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Effect of biochar derived from faecal 
matter on yield and nutrient content of lettuce 
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Abstract 

Background: Faecal matter biochar offers an interesting value proposition where the pyrolysis process guaranties a 
100% pathogen elimination, as well as significant reduction in transport and storage weight and volume. Therefore, 
to evaluate the effect of (1) biochar produced from dried faecal matter from household based septic tanks, and (2) N 
fertilizer, as well as their interaction on yield and nutrient status of lettuce (Lactuca sativa), lettuce was grown over two 
growing cycles under glasshouse on two contrasting soils amended once at the start with factorial combination of 
faecal matter biochar at four rates (0, 10, 20 and 30 t ha−1) with 0, 25 and 50 kg N ha−1 in randomized complete block 
design.

Results: For both soils, maximum fresh yields were recorded with biochar and combined application of biochar with 
N treatments. However, the greatest biochar addition effects (with or without N) with regard to relative yield were 
seen in less fertile sandy loam soil. We have also observed that faecal matter biochar application resulted in noticeable 
positive residual effects on lettuce yield and tissue nutrient concentrations in the 2nd growing cycle. For both soils, 
most nutrients analyzed (N, P, K, Mg, Cu and Zn) were within or marginally above optimum ranges for lettuce under 
biochar amendment.

Conclusions: The application of faecal matter biochar enhances yield and tissue nutrient concentrations of lettuce in 
two contrasting soils, suggesting that faecal matter biochar could be used as an effective fertilizer for lettuce produc-
tion at least for two growing cycles. Moreover, the conversion of the faecal matter feedstock into charred product may 
offer additional waste management benefit as it offers an additional (microbiologically safe) product compared to the 
more common co-composting.
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Background
Biochar, which is carbonized biomass, is increasingly dis-
cussed as soil ameliorant with high potential (Lehmann 
and Joseph 2009). The ability of biochar to affect the 
fertility, carbon storage and remediation of soil var-
ies with its characteristics (type of feedstock) as well as 
the temperature for its creation (Antal and Grønli 2003; 
Singh et al. 2010). As a result, some biochars may be bet-
ter suited for one or more specific purposes for example 

of agronomic performance, contaminant stabilization, 
or carbon sequestration (Enders et  al. 2012; Abbasi and 
Anwar 2015; Agegnehu et al. 2015; Inal et al. 2015; Sub-
edi et  al. 2016). The application of biochar to agricul-
tural land provides several potential benefits including 
enhancing the cation exchange capacity (CEC) (Glaser 
et al. 2001), water holding capacity (Gaskin et al. 2007), 
and improving organic carbon and nutrient contents of 
soils (Glaser et al. 2002). In addition, biochar may also be 
used in remediation of contaminated soil and water (Cao 
et  al. 2009; Cao and Harris 2010). Most investigations 
on the use of biochar for soil fertility management was 
inspired by the occurrence of the anthropogenic Terra 
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preta soil in Latin America (Glaser et al. 2001; Lehmann 
et al. 2003; Sombroek et al. 2003).

Using faecal matter as feedstock was a deliberate deci-
sion given the increasing competition for crop residues 
(mulching, livestock fodder, biogas, and composting), 
as well as their only seasonal availability. Using ani-
mal manure for biochar production as presented e.g. by 
Uzoma et  al. (2011) and Hass et  al. (2012) was not con-
sidered beneficial in Ethiopian context as animal manure 
is too valuable for this transformation. The use of animal 
as well as human manure has a long tradition in agricul-
ture system, partly in raw form, partly after composting 
to minimize microbial risks (Powell et  al. 1999; Guzha 
et al. 2005). The situation changed with increasing health 
regulations and household connections to sewer systems 
which increased the likelihood of chemical contamination 
where also industrial effluent feeds into the same sewage. 
However, rural and peri-urban households not connected 
to sewers but local septic tanks offer a significantly safer 
product (septage) for reuse than sewage sludge (Muchu-
weti et  al. 2006; Singh and Agrawal 2007; Jamali et  al. 
2009). To address the possible stigma of fertilizer derived 
from human excreta, biochar offers an interesting value 
proposition where the pyrolysis process guaranties a 
100% pathogen elimination, as well as significant reduc-
tion in transport and storage weight and volume (Tagoe 
et al. 2008). Moreover, compared with the long treatment 
process of composting the pyrolysis technology requires 
only few hours (Fytili and Zabaniotou 2008). On the other 
hand, the pyrolysis leads to significant losses of nitrogen 
(Calderón et  al. 2006; Gaskin et  al. 2008). Therefore, we 
were interested to study the co-application of faecal mat-
ter biochar and N fertilizer on the growth, yield and nutri-
ent status of a popular cash crop, lettuce, used in urban 
farming across sub-Saharan Africa.

Methods
Soils
As the effect of biochar can vary significantly with soil 
characteristics, two different textural classes were tar-
geted, a silty loam (soil 1) and sandy loam (soil 2). The 
soil material was collected for greenhouse experiments at 
the depth of 0–15 cm from two sites: an urban vegetable 
and a peri-urban groundnut farms in Addis Ababa and 
Babile, Ethiopia, respectively. Soil 1 had a long history of 
irrigated urban vegetable production using polluted river 
water. Soil 2 had a long history of rainfed groundnut pro-
duction. The soils were each air-dried, sieved to 2  mm, 
and homogenized.

Biochar
Faecal matter was collected at 12 locations from the top 
10 cm of the septage drying area of the sewage disposal 

facility in Addis Ababa, Ethiopia, and mixed into one 
sample. For pyrolysis, the sample was placed in alu-
minum electric furnace (Fataluminum S.p.A, Italy). The 
air-inlet was covered to ensure a low oxygen condition. 
The heating rate was 15 °C/min. Heat treatment was per-
formed at 450  °C. The pyrolysis temperature was main-
tained for an hour. After pyrolysis, the charred sample 
was removed from the canister and allowed to cool to 
room temperature.

Pot trials
Two independent pot experiments (soil 1, soil 2) were 
conducted in a temperature controlled glasshouse at 
National Soil Testing Centre, Addis Ababa, Ethiopia. The 
layout of each trial was 4 * 3 factorial involving 4 biochar 
(0, 10, 20 and 30  t  ha−1) and three N fertilizer rates (0, 
25 and 50 kg N ha−1) in one randomized complete block 
design. For each experiment, treatments were replicated 
five times. Three kg of each soil was mixed with biochar 
treatments. After 2  weeks of imposition on the corre-
sponding pots, each pot was watered and allowed to settle 
for 5 days. After 5 days, 6 seeds of lettuce were sown per 
pot and thinned to 3 seedlings after emergence. Pots were 
placed on plastic saucers to prevent leachate drainage. 
Nitrogen fertilizer solution was prepared by mixing speci-
fied amount of urea with distilled water. At sowing 1/3 of 
the proposed N rates were added to the matching pots 
and 2/3 of the proposed rates 6 weeks after emergence.

Two weeks after harvest, a second lettuce crop was 
grown in the same pots starting again with 6 seeds, con-
tinuing with 3 as described above. In the 2nd growing 
season, no treatment was applied but the required agro-
nomic practices, such as weeding and watering, were 
maintained.

Agronomic parameters
At maturity, 9 weeks after sowing, lettuce plants were cut 
down to soil surface to determine above ground biomass 
(fresh weight). Therefore, leaves were cleaned from dust 
and soil particles using distilled water. Dry weight was 
subsequently determined following oven drying to a con-
stant weight at 65 °C for 72 h.

Analyses
The soils and biochar samples were ground to <2  mm 
for all chemical analysis but for Brunauer-Emmet-Teller 
(BET) specific surface area. For total element, C, N, 
NH4NO3 extractable trace elements and Fourier Trans-
form Infrared (FTIR) analyses, samples were milled with 
a planetary ball mill to achieve a homogeneous fine pow-
der (Fritsch GmbH, Idar-Oberstein, Germany). Simi-
larly, the completely dried lettuce (oven drying at 65  °C 
for at least 72  h) was ground, ball-milled to achieve a 
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homogeneous fine powder. The pH of biochar in water 
was determined in 1:20 (w/v) ratio after occasionally 
stirring over an hour (Cheng et al. 2006). The pH of the 
soils in water suspensions were determined in 1:2.5 (w/v) 
ratio after shaking over 2  h. The EC of the biochar was 
determined after an hour equilibration of 1 g of biochar 
with 20 ml of distilled water. The EC of the soil samples 
were determined after 2 h equilibration of 1 g of soil with 
2.5 ml of distilled water. For total element analysis, 0.25 g 
samples of biochar and plant were placed into 50 ml ves-
sels, followed by addition of 10 ml concentrated HNO3. 
The mixtures were left over night and then heated in 
1.6 kilowatts microwave oven for 30  min. After cooling 
to room temperature, 10  ml of double distilled water 
were added into the vessels and filtered via 0.45 µm cel-
lulose nitrate filter papers. Finally, the filtrates were sub-
jected to the total element analysis using ICP-OES (Ciros 
CCD, SPECTRO Analytical Instruments GmbH, Kleve, 
Germany). Olsen-P (available P) was extracted by plac-
ing 1  g sample of soil in 20  ml of NaHCO3 for 30  min. 
Similar amount of biochar samples were placed in 20 ml 
of NaHCO3 for 30  min. The suspensions were vacuum 
filtered via 0.45  µm cellulose nitrate filter papers and 
analyzed using ICP-OES (Ciros CCD, SPECTRO Ana-
lytical Instruments GmbH, Kleve, Germany). For C and 
N analyses, 3.5 mg for biochar, 5 mg for plant and 40 mg 
for soil, samples were weighted into sample boats and 
determined using C and N analyzer (Elementar Analyse 
GmbH, Hanau, Germany). The exchangeable cations and 
CEC of biochar were determined using BaCl2 method. 
The exchangeable cations and CEC of soils were deter-
mined using NH4Cl method. NH4NO3 (1 M) extractable 
fractions of trace nutrients and toxic elements were also 
determined following the extraction procedure proposed 
by the German national standard (DIN ISO 10730 2009).

Soil particle size distributions were determined by laser 
diffraction using an Analysette 22 MicroTec plus (Fritsch 
GmbH, Idar-Oberstein, Germany) with a wet dispersion 
unit. For FTIR analyses of biochar, pellets were prepared 
by mixing biochar with potassium bromide (KBr) powder 
and then analyzed using a Tensor 27 FTIR Spectrometer 
(Bruker optik GmbH, Ettlingen, Germany). Spectra were 
collected in the range of 400–4000 cm−1 at 4 cm−1 and 
120 scans per sample. Surface area of the biochar was 
determined using adsorption data of the adsorption iso-
therms of N2 at −196 °C and calculated by the Brunauer-
Emmet-Teller (BET) equation (Brunauer et  al. 1938). 
Total surface acidity (TSA) and basicity (TSB) were 
determined by Boehm titration (Boehm 1994).

Statistical analyses
An ANOVA, PROC mixed of SAS was used to test 
the significance of treatment effects on above ground 

biomass (fresh and dry weights) and above ground bio-
mass nutrient concentrations. Data for 1st and 2nd grow-
ing cycles were analyzed separately. Orthogonal contrast 
tests compared yield and nutrient content response 
of N alone treatments (25, 50  kg  N  ha−1) together as a 
class versus control (0  t  ha−1 biochar +  0  kg  N  ha−1), 
biochar alone treatments (10, 20, 30  t  ha−1) together as 
a class versus control, N alone treatments together as a 
class versus biochar alone treatments together as a class, 
biochar with N treatments (10  t  ha−1 +  25  kg  N  ha−1, 
10  t  ha−1 +  50  kg  N  ha−1, 20  t  ha−1 +  25  kg  N  ha−1, 
20  t  ha−1 +  50  kg  N  ha−1, 30  t  ha−1 +  25  kg  N  ha−1, 
30 t ha−1 + 50 kg N ha−1) together as a class versus bio-
char alone treatments together as a class and biochar 
with N treatments together as a class versus N alone 
treatments together as a class. Pearson’s correlation coef-
ficients were used to estimate relationships between fresh 
yield and tissue nutrient concentrations under increasing 
biochar levels with no N. Statistical tests with p  <  0.05 
were considered significant for treatment/class effects.

Results and discussion
Characterization of the soils and faecal matter biochar
While soil 1 and 2 do not differ in their clay content 
(around 7–8%) they differ significantly in the silt/sand 
ratio with 74/19 (soil 1) to 38/54 (soil 2). Despite same 
clay content soil 1 showed significantly higher levels of 
exchangeable cations is thus a result of the several times 
higher carbon content of soil 1 (1.9%) compared to soil 2 
(0.3%). Available P (Olsen) follows the higher carbon lev-
els of soil 1 (Table 1), and the C/N ratio of both soils is 
in the same narrow range of 8–10. Compared with litera-
ture thresholds, soil 1 can be classified as moderately fer-
tile while soil 2 misses several thresholds (Tadesse 1991; 
Peverill et  al. 1999). The higher silt and carbon content 
of soil 1 can probably be related to its location which is a 
river bank of the Akaki river within Addis Ababa.

 In agreement with the alkaline pH (H2O) of manure 
derived biochars (Cantrell et al. 2012; Zhang et al. 2013), 
the faecal matter biochar had a pH (H2O) of 8.23 (Addi-
tional file  1: Table S1). Faecal matter biochar also had 
low EC value (0.34  dS/m), whereas, biochar produced 
from poultry litter exhibited high EC value (Cantrell et al. 
2012). These were expected considering the high ash 
content in manure derived biochars (Cantrell et al. 2012; 
Zhang et  al. 2013; Qiu et  al. 2014). Unlike the typical 
feature of plant based biochars, very high concentration 
of total C and very low total N concentration (Enders 
et al. 2012; Qiu et al. 2014; Woldetsadik et al. 2016), fae-
cal matter biochar had very low concentration of total C 
(Additional file  1: Table S1). The total P, Fe, Al, Ca and 
Mg concentrations of the biochar were high (Additional 
file 1: Tables S1, S2) and so the total contents of trace and 
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toxic elements. However, with the exception of Zn, total 
concentration of the trace and toxic elements were below 
or marginally exceed the International Biochar Initiative 
(IBI) accepted upper thresholds (IBI 2014) (Additional 
file  1: Table S2). According to IBI (2014), the accepted 
concentration range for Cd, Co, Cr, Cu, Ni and Pb were 
1.4–39, 34–100, 93–1200, 143–6000, 47–420 and 121–
300  mg/kg, respectively. The biochar had high Olsen-P 
value of 1298  mg/kg (Additional file  1: Table S3). Con-
currently, Fourier Transform Infrared (FTIR) analysis 
showed that the biochar had intense peak at 1038 cm−1, 
attributed to abundant PO4

3− concentration (Additional 
file 1: Figure S1) (Jiang et al. 2004). Yet again, faecal mat-
ter biochar had low ammonium nitrate extractable Zn 
compared to the total load (Additional file 1: Tables S2, 
S3). Ammonium nitrate extractable fraction was used to 
estimate the bioavailability of heavy metals in the exam-
ined biochars.

Effect of biochar application on yield
In both experiments, above ground biomass, fresh and 
dry weights, of lettuce was noticeably enhanced over 
the control and N-alone (P  <  0.05) with the application 
of both treatments: biochar alone and biochar with N 
(Figs. 1, 2). The effect was most pronounced on the less 
fertile soil 2 and lasted over two growing cycles (Table 2). 
Similarly, greenhouse studies using different biochars 
showed that biochar application, with and without N, 
resulted in greater yield than the controls (Chan et  al. 
2007; Hossain et al. 2010). However, our results contrast 
with the findings of some investigators (Blackwell et  al. 
2010; Van Zwieten et al. 2010; Alburquerque et al. 2013) 
who found no or little response of crop yield to the sole 
use of biochar over the control and fertilized treatments. 
The stated difference can be partly attributed to the 
nutrient content of the original feedstock and pre-exist-
ing soil nutrient status. Nutrient-rich biochars like those 
produced from manure may directly supply nutrients to 
crops (Rajkovich et al. 2012). On the contrary, most stud-
ies on the crop production performance of plant-based 
biochars have shown that the beneficial effect of such 
biochars are most evident when biochar is combined 
with mineral fertilizers (Asai et  al. 2009; Van Zwieten 
et al. 2010; Alburquerque et al. 2013).

The highest biochar and N (30 t ha−1 with 50 kg N ha−1) 
combined application resulted in the greatest (statisti-
cally) fresh yield response of lettuce plants in the 1st 
growing cycle, but equaled the impact of the lower N 
enrichment in the second cycle. Again, in both experi-
ments, the highest biochar rate (30  t  ha−1) significantly 
increased fresh yields more than the 10  t  ha−1 biochar 
rate and as much or more than the 20 t ha−1 biochar rate, 
with 0, 25 or 50 kg N ha−1 rates, over both growing cycles. 

N treatments without biochar led to slight increases with 
no significant effect, compared to the control. For both 
soils, the non-significant impact of low N levels on yield 
of lettuce could be partly attributed to the high demand 
of leafy vegetable including lettuce for N. Furthermore, 
the problem is severe in carbon depleted soil 2 having low 
clay and available P contents. For soil 2, the use of min-
eral fertilizers could not be viewed as a solution due to 
the limited ability of the low clay soil to retain nutrients 
due to low organic matter content (Lal 2006; Kimetu et al. 
2008). In agreement with the findings of this study, Huett 
(1989) reported low yield response of various vegetable 
to low N addition. Decline in yield response of lettuce to 
low N was also reported by Thompson and Doerge (1996) 
and Sanchez (2000). Soil 1 which is a higher river bank 
soil with periodic flooding and had relatively high C and 
N contents, the crop N demand is probably covered by 
the soil. The possibility that high water nutrient loads 
improved soil fertility as e.g., reported by Kiziloglu et al. 
(2008) appeared less likely as the Akaki water is, despite 
its pollution, not comparable with untreated or prelimi-
nary treated wastewater.

In the soil 1 experiment, fresh yield increased linearly 
with increasing biochar application in the 1st grow-
ing cycle (Fig.  1). In both growing cycles, increasing 
levels of biochar positively correlated with fresh yields 
(r  =  0.72, P  =  0.0018 for the 1st growing cycle and 
r = 0.71, P = 0.0022 for the 2nd growing cycle). Also N 
fertilization increased yields, but only with increasing 
biochar application rates. Lettuce plants grown in pots 
amended with biochar alone class produced significantly 
(P  <  0.001) higher fresh yield than lettuce plants from 
N alone class over both growing cycles. Likewise, let-
tuce plants from biochar with N class was significantly 
(P < 0.001) heavier in fresh and dry weights than plants 
from N alone and control classes (Table 2). In addition, 
fresh and dry matter yields were not significantly affected 
by N alone class compared to the control. In the 1st 
growing cycle, it was observed that the increase in fresh 
yield of lettuce plants under biochar with N class was 
statistically (P  <  0.001) greater than biochar alone class 
(significant difference between biochar with N versus 
biochar alone class). Conversely, the fresh and dry matter 
yield responses were not significant in the 2nd growing 
cycle (Table  2). The residual effect of N was also non-
significant in yield responses, implying that the initial N 
application was either taken up, not relevant and/or lost. 
In the same experiment, fresh yield was positively corre-
lated with tissue P, K, and P/Zn and negatively correlated 
with N/P, Cu and Zn under increasing rates of biochar 
giving correlation coefficients of 0.78***, 0.68**, 0.83***, 
−0.79***, −0.81*** and −0.36 ns, respectively, in the 1st 
growing cycle. In the 2nd growing cycle, fresh yield was 
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positively correlated with tissue P, K, and Zn and nega-
tively correlated with N/P and Cu. The dilution effect 
and/or pH and P-induced Cu immobilization may be 
attributed to the strong negative relationship between 
yield and Cu content of lettuce plants. Responses of let-
tuce to concurrent use of biochar with less N were ben-
eficial in terms of fresh yield in this soil. The correlation 
results suggested that addition of extra N may maintain 
detrimental yield effect.

In the 1st growing cycle of the soil 2 experiment, biochar 
alone class increased fresh yield by 211% relative to N alone 
class (Table 2). However, the increase was only by 45% in 
soil 1. Despite the fact that increasing biochar levels sig-
nificantly correlated with fresh yield in both soils over both 

growing cycles, stronger correlation was observed in soil 
2 than in soil 1 (r =  0.87, P < 0.0001 for the 1st growing 
cycle and r = 0.91, P < 0.0001 for the 2nd growing cycle). 
These results reflect the fact that the effect of biochar 
depend on the fertility status of the soil (Alburquerque et al. 
2013). Contrast tests also showed that the residual effect 
of biochar alone class increased yield by 172% compared 
to N alone class in soil 2. Much stronger than in soil 1, the 
increase in fresh and dry matter yields under biochar with 
N class/treatments were statistically (P  <  0.001) greater 
than biochar alone class/treatments in the 1st growing 
cycle (Table 2; Fig. 2). The N alone and control treatments 
produced statistically similar lettuce fresh weight over 
both growing cycles (Fig.  2). In first growing cycle, fresh 
yield positively correlated with tissue N, P, K, Mg, and P/
Zn in response to an increase in biochar levels giving cor-
relation coefficients of 0.47 ns, 0.87***, 0.69**, 0.82***, and 
0.90, respectively, while negative correlation was observed 
with Cu (r = −0.93, P < 0.0001), Zn (r = −0.25, P = 0.3461) 
and N/P (r = −0.87, P < 0.0001). Previous pot experiment 
has shown that biochar addition at higher rates positively 
correlated with yield of Radish (Chan et al. 2007). This pre-
vious study also demonstrated the increased yield of Rad-
ish with increasing levels of biochar is attributed to the 
increased supply of P and K, but, unlike the current study, 
depicted non-significant correlation of yield with tissue Mg 
concentration. The results indicated that increasing biochar 
levels significantly increased fresh yield and selected tissue 
macro and micro nutrient contents and their ratios (P, K, 
Mg, and P/Zn) but significant negative effect was observed 
for tissue Cu and N/P. Hence, the very low yield in the con-
trol and N treatments may have resulted from the reduced 
availability and uptake of P, K and Mg.

For soil 2, the tissue P concentration and 1000P/Zn 
ratios for N alone and control treatments were below the 
optimum range of 3.5–8.0  g/kg (dry weight), and 700–
930, respectively, (Ludwick 2002; Hartz and Johnstone 
2007), whereas, the N/P ratio was far above the optimum 
range, suggesting P availability was limiting. The tissue 
P, P/Zn (few exceed the optimum range) and N/P ratios 
for biochar treatments (biochar alone and biochar with 
N) were within the optimum range. On the other hand, 
data obtained from soil 1 study demonstrated that the tis-
sue P concentrations for all treatments but control were 
within the optimum range, despite the significant differ-
ence in yield of lettuce plants grown under the biochar 
treatments compared to N alone treatments. The yield 
increment could be partly attributed to the added plant 
nutrients, particularly P, K and Mg and corresponding 
uptake by lettuce plants under biochar application. This 
result is consistent with the findings of Johnstone et  al. 
(2005) who reported pronounced yield response of let-
tuce to P fertilizer in soil with high available P status. This 

Fig. 1 Shoot yield (fresh weight) of lettuce grown on soil 1 under 
different biochar and N application rates. Growing cycle 1 = GC1 and 
Growing cycle 2 = GC2. Values for each growing cycle with different 
letter within each bar are significantly different (P < 0.05)

Fig. 2 Shoot yield (fresh weight) of lettuce grown on soil 2 under 
different biochar and N application rates. Growing cycle 1 = GC1 and 
Growing cycle 2 = GC2. Values for each growing cycle with different 
letter within each bar are significantly different (P < 0.05)
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is further confirmed by Cleaver and Greenwood (1975) 
who reported high P fertilizer requirements of lettuce 
than most other vegetables across a range of soils. There-
fore, on one hand, the increased lettuce yield in biochar 
amended soils may have resulted from the fertilization 
effect of the biochar in both soils (Sohi et  al. 2010; Liu 
et  al. 2012). Nevertheless, several studies have demon-
strated the positive impact of biochar on crop yield via 
restoring soil organic carbon (SOC) (Lal 2004, 2010; Spo-
kas et al. 2012; Biederman and Harpole 2013). Increasing 
the SOC pool of degraded soils would increase crop yields 
by influencing water retention capacity, nutrient exchange 
capacity and soil structure and other physical proper-
ties (Lal 2006; Steiner et al. 2007; Novak et al. 2009; Pan 
et  al. 2009). For example, in Kenya, Kimetu et  al. (2008) 
have demonstrated a low level of 3 t maize grain ha−1 at 
degraded sites despite full N–P–K fertilization (120–100–
100 kg ha−1). Conversely, application of organic resources 
including biochar reversed the productivity decline by 
increasing yields by 57–167%. The positive impact of bio-
char on maize grain yield at degraded sites were not fully 
explained by nutrient availability, suggesting restoration 
of SOC as improvement factor other than plant nutri-
tion. For low SOC calcareous soil, application of 40 t ha−1 
biochar promoted significant maize grain yield increase 
compared to the control with an increase in the 57.8% 
SOC pool (Zhang et  al. 2012b). Productivity gains are 
large, especially when the organic feedstock source has 
high quality in terms of nutrient load (Lal 2006; Kimetu 

et al. 2008). Increases in SOC concentration enhance crop 
productivity in soils with a clay content lower than 20 per 
cent, and in soils of sandy-loam and loamy-sand texture 
(Lal 2006). Hence, on the other hand, the increased let-
tuce yield in biochar amended soils with low clay con-
tents of around 7–8% may also partly resulted from the 
improvement of soil organic matter, particularly in carbon 
and nitrogen depleted soil 2.

Despite the 14  weeks elapsed between lettuce plants 
removed and subsequent planting of a second lettuce 
crop, residual effect of biochar, with or without N, signifi-
cantly increased fresh yield of lettuce compared with the 
control and both N alone treatments. Our results were 
similar to those of Vaccari et al. (2011) who reported that 
the yield effect of biochar did continue into a subsequent 
cropping season. Other biochar studies also revealed 
that crop yields were the same as or greater than con-
trols in the second cropping cycle after biochar applica-
tion (Steiner et al. 2007; Gaskin et al. 2010; Zhang et al. 
2012a). Unger and Killorn (2012), however, reported 
non-significant yield increase from biochar residual 
effect. The difference in feedstock origin, surface oxida-
tion and CEC of biochar seem to cause varied direct and 
residual effects on growth and yield of crops (Liang et al. 
2006). Consequently, such a significant residual yield 
increment could partly be associated with a likely marked 
increase of important plant macronutrients such as P, K 
and Mg and to lesser extent possible N mineralization 
in the soils. Moreover, having low CEC value for soil 2, 

Table 2 Class means and contrasts of class for fresh yield and dry matter yield of  lettuce grown in Soil 1 and 2 for two 
growing cycles

a GC1 = Growing Cycle I and GC 2 = Growing Cycle II
b Classes compared comprise the following treatments: control = control; biochar alone = biochar alone treatments (10, 20 and 30 t ha−1)

N alone = N alone treatments (25, 50 kg N ha−1); biochar with N = combination of the different biochar rates with the two N levels

ns, not significant (P > 0.05); * P < 0.05; ** P < 0.01; *** P < 0.001), n = 5

Class comparison Soil 1 Soil 2

Fresh yield Dry matter yield Fresh yield Dry matter yield

GC1a GC2 GC1 GC2 GC1 GC2 GC1 GC2

Classes g/pot

Control 154 123 9.5 7.4 28 30 1.8 2.0

N alone 137 128 8.2 7.7 37 32 2.4 2.3

Biochar alone 198 163 11.7 9.7 115 87 7.0 5.5

Biochar with N 230 161 13.4 9.4 138 90 8.2 5.5

Contrastsb

 Control versus biochar alone *** *** *** *** *** *** *** ***

 Control versus N alone ns ns ns ns ns ns ns ns

 Biochar alone versus N alone *** *** *** *** *** *** *** ***

 Biochar with N versus biochar alone *** ns *** ns *** ns *** ns

 Biochar with N versus N alone *** *** *** *** *** *** *** ***
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the biochar could possibly enhance ability of this soil to 
retain cations.

Biosolids are known to contain high total concentra-
tions of trace and toxic elements, which exist in more 
pronounced concentrations in charred product (Bri-
dle and Pritchard 2004; Lu et al. 2013). One detrimental 
effect of biosolid including waste derived biochar use is 
the accumulation of heavy metals concomitantly reduc-
tion of crop growth at higher application rates (Walter 
et al. 2006; Singh and Agrawal 2007). Ammonium nitrate 
extractable fraction was used to estimate the bioavailabil-
ity of micro-nutrient/heavy metals in the biochar which 
was used as an amendment in this study. In our case, 
even the highest biochar rate (30 t ha−1) did not induce 
reduction of yields, as yields were always statistically 
(P < 0.05) higher than or equal to the lower biochar rates, 
indicating lower phytotoxicity effect as a consequence 
of very low NH4NO3 extractable heavy metal fractions 
(Additional file 1: Table S3) and phyto-availability of the 
metals for the test crop. However it is crucial to investi-
gate the long-term effects of the biochar on dynamics of 
heavy metal in amended soils (Woldetsadik et al. 2016).

Effect of biochar application on tissue nutrient 
concentrations
In both experiments, with the exception of N alone 
treatments, all other biochar alone and biochar with 
N treatments promoted significant (P  <  0.05) tissue P 
concentrations in the 1st growing cycle (Tables 3, 4). In 
soil 1 experiment, all treatments but the lowest biochar 
alone level (10 t ha−1) induced significant residual tissue 
P concentrations compared to the control. However, the 
residual tissue P contents were not significantly affected 
by N alone treatments in soil 2. On the contrary to the 
stated observations, results of recent studies revealed 
that application of biochar hardly impact P levels of crops 
(Kloss et  al. 2014; Reibe et  al. 2015). Earlier study by 
Gaskin et al. (2010) also revealed that application of pine 
chip biochar did not significantly affect tissue P content 
of corn crop. Due to high available P load, the biochar 
used in these experiments positively influenced lettuce 
P content and yield. Likewise, P-rich soil amendments 
including manure-derived biochars seem to represent a 
significant source of P (Chan et al. 2008; Asai et al. 2009; 
Uzoma et  al. 2011). This was confirmed by the strong 
correlations of increasing biochar levels with tissue P 
concentrations and fresh yields. Overall, the biochar 
had positive impact on tissue P concentration of lettuce 
plants grown on the two contrasting soils, though the 
magnitude of responses were quite different. We believed 
that the difference on tissue P concentration responses 
over the two soils might be attributed to the obtained dif-
ference in their available P contents. The relatively less 

fertile sandy loam soil (soil 2) with low available P status 
was expected to respond differently to biochar applica-
tion than the silty loam (soil 1) having optimum Olsen-P 
value. In soil 1, the greatest (P < 0.05) tissue concentra-
tions of P were obtained by the combined application of 
20 t ha−1 biochar with 50 kg N ha−1 and 30 t ha−1 with 
25 kg N ha−1 over both growing cycles. However, in soil 
2, the greatest (statistically) tissue P concentration was 
recorded using the highest level combination of biochar 
with N (30 t ha−1 with 50 kg N ha−1) over the 1st growing 
cycle. 

During the 1st growing cycle of soil 1, biochar applica-
tion (with or without N) significantly increased tissue K 
concentration compared to N alone and control treat-
ments (Table 3). Addition of N in soil 2 did not provide 
significant increase in tissue K concentration over both 
growing cycles. However, N application promoted signifi-
cant tissue K concentration in soil 1. With the exception 
of the lowest biochar level (10  t  ha−1), all biochar treat-
ments, with and without N, induced significant residual 
tissue K concentrations in both soils. For both soils, tis-
sue K concentrations of all biochar treatments but two 
biochar with N combinations in the 1st growing cycle 
of soil 2 (30 t ha−1 with 50 kg N ha−1 and 20 t ha−1 with 
50 kg N ha−1) were within the optimum range (Ludwick 
2002). These results imply that the biochar served as a 
source of K beyond one cropping cycle likewise available 
P. Generally, the increase in tissue K content in response 
to biochar application in this study is in conformity with 
the findings of several researchers (Chan et  al. 2007; 
Steiner et al. 2007; Chan et al. 2008; Gaskin et al. 2010), 
who were able to establish that the increase was due to 
high concentration of available K in biochars. Given the 
high N content with a very low C to N ratio (C/N = 9.7) 
of the biochar, the tissue N content of lettuce plants under 
biochar application was expected to be high. However, 
biochar application, without N, did not increase tissue N 
content even at the highest rate of application (30 t ha−1) 
compared to N alone applications in the 1st growing cycle 
of both soils, indicating that N of biochar was not available 
for uptake over the short term (12 weeks). These results 
contrast with the findings of Chan et al. (2008) and Tagoe 
et al. (2008) who reported that biochars derived from N 
rich feedstock did furnish N for plants in the 1st cropping 
cycle. During the 2nd growing cycle, with the exception 
of the lowest N level (25 kg N ha−1) for soil 1 and biochar 
level (10 t ha−1) for soil 2, all biochar treatments induced 
significant residual tissue N concentrations compared 
to the controls. In both experiments contrast tests also 
showed that biochar with N class produced lettuce plants 
of significantly lower tissue N concentration compared to 
N alone class in the 1st growing cycle (Additional file 2: 
Table 4S, 5S). Conversely, biochar with N class promoted 
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Table 3 Treatment means for mineral concentrations (dry weight) of lettuce grown in soil 1 from the 1st and the 2nd grow-
ing cycles

Biochar 
(t/ha)

Nitrogen Fertilizer rate  (kg N/ha)
1st growing cycle 2nd growing cycle

0 25 50 0 25 50 0 25 50 0 25 50
N P N P

0 35.3c 36.9bc 42.7a 3.44d 3.43d 3.74d 23.6g 25.8efg 30.9ab 3.29g 4.25ef 4.73de
10 30.1e 39.1b 33.8cd 4.13d 6.34bc 6.57bc 26.6def 30.2abc 32.1a 3.62fg 5.13d 5.30cd
20 33.6cd 30.6e 38.6b 6.91b 6.00c 7.59a 29.1bc 28.0cde 31.9a 5.35bcd 5.93bc 7.34a
30 30.7e 27.8f 31.8de 6.89b 8.20a 6.40bc 26.7def 24.3fg 28.6bcd 5.93bc 7.52a 6.10b

K Ca K Ca
0 35.2e 39.4d 39.6d 13.8fg 13.4f 12.0fg 29.1f 35.2de 37.5cd 9.05f 10.6efg 9.98efg

10 39.4d 61.5a 53.5bc 10.3g 18.7bc 18.9bc 31.3ef 38.8cd 47.8b 8.29g 13.4d 16.3bc
20 51.3c 59.1a 58.8a 17.1cd 15.6de 19.3ab 41.1c 41.8c 52.8ab 11.5def 12.4de 17.4ab
30 60.9a 55.4b 59.2a 16.4d 16.4d 21.2a 51.1b 50.0b 56.8a 14.0cd 13.6cd 19.5a

Mg Cu Mg Cu
0 4.84f 5.14ef 5.85cde 12.5a 11.9ab 10.1cd 3.96d 4.45cd 4.59cd 10.6a 9.86abc 9.04abcd

10 5.27def 5.13ef 6.22bc 10.6bc 9.76cd 10.9bc 4.42cd 4.52cd 5.15abc 9.55abc 7.68d 9.40abcd
20 6.85ab 5.91cd 7.30a 9.77cd 9.05d 9.68cd 5.21abc 5.08bc 5.75ab 8.86abcd 8.92abcd 8.84abcd
30 6.57abc 5.16ef 6.58abc 9.03d 9.33cd 9.13d 5.51abc 4.72bcd 6.24a 8.17bcd 8.49bcd 7.95cd

Zn Zn
0 61.1abc 59.3abc 56.9bc 55.4bcd 54.4bcd 47.1d

10 57.3bc 62.0abc 63.4ab 57.0bcd 58.7abc 64.2ab
20 58.3bc 55.1c 66.7a 55.2bcd 54.1cd 67.9a
30 59.6abc 58.1bc 61.4abc 59.0abc 59.9abc 63.2abc

Cu and Zn in mg/kg; all other nutrients in g/kg

Mean of four replicates. Mean value followed by different letters in the shaded block for each variable significantly differ at the 5% level, according to the adjusted 
turkey test

Table 4 Treatment means for mineral concentrations (dry weight) of lettuce grown in soil 2 from the 1st and the 2nd grow-
ing cycles

Biochar 
(t/ha)

Nitrogen Fertilizer rate  (kg N/ha)
1st growing cycle 2nd growing cycle

0 25 50 0 25 50 0 25 50 0 25 50
N P N P

0 24.4ef 30.2b 29.8bc 2.60e 2.47e 2.83e 22.0f 26.0cd 26.7bc 2.55e 2.77e 2.97e
10 23.4f 26.0def 27.1d 6.44bc 5.93d 6.78b 21.4f 23.3e 23.4e 5.27cd 4.88d 5.17cd
20 27.5c 27.0d 32.9a 6.78b 6.31cd 6.13cd 25.3d 26.7bc 28.6a 6.05bc 6.10bc 6.42ab
30 27.1d 30.9ab 30.7ab 6.33bc 6.50bc 7.34a 23.9e 25.3d 27.3ab 6.16bc 6.66ab 7.30a

K Ca K Ca
0 28.0d 29.4d 28.1d 10.6de 11.0cd 12.5ab 27.4c 32.0bc 30.9bc 8.73ab 8.92ab 98.54b

10 33.3c 35.2bc 36.4bc 9.45ef 11.7bc 13.2a 32.0bc 30.0bc 33.1b 8.84ab 9.54ab 10.8ab
20 45.3a 36.4bc 27.6d 12.0abc 12.0abc 12.2abc 43.0a 33.0b 34.2b 10.3ab 10.6ab 9.19ab
30 37.5b 29.0d 28.4d 9.92df 9.34f 10.1def 402a 32.4b 40.2a 9.02ab 10.5ab 11.1a

Mg Cu Mg Cu
0 4.28e 4.86de 4.96de 13.5a 11.9b 9.66cde 3.87e 4.42de 4.55cde 11.9a 11.1a 9.22b

10 5.48cd 5.50cd 7.08b 10.3c 9.16e 10.0c 4.84cde 4.88cde 5.42bcd 10.5a 8.69b 8.64b
20 5.68c 5.80c 7.89a 9.91cd 10.0c 8.92e 5.28cd 5.12cd 6.44ab 9.48b 9.69b 8.25b
30 7.39ab 5.77c 7.45ab 8.78ef 9.23de 8.06f 6.62a 5.57abc 6.51a 8.46b 10.4a 8.37b

Zn Zn
0 59.3ab 63.9a 50.8cd 57.3a 57.3a 50.6ab

10 59.4ab 61.4a 59.5ab 53.2ab 49.7abc 52.9ab
20 63.4a 53.9bc 47.1d 49.6bc 41.1de 47.2bcde
30 53.6bc 57.9ab 40.9e 48.6bcd 42.3cde 39.6e

Cu and Zn in mg/kg; all other nutrients in g/kg

Mean of four replicates. Mean value followed by different letters in the shaded block for each variable significantly differ at the 5% level, according to the adjusted 
turkey test



Page 10 of 12Woldetsadik et al. Environ Syst Res  (2017) 6:2 

significantly higher residual tissue N content over N alone 
class in soil 1. The observed change in residual tissue N 
concentration under biochar application could indicate 
mineralization was taking place in the 2nd growing cycle. 
In both experiments, biochar with and without N classes 
promoted significant tissue Mg concentration compared 
with the control and N alone classes over both growing 
cycles (Additional file  2: Table  4S, 5S). Similarly, Uzoma 
et  al. (2011) reported that cow manure biochar addition 
at high application rate (20 t ha−1) significantly enhanced 
maize grain Mg content. The concentrations of tissue Ca 
were very high under biochar with N class in both soils 
over both growing cycles (Additional file 2: Table 4S, 5S). 
This result was in agreement with Gaskin et al. (2010) and 
Kloss et al. (2014), who reported that combined applica-
tion of biochar with N significantly increased tissue Ca 
concentration of plants.

Copper, an essential micronutrient, plays an important 
role in a vast number of metalloenzymes and membrane 
structure (Hansch and Mendel 2009). In the 1st growing 
cycle of both experiments, the tissue Cu concentrations 
of lettuce plants grown under all treatments, except the 
highest biochar and N fertilizer combination (30  t  ha−1 
with 50 kg N ha−1) on soil 2, were slightly above the opti-
mum range (Tables  3, 4) (Hartz and Johnstone 2007). 
For both soils, tissue Cu concentration of biochar alone 
classes were significantly smaller than the controls (Addi-
tional file  2: Table  4S, 5S). In agreement with the find-
ings of the present study, Karami et  al. (2011) and Park 
et al. (2011) reported that the application of biochar led 
to a reduction of plant Cu concentrations compared to 
the controls. However, an increase in tomato Cu con-
centration under the application of wastewater sludge 
biochar was reported by Hossain et al. (2010). The addi-
tion of P-rich soil amendments reduces the mobility of 
various trace elements and corresponding accumulation 
in plant tissue (Cao et al. 2002; Brown et al. 2004, 2005; 
Kumpiene et  al. 2008; Cao et  al. 2009). For example, in 
tall fescue, application of high dosages of P have resulted 
in low tissue Zn concentration as compared to the con-
trol treatment (Brown et al. 2004). Similar result has been 
obtained for rye grass under high P application (Brown 
et al. 2005). In our case, despite the high P load of faecal 
matter biochar there was no discernible trend towards 
a decrease in tissue Zn concentration with increased 
biochar application. This was partly attributed to the 
accompanied Zn load (high) of the biochar. However, the 
highest biochar and N fertilizer combination (30  t  ha−1 
with 50  kg  N  ha−1) induced statistically the lowest tis-
sue Zn concentrations in soil 2 over both growing cycles. 
In the same soil, the tissue Zn concentration showed a 
decreasing trend with increasing biochar level only at N 
fertilizer application rate of 50 kg ha−1.

Although several studies have been conducted on the 
agronomic performance of various biochars (Chan et al. 
2007; Asai et al. 2009; Uzoma et al. 2011), all these stud-
ies assessing the effect of biochar on crop yield and tissue 
nutrient concentrations were conducted using biochars 
produced from plant and manure-based feedstocks. In 
the current study, human excreta, which is commonly 
disposed of and causes environmental and health hazards 
in developing countries, was used as a feedstock for bio-
char production and its valuable nutrients and organic 
compounds were returned to soils. Therefore, it can be 
inferred that higher yield and tissue nutrient concentra-
tions of lettuce plants could be highly associated with 
nutrient supplying potential of the faecal matter biochar, 
particularly P, K and Mg.

Conclusion
The study showed that the greatest absolute yield effects 
of faecal matter biochar addition (with or without N) 
were seen in moderately fertile silty loam soil than 
less fertile sandy loam soil. However, the greatest bio-
char addition effects (with or without N) with regard to 
relative yield were seen in less fertile sandy loam soil. 
For both soils, the biochar application rates of 20 and 
30  t ha−1 with 50 kg N ha−1 were found to significantly 
increase above ground biomass when compared to most 
treatment combinations and control. Therefore, faecal 
matter biochar application at a rate of 20  t  ha−1 is rec-
ommended for considerable shoot yield under the condi-
tions of these experiments. Although both biochar alone 
and biochar with N classes induced significant residual 
yield increase, the yield response of the two classes was 
non-significant, suggesting the low residual effect of N 
in yield response of lettuce. Generally, our results sug-
gest that biochar from faecal matter could be used as an 
effective fertilizer to achieve high yield of lettuce in less 
fertile sandy loam and moderately fertile silty loam soils. 
Moreover, the conversion of the faecal matter feedstock 
into charred product may offer additional waste manage-
ment benefit as it offers an additional (microbiologically 
safe) product compared to the more common co-com-
posting. However, cost assessments are required to cal-
culate the net benefit of the biochar production (on farm) 
and applications from farmers’ perspective.

Additional files

Additional file 1. Surface and chemical properties of faecal matter 
biochar.

Additional file 2. Class means and contrasts of class for mineral concen-
trations (dry weight) of lettuce grown in soil 1 and soil 2 over two growing 
cycles.
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