specific crops and a decision support tool could

be used to recommend biochar type and rates (Phillips et al.,
2020).

The addition of biochar to soils had a relatively minor
impact on the water extractable (Figure 2) or EDTA extractable
(Figure 3) Fe, Cu, and Zn concentrations. However, some of the

Frontiers in Sustainable Food Systems | www.frontiersin.org

8 May 2022 | Volume 6 | Article 821397


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Rodriguez-Vila et al.

Biochar Impact on Micronutrient Availability

pH

Biomass (g)
~N w

-

25 4

20

15

10

Number of leaves

Kumasi

Corchorus

Amaranthus

Kumasi

Amaranthus Corchorus Lettuce
Kumasi
RES
I - By
ﬂ
Amaranthus Corchorus Lettuce

pH

Number of leaves @

6.0

5.5

5.0

4.5 4

4.0 4

Biomass (g)

-

35

20

w

30 A

25 4

-
w

-
o

B No amendment Corn cob bichar @ Rice husk biochar [ Teak sawdust biochar

5.5 1

Tamale
Amaranthus Corchorus Lettuce
Tamale .
Amaranthus Corchorus Lettuce
Tamale

i

i

Amaranthus

Corchorus Lettuce

FIGURE 4 | Soil pH, leaf biomass per pot, and number of leaves per pot 4 weeks after planting, for Amaranth, Corchorus, and Lettuce grown in Kumasi (A,C,E) and
Tamale (B,D,F) soils amended with 5% (w/w) corn cob biochar, rice husk biochar, or teak sawdust biochar. There was one plant per pot in the greenhouse
experiments (n = 9). Data with asterisks are statistically significantly different from control for each crop (p < 0.05). Error bars represent standard deviation n = 3.

treatments with the highest water extractable Cu concentrations
in Kumasi soil (CC300, RH300, and TS300; Figure 2C) also
had the highest DOC concentrations (Figure 1C). The water
extractable Cu concentrations could therefore partially be
explained by DOC concentrations since Cu binds strongly with

DOC in solution, resulting in more Cu desorbing from soil
surfaces and establishing a new equilibrium with a greater
amount of Cu in solution (Zhao et al., 2007). There is
also a general trend that DOC in water extracts decreased
with increasing biochar pyrolysis temperature (Figure 1), in
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agreement with Gui et al. (2020) and Wang et al. (2021).
The only significant impact of biochar on water soluble Cu in
Kumasi soil was the significant reduction observed in treatment
RH700. It is possible that the biochars contribute with Zn to
the soils due to the biochar composition. It has been suggested

that that some biochars may release heavy metals (including
Zn, which is both a heavy metal and a micronutrient) to the
extent that it causes toxicity (Kookana et al., 2011). However,
the concentrations of Zn for all the biochars were generally an
order of magnitude lower than the limits set by the European
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Biochar Certificate (Schmidt et al., 2016). Other authors have
also observed a decrease in exchangeable Fe after biochar
amendment, alongside an increase in pH (Ch'ng et al., 2016).
However, while chemical extractions (including EDTA extracts

and water soluble extractions) are useful for determining how
amendments influence micronutrient solubility, they are not
necessarily representative of plant uptake and this is particularly
the case with Fe. Most Fe in soil is present as Fe(III), mostly
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precipitated as oxides, hydroxides, and oxyhydroxides, and is
generally not very soluble and this is insufficient to satisfy plant
demand. Therefore, plants regulate Fe availability and achieve Fe
uptake through rhizosphere processes that include acidification,
chelation and reduction of Fe(III) in the soil and then uptake of
Fe(II) from the soil solution (Robin et al., 2008). It is therefore
unlikely that the Fe concentrations in the water extractable
or EDTA extractable fractions represent the pool of Fe truly
accessible to the plants. This may explain why EDTA extractable
Fe and water extractable Fe do not reflect plant uptake.

Plant Growth and Micronutrient Uptake in

Biochar-Amended Soils

The application of biochar considerably increased the leaf
biomass in the pH 4.5 Tamale soil, but decreased the leaf biomass
in the pH 6.9 Kumasi soil (Figure 4). This effect can largely be
explained by the starting pH of the soil and the pH of the soil
after biochar amendment, although other differences between the
soils cannot be ruled out. The application of corn cob biochar
to the Kumasi soil raised the pH to >9 and this was reflected
by significantly lower Amaranthus, Corchorus, and Lettuce leaf
biomass. While it has been well demonstrated that there is a
greater potential to increase crop yields in acidic soils than
neutral soils due to a liming effect (Jeffery et al., 2011), the
idea that biochar increases crop yields in tropical soils (Jeffery
et al., 2017) may be a little too simplistic. The negative impact of
inappropriate biochar application on pH neutral tropical soils is
less well publicized than its beneficial impacts in acidic soils (Xu
et al., 2012; Manso et al,, 2019). A single application of biochar
can influence soil properties and plant performance for several
years afterwards (Frimpong et al., 2021). Therefore, advice to
farmers on the application of biochar to soils must be site-specific
and effectively predict the influence that the biochar application
will have on the pH of the soil.

While there has been considerable focus on the impact of
biochar on crop yields, the nutritional quality of the crops has not
been so well studied, particularly with regard to micronutrients.
We found that the concentration of Fe, Cu, and Zn in the
edible portions of leafy greens was not greatly affected by biochar
application (Figure 5), but (after multiplying concentration by
biomass) the total uptake of Fe, Cu, and Zn was, generally
speaking, increased by all three biochars in the acidic Tamale
soil and, generally speaking, decreased by the corn cobs biochar
in the neutral Kumasi soil (Figure 6). Since biochars are known
to have a high surface area, which increases with pyrolysis
temperature (Tomczyk et al., 2020), we hypothesized that the
surface of the biochar may adsorb metal ions and prevent their
uptake into plants, as has been observed in soils contaminated
with Cu and Zn (Namgay et al, 2010; Kim et al., 2015; Puga
et al.,, 2015). However, as we discuss above, the biochar had
relatively little impact on micronutrient solubility and it is
clear that the leafy greens are able to regulate their internal
micronutrient concentrations and acquire sufficient Cu, Fe, and
Zn. The concentrations required for good nutritional status
vary considerably between different varieties, but there were no
indications that any of the plants grown in this experiment were

nutrient deficient. Therefore, the biomass of the plant was the
primary driver of the total micronutrient extraction from the soil.

CONCLUSIONS

The results of this study revealed that biochar increased soil
pH and considerably increased plant growth in the acidic (pH
4.5) urban soil from Tamale. It is therefore appropriate to
recommend the application of biochars to this soil and the
5% (w/w) amendment with teak sawdust biochar is particularly
recommended since it increased Amaranth, Corchorus and
Lettuce biomass by 2,194, 173, and 1,032%, respectively.
However, in the neutral (pH 6.9) urban soil from Kumasi soil
pH was increased to >9 after amendment with corn cob biochar
and this resulted in a decrease in the leaf biomass of Amaranthus,
Corchorus, and Lettuce to 15, 36, and 25% of the unamended
biomass, respectively. The concentrations of micronutrients (Cu,
Fe, Zn) in the soil solution and the edible portions of leafy
greens were not greatly affected by biochar application, but the
total uptake of micronutrients from the soil (multiplying leaf
micronutrient concentration by leaf biomass) was increased by
biochar application to the acidic soil and decreased in the neutral
soil, proportional to the changes in biomass. We therefore do not
identify concerns that biochar application reduces the nutritional
quality of food crops. However, our results highlight the need for
site-specific information on soil pH prior to recommendations
on biochar application to tropical soils. Soil pH was found to
generally increase with increasing biochar pyrolysis temperature
and the three biochars increased pH to a different extent.
Therefore, recommendations on the appropriate application
rates of particular biochars pyrolyzed at particular temperatures
for specific soils would optimize benefits and prevent unintended
and potentially irreversible consequences of raising the pH above
optimum levels.
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