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Abstract: Full-scale pyrolysis of faecal sludge in developing nations is an emerging technology for the
complete removal of pathogens and the concurrent creation of biochar, a soil amendment shown to
enhance crop productivity. Currently there is little information on the effects of faecal sludge biochar
on soil and crop yield. Faecal sludge biochar was applied to an acidic, sandy soil to assess its effects
on plant growth and yield in Micro-Tom, a model cultivar of tomato (Solanum lycopersicum L.). We
examined four soil application treatments: a control soil, fertilizer treatment, biochar treatment, and a
combined biochar and fertilizer treatment. The combined treatment of biochar and fertilizer together
produced a tomato yield 2980% greater than the tomato yield from control soil, whereas biochar on
its own increased the yield by 1060%. There was no significant difference in plant height between
the combined biochar and fertilizer application and biochar on its own; however, both treatments
significantly increased plant height compared to control soil. Below ground biomass showed a similar
pattern, with no significant difference between biochar alone and combined biochar and fertilizer
treatments, and both treatments resulted in significantly increased below ground biomass compared
to control soil. The combined biochar and fertilizer treatment resulted in significantly lower water
runoff than all other treatments. These findings have great potential implications for increasing food
security and the creation of more sustainable agricultural practices, especially in developing regions.

Keywords: biochar; faecal sludge; tomato; crop yield; acidic soil

1. Introduction

It is estimated that 2.3 billion people in the world still do not have access to basic
sanitation facilities [1]. Approximately 2.1–2.6 billion people in low- and middle-income
nations depend on onsite sanitation facilities [2] that generate vast quantities of untreated
faecal sludge (FS) each day. In developing countries, the dumping of untreated faecal
sludge from onsite sanitation facilities straight into the environment causes water pollution
due to the high nutrient content and poses a danger to public health due to the high
pathogen content. Long-term and more sustainable solutions to deal with faecal sludge
that do not involve expensive water- and energy-intensive sewer systems are needed.

The thermochemical treatment of faecal sludge produces biochar, which differs from
charcoal as its main use is soil amendment [3]. Biochar is a carbon-rich, charcoal-like
material produced by biomass pyrolysis at temperatures of 350–1000 ◦C in the absence of
oxygen [4]. The original feedstock source and pyrolysis temperature are the two principal
factors determining the physico–chemical properties of biochars [5–7]. Other parameters
influencing biochar properties include residence time, heating rate, and feedstock particle
size [8]. Residence time has been shown to have no influence on the ash content or pH of
biochar, with the feedstock being the primary driver in terms of inorganic mineral content,
pH, and ash content of biochar [9]. The use of biochar to enhance soil fertility and increase
crop growth arose from the analysis of Amazonian black earth (Terra Preta), a very dark,
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fertile soil with higher organic carbon and nutrient contents than surrounding soils [10]. Not
only does biochar improve the carbon content and nutrient levels, but it can also increase the
cation-exchange capacity (CEC) of the soil [10], the water-holding capacity [11], and increase
pH levels in acidic soil [12]. As well as improving the physical and chemical properties
of soil, biochar as a soil amendment is beneficial for long-term carbon sequestration and
enhancement of soil microbial life [13–15]. Biochar can be applied to improve poor acidic
soils, the majority of which are found in the tropics and subtropics [16] in developing
nations, which are more at risk of climate change and food insecurity [17,18]. Many
developing nations, such as countries located in Sub-Saharan Africa, suffer from soil
degradation [19], including low soil pH, low fertility, and low water-holding capacity [20].

The greatest rise in food demand is also projected to occur in the world’s poorest
nations, where climate change will likely decimate crop yields by 15–20% [21]. In devel-
oping nations, subsistence farming and small-scale agricultural settings are widespread,
so improving soil health is critical to increase crop yield and alleviate food insecurity in
these regions. The application of inorganic fertilizer to improve soil fertility has increased
over the years in developing nations. However, there are still potential constraints to
its large-scale application, such as supply problems and inappropriate fertilizer blends
for local soil properties [22]. These constraints are greater in countries with limited or
non-existent input subsidy programs, and thus overall, approximately only a third of sub-
Saharan African farmers use inorganic fertilizers [23]. Biochar has the potential to be used
as either an alternative where fertilizer is not readily available or to be used in combination
with fertilizer to improve nutrient uptake and increase crop yield [24]. The application
of biochar with inorganic fertilizer has shown to improve crop yield and profitability in
Ghana [25]. Additionally, only a small fraction of acidic soil is used for arable crops globally,
but approximately 50% of the earth’s potential arable lands are acidic [26]. Faecal sludge
biochar with its liming capability has the potential to improve these soils and increase
crop productivity.

Aside from poor, infertile soils, climate change-induced droughts will exacerbate
food insecurity by decreasing farming output and negatively impacting the livelihoods of
smallholder farmers in developing nations [27]. Nearly 6 billion people will experience
clean water scarcity by 2050 due to the rising demand for water, declining water resources,
and increasing water pollution, driven by rapid economic and population growth [28].
Biochar has the potential to alleviate drought conditions and improve crop yield due to
its water-holding capacity (WHC) [29]. The porous structure of biochar results in greater
WHC of soil [30] and increases water availability [31–33]. Biochar application has been
shown to reduce wilting in tomato seedlings under drought conditions [34]. The adsorption
behaviour of biochar is also strongly aligned with its cation-exchange capacity, and this
along with WHC is critical to improving water and nutrient retention in the sandy soils of
smallholding farms in developing regions such as Sub-Saharan Africa [19].

Biochar production from faecal sludge creates an opportunity to recover nutrients from
waste alongside increased soil fertility, crop yields, and food security in the poorest regions
on the planet. There is a considerable amount of research investigating the characteristics
of sewage sludge-derived biochar but less on faecal sludge biochar [35]. Faecal sludge
biochar has been shown to increase yield and tissue nutrient concentrations in lettuce [36]
as well as increase the pH and CEC of soil [37]. Research has largely focused on small-
scale laboratory produced biochar; however, it is becoming increasingly important to
investigate the biochar characteristics and agronomic properties of operational up-scaled
sludge treatment technologies [38]. The real-world, large-scale production of FS biochar
can result in biochars with varying characteristics, which influence the effectiveness of
these biochars in improving soil properties and increasing crop yields. The properties of
faecal sludge itself can vary over season and location [39], and heavy metal concentrations
within biochars can be affected by the disposal of polluting waste in community toilets [40].
In large-scale treatment facilities, sintering of the material can occur in the reactor, leading
to the removal of these sintered mineral depositions from the reactor on a weekly basis [41].
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Therefore, biochar towards the end of the week may contain more sintered material, which
would affect its properties. The ash content of biochar influences the biochar pH and plays
an important role in it use as a soil amendment due to the liming effect. The ash content of
FS biochars can vary over time and location due to contamination of faecal sludge by sand
and grit caused by poorly lined containment structures [42] and sand adhering to the faecal
sludge from the surface of drying beds [43]. Investigating the effectiveness of faecal sludge
biochar from large-scale treatment plants as soil amendments is crucial to inform the use of
these biochars in the future and to help solve the sanitation crisis in developing countries.

Tomatoes were chosen for this study as they are one of the most popular and most
widely grown vegetables in the world [44] and tomato production is a major source of
income for smallholder farmers in developing countries [45–47]. The tomato cv. Micro-Tom
was chosen as it is an ideal candidate cultivar for a tomato model system. This is due to its
small size, rapid life cycle (70–90 days from seed to fruit ripening), and its suitability for
large-scale cultivation [48,49].

The aim of this study was to assess the agronomic potential of three large-
scale-produced faecal sludge biochars on the yield of the tomato cultivar Micro-Tom
(Solanum lycopersicum L.) in acidic, nutrient-poor soils. The effects on plant height, leaf
length, tomato yield, above and below ground biomass, water runoff, and soil proper-
ties of application of biochar, fertilizer, and combined fertilizer and biochar treatments
were investigated.

2. Materials and Methods
2.1. Biochar

The faecal feedstocks for the preparation of the biochars used in this study were
sourced from three different faecal sludge and septage processors in India: Narsapur in
Andhra Pradesh, Warangal in Telangana, and Wai in Maharashtra. The Warangal and
Narsapur treatment plants currently have a capacity of 15 m3 per day, whereas the Wai
treatment plant has a capacity of 70 m3 per day. FS collected from septic tanks is delivered
to each processing plant where it is stored in holding tanks for homogenization of the
sludge. Tide Technocrats Private Limited have several community-scale faecal sludge
and septage processors that sanitise faecal waste and dewater the sludge (5–10% moisture
content) using solar energy in drying beds. Solar drying is managed on-site and expedited
by spreading the sludge in a 10 mm layer. The sludge is pyrolysed into biochar using
a flame temperature operating range of 550–750 ◦C. The process relies on autothermal
operation, thus a limited supply of oxygen flows through an air fan into the main reaction
chamber to allow for partial oxidation. The biochar is stored in airtight boxes and quenched
in water baths. Three 5 kg biochar samples were collected from each processor in September
2018. Previous work showed that there were some differences in biochar properties in
terms of pH, pore volume, electrical conductivity, carbon content, and ash content [50].
Therefore, the glasshouse trial included three replicates of each biochar to determine the
effect on plant height and fruit yield of each biochar.

The basic characteristics of the biochars, WGL_BC (Warangal biochar), NSP_BC (Narsa-
pur biochar), and WAI_BC (Wai biochar), are given in Table 1. Detailed methods for
determining the biochar properties were previously reported [50].
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Table 1. Proximate analyses, elemental analyses, pH, EC, and surface area measurements of biochars.

Parameter Unit WAI BC NSP BC WGL BC

pH [] 11.81 ± 0.01 11.82 ± 0.01 12.25 ± 0.01

EC [mScm−1] 2.70 ± 0.09 1.79 ± 0.17 9.00 ± 0.02

Moisture [%] 3.08 ± 0.01 2.15 ± 0.31 0.98 ± 0.05

Ash [%] 62.3 ± 0.32 67.0 ± 2.68 88.3 ± 0.21

C [%] 21.11 23.79 8.06

N [%] 1.32 1.13 0.37

H [%] 1.55 0.73 1.15

S [%] 0.03 0.27 0.03

O * [%] 13.7 7.1 2.1

H/C [] 0.9 0.4 1.7

C/N [] 18.7 24.6 25.4

O/C [] 0.5 0.2 0.2

SBET N2 [m2·g−1] 3.52 ± 0.78 3.69 ± 0.36 12.07 ± 4.12

N2 TPV [cm3·g−1] 0.011 0.011 0.019

SBET CO2 [m2·g−1] 46.72 ± 7.0 74.20 ± 4.0 26.11 ± 2.6

CEC [cmol·kg−1] 90.0 ± 6.5 41.9 ± 2.2 129.3 ± 2.3
(EC = Electrical Conductivity, C = Carbon, N = Nitrogen, S = Sulfur, Oxygen, SBET = Surface Area measured by
BET, TPV = Total Pore Volume, SSA = Specific Surface Area, CEC = Cation-Exchange Capacity). * Oxygen was
calculated by subtracting the total percentages of carbon, hydrogen, nitrogen, sulfur, and ash content from 100.

2.2. Soil

The soil selected for the study had similar pH values to Indian red soil, which is found
in many regions of India, including Andhra Pradesh and Telangana, and is acidic in nature
with pH 5.4 [43]. The soil used for this study was collected from farmland at Cathelyd Isaf
Farm (51◦42′38.0” N; 3◦54′40.9” W) near Swansea, Wales. It had a loamy, sandy texture and
was acidic in nature, with a pH measured at 5.0 ± 0.06. A composite sample was collected
down to 0.2 m of the topsoil layer, and then sieved through a 5 mm sieve. At the end of
the trial, 5:1 deionised water to soil solutions were prepared and the pH of the soil was
measured using a Voltcraft soil pH meter. Soil electrical conductivity was measured using a
Whatman CDM 400 electrical conductivity meter. The soil textural and chemical properties
are reported in Supplementary information (Tables S1 and S2).

2.3. Plant Growth Experiment

The Micro-Tom cultivar (Solanum lycopersicum L.) was used to examine the impacts of
faecal sludge biochar on plant height, fruit yield, water runoff, above and below ground
biomass, and leaf length. The tomato plant trials were carried out between June and
August 2020 in an outdoor glasshouse environment to maintain conditions close to field
conditions whilst maintaining control over certain parameters. The temperature ranged
from a minimum of 7 ◦C to a maximum of 49 ◦C, and the humidity ranged from 17% to
100%. The average temperature for the duration of the trial was 19.3 ± 6.2 ◦C and the
average humidity was 80.6 ± 16.7%.

Cylindrical plastic pots 9 cm in diameter and 8.7 cm in height were used for the
pot trials. The experimental design was a random block design with four treatments
and nine replications. The four treatments were: (i) soil (control); (ii) soil with fertilizer
(Fert); (iii) soil with biochar (BC); and (iv) soil with biochar and fertilizer (BC + Fert). All
treatments containing biochar, including the combined biochar and fertilizer treatment,
were divided into subgroups with three of each biochar from the three different processing
plants in Warangal (WGL), Wai (WAI), and Narsapur (NSP) (Figure 1). The fertilizer used
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was a commercial seaweed enriched fertilizer called Gro-Sure (NPK 6.0 3.0 10.0). An
environmental logger (Elitech multi-use temperature and humidity data logger model
RC-51H) was used to record the temperature and humidity every 2 h for the duration of
the trial (Supplementary Figures S1 and S2).

Agronomy 2023, 13, x FOR PEER REVIEW 5 of 22 
 

 

commercial seaweed enriched fertilizer called Gro-Sure (NPK 6.0 3.0 10.0). An environ-

mental logger (Elitech multi-use temperature and humidity data logger model RC-51H) 

was used to record the temperature and humidity every 2 h for the duration of the trial 

(Supplementary Figures S1 and S2). 

In each pot, 137.74 g of air-dried soil was packed and biochar was applied at 4.2% 

(w/w), which was approximately equivalent to 10 t ha−1. A commercial liquid tomato fer-

tilizer was applied, equivalent to 90 kg of nitrogen, 50 kg of phosphorus, and 50 kg of 

potassium ha−1. Fertilization commenced 4 weeks after the seeds were planted and con-

tinued once a week for the duration of the experiment. 

Seeds of tomato were sown in seedling trays using a commercial compost to encour-

age germination before being transplanted into the treatment pots. After two weeks, the 

germinated seedlings from the seedling trays were transferred to the pots containing soil 

and biochar. For the first 10 days, the pots were watered without drainage and moisture 

levels were monitored using a soil moisture sensor (Manufacturer: HYCKee). 

After 10 days, sealable polythene bags were placed around each pot and the plants 

were watered with drainage to allow the runoff water volume to be measured. All pots 

were irrigated with the same volume of water every other day and occasionally every day 

depending on weather conditions. Measurements of water runoff commenced on day 22 

after initial seed planting and plant height on day 31 when the plants had grown to a 

height that allowed accurate measurement. Plant height was measured using a tape meas-

ure from the soil to the tip of the plant. Plant height was measured every other day 

throughout the experiment. During the trial, the runoff from each plant was collected in 

a polythene bag placed around the pot. After an hour, water runoff was measured by 

decanting the water from the polythene bags into a measuring cylinder. The length of the 

largest leaf in each plant was measured throughout the experiment starting from Day 24 

after planting. At harvest, all fruits were counted and weighed, and the wet above ground 

and below ground biomass for each plant were measured. The roots were carefully re-

moved from the soil and washed with water before being placed on paper towels to re-

move excess water before weighing. 

 

Figure 1. Graphical representation of treatments and subgroups in the study. 

2.4. Statistical Analysis 

The relationship between the biochar soil treatments and the specific plant responses 

and soil properties were examined using generalised linear models in R (R Core Team, 

2021). Plant growth responses, which were plant height, leaf length, and above and below 

ground biomass, were examined against the four different treatments (control, fertilizer, 

biochar, and combined biochar and fertilizer) using a GLM (generalised linear model) and 

Figure 1. Graphical representation of treatments and subgroups in the study.

In each pot, 137.74 g of air-dried soil was packed and biochar was applied at 4.2%
(w/w), which was approximately equivalent to 10 t ha−1. A commercial liquid tomato
fertilizer was applied, equivalent to 90 kg of nitrogen, 50 kg of phosphorus, and 50 kg
of potassium ha−1. Fertilization commenced 4 weeks after the seeds were planted and
continued once a week for the duration of the experiment.

Seeds of tomato were sown in seedling trays using a commercial compost to encourage
germination before being transplanted into the treatment pots. After two weeks, the
germinated seedlings from the seedling trays were transferred to the pots containing soil
and biochar. For the first 10 days, the pots were watered without drainage and moisture
levels were monitored using a soil moisture sensor (Manufacturer: HYCKee).

After 10 days, sealable polythene bags were placed around each pot and the plants
were watered with drainage to allow the runoff water volume to be measured. All pots
were irrigated with the same volume of water every other day and occasionally every day
depending on weather conditions. Measurements of water runoff commenced on day 22
after initial seed planting and plant height on day 31 when the plants had grown to a height
that allowed accurate measurement. Plant height was measured using a tape measure from
the soil to the tip of the plant. Plant height was measured every other day throughout
the experiment. During the trial, the runoff from each plant was collected in a polythene
bag placed around the pot. After an hour, water runoff was measured by decanting the
water from the polythene bags into a measuring cylinder. The length of the largest leaf in
each plant was measured throughout the experiment starting from Day 24 after planting.
At harvest, all fruits were counted and weighed, and the wet above ground and below
ground biomass for each plant were measured. The roots were carefully removed from the
soil and washed with water before being placed on paper towels to remove excess water
before weighing.

2.4. Statistical Analysis

The relationship between the biochar soil treatments and the specific plant responses
and soil properties were examined using generalised linear models in R (R Core Team, 2021).
Plant growth responses, which were plant height, leaf length, and above and below ground
biomass, were examined against the four different treatments (control, fertilizer, biochar,
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and combined biochar and fertilizer) using a GLM (generalised linear model) and a post-
hoc pairwise test was applied to examine the significance across the different treatments
using the emmeans package [51], which was adjusted accordingly for the different model
distributions. For all plant responses, the GLM was modelled to a gamma distribution
due to the positive skewness displayed, except for plant height, which was modelled to
a Gaussian distribution. A second set of GLMs was applied to the same plant growth
responses to examine whether the presence of biochar (regardless of fertilizer treatment)
was more influential than the combination of treatments. This analysis was then repeated
to examine whether the presence of fertilizer was the overriding factor affecting plant
growth. AIC scores for each of the models in each case were compared to ascertain the most
parsimonious model. The same set of analyses was repeated for soil properties, including
water runoff, pH, and electrical conductivity (EC), also using a gamma distribution due
to the positive skewness in the dataset’s distributions. For fruit production (number of
fruits and yield), the dataset also showed positive skewness, which was appropriate to a
gamma distribution. However before the same set of analyses was conducted, the dataset
was transformed to remove zeros in order to avoid model error from the small number of
individuals that did not produce any fruit. For all plant and soil responses, an additional
analysis was conducted to examine whether biochar type significantly altered the response
variable. The data were subsetted into biochar presence, and GLM models were applied
to examine all response variables against the three different types of biochar (Warangal,
Narsapur, and Wai), except for EC, as biochar was not significant in altering soil EC. The
results are listed in Supplementary material.

3. Results
3.1. Plant Growth Responses
3.1.1. Plant height and leaf length

Plants treated with the biochar and fertilizer combination grew the tallest (11.5 cm)
and plants that were subjected to biochar only were the second tallest (10.5 cm) (Table 2).

Table 2. Mean values for all plant and soil parameters measured for each treatment (Control, Fertilizer,
Biochar, and Biochar + Fertilizer).

Treatments

Plant and Soil Parameters Control Fertilizer Biochar Biochar + Fertilizer

Plant height (cm) 7.3 9.3 10.5 11.5

Tomato number 1.0 1.7 5.9 13.3

Above ground biomass (g) 0.6 2.4 2.7 6.0

Below ground biomass (g) 0.5 1.4 2.3 4.1

Leaf length (cm) 2.4 3.4 5.1 5.8

Fruit yield (g) 1.0 3.3 11.9 28.9

pH 5.5 5.3 5.8 5.5

Water runoff (mL) 1221 1099 859 470

Electrical conductivity
(µScm−1) 13.8 54.4 31.6 36.0

In terms of plant height, there a was marked difference between plant height for
individuals that were treated with biochar and those that were not (Figure 2).
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Figure 2. Plant growth responses using different soil treatments: Control (control), Fert (fertilizer),
BC (biochar), BC + Fert (biochar and fertilizer): (a) Mean leaf length per plant recorded at the end of
the experiment; (b) mean plant height per plant recorded at the end of the experiment. Error bars
denote standard deviations from the means of each treatment.

The biochar only and biochar + fertilizer treatments were not significantly different
from each other, showing that the additional application of fertilizer was not needed to
obtain similar total plant height; however, both treatments were significantly different
from the control treatment (Table 3). The best model explaining plant height variation
was the one in which all treatment terms were included, as it had the lowest AIC value of
136.2828 (Table 4).

Table 3. The effects of biochar and fertilizer treatments on different plant growth responses using a
linear model including pairwise comparison for plant height and a gamma-distributed generalised
linear model including pairwise comparison for leaf length, above and below ground biomass,
number of fruits, fruit yield, water runoff, pH, and electrical conductivity.

p Values for Each Parameter Measured

Treatment Pairwise
Comparison

Plant
Height

Leaf
Length

Above
Ground
Biomass

Below
Ground
Biomass

Number
of Fruits Yield Water

Runoff pH EC

Biochar
Biochar

and
fertilizer

0.626 0.787 0.002 0.629 0.001 0.001 0.0003 0.980 0.772

Biochar Control 0.0005 <0.0001 0.0001 0.0015 <0.0001 <0.0001 <0.0001 0.5195 0.0174

Biochar Fertilizer 0.3899 <0.0001 0.885 0.1957 <0.0001 0.0002 0.0026 0.0385 0.1381

Biochar and
fertilizer Control <0.0001 <0.0001 <0.0001 0.0006 <0.0001 <0.0001 <0.0001 0.7541 0.1035

Biochar and
fertilizer Fertilizer 0.0394 <0.0001 0.0005 0.0272 <0.0001 <0.0001 <0.0001 <0.0001 0.0354

Control Fertilizer 0.034 0.0001 0.0002 0.0181 0.269 0.0056 0.3548 0.0056 0.0006
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Table 4. Akaike’s information criterion outputs for three different sets of models for different plant
growth, fruit production, and soil properties. One model had treatment as a factor with four different
levels (biochar, biochar + fertilizer, fertilizer, and control) and the other two models were fitted as a
binary presence/absence factor, one for biochar presence and absence and the second for fertilizer
presence and absence only. Values highlighted with an * indicate the most parsimonious model with
the lowest AIC value.

AIC Model Outputs

Plant Growth Response All Treatments Biochar Presence Fertilizer Presence

Plant height 136.2828 * 141.8475 154.9203

Leaf length 74.45228 * 90.45016 130.4761

Above ground biomass 108.4831 * 138.5443 143.7842

Below ground biomass 87.85519 * 96.97702 113.2051

Fruit outputs

Number of fruits 142.6897 * 155.8337 200.9442

Yield 191.688 * 213.0751 255.12

Soil properties

Water runoff 457.4257 * 473.0119 503.7687

pH 37.294 35.74379 * 41.23772

EC 277.1746 * 303.3129 310.2736

The model that included biochar presence only as a term had a lower AIC value
(141.8475) than the model that included fertilizer presence only as a term (154.9203), and
both explained less variation in the model than the model that included all separate
treatment terms (Table 4).

Interestingly, when we explored the accumulation of height over time for all individu-
als across all treatments (Figure 3), all treatments displayed a similar pattern of growth,
showing a classic asymptote pattern of growth. Only those individuals that were not sub-
jected to either biochar or the combination of biochar and fertilizer were markedly smaller.
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Figure 3. Plant height measured during the experiment for each treatment: Control (control), Fert
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Leaf length also showed a very similar pattern as plant height, with a marked differ-
ence in plants that were either grown in biochar or biochar + fertilizer (Figure 2a). The
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most parsimonious model explaining leaf length was the model that included all treatment
terms, having the lowest AIC value of 74.4528 (Table 4). Moreover, all treatments were
significantly different from each other, except for biochar and biochar + fertilizer (Table 3).
Again, similar to plant height, both of the models that contained biochar presence only
and fertilizer presence only as terms had much higher AIC values (90.45016 and 130.4761,
respectively) than the most parsimonious model. Overall, the presence of fertilizer seemed
less effective than the presence of biochar alone for both plant height and leaf length. Addi-
tionally, biochar type was examined to determine whether it impacted plant height and leaf
length. The generalised linear models showed no significant difference in growth across
the different biochar types (Table S3 and Figure S3), showing that the origin/properties of
the biochar did not alter plant growth responses.

3.1.2. Above and Below Ground Biomass

Plants had greater above ground biomass when they were grown in the treatment
of biochar + fertilizer (Figure 4). Plants grown in the fertilizer only and biochar only
treatments showed similar biomass production. Plants grown in the control condition had
markedly lower biomass than all other treatments. The most parsimonious model was the
model that included all terms, having the lowest AIC of 108.4831 (Table 4). Additionally,
all combinations of treatments were significantly different from each other, except the
fertilizer only and biochar only treatments (Table 3), which is evident in Figure 4 from
the overlapping ranges. However, it is important to note the biochar only treatment had
a much higher median than the fertilizer only treatment. Additionally, biochar type was
separately analysed for all plants receiving biochar application and it was shown that
biochar type had no significant influence on above ground biomass (Figure S4).
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Figure 4. Above ground biomass (g) measured at harvest for each treatment: Control (Control), Fert
(fertilizer), BC (biochar), BC + Fert (biochar and fertilizer). Box plots show minimum, first quartile,
median (the solid line in the box), third quartile, and maximum. Open circle symbols indicate outliers.

Below ground biomass also differed across treatments, with plants grown in the
biochar or biochar + fertilizer treatments showing markedly greater below ground biomass
than those plants that were grown in the fertilizer only or control treatments (Figure 5).
The most parsimonious model was that which included all treatments terms, having the
lowest AIC value of 87.85519 (Table 4). All combinations of treatments were significantly
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different from each other, apart from the biochar only and biochar + fertilizer treatments
and the biochar only and fertilizer only treatments (Table 3). Interestingly, for below ground
biomass, when biochar type was examined separately, there was a significant difference
between biochar types (Table S3 and Figure S4), with plants grown in the NSP biochar type
having significantly lower below ground biomass than plants grown in the WAI and WGL
biochar types. This significant difference may indicate that biochar type may not impact
above ground plant growth, but it may be important in altering below ground growth
and processes.
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Figure 5. Below ground biomass (g) measured at harvest for each treatment: Control (control), Fert
(fertilizer), BC (biochar), BC + Fert (biochar and fertilizer). Box plots show minimum, first quartile,
median (the solid line in the box), third quartile, and maximum. Open circle symbols indicate outliers.

3.2. Fruit Production

The number of fruits produced per plant was markedly higher for plants grown in
the biochar only and biochar + fertilizer treatments, with the biochar + fertilizer treatment
producing the most amount of fruit (Figure 6).

The model that included all combination treatment terms was the most parsimonious
model, having the lowest AIC value of 142.6897 (Table 4), and all treatments were signifi-
cantly different from each other except the control and fertilizer only treatments, which
both produced much fewer fruit (Table 3). Fruit yield also showed a similar pattern, with
the biochar + fertilizer treatment having markedly higher yields (28.9 g) (Figure 7) than the
biochar only (11.9 g) and fertilizer only (3.3 g) treatments (Table 2).

The most parsimonious model was the one that included all treatment terms and all
treatments were significantly different from each other (Tables 3 and 4). Whilst there was
no significant difference between the control and fertilizer only treatments for the number
of fruits produced, there was a significant difference in yield between the fertilizer only and
control treatments. The fertilizer only treatment produced a significantly greater yield than
the control treatment. Overall, it was clear that the biochar + fertilizer treatment produced
larger and more numerous fruits than any other treatment. Additionally, when biochar
type was separately analysed, there was no significant difference between biochar type and
fruit number or yield (Table S3 and Figure S5).
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3.3. Soil Properties

Water runoff was much lower in plants grown in the biochar only or biochar and
fertilizer treatments (Figure 8). The model containing all treatment combinations was the
most parsimonious (AIC 457.4257), and the results showed that all combinations were
significantly different from each other, apart from the control and fertilizer only treatments
(Tables 3 and 4). Interestingly, when biochar type was separately analysed, there was no
significant difference, showing that the origin and/or properties of the biochar did not alter
the water-holding capacity of the soil (Table S3, Figure S6).
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Figure 8. Total water runoff for each treatment: Control (control), Fert (fertilizer), BC (biochar),
BC + Fert (biochar and fertilizer). Box plots show minimum, first quartile, median (the solid line in
the box), third quartile, and maximum. Open circle symbols indicate outliers.

The soil pH displayed unusual results (Figure 9). Although both the biochar only
and biochar fertilizer treatments had higher soil pH values overall, they were not signifi-
cantly different from the soil pH in the control treatment (Table 3). The model containing
all treatment combination terms was not the most parsimonious, with an AIC value of
37.294 (Table 4). The model that explained the most variation in the data was the model
containing biochar presence only as a term (AIC 35.74), showing that the presence of biochar
was more important in explaining the changes in pH. There was a significant difference
between biochar type when this was examined separately, with the WGL biochar type
being significantly different from both the WAI and NSP biochar types. Thus, biochar type
was an important factor influencing soil pH (Figure S7).
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Figure 9. Soil pH values measured at harvest for each treatment: Control (control), Fert (fertilizer),
BC (biochar), BC + Fert (biochar and fertilizer). Box plots show minimum, first quartile, median (the
solid line in the box), third quartile, and maximum.

Electrical conductivity was higher in soils treated with fertilizer alone, rather than the
application of biochar alone (Figure 10). The model with all combination treatment terms
was the most parsimonious model (Table 4), and the results showed that the fertilizer alone
treatment was significantly different from the control and biochar + fertilizer treatments
(Table 3 and Figure 7). Biochar type was separately analysed, showing the NSP biochar
to be significantly different from the WAI and WGL biochars (Table S3). Interestingly,
although biochar type produced significant differences in both soil pH and EC, different
biochars were responsible for these differences.
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Figure 10. Soil electrical conductivity (µS/cm) values measured at harvest for each treatment: Control
(control), Fert (fertilizer), BC (biochar), BC + Fert (biochar and fertilizer). Box plots show minimum,
first quartile, median (the solid line in the box), third quartile, and maximum. Open circle symbols
indicate outliers.
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4. Discussion

The application of biochar improved plant growth and yield overall. For plant height
and leaf length, the application of biochar only and biochar + fertilizer greatly improved
growth but the treatments were not markedly different from each other, showing that the
additional application of fertilizer with biochar did not result in more growth than the ap-
plication of biochar alone. However, this was not the case for biomass and fruit production,
which are more commercially important factors. For biomass and fruit production (number
and weight), the combination of biochar and fertilizer greatly increased yield in comparison
to biochar application alone. However, interestingly for all plant and fruit parameters, the
application of biochar alone outperformed the application of fertilizer alone. These results
showed that biochar could potentially be used as an alternative to fertilizer in poor, acidic
soils; however, the best condition for higher tomato yields was the application of both
fertilizer and biochar.

The changes in the soil properties in this study were more variable than those in
plant growth and yield parameters. Water runoff greatly decreased with the application
of biochar when compared to the control or fertilizer only treatments, which was not
surprising considering biochar’s ability to increase the soil’s water-holding capacity [11,52].
Interestingly, water runoff was the lowest under the biochar + fertilizer regime, which
may have been due to higher water requirements needed for those plants grown in this
treatment as they produced higher yields, rather than due to differences in soil properties
between the biochar only and biochar + fertilizer treatments. The changes in soil properties
were less clear-cut than those in water runoff. Biochar application did increase soil pH to
make it more alkaline, but there was no clear pattern across the different treatment types.
What appeared to be more important was the presence of biochar regardless of the fertilizer
combination. The electrical conductivity of the soil was also complex with no clear pattern
across the different treatments; however, soil with fertilizer application alone had much
higher EC values.

4.1. Implications for Plant growth and Crop Yield

Previous research has shown that the application of biochar to soil improves plant
growth in tomatoes [53–55], including sewage sludge biochar [56,57]. Additional studies
have also shown that faecal sludge biochar improves plant yields in other crops, such
as lettuce [36]. Our work supports this research, clearly showing that the application of
biochar increased plant height, leaf length, and biomass. Our study also showed that the
application of biochar greatly improved fruit yield both in total number and weight of
tomatoes. This was in contrast to other studies reporting no significant impact on tomato
yields [55,58]. However, both studies used alkaline or neutral soil whereas our study used
acidic, poor soils, demonstrating that the application of biochar to increase yield works best
on poorer and acidic soils. This shows that highly alkaline faecal sludge biochar can be used
to ameliorate acidic soil and has the potential to increase crop yields, which has important
implications for food security. Biochar treatment alone also produced significantly greater
yield than fertilizer treatment alone. Biochars produced from nutrient-rich feedstocks
such as faecal sludge can be described as biochar-based fertilizers [59], therefore biochar
alone can supply nutrients necessary for increased yield. Also of significance is the type
of soil used in this study; it was an acidic, loamy sand with low nutrient concentrations
and low CEC (Tables S1 and S2). The leaching of nutrients in sandy soils is a significant
problem and is caused by low WHC, nutrient retention, and CEC. Biochar application has
increased WHC in sandy soils [60] and produced positive effects on CEC in a sandy loam
soil [61]. The high CEC and WHC of the biochars led to increased nutrient retention and
reduced leaching in the sandy soils used in this study, thus explaining the differences in
yield between fertilizer and biochar treatments.

It has been proposed [62] that the increased plant growth observed in biochar-amended
soils is largely due to the liming effect of alkaline biochars. A meta-analysis of field studies
reported that soils with initial pH values ≤ 6.5 tended to show greater yield increases with
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biochar addition than those with initial pH values > 6.5 [24], thus biochar is most effective
in acidic, poor soils, which our study also demonstrated. Additionally, it was previously
demonstrated that the combination of biochar and fertilizer produced greater yield than
the use of fertilizer alone [24], which was again demonstrated in our study. The reason
for this is most likely due to the liming effect caused by biochar, which increases nutrient
availability and absorption. Phosphorus adsorption and bioavailability are both affected
by soil pH, with the most available forms of phosphorus occurring at pH ranges between
5.5 and 7.0. [63]. It is not only phosphorus availability that is impacted by the liming effect
but also calcium and potassium availability [64], which are all essential for healthy plant
growth. Furthermore, our study showed that biochar application improved plant growth
and yield more effectively than fertilizer alone, which is also linked to the liming effect
increasing nutrient absorption.

The liming effect of biochar can also decrease soil exchangeable acidity and increase
soil exchangeable base cations, thereby increasing the CEC (cation-exchange capacity) of
the soil itself [65,66]. An increase in CEC within soil after biochar addition has been linked
to an increase in crop yield [13]. Biochar application has produced positive effects on
CEC in a sandy loam soil [61]. The CEC of biochar itself is also crucial. Biomass with a
high ash content, such as faecal sludge, produces biochar with a high CEC [16], and the
CECs of manure-derived biochars are generally higher than those of woody biochars [67].
The high CEC of biochar and larger surface area limit nutrient leaching in soil [68] and
improve nutrient retention [69]. The soil in this study had a low CEC of 8.7 cmol·kg−1

(Table S2.). Soils with a CEC of less than 10 cmol·kg−1 have weak nutrient retention and
supply capacities [37]. The CECs of the biochars were relatively high (Table 1). Therefore,
the significant increases in yield and above ground biomass observed with the combined
biochar and fertilizer treatment was partly due to the high CEC of the biochar. This
enhanced the adsorption of the applied fertilizer to the biochar surface area, enabling
nutrients within the fertilizer to be taken up more effectively by crops [70].

A meta-analysis of biochar effects on crop yield identified that ash-rich biochars were
the most promising and that yield effects were greater when biochar was applied to sandy,
acidic (pH < 6) soils with a low CEC and higher nitrogen content [71].

Overall, our study showed that the application of faecal sludge biochar greatly im-
proved tomato plant growth and yield, especially in combination with fertilizer in poor soil,
offering a real solution to increasing food security in areas with poorer soils. Moreover, the
application of biochar alone resulted in greater yields and growth than the application of fer-
tilizer alone, offering a potential and more sustainable alternative to commercial fertilizer.

4.2. Implications for Soil Properties

The high pH of faecal sludge biochars due to the high ash content contributes to the
amelioration of acidic soil. The liming potential of these biochars may, however, be short-
lived compared to other benefits such as CEC and WHC, which are longer lasting [72,73].
The processes behind increased WHC are thought to be related to an increase in micropores
for physically retaining water or an increase in aggregation creating pore space for retaining
water [52]. The fertilizer only treatment recorded a high EC value that was significantly
different from all other treatments, and a significant difference between the control and
combined biochar and fertilizer treatments was also recorded. The combined biochar and
fertilizer treatment recorded a lower EC value due to the retention of soluble salts from the
fertilizer by the biochar [74,75].

In this study, the water runoff from the biochar only treatment was significantly
lower than that of the control and fertilizer only treatments (Figure 8), indicating that
there was an increase in soil water-holding capacity from the biochar application alone.
The addition of biochar to green roof soil previously resulted in an increase in water
retention [76] and reduced runoff volume has been measured in sandy clay loam soil plots
amended with biochar [77]. The combined biochar and fertilizer treatment had the least
water runoff compared to biochar treatment alone (Figure 8). This was most likely due
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to the plants in the biochar + fertilizer treatment being the largest, so would have had
larger water requirements, which may explain the reduced water runoff. Overall, the
application of biochar increased water retention and improved crop productivity. This has
great implications for not only arid regions but also for areas that are vulnerable to climate
change-induced drought [78,79].

4.3. Implications for Food Security

The significant increase in yield with combined biochar and fertilizer treatment has
implications for inorganic fertilizer use by smallholder farmers in developing nations.
The use of inorganic fertilizer to increase soil fertility and crop yield is much lower in
developing countries than in developed countries [80,81]. The results from the study
indicate the potential of biochar to produce a greater yield with similar quantities of
fertilizer as used previously. They also imply that the application of biochar rather than
fertilizer could produce the same or higher yields. Field experiments would need to be
conducted to determine the extent to which biochar application could increase crop yield, as
tomato yields in the field are likely to differ from yields attained in pot-based experiments.
Producing the same crop yield with less fertilizer and recycled phosphorus within faecal
sludge biochar would reduce the rate of exhaustion of increasingly scarce phosphate rock
reserves and benefit global phosphorus security [82,83]. Phosphorus is an irreplaceable
plant-limiting nutrient [84] and is thus a crucial component in fertilizer, with most global
phosphorus resources used as fertilizers in agriculture. However, phosphorus is a finite
resource and our phosphorus reserves are already massively depleted, with the remaining
reserves becoming increasingly difficult to mine [85]. It is estimated that the depletion of
all remaining natural phosphorus reserves will occur within the next 100–400 years [86–88].
Faecal sludge biochar can improve phosphorus security not only by reducing the fertilizer
requirement but also by providing a renewable form of phosphorus. Almost 100% of
phosphorus consumed in food is excreted [89], and total phosphorus concentrations of
faecal sludge biochar have been reported at 3.2–3.9% [35] and 5.4–8.1 wt.% [90]. Pyrolysis
of faecal sludge is one method to recapture phosphorus from the food system as part of a
circular economy, thereby increasing countries’ phosphorus security and reducing their
dependance on increasingly inaccessible phosphate fertilizer markets.

Soil acidity is one of the major issues for improving soil health, increasing crop
productivity, and achieving global food security. A small fraction of acidic soil is utilised for
arable crops globally, despite accounting for 50% of the earth’s potential arable lands [26].
Managing soil acidity is critical to increasing soil fertility, crop yields, and food security.
The majority of acidic soils are found in the tropics and subtropics [16] in developing
nations, which are more at risk of climate change and food insecurity [17,18]. The quality
of these acidic soils and crop productivity can be improved by the liming effect of alkaline
biochar [62]. The degradation of soils also threatens crop productivity and food security,
with 33% of the world’s soil classified as moderately to highly degraded [91]. Many
developing nations suffer from soil degradation, including India, which alone supports
18% of the world’s human population and ranks second worldwide in farm output [92].
Biochar has been shown to improve degraded and low-fertility soils and improve crop
yield [13,93,94]. Arid and semi-arid regions cover most parts of developing countries such
as Africa and areas of India. Soils in these regions are becoming increasingly important
for food security. The soils of arid regions are sandy with low organic matter content and
very low nutrient levels. It is predicted that climate change will cause these dry regions to
become dryer and more water-stressed [95]. Water stress caused by increasing droughts
is a primary factor limiting plant growth and crop yield in arid regions [96]. The ability
of biochar to retain both water and nutrients have led to improved soil health in sandy
soils [97] and increased fruit yield of drought-stressed tomato plants grown in sandy loam
soil [53]. The use of biochar as a soil amendment has the potential to play an important
role in achieving global food security, particularly in developing nations.
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The reduced water runoff observed with biochar addition also has implications for
future water security. Water scarcity already affects every continent, with 1.8 billion peo-
ple globally already impacted by drought and land degradation/desertification [28]. In
the future, competition for water resources will intensify, which will have a significant
impact on agriculture as it is the most water-demanding economic sector [28]. The pre-
dicted increase in water scarcity is linked to climate change-induced droughts, which
are predicted to increase in frequency and severity due to decreased precipitation and
increased evaporation [98]. Water scarcity is also related to a rise in water pollution, with
the greatest increase in exposure to pollutants predicted to occur in developing countries
due to greater economic and population growth and the lack of wastewater management
systems [28]. The addition of biochar has been shown to increase tomato seedling resistance
to drought [34] and increase plant growth and nutrient uptake in cabbage seedlings under
water deficit conditions [99].

5. Conclusions

The results show for the first time that commercial, large-scale faecal sludge biochar
addition to an acidic soil can increase the yield, fruit number, plant height, and plant
biomass of Micro-Tom tomatoes. The application of biochar alone outperformed the
application of fertilizer alone. Thus, faecal sludge biochar has the potential to become
an alternative to fertilizer in poor, acidic soils. Biochar treatment produced a tomato
yield approximately 1060% greater than that of control soil conditions. The combination
of biochar and fertilizer significantly increased above ground biomass and fruit yield
compared to biochar application alone. The combined application of biochar and fertilizer
produced a tomato yield 2980% greater than that of control soil conditions.

The results of this study highlight the importance of both the soil and the biochars
physical and chemical properties and shows that full-scale faecal sludge pyrolysis in de-
veloping nations is a credible technology for treating human waste. The benefits are
numerous, including the removal of disease-causing pathogens from sludge and the con-
current creation of biochar, which has been shown to enhance crop productivity. There is
clear potential for faecal sludge biochar to improve acidic, sandy soils and crop yield in
developing nations more at risk of water scarcity and food insecurity. It is possible that the
liming effect from faecal sludge biochar could be short-lived; therefore, longer-term field
studies are needed to assess the duration of the reported positive liming effects of faecal
sludge biochar addition on acidic soil and the reported increase in yield.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13051233/s1. Table S1. Soil texture analysis carried out
by Lancrop Laboratories, Pocklington. Table S2. Soil chemical analysis carried out by Maria Santiso
Taboada (University of Santiago de Compostela). Table S3. The effects of biochar type on different
plant growth, yield, and soil responses. Figure S1. Humidity (%) recorded by data logger for duration
of outdoor greenhouse experiment. Figure S2. Temperature (◦C) recorded by data logger for duration
of outdoor greenhouse experiment. Figure S3. Left—plant height (cm) and right—leaf length (cm)
measured at harvest for each biochar type, NSP (Narsapur biochar), WAI (Wai biochar), and WGL
(Warangal biochar), in both biochar-containing treatments. Box plots show minimum, first quartile,
median (the solid line in the box), third quartile, and maximum. Figure S4. Left—above ground and
right—below ground biomass measured at harvest for each biochar type, NSP (Narsapur biochar),
WAI (Wai biochar), and WGL (Warangal biochar), in both biochar-containing treatments. Box plots
show minimum, first quartile, median (the solid line in the box), third quartile, and maximum. Open
circle symbols indicate outliers. Figure S5. Left—fruit number and right—fruit yield measured at
harvest for each biochar type, NSP (Narsapur biochar), WAI (Wai biochar), and WGL (Warangal
biochar), in both biochar-containing treatments. Box plots show minimum, first quartile, median
(the solid line in the box), third quartile, and maximum. Figure S6. Total water runoff (mL) for each
biochar type, NSP (Narsapur biochar), WAI (Wai biochar), and WGL (Warangal biochar), in both
biochar-containing treatments. Box plots show minimum, first quartile, median (the solid horizontal
line in the box), third quartile, and maximum. Figure S7. Left—soil pH and right—soil electrical
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conductivity values for each biochar type, NSP (Narsapur biochar), WAI (Wai biochar), and WGL
(Warangal biochar), in both biochar-containing treatments. Box plots show minimum, first quartile,
median (the solid horizontal line in the box), third quartile, and maximum. Open circle symbols
indicate outliers.
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